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The Maya blue pigment that was used in Mexico during the
VIIIth century is often given as a prototypical example of a
hybrid material in which an indigo derivative is stabilized into
magnesium aluminum phyllosilicate. This material, paly-
gorskite, was used to produce beautiful mural paintings that are
still shining centuries later [1-3]. Since these origins, the field
of hybrid materials has developed into a broad scientific and
technological subject including important fields such as sol-gel
chemistry [4,5], polymer nanocomposites [6,7], and hybrid
nanomaterials [8,9]. Nowadays, hybrid materials are almost
everywhere and provide a wide range of applications from
biology and health, to photonic devices, catalysis and environ-
ment, smart coatings, energy, and electronics [10-17]. By
essence, the hybrid approach consists of building new materials
and devices by assembling elementary functional organic/inor-
ganic, molecular or extended bricks to obtain materials with
greatly improved or even completely new properties. This has
been called a Lego®-like approach to materials synthesis [18].

The main issue in this approach is to monitor and control inter-
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actions between different bricks and to understand the physico-
chemical mechanisms involved at the interfaces between the
individual building blocks as well as between different materi-
als. Moreover, the implementation of hybrid systems in devices
implies miniaturization. Therefore, nanostructuration or nanoar-
chitectonics is the core of current research in hybrid materials,
and the analysis of advanced hybrid materials needs specialized

experimental and theoretical techniques.

This thematic issue clearly shows that “advanced hybrid nano-
materials” is not just hype, it is a real and powerful toolbox
towards advanced materials for highly diverse fields, such as

polymer nanocomposite, health and environment.

Smart Materials and Nanostructures

As far as hybrid materials are concerned, significant effort is
still focused on materials synthesis and characterization. This is
most probably due to the endless number of combinations of

different moieties that can be envisaged, as well as to the
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increasingly complex, resulting structures with critical impor-
tance of interfaces. In the current issue, from “simple” to more
elaborated, we here observe the importance of the polyol
method, the non-hydrolytic or colloidal approach, and ordered
mesopore templating techniques.

In “Tailoring the magnetic properties of cobalt ferrite nanoparti-
cles using the polyol process” [19], the synthetic process was
found to be of prime importance to shape the nanoparticles and
to optimize their surface/volume ratio in relation to the magnet-

ic behavior.

A one-step non-hydrolytic sol-gel synthesis of mesoporous
TiO, phosphonate hybrid materials was applied to yield diverse
materials, which were found to depend on the P/Ti atom ratio
[20]. The ratio was found to determine the particle size and the
aggregation state and thereby could strongly tune the porosity
of the resulting materials.

Colloidal chemistry with patchy silica nanoparticles was em-
ployed to synthesize clusters, so-called colloidal molecules
[21]. Nanospherical satellites were covalently bonded via amide
groups within the dimples of valence-endowed patchy nanopar-
ticles, allowing the tuning of their topology and self-assem-
bling ability.

Polyion complex micelles formed by complexation between
poly(ethylene oxide)-b-poly(acrylic acid) (PEO-b-PAA) and an
oligo-chitosan-type polyamine was used as a structure-directing
agent to prepare ordered mesoporous silica materials in the
work “pH-mediated control over the mesostructure of ordered
mesoporous materials templated by polyion complex micelles”
[22]. The mesostructures are highly pH-sensitive, adopting
2D-hexagonal, wormlike or lamellar organization depending on
the extent of the electrostatic complexing bonds and on the con-
densation rate.

More complex assemblies involving ternary compositions in
“Ternary nanocomposites of reduced graphene oxide, polyani-
line and hexaniobate: hierarchical architecture and high polaron
formation” were explored for the promotion of synergistic
effects expected at the nanoscale [23]. The resulting mixture be-
tween polyaniline chains with reduced graphene flakes and
hexaniobate nanoscrolls may find application as coatings for

sensing or corrosion protection.

To understand composite formation of a complex hybrid
assembly, high quality characterization is paramount. An exam-
ple is small angle X-ray scattering (SAXS), which was used in
the work “Mechanism of silica-lysozyme composite formation

unraveled by in situ fast SAXS” to identify and characterize
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subtle interparticle interactions [24]. This study shows that fast
in situ synchrotron SAXS provides an understanding of
lysozyme deformation molecules during aggregation. All these
contributions indicate a marked interest of current research in

hybrid materials for nanostructuration and related issues.

Nanofillers

Nanocomposites remain a vast playground for research into
new hybrid systems. A common approach for polymer fillers
presented in this thematic issue is their use as organo-modified
layered double hydroxides (LDHs) or new layered calcium
phenylphosphonates, as well as functionalized films with high
dielectric constant, or, in the case of optical applications, this

consists also in embedding different types of nanoparticles.

In the first example, “Co-intercalated layered double hydrox-
ides as thermal and photo-oxidation stabilizers for polypropy-
lene”, the concomitant intercalation of both a thermal and a
photo-oxidation stabilizer endows polypropylene with remark-
able resistance against thermal degradation and photo-oxida-
tion [25]. In the same vein, the protection of the polymer using
organo-modified LDH was addressed in “Outstanding chain-
extension effect and high UV resistance of polybutylene succi-
nate containing amino-acid-modified layered double hydrox-
ides” [26]. However, this time with a “green aspect”, since the
polymer studied is a bio-based polyester and the organo-modi-

fying agent of the 2D-filler is an amino acid.

The same host structure (i.e., LDH) was employed in
“Topochemical engineering of composite hybrid fibers using
layered double hydroxides and abietic acid” [27]. In this work,
a composite hybrid was formed using cellulose fibers with LDH
particles growing on their surface and then covered by abietic
acid. The fibers were tested against hydrophobicity and
lipophilicity.

Exfoliated nanosheets of layered calcium phenylphosphonate
assisted by solvent were used in “Layered calcium phenylphos-
phonate: a hybrid material for a new generation of nanofillers”
to promote the mechanical properties and improve the barrier
effect for applications such as fire retardancy and gas perme-
ation in a low molecular weight epoxy resin [28].

Regarding specific applications, the dielectric properties were
investigated by broadband dielectric spectroscopy (BDS) in
“Nanocomposite—parylene C thin films with high dielectric con-
stant and low losses for future organic electronic devices” [29].
A combination of deposition techniques was used, chemical
vapor deposition for parylene and RF-magnetron sputtering for
silver nanoparticles. The content and size of the latter influ-

ences the dielectric characteristics of the resulting hybrid films.
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Such devices may find application as insulating gates in organic
field-effect transistors (OFETS).

Optical properties are the focus in “Ceria/polymer nanocon-
tainers for high-performance encapsulation of fluorophores”
[30]. Here, an organic/inorganic system is based on a liquid
core containing a fluorophore (terrylene diimide) within a
polymer shell armored with an inorganic layer (cerium oxide
nanoparticles). CeO, nanoparticles act as oxygen scavengers,
protecting the organic fluorophore from molecular oxygen. A
different approach to luminescent composite films is reported in
“Towards rare-earth-free white light-emitting diode devices
based on the combination of dicyanomethylene and pyranine as
organic dyes supported on zinc single-layered hydroxide” [31].
In this article, two fluorescent organic dyes, dicyanomethylene
and pyranine, emit visible light upon blue LED excitation and
are tethered to single layer hydroxide platelets and then embed-
ded into a silicone polymer. These coatings deliver white-light
emission when placed above a blue LED.

Health

Functionalized nanoparticles are highly investigated as possible
platforms for disease diagnosis and therapy, leading to poten-
tial applications in nanomedicine. The state-of-the-art, as well
as potential further developments, are reviewed in “Targeting
strategies for improving the efficacy of nanomedicine in
oncology” [32]. Nanocarriers for drugs were also decorated
with suitable moieties to tune their affinity with specific biolog-
ical membranes. More sophisticated strategies, including double
targeting, are also highlighted in several articles. Among others,
nanoparticles are often used as specific agents in dual therapy
and diagnostics (i.e., theranostics). In “Size-selected Fe;04—Au
hybrid nanoparticles for improved magnetism-based theranos-
tics”, a Fe304—Au hybrid nanomaterial is simultaneously em-
ployed as a contrast agent in magnetic resonance imaging
(MRI) and for local heating therapy using magnetic particle
hyperthermia [33]. In vitro hyperthermia tests showed effi-
ciency in inoculating mouse breast cancer cells. Another study
reports the use of alendronate-coated gold nanoparticles [34].
The resulting gold—alendronate nanoplatform combines anti-
tumor activity through drug delivery and photothermal therapy,
as illustrated in vitro on the inhibition of prostate cancer cells.

In the field of hybrid coordination networks, new lanthanide-
based networks synthesized by a solvo-ionothermal reaction or
organic ligands are reported in “Magnetic and luminescent
coordination networks based on imidazolium salts and
lanthanides for sensitive ratiometric thermometry” [35]. Com-
pounds associating the imidazolium ligand with several rare
earth ions behave as a ratiometric thermometer and operate in

the physiological range with suitable sensitivity.

Beilstein J. Nanotechnol. 2019, 10, 2563-2567.

Another metal-organic framework (MOF) is studied in “The
nanoscaled metal-organic framework ICR-2 as a carrier of por-
phyrins for photodynamic therapy” [36]. Phosphinate-based
MOF nanoparticles are decorated with porphyrin-type mole-
cules as photosensitizers for biological applications. In this
work, it was found that the photodynamic efficacy of the system
depends on the substituent at the porphyrin phosphinate groups.

Environmental

Hybrid nanomaterials may play a key role in the field of envi-
ronmental research, in which environmental remediation and
speciation can be targeted. For example, in the work “New
micro/mesoporous nanocomposite material from low-cost
sources for the efficient removal of aromatic and pathogenic
pollutants from water”, a hybrid kaolinite nanocomposite was
assembled via Zn cations upon calcination, resulting in a low-
cost porous material exhibiting both micro- and mesopores [37].
The material is efficient in adsorbing water micropollutants, as
well as the pathogen E. coli., lending itself for application in
water remediation. For the same application, a silica matrix,
onto which the conjugated p-ketoenol-pyridine—furan ligand is
immobilized, has been studied in “Removal of toxic heavy
metals from river water samples using a porous silica surface
modified with a new B-ketoenolic host” [38]. The metal adsorp-
tion speciation is relevant for some divalent cations in aqueous

medium, and the hybrid system is recyclable.

Finally, catalysis is the focus of an article reporting the perfor-
mance of functionalized gold clusters deposited on ZrO, nano-
particles for benzyl alcohol oxidation in [39]. Interestingly, the
defunctionalized gold nanoclusters exhibit full catalytic conver-

sion.

Overall, this thematic issue clearly highlights not only the cur-
rent trends in the field of hybrid materials but also a special
focus on the comprehensive elaboration of new functional
nanostructures. It also illustrates the consistently high potential
of hybrid materials for numerous applications. We hope that
readers will enjoy this reference work and find this thematic
issue a source of inspiration for their own future research. It
was an immense pleasure for us to edit this thematic issue of
Beilstein Journal of Nanotechnology devoted to “Advanced
hybrid nanomaterials”.

Veronica de Zea Bermudez, Fabrice Leroux, Pierre Rabu,

Andréas Taubert

Vila Real, Aubiére, Strasbourg, Potsdam, November 2019

2565



ORCID® iDs

Fabrice Leroux - https://orcid.org/0000-0002-4671-9630
Pierre Rabu - https://orcid.org/0000-0002-6779-1527

References

1. Jose-Yacaman, M.; Rendon, L.; Arenas, J.; Serra Puche, M. C.
Science 1996, 273, 223-225. doi:10.1126/science.273.5272.223

2. Doménech, A.; Doménech-Carbé, M. T.; Vidal-Lorenzo, C.;
Vézquez de Agredos-Pascual, M. L. Angew. Chem., Int. Ed. 2012, 51,
700-703. doi:10.1002/anie.201106562

3. Lima, E.; Guzman, A.; Vera, M.; Rivera, J. L.; Fraissard, J.
J. Phys. Chem. C 2012, 116, 4556—4563. doi:10.1021/jp207602m

4. Wen, J.; Wilkes, G. L. Chem. Mater. 1996, 8, 1667—1681.
doi:10.1021/cm9601143

5. Sanchez, C.; Ribot, F.; Lebeau, B. J. Mater. Chem. 1999, 9, 35—-44.
doi:10.1039/a805538f

6. Schubert, U.; Huesing, N.; Lorenz, A. Chem. Mater. 1995, 7,
2010-2027. doi:10.1021/cm00059a007

7. Schottner, G. Chem. Mater. 2001, 13, 3422—-3435.
doi:10.1021/cm011060m

8. Leonel, A. G.; Mansur, H. S.; Mansur, A. A. P.; Caires, A.;
Carvalho, S. M.; Krambrock, K.; Outon, L. E. F.; Ardisson, J. D.
Int. J. Biol. Macromol. 2019, 132, 677—-691.
doi:10.1016/j.ijbiomac.2019.04.006

9. Zhao, N.; Yan, L.; Zhao, X.; Chen, X; Li, A.; Zheng, D.; Zhou, X.;
Dai, X.; Xu, F.-J. Chem. Rev. 2019, 119, 1666—1762.
doi:10.1021/acs.chemrev.8b00401

10. Blanco-Andujar, C.; Walter, A.; Cotin, G.; Bordeianu, C.; Mertz, D.;
Felder-Flesch, D.; Begin-Colin, S. Nanomedicine (London, U. K.) 2016,
11, 1889—-1910. doi:10.2217/nnm-2016-5001

11. Ariga, K.; Leong, D. T.; Mori, T. Adv. Funct. Mater. 2018, 28, 1702905.
doi:10.1002/adfm.201702905

12. Govindaraju, T.; Avinash, M. B. Nanoscale 2012, 4, 6102-6117.
doi:10.1039/c2nr31167d

13. Lebeau, B.; Innocenzi, P. Chem. Soc. Rev. 2011, 40, 886—906.
doi:10.1039/c0cs00106f

14. Ruiz-Hitzky, E.; Aranda, P.; Darder, M.; Rytwo, G. J. Mater. Chem.
2010, 20, 9306—9321. doi:10.1039/c0jm00432d

15.Lim, H.-R.; Kim, H. S.; Qazi, R.; Kwon, Y.-T.; Jeong, J.-W.; Yeo, W.-H.
Adv. Mater. (Weinheim, Ger.) 1901924. doi:10.1002/adma.201901924

16. Suriano, R.; Ciapponi, R.; Griffini, G.; Levi, M.; Turri, S.
Surf. Coat. Technol. 2017, 311, 80-89.
doi:10.1016/j.surfcoat.2016.12.095

17.Wang, B.; Wilkes, G. L.; Hedrick, J. C.; Liptak, S. C.; McGrath, J. E.
Macromolecules 1991, 24, 3449-3450. doi:10.1021/ma00011a063

18. Nicole, L.; Laberty-Robert, C.; Rozes, L.; Sanchez, C. Nanoscale 2014,
6, 6267—-6292. doi:10.1039/c4nr01788a

19. Bibani, M.; Breitwieser, R.; Aubert, A.; Loyau, V.; Mercone, S.;
Ammar, S.; Mammeri, F. Beilstein J. Nanotechnol. 2019, 10,
1166—1176. doi:10.3762/bjnano.10.116

20.Wang, Y.; Mutin, P. H.; Alauzun, J. G. Beilstein J. Nanotechnol. 2019,
10, 356-362. doi:10.3762/bjnano.10.35

21.Rouet, P.-E.; Chomette, C.; Adumeau, L.; Duguet, E.; Ravaine, S.
Beilstein J. Nanotechnol. 2018, 9, 2989-2998.
doi:10.3762/bjnano.9.278

22.Molina, E.; Mathonnat, M.; Richard, J.; Lacroix-Desmazes, P.; In, M.;
Dieudonné, P.; Cacciaguerra, T.; Gérardin, C.; Marcotte, N.
Beilstein J. Nanotechnol. 2019, 10, 144—156. doi:10.3762/bjnano.10.14

Beilstein J. Nanotechnol. 2019, 10, 2563-2567.

28.Silva, C. H. B.; lliut, M.; Muryn, C.; Berger, C.; Coldrick, Z.;
Constantino, V. R. L.; Temperini, M. L. A.; Vijayaraghavan, A.
Beilstein J. Nanotechnol. 2018, 9, 2936—2946.
doi:10.3762/bjnano.9.272

24. Stawski, T. M.; van den Heuvel, D. B.; Besselink, R.; Tobler, D. J.;
Benning, L. G. Beilstein J. Nanotechnol. 2019, 10, 182-197.
doi:10.3762/bjnano.10.17

25.Zhang, Q.; Gu, Q.; Leroux, F.; Tang, P.; Li, D.; Feng, Y.

Beilstein J. Nanotechnol. 2018, 9, 2980—-2988.
doi:10.3762/bjnano.9.277

26.Marek, A. A.; Verney, V.; Taviot-Gueho, C.; Totaro, G.; Sisti, L.;

Celli, A.; Leroux, F. Beilstein J. Nanotechnol. 2019, 10, 684—695.
doi:10.3762/bjnano.10.68

27.Sobhana, L.; Kesavan, L.; Gustafsson, J.; Fardim, P.

Beilstein J. Nanotechnol. 2019, 10, 589-605. doi:10.3762/bjnano.10.60

28. Kopecka, K.; Benes, L.; Melanova, K.; Zima, V.; Knotek, P.;

Zetkova, K. Beilstein J. Nanotechnol. 2018, 9, 2906-2915.
doi:10.3762/bjnano.9.269

29. Mokni, M.; Maggioni, G.; Kahouli, A.; Carturan, S. M.; Raniero, W.;
Sylvestre, A. Beilstein J. Nanotechnol. 2019, 10, 428—441.
doi:10.3762/bjnano.10.42

30. Katta, K.; Busko, D.; Avlasevich, Y.; Landfester, K.; Baluschev, S.;
Mufoz-Espi, R. Beilstein J. Nanotechnol. 2019, 10, 522-530.
doi:10.3762/bjnano.10.53

31.Nyalosaso, J. L.; Boonsin, R.; Vialat, P.; Boyer, D.; Chadeyron, G.;
Mabhiou, R.; Leroux, F. Beilstein J. Nanotechnol. 2019, 10, 760-770.
doi:10.3762/bjnano.10.75

32. Villaverde, G.; Baeza, A. Beilstein J. Nanotechnol. 2019, 10, 168—181.
doi:10.3762/bjnano.10.16

33. Efremova, M. V.; Nalench, Y. A.; Myrovali, E.; Garanina, A. S.;
Grebennikov, I. S.; Gifer, P. K.; Abakumov, M. A.; Spasova, M.;
Angelakeris, M.; Savchenko, A. G.; Farle, M.; Klyachko, N. L.;
Majouga, A. G.; Wiedwald, U. Beilstein J. Nanotechnol. 2018, 9,
2684-2699. doi:10.3762/bjnano.9.251

34.Plan Sangnier, A.; Aufaure, R.; Motte, L.; Wilhelm, C.; Guenin, E.;
Lalatonne, Y. Beilstein J. Nanotechnol. 2018, 9, 2947-2952.
doi:10.3762/bjnano.9.273

35. Farger, P.; Leuvrey, C.; Gallart, M.; Gilliot, P.; Rogez, G.; Rocha, J.;
Ananias, D.; Rabu, P.; Delahaye, E. Beilstein J. Nanotechnol. 2018, 9,
2775-2787. doi:10.3762/bjnano.9.259

36. Hynek, J.; Jurik, S.; KoncoSova, M.; Zelenka, J.; Kfizova, |.; Ruml, T.;
Kirakci, K.; Jakubec, I.; Kovanda, F.; Lang, K.; Demel, J.

Beilstein J. Nanotechnol. 2018, 9, 2960-2967.
doi:10.3762/bjnano.9.275

37.Unuabonabh, E. |.; Néske, R.; Weber, J.; Glnter, C.; Taubert, A.
Beilstein J. Nanotechnol. 2019, 10, 119-131. doi:10.3762/bjnano.10.11

38. Tighadouini, S.; Radi, S.; Elidrissi, A.; Haboubi, K.; Bacquet, M.;
Degoutin, S.; Zaghrioui, M.; Garcia, Y. Beilstein J. Nanotechnol. 2019,
10, 262-273. doi:10.3762/bjnano.10.25

39. Shahin, Z.; Ji, H.; Chiriac, R.; Essayem, N.; Rataboul, F.;
Demessence, A. Beilstein J. Nanotechnol. 2019, 10, 228-237.
doi:10.3762/bjnano.10.21

2566


https://orcid.org/0000-0002-4671-9630
https://orcid.org/0000-0002-6779-1527
https://doi.org/10.1126%2Fscience.273.5272.223
https://doi.org/10.1002%2Fanie.201106562
https://doi.org/10.1021%2Fjp207602m
https://doi.org/10.1021%2Fcm9601143
https://doi.org/10.1039%2Fa805538f
https://doi.org/10.1021%2Fcm00059a007
https://doi.org/10.1021%2Fcm011060m
https://doi.org/10.1016%2Fj.ijbiomac.2019.04.006
https://doi.org/10.1021%2Facs.chemrev.8b00401
https://doi.org/10.2217%2Fnnm-2016-5001
https://doi.org/10.1002%2Fadfm.201702905
https://doi.org/10.1039%2Fc2nr31167d
https://doi.org/10.1039%2Fc0cs00106f
https://doi.org/10.1039%2Fc0jm00432d
https://doi.org/10.1002%2Fadma.201901924
https://doi.org/10.1016%2Fj.surfcoat.2016.12.095
https://doi.org/10.1021%2Fma00011a063
https://doi.org/10.1039%2Fc4nr01788a
https://doi.org/10.3762%2Fbjnano.10.116
https://doi.org/10.3762%2Fbjnano.10.35
https://doi.org/10.3762%2Fbjnano.9.278
https://doi.org/10.3762%2Fbjnano.10.14
https://doi.org/10.3762%2Fbjnano.9.272
https://doi.org/10.3762%2Fbjnano.10.17
https://doi.org/10.3762%2Fbjnano.9.277
https://doi.org/10.3762%2Fbjnano.10.68
https://doi.org/10.3762%2Fbjnano.10.60
https://doi.org/10.3762%2Fbjnano.9.269
https://doi.org/10.3762%2Fbjnano.10.42
https://doi.org/10.3762%2Fbjnano.10.53
https://doi.org/10.3762%2Fbjnano.10.75
https://doi.org/10.3762%2Fbjnano.10.16
https://doi.org/10.3762%2Fbjnano.9.251
https://doi.org/10.3762%2Fbjnano.9.273
https://doi.org/10.3762%2Fbjnano.9.259
https://doi.org/10.3762%2Fbjnano.9.275
https://doi.org/10.3762%2Fbjnano.10.11
https://doi.org/10.3762%2Fbjnano.10.25
https://doi.org/10.3762%2Fbjnano.10.21

License and Terms

This is an Open Access article under the terms of the
Creative Commons Attribution License
(https://creativecommons.org/licenses/by/4.0). Please note

that the reuse, redistribution and reproduction in particular

requires that the authors and source are credited.

The license is subject to the Beilstein Journal of
Nanotechnology terms and conditions:
(https://www.beilstein-journals.org/bjnano)

The definitive version of this article is the electronic one
which can be found at:
doi:10.3762/bjnano.10.247

Beilstein J. Nanotechnol. 2019, 10, 2563-2567.

2567


https://creativecommons.org/licenses/by/4.0
https://www.beilstein-journals.org/bjnano
https://doi.org/10.3762%2Fbjnano.10.247

( J BEILSTEIN JOURNAL OF NANOTECHNOLOGY

Size-selected Fe304—Au hybrid nanoparticles for improved
magnetism-based theranostics

Maria V. Efremovat’-2, Yulia A. Nalench*2, Eirini Myrovali3, Anastasiia S. Garanina'-2,
lvan S. Grebennikov?, Polina K. Gifer?, Maxim A. Abakumov2:4, Marina Spasova?®,
Makis Angelakeris3, Alexander G. Savchenko?, Michael Farle®, Natalia L. Klyachko'2,
Alexander G. Majouga'-2:6 and UIf Wiedwald 2

Full Research Paper

Address:

Department of Chemistry, Lomonosov Moscow State University,
Moscow, 119991, Russia, 2National University of Science and
Technology «MISIS», Moscow, 119049, Russia, 3Physics

Department, Aristotle University of Thessaloniki, Thessaloniki, 54124,

Greece, 4Department of Medical Nanobiotechnology, Russian

Beilstein J. Nanotechnol. 2018, 9, 2684—2699.
doi:10.3762/bjnano.9.251

Received: 27 June 2018
Accepted: 17 September 2018
Published: 16 October 2018

National Research Medical University, Moscow, 117997, Russia,
SFaculty of Physics and Center for Nanointegration Duisburg-Essen,
University of Duisburg-Essen (CENIDE), Duisburg, 47057, Germany
and 8D. Mendeleev University of Chemical Technology of Russia,
Moscow, 125047, Russia

This article is part of the thematic issue "Advanced hybrid nanomaterials"”.
Guest Editor: A. Taubert

© 2018 Efremova et al.; licensee Beilstein-Institut.

Email: License and terms: see end of document.

UIf Wiedwald” - ulf.wiedwald@uni-due.de
* Corresponding author f Equal contributors

Keywords:
hybrid nanoparticles; magnetic hyperthermia; magnetic resonance
imaging; nanomagnetism; theranostics

Abstract

Size-selected Fe304—Au hybrid nanoparticles with diameters of 644 nm (Fe304) and 3—11 nm (Au) were prepared by high temper-
ature, wet chemical synthesis. High-quality Fe3O,4 nanocrystals with bulk-like magnetic behavior were obtained as confirmed by
the presence of the Verwey transition. The 25 nm diameter Fe304—Au hybrid nanomaterial sample (in aqueous and agarose
phantom systems) showed the best characteristics for application as contrast agents in magnetic resonance imaging and for local
heating using magnetic particle hyperthermia. Due to the octahedral shape and the large saturation magnetization of the magnetite
particles, we obtained an extraordinarily high r,-relaxivity of 495 mM™-s™! along with a specific loss power of 617 W-gp, ' and
327 W-gpe ! for hyperthermia in aqueous and agarose systems, respectively. The functional in vitro hyperthermia test for the 4T1
mouse breast cancer cell line demonstrated 80% and 100% cell death for immediate exposure and after precultivation of the cells
for 6 h with 25 nm Fe;04—Au hybrid nanomaterials, respectively. This confirms that the improved magnetic properties of the

bifunctional particles present a next step in magnetic-particle-based theranostics.
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Introduction

Biocompatible magnetite nanoparticles (NPs) are anticipated to
provide new noninvasive therapies and early diagnostics for
previously incurable diseases using a single, so-called “thera-
nostics” platform [1-3]. The magnetic properties of Fe304 NPs
give rise to novel therapeutic approaches such as magneto-me-
chanical cancer treatment [4] and magnetic particle hyper-
thermia (MPH) [5-7] as well as to improvements in diagnostic
techniques like magnetic resonance imaging (MRI) [8-10] and
magnetic particle imaging (MPI) [11,12]. For advanced func-
tionality under real operational conditions, various approaches
have been attempted, e.g., optimization of the NP surface using
targeting molecules or specific polymers [13-15]. From the
physics point of view, the strategically tailored design of struc-
tural and magnetic properties in biocompatible Fe304 NPs is of
utmost importance for improved performance in MPH, MRI, or
MPI [16,17]. It is essential to obtain Fe304 NPs of high crys-
tallinity with bulk-like magnetic properties, which change with
the NP size, shape and iron oxidation state [18-20]. These pa-
rameters can be adjusted by heterogeneous nucleation of NPs
on noble metal seeds [21,22]. Additionally, such bifunctional
Fe304—Au NPs are potentially applicable for targeted drug
delivery, enhanced hyperthermia, multimodal imaging and ther-
anostics [8,23-27].

In this work, we present the first size-dependent study of hybrid
Fe304—Au NPs with Janus structure for application in theranos-
tics where improvements in MRI and MPH were demonstrated.
Increasing the magnetic NP diameter from 6 to 44 nm, we show
the gradual transition of their lattice parameters from an inter-
mediate value between maghemite y-Fe,O3 and magnetite, to
high-quality stoichiometric Fe;04. We find a size-dependent
transition from superparamagnetic to a stable ferrimagnetic
response, a bulk-like saturation magnetization, and observe the
Verwey transition at 123 K — all of which result in the superior
magnetic properties for a particle diameter greater than
20-25 nm [28].

For theranostic application, we test the contrast enhancement of
the developed materials in MRI and the heating potential in
MPH. Importantly, these measurements are performed in both
aqueous and agarose dispersions, i.e., phantoms, mimicking the
conditions in cells and tissues. For the MRI tests, we observe
the growth of the r-relaxivity from 159 to 495 mM -s7! in
water and from 118 to 612 mM !s7! in agarose gel matrices
with increasing NP diameter from 6 to 25 nm. Our best values
are significantly enhanced in comparison to other Fe;04—Au
hybrids or commercial contrast agents due to the high crys-
tallinity and large bulk-like saturation magnetization leading to

larger field gradients in MRI. The MPH measurements reveal
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that the specific loss power (SLP) increases from 10 to
617 W-gpe ! in water and from 12 to 327 W-gp, ! in agarose
with increasing NP diameter from 6 to 25 nm. The 25 nm and
44 nm diameter NPs show similar theranostic performance.

In in vitro experiments we detected the death of 4T1 mouse
breast cancer cells at a rate of 79 + 8% after exposure to 25 nm
Fe304—Au hybrids for 30 min in an ac magnetic field (AMF)
with 261-393 kHz and 25 mT, which resulted in heating up to
46 + 1 °C. Preincubation of the cells with the hybrid NPs for 6 h
further decreased the cell viability and led to complete (100%)
cell death. Such multifunctional Fe;04—Au Janus NPs combine
the best characteristics for MRI and MPH and offer the highest
potential for therapeutic and visualization capabilities in
magnetism-based theranostics.

Results and Discussion

In this section, we start presenting the basic characterization of
the size-selected NPs addressing dimensions and morphology,
structure, and magnetic properties. This is followed by a discus-
sion of the theranostic application of NPs in MRI and MPH. We
conclude with a proof-of-principle in vitro study showing effi-
cient induction of cell death.

Size and morphology

All Fe304—Au hybrid NPs were synthesized by the thermal de-
composition of iron pentacarbonyl on the surface of Au NPs in
a high-boiling solvent. Details regarding the synthesis are given
in the Experimental section. In brief, Fe304 was grown on
either in situ synthesized Au NPs (samples MNP-6 and MNP-
15) or presynthesized Au seeds (samples MNP-25 and MNP-
44). In addition, by using three different solvents (phenyl ether,
benzyl ether, 1-octadecene), we vary the reaction temperature.
The sample numbers reflect the mean magnetic NP diameter,
i.e., the Fe3O4 part, in nanometers. After synthesis, all
NPs were investigated by transmission electron microscopy
(TEM).

Figure 1 shows the corresponding images of the four NP
batches: magnetite and gold NPs are pairwise connected and
form hybrid NPs. The magnetite NPs formed using the in situ
synthesized Au seeds have a spherical or poorly facetted shape
(Figure 1A and 1B), while NPs obtained using presynthesized
Au seeds are highly facetted (Figure 1C and 1D). The forma-
tion of highly facetted magnetite with improved crystallinity in
this case is likely due to the longer reflux time. To the best of
our knowledge, only a few examples of Fe3;04—Au NPs with oc-
tahedral-like morphology have been reported in the literature
[29,30]. We find that our hybrid NPs outperform previous
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Figure 1: Bright-field TEM images of size-selected magnetite—gold
NPs with in situ synthesized Au seeds: A) MNP-6; B) MNP-15; and
with presynthesized Au seeds: C) MNP-25; D) MNP-44. The sample
numbers reflect the Fe3O4 NP mean size in nanometers.

reports in terms of size selection, size distribution, degree of
crystallinity and faceting.

The size distribution of the magnetite—gold NPs was measured
based on a series of TEM images. The average NP diameter and
standard deviation (SD) values are presented in Table 1. The
size histograms are provided in Supporting Information File 1,
Figure S1. The volume fraction of magnetite and gold can be
evaluated using the average NP diameter (assuming spherical
Au-Fe304 NPs) by TEM and from fitting by modified Rietveld
refinement from XRD. Importantly, the ratio of Fe304 to Au is
almost constant at about 97% for MNP-15, MNP-25, and MNP-
44, while for the smallest NPs, we obtain a slightly lower Fe304

Beilstein J. Nanotechnol. 2018, 9, 2684—2699.

volume fraction of 91%. For optimized MRI and MPH proper-
ties, the Fe3O4 volume fraction should be high since the
diamagnetic Au can only be considered as a minor contributor.
In comparison to Fe304, Au does not modify the optimized
collective magnetic response, which is a prerequisite for
biomagnetic applications.

Structure and phase composition

The structure and phase composition of the Fe304—Au NPs was
investigated by X-ray diffraction (XRD). Figure 2 presents the
experimental data. All expected powder diffraction peaks of
magnetite and gold are clearly observed. Rietveld refinement,
combining the powder diffraction reference data of Fe3Oy4
(ICDD PDF-2 No. 00-019-0629) and Au (ICDD PDF-2 No.
03-065-8601), is applied (not shown). The extracted lattice con-
stants, crystallite size and phase volume fractions are listed in
Table 1.

Since magnetite (Fe;04) and maghemite (y-Fe,O3) are struc-
turally similar, XRD alone does not provide an accurate dis-
crimination between the two phases. As listed in Table 1, the
lattice parameter approaches bulk Fe3O04 (a = 0.8397 nm) rather
than bulk y-Fe,O3 (@ = 0.8347 nm) with increasing NP size
[31]. The XRD results suggest that the structure of sample
MNP-25 is bulk-like Fe304 and Au in the NPs. The TEM diam-
eter and the XRD crystallite size measurements of Fe304 match
well, except for the MNP-44 batch, where polycrystalline
Fe30y4 is presumed. We conclude that the Fe3;04 crystallite size
can be varied while holding the Fe304/Au phase volume ratio
almost constant.

Additionally, the crystallographic orientation of Fe;04 and Au
for samples MNP-15 (with in situ synthesized Au seeds) and
MNP-25 (with presynthesized Au seeds) was evaluated using
bright-field high-resolution TEM (HRTEM) imaging
(Figure 3A and 3B) and fast Fourier transform (FFT)

Table 1: Results of the structural and morphological characterization by TEM and XRD. The NP size distribution, volume fraction of Fe304 and Au,

lattice parameter (a), and crystallite size are listed.

Sample TEM XRD
NP diameter (nm) Volume fraction (%) a (nm) Crystallite diameter ~ Volume fraction (%)
(nm)
Fe3z04 Au Fe304 Au Fe3z04 Au Fe304 Au Fe304 Au
MNP-6 6.3+0.8 32+06 914+41 86141 08376+ 04060+ 4.0+1.0 2.0+15 929+4.0 7.1+40
0.0005 0.0005
MNP-15 146+27 59+1.0 969+23 31+23 08384+ 04068+ 150+2.0 40+1.0 955+20 45%20
0.0004 0.0004
MNP-25 251+5.0 92+21 972+26 28+26 0.8394+ 04076+ 260+1.1 45+04 95307 47107
0.0002 0.0002
MNP-44 439+106 109+23 97.1+26 29+26 0.8390+ 04082+ 16.8+04 95+06 950+15 50+15
0.0001 0.0002

2686



30° 40° 50° 60° 70° 80° 90° 100° 110°
—T T T T T T T T T T

MNP-44 -

120°

1.0 -

0.5

0.0
1.0

0.5

Intensity (arb. units)

0.0

Beilstein J. Nanotechnol. 2018, 9, 2684—2699.

1.0

0.5

0.0 1 Tt i
30° 40° 50° 60° 70° 80° 90° 100° 110° 120°

20

Figure 2: XRD patterns of Fe304—Au NPs. Panels are sorted by mag-
netic NP size from bottom to top — samples MNP-6, MNP-15, MNP-25
and MNP-44, respectively. The intensity of each diffractogram is
normalized to the strongest peak. The red and blue vertical lines repre-
sent the angular position and relative intensity of reference bulk mag-
netite and gold phases.

(Figure 3C and 3D). It is clear that the Au NPs, acting as seeds
in the synthesis, allow for epitaxial growth of Fe304 on Au,
forming the Janus structure with Au (111) || Fe304 (111) and
Au (200) || Fe304 (200), which is in agreement with the
previous reports on similar hybrids and electrodeposited
epitaxial films [32,33]. HRTEM images of samples MNP-6 and
MNP-44 are presented in Supporting Information File 1,
Figure S2. While MNP-44 shows a similar growth mode, the
smallest hybrid NPs (MNP-6) show a rather spherical shape for
the Au core and deteriorated Fe oxide parts attached to each
other.

The composition (in terms of Fe304 and Au mass fraction) of
the hybrid NPs is determined by XRD (assuming Fe;04 and Au
bulk densities of 5.2 g-em™ and 19.3 g-em ™3, respectively) and
additionally by atomic emission spectrometry (AES). The
results are presented in Table 2. XRD and AES data for the
samples MNP-15, MNP-25 and MNP-44 correlate well within
3%. The larger difference for MNP-6 can be explained by the

Figure 3: HRTEM and corresponding FTT images of size-selected
magnetite—gold NPs: MNP-15 (A, C) and MNP-25 (B, D). Fe3O4 and
Au indices are marked yellow and red, respectively. The [111] and
[200] crystallographic directions of FezO4 and Au register to each
other. The NPs are viewed along their [011] direction.

Table 2: Mass fraction of FezO4 and Au in the samples, as deter-
mined by XRD and AES analysis.

Sample mass % (XRD) mass % (AES)
Fe3O4 Au F9304 Au
MNP-6 780+40 220+40 84.7+23 153+23
MNP-15 852+20 148+20 829+14 17114
MNP-25 846+0.7 154+0.7 853109 14.7+0.9
MNP-44 838+15 16.2+15 875+25 125+25

presumably larger fraction of maghemite in this sample. For all
further analysis we use the AES results.

Magnetic properties

The static magnetic properties are presented in this section. We
measure zero-field cooling and field cooling (ZFC/FC) at an
applied field of ppH = 5 mT and hysteresis loops in the field
range poH = £9 T in the temperature interval 5-350 K for
MNP-15 and MNP-25 and 5-390 K for samples MNP-6 and
MNP-44. Figure 4A presents the ZFC/FC curves. With increas-
ing NP size, the superparamagnetic blocking temperature (7g)
increases from 62 K for MNP-6 to 210 K for MNP-15, as iden-
tified by the maximum of the ZFC branch. However, the rather
broad size distribution of 10-20% (Table 1) and corresponding
volume distributions result in broad distributions of blocking
temperatures, Tg. Thus, the T values should be taken as those
of the larger NPs. For sample MNP-25, Tj is above ambient
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and the ZFC curve suggests a T in the range 310-350 K while
the 7y of sample MNP-44 is clearly larger than the experimen-
tally accessible temperature range 5-390 K. For samples MNP-
25 and MNP-44, a sudden increase of the ZFC curve is ob-
served above 123 K and 100 K, respectively, after which a
plateau develops. We identify this feature as the Verwey transi-
tion in Fe304 at Tyy = 123 K in bulk material [34]. Sample
MNP-25 shows the bulk Ty, revealing the high quality of the
Fe304 nanocrystals. Instances of slightly off-stoichiometric
Fe304 leads to rather large shifts of 7y towards lower tempera-
tures [35]. Therefore, the Verwey transition could often not be
identified in NP ensembles since the transition smears out over
a broader temperature range [36]. For sample MNP-44, Ty is
indeed shifted by more than 20 K, indicating that the Fe;04 in
this sample is of lower quality than for sample MNP-25. We
ascribe this to the polycrystalline nature of the Fe;04 NPs for
this sample, as supported by the XRD results revealing a grain
size of 17 nm compared to the TEM diameter of 44 nm. In
contrast, the diameter of Fe304 in sample MNP-25, as deter-
mined by TEM and XRD, is the same within the error bar.

Figure 4B shows the magnetic hysteresis loops at 7= 5 K and
T =300 K. All samples have an open hysteresis at 7= 5 K
while at ambient temperature only the larger NPs (MNP-25 and
MNP-44) preserve their hysteretic behavior. Smaller NPs
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become superparamagnetic in accordance with the ZFC/FC
curves in Figure 4A. Note that for Fe3Oy4 the transition from a
single- to multidomain state is expected at a critical diameter of
30-90 nm, depending on the magneto-crystalline anisotropy and
the saturation magnetization Mg as well as on the shape and
morphology [37-39]. We thus expect that except for sample
MNP-44 all magnetite hybrid samples are single domain.

The Mg (Table 3) is measured at large fields by extrapolation of
a linear fit to the ordinate. The Mg increases with increasing
particle size from 57.0 (47.6) A‘m?-kg ™! (Fe304) for MNP-6 to
97.1 (86.8) A'‘m?-kg™! (Fe304) at 5 (300) K for MNP-25 while
MNP-44 only reaches 79.6 (73.6) A-m2-kg™! (Fe30,) at
5 (300) K probably due to the reduced grain size and resulting
deterioration of the Fe3Oy4 lattice as well as partial oxidation to
y-Fe,03, e.g., at the grain boundaries. The decrease of Mg for
small particles has been ascribed to these features [40-42] and
considering the bulk Mg values at 5 K (96.4 A-m*kg™! for mag-
netite) and 300 K (92.0 A-m%-kg™! for magnetite and
76.0 A'-m*kg™! for maghemite) our results follow the trends re-
ported previously [43-46]. Note that Mg of sample MNP-25
matches the Fe304 bulk value within the error bar. The error is
rather large due to the net weight of the samples (few
milligrams) and the mass fraction of Fe oxide with respect to
Au as determined by AES (Table 2).

B 90 F T T T T T T T T 7

60 p ——
30 |

-30 .
bl MNP-44 |
80 | Il Il Il Il Il Il Il Il 1

a0 F T T T T
60 |

- 30f

L]

o

X 3ot 3

o~ B0f b

E b L . . MNP.25

. 90 L T T T T T T T T

< 60 |- J
30 | e

= o
230 - 4
SOF MNP-15 |
-90 1 1 1 1 1 1 1 1 .
o0 —H——+H————1 et
60 | e
30 |

0
-30 .
or MNP-6 1
'90 C 1 1 1 1 1 1 1 I- 1
05 04 -03 02 -01 00 01 02 03 04 05

Figure 4: Magnetic properties of Fe304—Au hybrid NPs. ZFC/FC curves at B=5 mT (A). Ty indicates the Verwey transition temperature for samples

MNP-25 and MNP-44. Hysteresis loops at T=5 Kand T = 300 K (B).
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Table 3: Overview of the size-dependent magnetic properties of Fe304—Au NPs. Saturation magnetization Mg at9 T, T=5 K and T = 300 K, coer-
cive field ygHc at T = 5 K, and deduced blocking temperature, Tg and effective magnetic anisotropy, Kefr. The bulk Fe3O4 reference values are listed

for comparison and referenced in the text.

Sample Ms (A'mZ-kg(Fe304)™")

T=5K T=300K
MNP-6 57.0+£3.0 476 +2.4
MNP-15 704 +21 61.1£2.0
MNP-25 971124 86.8 £2.1
MNP-44 79.6+4.6 73.6+4.2
bulk Fe304 96.4 92.0

The temperature dependence of the coercive field Ho(7) allows

us to estimate the effective magnetic anisotropy energy density

Ke¢r (Table 3) by using Sharrock’s equation for single domain,
randomly oriented, non-interacting NPs [47-49]:

2

T )3

He(T)=Hc(T=0) 1—[T_j

B

Random orientation and single domain properties are guaran-
teed for the three smaller particle batches [37], while dipolar
coupling in the powder sample is neglected in the following.
This simple approach averages over all particle sizes of a distri-
bution and does not overestimate the mean blocking tempera-
ture as the ZFC curves do for larger size distributions [50].
Fitting Hc(T) yields an average blocking temperature 7g which
can be translated into Kegr via 21-kgT = K¢V where kg the
Boltzmann constant and 7 the NP volume. The prefactor 21
accounts for an attempt frequency of 10° Hz and the VSM mea-

surement time of 1 s [51].

Table 3 lists the extracted K¢ values while the uncertainty
intervals have been estimated based on the volume distribu-
tions. We obtain 11 =7 kJ'm ™ and 10 + 6 kI-m™> for MNP-15
and MNP-25, respectively. These values are in reasonable
agreement with the first order anisotropy constant of bulk
Fe304 K| = 13 kJ'm 3 [37]. For MNP-44 the model is not used
since Tg is much larger than the accessible temperature range
and presumably rather close to the temperature where this
simple model cannot be applied. More interesting is the signifi-
cantly enhanced Kegr = 45 + 18 kJ-m ™3 for MNP-6. Previous
reports and our XRD results suggest that small particles
(<10-15 nm) crystallize as a composite of magnetite and
maghemite, and the anisotropy constant increases with decreas-
ing size. Martinez et al. [52], for example, determined
K = 70 kJ-m™3 for about 15 nm maghemite NPs, which is
strongly enhanced as compared to the bulk value of
Ky = 4-5 kJ-m~3 [53]. The effective anisotropy of Kegr =
45 + 18 kJ'm™3 for MNP-6 compares well with such an en-

HMoHc (mT) Ts (K) Kef (kJ'm™3)
T=5K ZFC Sharrock model
272 62 45+ 18

28+2 210 117

55+ 310 10+6

30+ >390 -

- - 13 (Ky)

hancement, and a mixture of magnetite and maghemite can
explain our measured value for the smallest batch. The ob-
served NP size for blocking at ambient temperature of about
25 nm compares well with the predictions for 25 nm Fe304
cuboids with an aspect ratio of 1.05—1.1 [54]. Such slight elon-
gations are also present in the octahedra.

Overall, the static magnetic properties suggest that the
smallest particles are of little interest for MRI and MPH appli-
cations. MNP-15 and larger NPs perform better under
100-1000 kHz ac magnetic fields [6,55]. For MRI in quasi-
static fields, however, we expect that MNP-25 and MNP-44
will perform the best.

Magnetic resonance imaging

Knowing the structural and magnetic properties of our hybrid
Fe304—Au NPs, in this section we discuss if such features have
an impact on the NP performance in MRI. For this purpose, the
NPs were stabilized in water by modification with a biocompat-
ible derivative of polyethylene glycol and phospholipid (DSPE-
PEG-COOH). The NPs with a polymer shell have a hydrody-
namic diameter ranging from 95 to 160 nm, according to the
dynamic light scattering data (Table S1, Supporting Informa-
tion File 1).

The ability of magnetite NPs to increase the 7»-contrast in MRI
arises from the creation of huge magnetic field gradients, accel-
erating the relaxation rate of water protons in the vicinity of the
NPs [56]. The correlation of ry-relaxivity with the size of Fe304
NPs and clusters of NPs has been thoroughly discussed in the
literature. See for example [57-60]. These aggregates can be
considered as magnetic volumes in which the dipole—dipole
interaction between NPs produces a strong magnetic field
gradient leading to the predominant 7-effect. The r,-relaxivity
is affected by NP aggregation, and three different regimes can
be distinguished. First, for small clusters, , is given by the
theory of the outer sphere. NPs are homogeneously dispersed,
and water protons diffuse between the magnetic cores before

becoming completely out-of-phase. At this point, 7, increases
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with the NP size. This regime is called the motional average
regime (MAR). Therefore, MAR is predicted for relatively
small iron oxide NPs, where water diffusion near NPs occurs on
much faster timescales than the resonance frequency shift, re-
sulting in increased r, values with increasing NP size [61]. For
example, the variation of NP diameters from 4 nm to 6 nm,
9 nm, and 12 nm resulted in », values of 78, 106, 130, and
218 mM~ls71, respectively [62]. When the diameter is in-
creased further, the 7, value is constant up to a certain size limit.
The size and the corresponding stray field are so large that
water molecules experience a nearly constant magnetic field
during their T)-relaxation. These NPs are then in the so-called
static dephasing regime (SDR) [63], which determines the
relaxivity limit, and the r, value reaches a plateau. In the SDR,
the induced perturbing field around larger NPs is much
stronger, and proton diffusion becomes nondominant for the
signal decay. For instance, the r, values increased rapidly from
173 to 204 and 240 mM~'-s7! at 7 T for NPs from 8 nm to
23 nm and 37 nm, respectively [63]. For larger 65 nm sized iron
oxide NPs [64], the rp-relaxivity only slightly increases further

Beilstein J. Nanotechnol. 2018, 9, 2684—2699.

to 249 mM 157!, Recently, Reguera et al. [65] reported a simi-
lar enhancement of Ary = 100 mM~!-s™! for increasing diame-
ters from 16 nm to 20 nm Fe3O4—Au hybrid NPs. Finally, as the
size further increases, 7, decreases with increasing size. The de-
crease rate of 7, depends on the echo time in the partial refo-
cusing model [66].

In our experiments, the 7, values of the Fe3;04—Au hybrid sam-
ples were measured for all particle sizes (Figure 5, Figure S3,
Supporting Information File 1) in water and in 2% agarose NP
solutions. The latter has a viscosity close to that of cell cyto-
plasm [6,67] thus mimicking the viscosity and microstructure of
tissues [68,69]. We measure an increase of the rp-relaxivity
from 159 to 495 mM~!-s™! in water (Figure 5A) and from 118
to 612 mM ™ "s! in agarose (Figure 5B) for the sample series of
MNP-6, MNP-15 and MNP-25 Fe304—Au hybrid samples,
while for even larger, 44 nm Fe304—Au NPs (sample MNP-44)
no significant increase in 7 (514 and 620 mM~'-s™! for water
and agarose solutions, respectively) was observed. We ascribe

this to the initial increase of the saturation magnetization Mg for

150 ;
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Figure 5: Inverse of the MRI proton T,-relaxation time as a function of iron concentration for MNP-6, MNP-15, MNP-25 and MNP-44 in water (A) and
2% agarose (B). The r; values are determined by the slopes of the linear fits. C) rp values as a function of NP size in water and agarose. The SDs are

smaller than the symbol size.

2690



larger Fe304 NPs from 6 to 25 nm. For MNP-25 the bulk Mg
value is reached and remains roughly constant for MNP-44. The
T, behavior of samples MNP-6 and MNP-15 can be described
as within MAR. Further increase of size (MNP-25) results in an
intermediate state close to the SDR regime, while sample MNP-
44 is presumably in SDR. It should be mentioned that the
rp-relaxivity of MNP-25 and MNP-44 samples is much higher
as compared to other examples of Fe3O4—Au hybrid NPs
(rp = 245-381 mM ™ !s71) [65,70] and commercial contrast
agents, such as Feridex®, with an r, of 120.0 mM ™ !s™1 [71]
and Resovist®, with an r, of 150.0 mM!s™! [72].

The most probable reasons for the extraordinarily high perfor-
mance of our NPs are the perfect crystallinity and the resulting
bulk-like Mg leading to a stronger local magnetic stray field
[59]. Following Hwang and Freed's theory [73] the , value is
proportional to the square of two key parameters in highly
magnetized nanomaterials: the Mg value and the effective mag-
netic radius R. In short, the Mg value determines the local mag-
netic field inhomogeneity induced by the NPs. The effective
radius is responsible for the field perturbation volumes for
water protons. Variations from a spherical shape of the NPs,
especially significant for the present octahedra, increase the
effective magnetic anisotropy by shape anisotropy which in-
creases quadratically with Mg [59]. Experimentally, this was
observed by Joshi et al. [74] and Smolensky et al. [75] when
they compared spherical and faceted NPs. In both studies, a
higher r,-relaxivitiy was found for faceted NPs. These findings
also correlate with the highest », values ever reported
(761 mM~!s7! for 22 nm cubic Fe304 NPs [76] and
679 mM s for Fe304 octapods [77]). Therefore, in addition
to the stray field strength, the facets of MNP-25 and MNP-44
are likely to produce stronger stray field gradients AB in their
vicinity, especially near the six corners and eight edges of the
magnetic octahedrons.

The effective magnetic radius R of a nanoplate, for instance, has
been determined to be much larger than its spherical counter-
part with a similar solid volume [78], which leads to enhanced
r values. This principle may be applied to the octahedral parti-
cles of MNP-25 and MNP-44 samples as an explanation of in-
creased rp-relaxivity values. Zhou et al. [78] further argued that
the strong T and T contrast enhancement of nanoplates could
be explained by the large surface area of Fe3O04 (111) facets for
efficient chemical exchange/interaction. This also holds for the
present NPs with (111) facets (see Figure S2C, Supporting
Information File 1). Finally, the functionalization of the NPs
with DSPE-PEG—COOH further increases the rp-relaxivity
since the subunits of PEG chains are usually associated with
two or three water molecules via complex formation and/or

hydrogen bonds. These strong interactions slow down the diffu-
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sion of water molecules to some extent and increase the », value
[59].

Moreover, r, values are even higher for the larger NPs
dispersed in agarose in comparison with water solutions
(Figure 5C), while for the smaller NPs, lower r, values are ob-
served. This splits the batches into two size regimes, namely
SDR and MAR for the larger and smaller batches, respectively.
According to these relaxation regimes, the NPs up to about
20-25 nm are in the MAR where the diffusion processes are the
predominant factor for the rp-relaxivity. This limit correlates
well with the model predictions for the r, value described in
[66] considering clusters of 4-5 NPs in the case of sample
MNP-6 (modeled 75 = 154 mM™!s7!) and single NPs of MNP-
15 (modeled 7 = 255 mM ™ !s™1) in MAR. The confinement of
the NPs in an agarose matrix hinders or at least slows down the
diffusion of water molecules near NPs and therefore decreasing
rp values are obtained. Although the theoretical limit [66] for
MNP-25 and MNP-44 in SDR of 1000 mM~!-s™! (given their
high Mg values) is not reached, an additional stabilization by
agarose seems to play a decisive role for significantly enhanced
r values [57]. This means that the effectiveness of the hybrid
materials as contrast agents increases under in vitro and in vivo

operational conditions.

Magnetic hyperthermia

Next, we evaluate the heating efficiency of the hybrid NPs in
MPH, measuring the heating rate in both water and agarose at
various concentrations in AMF at the frequency of 765 kHz and
amplitude poH = 30 mT, as shown in Figure 6. The relatively
high AMF frequency has been chosen for better data acquisi-
tion. Figure 6A depicts a set of two hyperthermia sequences,
composed of a heating (magnetic field is switched on) and a
cooling stage (magnetic field is switched off), for two aqueous
solutions, respectively. It is apparent that there is a critical mag-
netite size that renders such structures suitable for hyper-
thermia applications. Superparamagnetic 6 nm Fe3zOy4 are too
small to induce a thermal shock within the hyperthermia
window of 41-45 °C (shaded temperature band in the figure)
while 25 nm Fe3;Oy, safely reach 42 °C within the first 35 s of
AMF application. A similar, yet moderated situation is shown
in the corresponding agarose samples in Figure 6B. Agarose is a
polysaccharide matrix, widely accepted as an excellent phantom
system since, with respect to its concentration, it may mimic
both soft and hard tissues.

From the initial heating rates A7/At we determine the SLP for
NPs of a certain size range for agarose medium and MNP-25 in
aqueous medium as a reference. Table 4 summarizes the results.
The experimental details and evaluations are explained in the
Experimental part. For samples MNP-6 and MNP-15, the ob-
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Figure 6: MPH experiments (765 kHz, 30 mT). The heating curves of MNP-6 and MNP-25 (3.6 mg-mL~" Fe) in water (A) and agarose (B), the shaded
bands show the 41-45 °C region; SLP values for MNP-6, MNP-15, MNP-25 and MNP-44 samples for various concentrations in agarose compared to
the reference values for MNP-25 (3.6 mg-mL~" Fe) in water shown by the shaded band (C); the comparison of concentration-averaged SLP values for
the NPs of various size (D). The error bars in (C) and (D) correspond to the standard deviation.

Table 4: The heating rate AT/At and calculated SLP values for various NP concentrations and sizes in agarose and aqueous medium using MNP-25

as a reference.

Sample Medium Heating rate c(Fe30y4)
(Ks™ (mg-mL~h

MNP-6 agarose 0.010 5

MNP-15 0.070

MNP-25 0.281

MNP-44 0.342

MNP-25 water 0.531 5

tained SLP values are below 80 W-g™!, which is insufficient for
effective MPH. Reasonably high SLP values, however, are
found for MNP-25 and MNP-44 (larger than 327 W-g™1). We
ascribe the observations to the transition from superparamag-
netic to ferrimagnetic behavior between MNP-15 and MNP-25
together with the increasing Mg with NP size in agreement with
literature [28]. In the blocked state, MPH additionally benefits
from Néel losses, increasing the SLP. Diameters in the range of
20-25 nm Fe304 are considered to be optimal for iron-oxide-
based MPH [79]. Despite this, the observed SLP values for

c(Fe) SLP
(mg'mL~") (W-gre™")
3.6 12+1
816
327 +£24
398 + 29
3.6 617 + 44

MNP-44 are significantly higher than for MNP-25, which can at
least partly be explained by the higher blocking temperature.
Thus, all NPs in MNP-44 contribute to the temperature rise via
Néel losses. Hysteresis losses prevail and stabilize the SLP
values for MNP-25 and MNP-44 at 3.6 mg:mL~! Fe concentra-
tion (Figure 6C). As a reference, the heating rate and corre-
sponding SLP are also determined for MNP-25 in aqueous solu-
tion (3.6 mg'mL~! Fe), which is used for in vitro hyperthermia
experiments in the following. The SLP of 617 + 44 W-g~! for
the MNP-25 sample is indicated by the shaded band in
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Figure 6C. This value is comparable to the SLP of 524 W-g™!
for NP chains in magnetosomes with a 30 nm core size ob-
tained by Hergt et al. [80]. The authors, however, used more
moderate field conditions (12.5 mT, 410 kHz) in their experi-

ments.

For each sample the SLP values are averaged over all concen-
trations since we only obtain minor variations with increasing
relative amounts. Figure 6D presents the SLP values as a func-
tion of NP size. The strongly increasing SLP between MNP-15
and MNP-25 is attributed to the transition from superparamag-
netic to the thermally blocked state in this size regime.

Our results are in good agreement with the relevant literature on
gold/iron oxide nanoparticle dimers (Fe3O4—Au [81] and
Fe;03—Au [82]), where the heating efficiency is optimized at
diameters of about 23 nm, and SLP values up to
1330 £ 20 W-g~! (300 kHz, 30 mT) are reported. This high SLP
value, however, is questionable, since the heating curve of this
sample provided in the supplementary information of [82] for a
Fe concentration in the 6-12 mg-mL™! range, only delivers a
heating rate of 0.640 K-s™!. This corresponds, according to our
calculations, to 223-447 W-g~! SLP (depending on the Fe con-
centrations used). Therefore, we can conclude that our
Fe304—Au hybrids with 25 nm diameter provide high SLP
values for MPH, which are at least in line with the values re-
ported in [82]. In all cases nonadiabatic correction is performed
within the SLP calculation to avoid erroneous overestimations
due to heating transfers of nonmagnetic origin [83]. Eventually,
a critical magnetite diameter (=20 nm) is required to promote
enhanced heating efficiency within the concentration range of
1-10 mg mL™ L,

Moreover, the dispersion of NPs in an agarose matrix results in
the same SLP magnitudes for MNP-6 when compared to water
solutions (see the heating curves, Figure 6A and Figure 6B) and
leads to an almost two-fold decrease of SLP for the MNP-25
sample. This decrease is due to Brownian relaxation, which is
dependent on the medium viscosity, and is at least partially
suppressed in agarose due to the increased hydrodynamic diam-
eter (Figure 6C). The good performance of MNP-25 is very im-
portant here since it affirms the application of the NPs for mag-
netic hyperthermia in conditions comparable to the intracellular
environment. Moreover, the SLP values of the larger NPs are
adequate to promote significant heating in the in vitro experi-
ments following.

In vitro test of performance
The high contrast properties of 25 nm Fe304—Au hybrid NPs
for in vitro MRI in 4T1 mouse breast adenocarcinoma cells

have been recently demonstrated [84]. In summary, a r, value
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0f 276.9 mM™1-s7! was obtained after 24 h of NP incubation
with cell culture. Such an r; value is suitable for MRI, although
it was found to decrease as compared to the hybrids in water or
agarose in line with previous cell culture experiments [85].

Here, we focus on the hyperthermia function of the hybrid ma-
terials in the same cell line. For this purpose, polymer-coated
MNP-25 NPs were dispersed in RPMI medium at 3.6 mg-mL™!
Fe concentration, resulting in the same hydrodynamic size as in
water (Table S1, Supporting Information File 1) and added to
4T1 cells. The specimen was immediately exposed to
261-393 kHz, 25 mT AMF. The frequency is adjusted to keep
the temperature constant at 46 + 1 °C for 15 or 30 min. After-
wards, the cell viability is tested by several methods. Standard
MTS assay (Figure 7, Table S2, Supporting Information File 1)
was conducted to investigate the NP cytotoxicity. These results
are supplemented with apoptosis/necrosis activation (Figures S4
and S6, Supporting Information File 1) and production of reac-
tive oxygen species (ROS) (Figures S5 and S7, Supporting
Information File 1). The ROS excess level is known to induce
apoptosis [86-88]. The applied combination of techniques
enables us to draw definite conclusions about the effect of NPs
on cell viability [89].

140
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NPs + no AMF NPs + AMF

Figure 7: Cell viability study (MTS assay) of 4T1 cells after 15 and

30 min incubation with NPs during AMF exposure or without its appli-
cation. RPMI: viability of cells cultivated at 37 °C in cell medium with-
out NPs; NPs + no AMF: viability of cells cultivated at 37 °C in the
presence of MNP-25 in cell medium for 15 or 30 min; NPs + AMF:
viability of cells cultivated in the presence of MNP-25 in cell medium
for 15 or 30 min of AMF exposure (heating up to 46 + 1 °C in
261-393 kHz, 25 mT AMF). The results are shown as the mean + SD,
**p < 0.01, ***p < 0.001 (one-way ANOVA).

In our experiments, 15 min AMF exposure of 4T1 cells incubat-
ed with NPs indicate the initial level of induced cell death
(22 £ 1%, MTS assay) in comparison with cells, incubated at
37 °C with NPs in the absence of AMF and control samples
without NPs in zero field or exposed to AMF. This is well in
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line with the detection of apoptosis/necrosis as a positive
staining of 4T1 cells is found only on the periphery of the cell
monolayer. However, ROS activation is observed at this point
of time — as indicated by an increased number of H2DCFDA-
positive cells in the culture (Figure S5C, Supporting Informa-
tion File 1). Exposure to AMF for 30 min is sufficient to kill
79 + 8% of cells according to the MTS assay. Consistent with
this finding, more pronounced apoptosis/necrosis activation is

detected (Figure S5D, Supporting Information File 1).

Next, 4T1 cells are precultivated with NPs for 6 h before AMF
exposure to increase NP—cell interactions. In this case, 15 min
and 30 min of exposure to AMF led to similar, yet improved,
results: 100% cell death detected by apoptosis/necrosis activa-
tion in cell culture (Figure S6, Supporting Information File 1).
Accordingly, no ROS activation is detected (Figure S7C and
S7D, Supporting Information File 1) due to the late stage of ap-
optosis.

The two sets of experiments, direct AMF treatments and precul-
tivation for 6 h, both show clear apoptosis/necrosis of 4T1 cells
induced by the hyperthermia treatment. The more efficient
precultivation might help to decrease the concentration
threshold for MPH in future studies. Furthermore, the results
are in line with previous reports on polymer-coated Fe;O4 or
MnFe,04 NPs, where apoptosis/necrosis of various cell cultures
along with ROS generation was observed [90-94] for the iden-
tical concentration range (1-10 mg:mL™") and similar AMF
conditions. Other experiments have shown a decrease of 4T1
cell viability down to 60—70% after initial incubation of cells
with magnetic NPs [95,96]. In the current study, however, we
achieve the same level of cell viability immediately after NP ad-
dition followed by AMF treatment. If the cells are first incubat-
ed with NPs for 6 h before field application, 100% cell death is
observed. Therefore, the results demonstrate not only the
general in vitro function of Fe304—Au hybrid NPs for MPH, but
also the opportunity of reduced AMF treatment time leading to
100% cell death if an intermediate step of NP—cell co-cultiva-
tion is added. Corato et al. [81] have tested Fe;04—Au NPs for
hyperthermia treatment of so-called “minitumors”, consisting of
SKOV-3 cells, which is the transitional step between in vitro
and in vivo experiments. Considering the higher SLP values of
the present hybrid NPs, the suggested approach may improve in

vivo MPH in future experiments.

Conclusion

We have successfully synthesized Fe304—Au hybrid NPs with
6—44 nm diameter Fe304 and 3—11 nm diameter Au subunits,
while maintaining an approximately constant Fe3;04/Au volume
ratio. With the increase of size, the iron oxide lattice parame-

ters change towards stoichiometric Fe304. Hybrids below
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20 nm are superparamagnetic, while NPs of larger diameter are
thermodynamically blocked, and the Verwey transition is ob-
served in ZFC/FC curves as an indicator of high quality, bulk-
like Fe304. The best combination of the r,-relaxivity and SLP
values for all samples, both in water and agarose mimicking
tissues, is obtained for 25 nm diameter Fe304—Au NPs. This
also allows for efficient NP visualization and heating in in vitro
conditions, leading to the death of 4T1 mouse breast adenocar-
cinoma cells in high-frequency alternating magnetic fields.
Therefore, these hybrid nanomaterials are demonstrated to ex-
hibit an optimized theranostic response in magnetic resonance

imaging and magnetic particle hyperthermia.

Experimental

Materials

Iron pentacarbonyl Fe(CO)s, hydrogen tetrachloroaurate trihy-
drate (IIT) HAuCl4-3H50, oleic acid, oleylamine, phenyl ether,
benzyl ether, 1-octadecene and 1,2-hexadecanediol were pur-
chased from Sigma-Aldrich. 1,2-Distearoyl-sn-glycero-3-phos-
phoethanolamine-N-[carboxy(polyethylene glycol)-5000] am-
monium salt (DSPE-PEG-COOH) was delivered by Avanti
Polar Lipids. Isopropanol, hexane and chloroform were pur-
chased from Reachim. Water used in the experiments was de-
ionized (18.2 MQ-cm™!, Millipore Milli-Q Academic System).

Synthesis and functionalization of

nanoparticles

The Au NPs were synthesized according to a previously
published protocol [97]. Briefly, 35 mg HAuCly-3H,0 was dis-
solved in 80 mL deionized water (DI H,O) and heated up to
80 °C. Then 200 pL oleylamine was added and the temperature
was maintained during 3 h. After cooling down to room temper-
ature, the water was evaporated, and the Au NPs were redis-
persed in hexane (2 mL).

The synthesis of MNP-6 and MNP-15 samples was performed
as follows: Fe3O4—Au hybrid NPs with in situ synthesized Au
seeds were obtained by thermal decomposition of Fe(CO)5 and
HAuCly3H;0 at high temperatures following a modified
protocol [98]. In brief, a mixture of 20 mL high-boiling solvent
(phenyl ether for sample MNP-6 or 1-octadecene for sample
MNP-15), 2.584 g 1,2-hexadecanediol, 2 mL oleylamine and
2 mL oleic acid was heated up to 120 °C under argon atmo-
sphere and kept at this temperature for 30 min. Then, 0.28 mL
of Fe(CO)s was added. Three minutes later, a mixture of
HAuCly-3H,0 (45 mg), 5 mL solvent and 0.5 mL oleylamine
was added, and the final solution was slowly (3 °C/min) heated
up to reflux for 45 min. After cooling down to room tempera-
ture, the reaction mixture was oxidized by stirring for 1 h under
ambient air. The NPs were isolated via centrifugation, washed

several times with isopropanol and dispersed in hexane.
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Fe304—Au hybrid NPs with presynthesized Au seeds (MNP-25
and MNP-44) were grown by thermal decomposition of
Fe(CO)s in the presence of Au NPs following a modified
protocol [84,99]. A mixture of 1 mL oleic acid and 20 mL sol-
vent (phenyl ether for sample MNP-25 or benzyl ether for sam-
ple MNP-44) was heated up to 120 °C under argon atmosphere
and kept at this temperature for 30 min. Then, 0.28 mL of
Fe(CO)s was added. Five minutes later, the presynthesized Au
NPs in 2 mL hexane and 500 pL oleylamine were added, and
the final solution was slowly heated up to reflux at a rate of 3
°C/min for a total time of 3 h. After cooling down to room tem-
perature, the reactants were oxidized by stirring for 1 h under
ambient air. The NPs were isolated via centrifugation, washed

with isopropanol and dispersed in hexane.

Oleic-acid-coated Fe304—Au NPs were transferred into water
by modification with 1,2-distearoyl-sn-glycero-3-phospho-
ethanolamine-N-[carboxy(polyethylene glycol)-5000] ammoni-
um salt (DSPE-PEG-COOH) [100]. Fe304—Au NPs (1 mg) and
DSPE-PEG—COOH (2.45 mg) were mixed in 1 mL chloroform
via ultrasonication. The mixture was left overnight for the slow
evaporation of the solvent. Then DI H,O was added to the pre-
cipitate, and the solution was sonicated for 15 min. After that,
unbound polymer was removed by centrifugation (14500 rpm
for 30 min) twice. Finally, the NPs were redispersed in 2 mL DI
H,O.

Characterization techniques

All particle batches were examined by a JEOL JEM-1400 trans-
mission electron microscope operated at 120 kV acceleration
voltage. Overview images were taken in conventional bright-
field TEM mode. The samples were prepared by casting and
evaporating a droplet of hexane solution onto a carbon-coated
copper grid (300 mesh). The average diameter of NPs was
calculated from TEM images by analysis of about 500 NPs for
each sample using Image] software. Selected samples were in-
vestigated in bright-field high-resolution mode using a FEI
Tecnai F20 microscope operated at 200 kV acceleration
voltage. The Fe and Au concentrations in the samples were
measured by microwave-coupled plasma atomic emission spec-
trometry (Agilent 4200 MP-AES, USA) for the NPs dissolved
in aqua regia using the calibration curve for the standard sam-
ples in 0.1-1 mg'mL™! concentration range.

X-ray diffraction patterns were measured from 26 = 30° to 120°
at a scan rate of 0.1° per step and 3 s per point using the X-ray
powder diffractometer Rigaku Ultima IV with Co Ka radiation
and a graphite monochromator on the diffracted beam.
Quantitative XRD analysis (including crystal size evaluation
by determination of the coherent scattering region) was per-
formed using the PHAN% and SPECTRUM programs
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developed by the Physical Materials Science Department of the
National University of Science & Technology (NUST) “MISIS”
that are a modification of the Rietveld method, based on the
minimization of the difference between the experimental spec-
trum, taken from the points, and model (calculated) one. For
fitting the spectra, the lattice parameters, the amount of each
phase and their crystallite diameter are optimized.

Standard magnetometry at various temperatures and fields was
measured in a Quantum Design PPMS DynaCool system. For
this, about 10 mg of dried powder Fe304—Au NPs was put into
synthetic capsules.

The hydrodynamic size of the NPs in water was measured by
dynamic light scattering using a Zetasizer Nano ZS (Malvern
Instruments). The average values with error bars were obtained
from three measurements of each sample.

Magnetic resonance imaging (MRI) was measured at 18 °C in a
ClinScan 7 T MRI system. The r,-relaxivity of hydrogen
protons in the presence of Fe304—Au NPs modified with
DSPE-PEG—COOH was determined by linear fitting of various
Fe concentrations from 0.01 to 0.2 mM in water and 2% w/w
agarose. Image acquisition was performed in the spin echo
mode with the following parameters: repetition time 10 s, echo
times 16, 24,
640 x 448 pixel, field of view 120 x 82.5 mm?. The signal in-
tensities were determined using ImageJ software, and the 7,-re-

..., 256 ms, flip angle 180°, resolution

laxation time was calculated by exponential fitting as a func-
tion of echo time. The rp-relaxivity values were calculated from
linear fitting of 7>~ relaxation times as a function of Fe con-
centration.

Magnetic particle hyperthermia (MPH) experiments were per-
formed using a commercial 4.5 kW inductive heater operating
at 765 kHz under AC induction amplitudes of up to 30 mT.
Each measurement cycle included a heating and a cooling stage.
The temperature was continuously recorded (0.4 s steps) by a
GaAs-based fiber optic probe immersed in the vial containing
1 mL of solution. The heating efficiency of the NPs is quanti-
fied by the specific loss power (SLP) determined from the
power absorption per unit mass of magnetic material (in
W-gpe 1) following a standardized procedure to estimate solely

the magnetic heating contribution by using

SILP=CAL_"™f
At mMNpS ?

where C is the volumetric specific heat capacity of the sample,

mg¢ the dispersion mass, mynps is the iron mass diluted in the
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dispersion and A7/At is the maximal slope at initial time after
switching on the heating AC field.

In vitro experiments

Cell culture. 4T1 mouse breast cancer cells were purchased
from the American Type Culture Collection (ATCC, Manassas,
VA, USA). They were cultured in RPMI-1640 medium (Gibco)
supplemented with 10% fetal bovine serum (FBS) (Gibco) and
2 mM L-glutamine (Gibco) at 37 °C in a humidified incubator
supplied with 5% CO,.

MTS assay. The cells were plated in the wells of Stripwell
96-well plates (Corning) at a concentration of 6,000 cells per
well. The cells were counted using the automatic cell counter
EVE. After two days the medium from the cells was replaced
by 200 pL of the Fe304—Au Janus NP solution in full culture
medium (the final concentration of NPs was 3.6 mg'mL"! Fe),
and the obtained samples were exposed to high-frequency AMF
(TOR Ultra HT, Nanomaterials LLC, Russia) for 15 min or
30 min immediately or 6 h after NP—cell co-cultivation. The
AMF parameters of 261-393 kHz, 25 mT were used to keep a
constant temperature of 46 £ 1 °C (checked by Seek Thermal
camera and software). The cells, incubated in the full culture
medium and in a medium with the same concentration of NPs at
37 °C without AMF, were used as controls. After hyperthermia
treatment, the medium with NPs was replaced by 100 pL of
new culture medium, and 20 pL of MTS reagent (CellTiter 96
aqueous non-radioactive cell proliferation assay, Promega,
USA) was added to each well. Following 4 h of incubation at
37 °C in darkness, the wells were placed on a permanent
magnet to remove the NPs from solution, and 100 pL of the ob-
tained solution was carefully replaced in the new 96-well plate.
The absorbance of the solution was measured at 490 nm using a
Thermo Scientific Multiskan GO spectrometer.

Apoptosis/necrosis detection. In parallel with the preparation
of samples for MTS assay we prepared samples for cell death
detection using an apoptosis/necrosis detection kit (abcam).
Apopxin deep red dye stained phosphatidylserine on the mem-
brane of apoptotic cells and nuclear green dye — the cells with
loss of plasma membrane integrity (i.e., cells at late stage apo-
ptosis or necrotic cells). After the hyperthermia treatment, the
cells were washed twice with HBSS (Gibco) supplemented with
2 mM L-glutamine (Gibco) and 10 mM HEPES (Helicon,
pH 7.4 adjusted with 1 M NaOH), and intravitally stained with
the apoptosis/necrosis detection kit for 40 min at room tempera-
ture in the darkness, and washed with full HBSS two times
again. The cells, incubated in full culture medium and in medi-
um with NPs at 37 °C without AMF, were used as controls. The
obtained preparations were analyzed using a fluorescence

microscope (EVOS, life technologies), with a PlanFluor objec-
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tive 10x/0.3. The further processing of the photos was carried

out by ImageJ software.

ROS detection by 2',7'-dichlorodihydrofluorescein diac-
etate (H2DCFDA). Reactive oxygen species (ROS) generation
by cells was also investigated during hyperthermia in vitro ex-
periments. In this case, unfixed cells (exposed to AMF and
control cells) were washed twice with HBSS supplemented with
2 mM L-glutamine and 10 mM HEPES (pH 7.4 adjusted with
1 N NaOH), and stained with 2 uM H2DCFDA solution (life
technologies) for 30 min at 37 °C in darkness. Then the cells
were carefully washed with HBSS three times for 5 min. The
obtained preparations were analyzed using the EVOS fluores-
cence microscope with a PlanFluor objective 10x/0.3. The
further processing of the photos was also carried out by ImageJ
software.

Statistical analysis. All data were obtained in three indepen-
dent triplicate experiments. The percentage of live cells in the
MTS assay was represented as the mean + standard deviation
(SD) (for 3 repetitions in each experiment). Plotting and calcu-
lation of the standard deviation values were made using Origin
8.0 software. The p-values were calculated using one-way
ANOVA calculator. p-values <0.05 were considered significant
(** for p < 0.01, *** for p < 0.001). A post-hoc Scheffe test

was applied.

Supporting Information

Size distribution for all synthesized NPs (Figure S1),
HRTEM images for MNP-6, MNP-44 and MNP-25
samples (Figure S2), T>-weighted MRI-images of the NP
solutions in water and 2% agarose (Figure S3),
hydrodynamic size of NPs in water (Table S1), a cell
viability study by MTS assay (Table S2),
apoptosis/necrosis activation (Figures S4 and S6) as well as
reactive oxygen species generation (Figures S5 and S7) in
4TI cells cultivated with MNP-25 NPs followed by AMF
application in comparison with control, are presented in the
Supporting Information.

Supporting Information File 1

Additional experimental information.
[https://www.beilstein-journals.org/bjnano/content/
supplementary/2190-4286-9-251-S1.pdf]
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Abstract

The synthesis and characterization of six new lanthanide networks [Ln(L)(0x)(H,0)] with Ln = Eu3", Gd3*, Tb3", Dy3*, Ho*" and
Yb3* is reported. They were synthesized by solvo-ionothermal reaction of lanthanide nitrate Ln(NO3)3-xH,0 with the 1,3-
bis(carboxymethyl)imidazolium [HL] ligand and oxalic acid (H,o0x) in a water/ethanol solution. The crystal structure of these com-
pounds has been solved on single crystals and the magnetic and luminescent properties have been investigated relying on intrinsic
properties of the lanthanide ions. The synthetic strategy has been extended to mixed lanthanide networks leading to four isostruc-
tural networks of formula [Tb;—,Eu(L)(ox)(H,0)] with x = 0.01, 0.03, 0.05 and 0.10. These materials were assessed as lumines-
cent ratiometric thermometers based on the emission intensities of ligand, Tb3" and Eu3™. The best sensitivities were obtained using
the ratio between the emission intensities of Eu3* (’Dy—’F, transition) and of the ligand as the thermometric parameter.
[Tbg.97Eug o3(L)(0x)(H,0)] was found to be one of the best thermometers among lanthanide-bearing coordination polymers and
metal-organic frameworks, operative in the physiological range with a maximum sensitivity of 1.38%K ™! at 340 K.

Introduction
Metal-organic coordination networks have been the subject of  possibility of combining different properties by judicious choice
considerable research in the last years as evidenced by the in-  of the organic and inorganic moieties makes these systems good

creasing number of papers published in the field [1]. Indeed, the  candidates for the elaboration of (multi)functional architectures
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[2,3]. Among the various functionalities that can be envisioned
for this class of hybrid compounds, the elaboration of lumines-
cent networks is interesting in term of potential applications in
lighting, display, sensing, biomedicine and for optical devices
[4-12].

Luminescent coordination networks can be obtained either by
the use of specific luminescent organic ligands or by the use of
main-group elements, d!0 transition metals or of trivalent
lanthanide ions for the inorganic moiety [13,14]. The lumines-
cent properties of the trivalent lanthanide ions are particularly
interesting since they cover a large range of emission from the
ultraviolet (Gd3") to near-infrared (Pr3", Nd3", Ho3", Er3",
Yb3+) through the visible domain (Pr3+, Sm3*, Eu3t, Tb3™,
Dy3*, Tm3"). It confers to lanthanide-based networks a large
tunability of emission properties, which is very useful for the
claboration of light-emitting devices or for biomedical applica-
tions [15]. Moreover, due to the narrowness and the hypersensi-
tivity of their transitions, lanthanide-based networks can also
find utility for the sensing of gases, vapors or small molecules
[9,16]. In the case of mixed lanthanide coordination networks,
the luminescent properties can be used to synthesize tempera-
ture probes with possible applications in the aerospace area,
safety and health [17,18].

Beside luminescent properties, lanthanide ions exhibit large
magnetic moment and strong magnetic anisotropy, which might
have potential applications of lanthanide-based networks in
information storage, quantum computing and spintronics [19-
23].

Most of these lanthanide-based networks are obtained with
neutral organic ligands such as benzene-1,4-dicarboxylate (1,4-
bdc) [24], benzene-1,3,5-tricarboxylate (TMA) [25], pyridine-
2,5-dicarboxylate (2,5-Hypdc) [24] or 1H-2-propyl-4,5-imida-
zoledicarboxylate (pimda) [26]. Only few examples of
lanthanide-based networks obtained with charged ligands are
reported in the literature [27-30]. Following this last point, we
have chosen to synthesize lanthanide-based networks from posi-
tively charged imidazolium dicarboxylate salts [31-34].
Contrarily to the classical imidazolium salts or ionic liquids
used in ionothermal syntheses [35-40], the functionalization of
imidazolium moieties with coordinating functions reduces the
influence of the imidazolium salt on the ligand for a better ratio-

nalization of the synthesis [31-34].

We report in this paper the synthesis and the characterization of
six new networks obtained from an imidazolium dicarboxylate
salt, oxalic acid and lanthanide ions. The structure of these
networks has been solved by single crystal X-ray diffraction

and their physical properties (magnetism and luminescence)

Beilstein J. Nanotechnol. 2018, 9, 2775-2787.

have been investigated. We establish that these networks show
antiferromagnetic interactions. The study of the luminescent
properties evidences the presence of well-defined transitions
characteristic for the considered lanthanide. These results have
prompted us to extend our strategy to the synthesis of mixed
lanthanide networks with four different ratios Tb3*/Eu>*. The
powder X-ray diffraction analysis indicates that these mixed
lanthanide networks are isostructural to the parent homolan-
thanide compounds. The temperature-resolved photo-lumines-
cent properties of the latter indicate possible applications in

thermometry.

Results and Discussion

Synthesis

The 1,3-bis(carboxymethyl-)-imidazolium ligand [HL] was syn-
thesized according to protocols published in the literature
[41,42].

Single crystals and homogeneous powders of [Ln(L)(0ox)(H,0)]
were obtained with Ln = Eu3', Gd3*, Tb3", Dy3+, Ho3* and
Yb3" by reacting a water/ethanol solution of the lanthanide
nitrate and oxalic acid (Hyox) with [HL]. The mixture was
sealed in a Teflon-lined stainless steel autoclave and heated at
393 K for 72 h. After cooling to room temperature, the auto-
claves were opened and crystals were filtered and washed with
ethanol. The yields of the reactions range from 36 to 59 %. Sim-

d3* and Sm?* ions leading

ilar reactions were carried out with Ni
to different structures [31]. In addition, in the case of Nd*>* and
Sm3*, various crystalline compounds were obtained depending
on whether oxalic acid was added or not. When oxalic acid was
not added in situ formation of the oxalate ligand has been ob-
served. The peculiar behavior of these two ions compared to
others can be explained by their place in the first part of the
lanthanide series [43]. In the case of Eu3t, Gd3*, Tb3", Dy3",
Ho3* and Yb3™, described in the present work, the direct reac-
tion between lanthanide nitrate and [HL], without addition of
oxalic acid, did not give crystalline compounds.

Characterization of the homolanthanide
[Ln(L)(ox)(H20)] compounds with Ln = Eu3*,
Gd3*, Tb3*, Dy3*, Ho3* and Yb3*

Single crystal X-ray analysis of the [Ln(L)(0ox)(H,O)] com-
pounds with Ln = Eu3", Gd3*, Tb3*, Dy3*, Ho3" and Yb3"
reveal that the six compounds are isostructural. All compounds
are obtained as colorless crystals and crystallize in the mono-
clinic space group P2i/a (no. 14). Crystal data for these series
of compounds are collected in Table 1 and Table 2.

The asymmetric unit contains one Ln3" ion, one [L]™ ligand,

two half-oxalate ligands and one coordinating water molecule

(Figure 1). Ln3" ions are surrounded by nine oxygens with four
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Table 1: Crystallographic data for [Ln(L)(ox)(H20)] compounds with Ln = Eu3*, Gd®* and Tb3*.2

chemical formula
molar mass [g'mol™"]
crystal system

space group

a[A]

b[A]

clAl

al’]

B[]

v [’

V4

TIK]

u (Mo Ka) [mm~"]
reflection collected
independent reflections
data/restraints/parameters
R1, wR2 [/ > 25(/)]

R1, wR2 [all data]
GOOF

largest diff. peak and hole (e:A~3)

[Eu(L)(ox)(H20)]

CgHgN>OgEU
441.14
monoclinic
P24/a

9.212(3)
13.228(4)
10.9893(17)
90

111.491(18)
90

4

293(2)

5.044

11538

2854
2854/3/196
0.0358, 0.0690
0.0579, 0.0770
1.063

1.297, -1.365

[Gd(L)(ox)(H20)]

CgHgN20gGd
446.43
monoclinic
P24/a
9.224(4)
13.226(4)
10.950(2)

90

111.48(2)

90

4

293(2)

5.366

6602

2825
2825/3/196
0.0268, 0.0458
0.0430, 0.0501
1.092

0.681, —0.689

Beilstein J. Nanotechnol. 2018, 9, 2775-2787.

[Tb(L)(ox)(H20)]

CgHgN2OgTh
448.10
monoclinic
P24/a

9.246(3)
13.219(9)
10.904(3)

90

111.63(2)

90

4

293(2)

5.716

14582

2840
2840/3/196
0.0427, 0.0769
0.0627, 0.0850
1.094

1.868, -1.838

aThe relatively high values of the residual density can be explained by the difficulty to isolate single crystals. Indeed SEM images reveal the presence
of relatively small and entangled crystals (see Figure S3, Supporting Information File 1).

Table 2: Crystallographic data for [Ln(L)(ox)(H20)] compounds with Ln = Dy3*, Ho%* and Yb3*.2

chemical formula
molar mass [g-mol™"]
crystal system

space group

alAl

b[A]

clAl

al’]

B[]

v [l

z

TIK]

u (Mo Ka) [mm™]
reflection collected
independent reflections
data/restraints/parameters
R1, wR2 [/ > 20(/)]

R1, wR2 [all data]
GOOF

largest diff. peak and hole (e:A~3)

[Dy(L)(ox)(H20)]

CgHgNzOgDy
451.68
monoclinic
P21/a

9.191(4)
13.188(4)
10.85(5)

90

111.63(3)

90

4

293(2)

6.137

13140

2802
2802/3/196
0.0336, 0.0573
0.0517, 0.0624
1.122

0.742, -1.382

[Ho(L)(ox)(H20)]

CgHgNzOgHO
454 .11
monoclinic
P21/a
9.228(10)
13.185(4)
10.862(8)

90

111.95(6)

90

4

293(2)

6.479

13992

2814
2814/3/196
0.0494, 0.0751
0.0854, 0.0840
1.133

1.164, -1.034

[Yb(L)(ox)(H20)]

CgHgN2OgYb
462.22
monoclinic
P21/a

9.193(2)
13.097(3)
10.721(5)

90

112.19(3)

90

4

293(2)

7.843

7321

2735
2735/3/196
0.0516, 0.1119
0.0914, 0.1319
1.031

2.751, -2.662

8The relatively high values of the residual density can be explained by the difficulty to isolate single crystals. Indeed SEM images reveal the presence
of relatively small and entangled crystals (see Figure S3, Supporting Information File 1).
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Figure 1: Ellipsoid view of the asymmetric unit of [Gd(L)(ox)(H20)] (Gd
in green, Cin grey, O in red, N in blue and H in white).

oxygen atoms coming from one and same carboxylate function
of two different [L]™ ligands, one from the water molecule and
four from two different oxalate ligands. The coordination envi-
ronment of Ln3" ions is a tricapped trigonal prism (Figure S1,
Supporting Information File 1) with Ln—O distances similar to
those observed in structurally related compounds [44,45]. These
distances decrease progressively with the size of the lanthanide
ion in agreement with the lanthanide contraction effect (Table
S1, Supporting Information File 1). The same tendency is ob-
served with the shortest Ln—Ln distances, which correspond to
two Ln3" ions connected by an oxalate ligand (Table S1, Sup-
porting Information File 1).

Two separate Ln>" ions are connected through an oxalate ligand
in a bis-bidentate bridging coordination mode forming undu-
lating chains along the a-axis (Figure 2). The Ln3" ions are
connected to the carboxylate functions of the [L]™ ligand in a
bidentate chelate mode. The cohesion between these chains is
realized through H bonding between H atoms of the coordinat-
ed water molecules and O atoms of the carboxylate functions.

Beside the single crystal analysis, the homogeneity of the six
samples was checked by powder X-ray diffraction. As shown in
Figure S2 (Supporting Information File 1), the experimental
powder patterns fit well with the patterns calculated from the
single crystal structure and show no additional phases.

In order to investigate the thermal stability, thermogravimetric
analysis (TGA) was realized under air stream from 25 to 900 °C
(Figure S4, Supporting Information File 1). The weight loss

Beilstein J. Nanotechnol. 2018, 9, 2775-2787.

Figure 2: Selected packing view of the crystal structure of
[Gd(L)(ox)(H20)] along the c-axis (Gd in green, C in grey, O in red,
N in blue). H atoms have been omitted for clarity.

corresponding to the elimination of the coordinated water mole-
cule occurs between 130 and 310 °C (step 1). The second
weight loss between 310 and 750 °C (step 2) is associated to the
combustion of the organic moieties (oxalate and [L]™ ligands),
concomitant with the formation of oxide (LnyO3 was identified
by powder X-ray diffraction in the final product). The total
weight loss is in good agreement with the calculated values
(Table S2, Supporting Information File 1).

The infrared spectra of the six compounds are similar (Figure
S5, Supporting Information File 1). The broad band around
3250 cm™! and the one at 1672 cm™! are ascribed to the coordi-
nated water (stretching and bending vibration modes, respec-
tively). The vibration bands of the aromatic and aliphatic C—H
bonds are observed in the range 3150-3050 cm™! and
3050-2950 cm !, respectively. The characteristic frequencies of
the coordinating carboxylate functions are observed at 1627
and 1571 cm™! (antisymmetric vibration bands) and at 1411
and 1431 cm™! (symmetric vibration bands). It leads to Av
(AV = Vantisym ~ Vsym) €qual to 216 and 140 em™! in agreement
with a bis-bidentate bridging coordination mode of the oxalate
ligand and a bidentate chelate coordination mode of the carbox-
ylate functions of the [L]™ ligand, respectively [46,47].

Magnetic properties

The magnetic behavior of the six compounds [Ln(L)(0ox)(H,0)]
have been studied in the temperature range of 1.8-300 K under
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a 0.5 T dc magnetic field. The magnetic susceptibilities and
products T are presented as functions of the temperature in
Figure 3.

At 300 K, the value of x7 for the compound [Gd(L)(ox)(H,0)]
is 7.88 emu-K-mol™!, which agrees well with the theoretical
value for spin-only S = 7/2 Gd3" ions. The 7T product remains
almost constant above 30 K and then decreases down to
6.7 emu-K-mol™! at 1.8 K. This decrease suggests the occur-
rence of antiferromagnetic coupling between neighboring
gadolinium centers. Since [Gd(L)(ox)(H,0)] is constituted of
linear chains of Gd3* ions with large spin moment, S = 7/2, we
evaluated the magnetic coupling, J, between neighboring Gd>™
ions by using the Fisher expression for classical spin chains
[48,49]:

JS(S+1) kT
1+ coth -
 Ng®B*S(S+1) kT JS(S+1)
S uT
- coth JS(S+1)| kT
kT JS(8+1)

In the above expression, N is the Avogadro number, g is the
Landé factor, B is the Bohr magneton, & is the Boltzmann con-
stant, S is the spin moment, J is the magnetic coupling constant
and 7 is the temperature. The simultaneous fitting of the suscep-

Beilstein J. Nanotechnol. 2018, 9, 2775-2787.

tibility and the ¢7 product with the Fischer expression above
lead to refined values of g = 2.00(1) and J = —0.026 cm™'. The
g value was left free during fitting and is in line with the tabu-
lated g values for Gd ions [50]. The absolute value and the sign
of J support the presence of weak antiferromagnetic interac-
tions in [Gd(L)(ox)(H,0)], in agreement with results reported in
previous works [51-53]. The magnetic exchange coupling be-
tween lanthanide ions is usually weak, due to limited extension
of the 4f orbitals.

For [Eu(L)(0ox)(H,0)], the %T product decreases continuously
from 1.4 emu-K-mol™! at 300 K to 0 emu-K-mol™! at 1.8 K.
This behavior is typical for Eu>" ions for which the ’F ground
term is split in seven 7F (0 < J < 6) states because of spin—orbit
coupling [54,55]. The spin—orbit coupling constant, A, can be
evaluated considering isotropic isolated Eu3" ions parametrized
with the appropriate expression (E1 in Supporting Information
File 1) for the isotropic susceptibility of Eu" ions [54,55].

A very good fit of the experimental susceptibility and the x7'
product of [Eu(L)(ox)(H,0)] was obtained above 25 K giving
the refined value of A = 309.00(4) cm™!. This value is consis-
tent with the value determined from the luminescence measure-
ments (see below) and confirms that considering only the
isotropic component of the susceptibility is a good approxima-

tion to analyze the magnetic data [54].

1.6 1.4
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8.0 :
0.0065 12 1.0 -
= T~ y o~ 3
E g 3 g Tos g
E 5% E 0.0060 0.8 < E <
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E E E E g 0.6 g
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& 0.4 04 =
70 0.0050 02
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Figure 3: Plots of ¥ (closed circles) and x T (open circles) as functions of T for [Ln(L)2(ox)(H20)] with Ln = Gd3*, Eu3*, Tb3*, Dy3*, Ho3* and Yb3*.
The full lines correspond to the fit of the data using the expressions discussed in the text and given in Supporting Information File 1.
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The behavior of [Tb(L)(0ox)(H,0)] is also typical for quasi-iso-
lated Tb3" ions with x7 = 11.75 emu-K-mol™! at 300 K (ex-
pected value: 11.82 emu-K-mol™! with g = 1.5) [48,50]. When
decreasing the temperature, the x7 product remains constant
until 100 K and then decreases to 4.50 emu-K-mol™! at 1.8 K.
This decay is due to the depopulation of the low-lying J states
arising from the splitting of the ’F ground term under spin—orbit
coupling. In order to determine the spin—orbit coupling, A, it
was necessary to take into account an antiferromagnetic interac-

tion between neighboring Tb3"

ions using a mean-field ap-
proach, in addition to the intrinsic behavior of isolated Tb3*

ions (ES in Supporting Information File 1) [56].

Subsequently, a good fit of the magnetic data was obtained on
the whole temperature range with A = —303(75) cm™! and
zJ' = —0.106(1) cm™!. The obtained A value is consistent with
other values reported in the literature for compounds contain-
ing isolated Tb3" ions [57,58].

In the case of [Dy(L)(ox)(H,0)], [Ho(L)(ox)(H,0)] and
[Yb(L)(0x)(H;0)] the xT values at 300 K are 13.82, 13.61 and
2.48 emu-K-mol~!, in line with the theoretical values for isolat-
ed Dy*" ions (14.17 emu-K-mol™! with g = 1.33) [50] Ho>"
ions (14.07 emu-K-mol™! with g = 1.25) [50,59], and Yb3"
ions (theoretical value of 2.57 emu-K-mol™! with g=1.14)
[48,50]. Upon cooling, the 7 product of [Dy(L)(ox)(H,0)]
remains nearly constant until 170 K and then decreases
to 9.90 emu-K-mol™! at 1.8 K. For the Ho analogue
[Ho(L)(ox)(H,0)], the %T product decreases slowly between
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300 and 100 K, and a steeper decrease is observed from
13.67 emu-K-mol™! at 100 K to 2 emu-K-mol™! at 1.8 K.
Finally, for the Yb analogue [Yb(L)(0ox)(H,0)], the %7 product
decreases slowly as the temperature decreases to reach
1.61 emu-K'mol™! at 1.8 K. This behavior is ascribed to the
depopulation of the low lying states (1 states) arising from the
%Hs,, (Dy>™), I (Ho>™) and 2F7, (Yb3T), ground states split
through the action of the crystal field (for these ions, the ground
state is well below the first excited J state). Using the free-ion
approach and the isotropic (z) component of the susceptibility,
the value of the zero-field splitting (ZFS), A, was evaluated for
each ion using the expressions E2, E3 and E4 in Supporting
Information File 1, leading to A = 0.169(3), 0.284(4) and
3.25(1) cm™! for Dy, Ho and Yb, respectively. These values are
in the range of those reported in the literature [51]. It can be
noticed that the introduction of a zJ' term to fit the magnetic
curves down to low temperatures for [Dy(L)(0ox)(H,0)],
[Ho(L)(0ox)(H,0)] and [Yb(L)(0ox)(H,0)] compounds did not
lead to better results.

Luminescence properties in the solid state

The excitation spectra of [Gd(L)(ox)(H,0)], [Eu(L)(ox)(H,0)]
and [Tb(L)(ox)(H,0)] were recorded at room temperature
(ca. 297 K) and 12 K monitoring the ligand emission at 520 nm,
and the strongest Eu3™ Dy—F, and Tb*>" >D4—7Fj5 transitions
(Figure 4). The [Gd(L)(0ox)(H;0)] excitation spectra consist of
three distinct broad UV bands, ranging from 230 to 400 nm, at-
tributed to the Sp—S3 5 1 excited transitions of the organic
ligand. For [Eu(L)(0ox)(H,0)], these ligand transitions are

[Tb(L)(ox)(H,0)]

F 5D

6 4

Intensity (a. u.)

[Eu(L)(ox)(H,0)]

-°D 7 5
2 F01—> D1 7

5
N FOY1~> D0
S »S
0 72 S »S
S,—~S, o
[Gd(L)(ox)(H,0)]
T T T T T T T
250 300 350 400 450 500 550

Wavelength (nm)

Figure 4: Excitation spectra of [Gd(L)(ox)(H20)] (Aem = 520 nm), [Eu(L)(ox)(H20)] (Aem = 619.6 nm) and [Tb(L)(0x)(H20)] (Aem = 542 nm) recorded at
297 K (black lines) and 12 K (red lines). The intensity is only comparable for the variation of the temperature in each compound.
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partially superimposed with the intra-4f¢ 7F0’1—>5D1_4, L,
5Gy.¢, "H3.7 and °F_s transitions of Eu3", which dominate the
corresponding excitation spectra. Finally, the [Tb(L)(ox)(H;0)]
excitation spectra feature a strong and broad UV band ranging
from 220 to ca. 300 nm, with a maximum at 267 nm, which has
no counterpart in the [Gd(L)(ox)(H,0)] excitation spectra.
Thus, this band is attributed to the inter-configurational spin-
forbiden 4f8—4f75d! transition of Tb3" because its energy is
similar to the energy reported for layered Tb3" silicates [60].
The additional sharp lines in the spectra of [Tb(L)(ox)(H,0)]
are ascribed to the intra-4f8 "Fg—>D5_4, Gy and *H3 transitions
of Tb3*. Although with a lower relevance, the excited states of
the ligands also contribute to the entire excitation spectra of
Tb3*, as shown below.

The emission spectra of [Gd(L)(ox)(H,0)], [Eu(L)(ox)(H,0)]
and [Tb(L)(ox)(H,0)] recorded at 297 K and 12 K are given in
Figure 5. [Gd(L)(ox)(H,0)] displays two broad bands from 390
to ca. 650 nm attributed to the S;—S (peaking at ca. 415 nm)
fluorescence and T1—S (peaking at 503 nm) ligand phospho-
rescence. This assignment is supported by the time-resolved
emission spectra recorded at 12 K excited at 350 nm (Figure S6,
Supporting Information File 1), which demonstrates a
much faster time dependence of the S;—S transition com-
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pared to the transition T;—S(. Under 364 nm excitation, a rela-
tive minimum for the Eu3™ and Tb3" auto-absorption,
[Eu(L)(ox)(H,0)] and [Tb(L)(0ox)(H;0)] show mainly the
typical sharp Eu3" and Tb3" emission lines assigned to the
5Dy—7F¢.4 and "D4—"F¢_¢ transitions, respectively. In addi-
tion, both compounds also exhibit a broad band from 400 to
ca. 550 nm, particularly weak in the case of the former, attri-
buted to the S;—S transition of the ligand. Accordingly, as
exemplified in Figure S7 (Supporting Information File 1) with
the [Tb(L)(ox)(H,0)] time-resolved 12 K emission spectra, the
broad band has a very fast time dependence totally suppressed
by a time delay of only 0.05 ms. The suppression of the low-
energy T1—Sy ligand emission denotes an energy transfer from
the triplet excited state to the Eu™ and Tb3" excited levels.
This energy transfer is more effective for the Eu3" compound,
which almost suppresses also the S;—S( emission. Under exci-
tation at their corresponding maxima, 270 and 395 nm for Tb3"
and Eu3", respectively, both [Eu(L)(ox)(H,0)] and
[Tb(L)(0x)(H,0)] show only the respective sharp emission lines
(Figure S8; Supporting Information File 1).

The emission of Eu3" is highly sensitive to slight changes in the
first coordination sphere of the metal, and because of this it is
widely used as a local probe [61]. For [Eu(L)(ox)(H,0)], the

Intensity (a. u.)

[Gd(L)(ox)(H,0)]

! T
400 450 500

550

T T L

—
600 650 700

Wavelength (nm)

Figure 5: Emission spectra of [Gd(L)(0x)(H20)] (Aexc = 350 nm), [Eu(L)(0x)(H20)] (Aexc = 364 nm) and [Tb(L)(ox)(H20)] (Aesn = 364 nm) recorded at
297 K (black lines) and 12 K (red lines). The intensity is only comparable for the variation of the temperature in each compound. For [Eu(L)(0x)(H20)],
the negative peak at 465 nm is due to the Eu3* auto-absorption from the 7Fyg—°D, excited transition.

2781



emission spectra recorded at 297 K and 12 K show i) a single
SDy—7F, transition and a local-field splitting of the 7F]’2 levels
into three and five Stark components, respectively; ii) and the
predominance of the SDy—7F, transition relatively to the
SDy—’F; one, witnessing the presence of a single low-
symmetry Eu" environment, in accordance with the crystal
structure. Additionally, the room-temperature Eu" °Dg and
Tb3" 9D, decay curves were well fitted by single exponential
functions, yielding lifetimes of 0.60 = 0.01 and 0.98 + 0.01 ms
for [Eu(L)(ox)(H,0)] and [Tb(L)(ox)(H,0)], respectively
(Figure S9, Supporting Information File 1), corroborating the
presence of a unique Ln3" crystallographic site.

Consideration of these luminescence results prompted the study
of isostructural mixed lanthanide networks. In particular, our
interest was focused on networks bearing Tb3* and Eu?" in
view of their potential application in optical thermometry
[17,62]. Accordingly, four Tb3*/Eu?" mixed lanthanide
networks of formula [Tb_Eu,(L)(ox)(H,O)] with x = 0.01,
0.03, 0.05 and 0.10 have been synthesized using the same
protocol but varying the molar ratio of Tb(NO3)3-6H,0 and
Eu(NO3)3-6H;0. As expected, these mixed lanthanide networks
are isostructural with the parent compound [Ln(L)(0ox)(H,0)]
(Figure S10, Supporting Information File 1) and show the pres-
ence of Tb and Eu in the expected ratio and homogeneously dis-
tributed in the crystals (Figure S11, Supporting Information
File 1).

Consider the emission spectra of the four Tb3*/Eu3" mixed
lanthanide networks measured at room temperature (Figure S12,
Supporting Information File 1). To maximize the relative poor
ligand emission, 364 nm excitation was used since it corre-

sponds to a maximum of the ligand excitation and to relative

(@)
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500 550
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400 450

(b

Beilstein J. Nanotechnol. 2018, 9, 2775-2787.

minima of both Eu3* and Tb3" auto-absorptions, as demon-
strated by the selective 12 K excitation spectra of
[Tbo.90Eug.10(L)(0x)(H,0)] (Figure S13, Supporting Informa-
tion File 1). The room-temperature emission spectra of
[Tbg 99Eug. 19(L)(0x)(H,0)] under ambient pressure and after
exposure to high vacuum (5 x 1073 mbar, Figure S14, Support-
ing Information File 1) demonstrates the good stability of the
emission of the sample against UV irradiation and pressure

change.

Among the four mixed Tb3*/Eu" mixed lanthanide networks,
[Tbg.97Eug 03(L)(0x)(H,0)] presents at room temperature the
best balance between the emissions of ligand, Tb*>" and Eu?".
Based on the integrated areas of the ligand (1), Tb3* SDy—"Fs
(Itp) and Eu3* SDy—"F, (Ig,) emissions, three distinct thermo-
metric parameters may be defined, A; = I1y/Igy, Ay = ITp/I and
Az = Igy/I1, allowing for the conversion of the emission intensi-
ties into absolute temperature values. The temperature depen-
dence of the [Tbg 97Eug ¢3(L)(0x)(H20)] emission in the range
of 250-340 K is presented in Figure 6a. Four consecutive emis-
sion spectra were collected for each temperature and used to de-
termine the average thermometric parameter, with the errors
calculated from the corresponding standard deviation (95%
confidence). Iy, I, and I, were determined by integrating the
emission spectra in the ranges of 392—478 nm, 536-556 and
606—630 nm, respectively. Figure 6b depicts the temperature
dependence of the three integrated emissions. The emission of
the ligand decreases by 58% from 250 to 340 K, the Tb3" and
Eu3" emissions decrease by 31% and by 20%, respectively.

The temperature dependence of the thermometric parameters
A1, Ay and Ajz in the range of 250-340 K is shown in Figure 7a.
The corresponding relative sensitivity, defined as S, = [0A/0T]/A

'

1.0q4a
0.9+
0.8 N

0.7 4 7N

0.6 &

0.5 &

Normalized Integrated Intensity

0.4

T T T T T T T T T T T T T T
250 265 280 295 310 325 340

Temperature (K)

Figure 6: (a) Emission spectra of [Tbg g7Eug o3(L)(0x)(H20)] in the range of 250-340 K with the excitation fixed at 364 nm, and (b) corresponding

temperature dependence of /| (blue), Ity (green) and /g, (red).
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Figure 7: (a) Temperature dependence of A4 (black), A, (green) and Az (red) in the range of 250-340 K for [Tbg g7Eug o3(L)(0x)(H20)]. The solid lines
are the calibration curves, resulting from the fit considering a linear function for Ay, A(T) = Ag + mT (r2 = 0.998) and second-order polynomial func-
tions, A(T) = Ag + a1 T + ap T2, for Ay (r2 = 0.999) and Az (r2 = 0.999). The bars depict the errors in the thermometric parameter resulting from the prop-
agation of the errors determined for /., I, and /g, and (b) corresponding relative thermal sensitivities in the same temperature range.

[63], a figure of merit used to compare the performance of ratio-
metric luminescent thermometers, is plotted in Figure 7b.
A, and Aj exhibit very good sensitivities in the range of
250-340 K with maximum relative sensitivities, Sy,, of 1.14%
and 1.38%K™! at 340 K, respectively. For A, S, is only
0.18%K!. The Sy values obtained for Aj, in particular, are
among the highest reported for metal-organic frameworks or
MOF-based luminescent thermometers operative in the
physiological range. Indeed, to the best of our knowledge,
only eight such visible luminescent ratiometric LnMOF ther-
mometers have been reported [64-71], among which two
outperform our material [Tbg 97Eug o3(L)(0x)(H,0)]:
Tbg.995Eu0.005@In(OH)(2,2'-bipyridine-5,5'-dicarboxylate)
with Sy, = 4.47% K at 333 K [65] and Eu@UiO-(2,2"-bipyri-
dine-5,5'-dicarboxylate) with Sy, = 2.19% K™ ! at 293 K [67]
(value recalculated and corrected using the published
calibration curve). Two other thermometers have a perfor-
mance similar to ours, Eug gg9Tbg 9911[2,6-di(2',4'-dicar-
boxylphenyl)pyridine] with Sy, = 1.39%-K™! at 328 K [70]
and [(Eug231Tbg 7¢9(adipate)q s(phthalate)(H,0),] with
Sm = 1.21% K™ at 303 K [71]. These systems are, thus,
appealing for potential application as biological sensors [63,72].
The Tb3"-to-Eu3" energy transfer plays an important role in the
higher sensitivity of A3 (/gy/f1). On the one hand, the Tb3™ life-
times obtained for [Tbg ¢97Eug ¢3(L)(0x)(H,0)] from single
exponential functions (Figure S15, Supporting Information
File 1) decrease from 0.98 = 0.01 ms obtained for the Tb3*-only
sample at 297 K to 0.62 £ 0.01 ms (250 K) and 0.57 + 0.01 ms
(340 K). On the other hand, the Eu?" lifetimes for the mixed
compound (Figure S15, Supporting Information File 1),
0.86 = 0.02 ms (250 K) and 0.78 = 0.01 ms (340 K), increases
relatively to the one obtained at 297 K for the Eu3*-only
compound (0.60 £ 0.01 ms). In addition, the Eu3* decay

curves also exhibit a rise, to 0.81 £ 0.08 ms (250 K) and
0.9340.06 ms (340 K), most probably originating from the
population of the Eu3* 3Dy emitting level trough the Tb3* 3D,
donor level.

Conclusion

Six novel coordination networks based on an imidazolium
dicarboxylate 1,3-(biscarboxymethyl)imidazolium and Ln3*
ions (Ln = Eu3*, Gd3F, Tb3*, Dy3*, Ho?* and Yb3") in the pres-
ence of oxalate have been obtained by solvothermal reaction
and totally characterized. These coordination networks are
isostructural and present a monoclinic structure (space group
P24/a). They exhibit magnetic and luminescent properties that
are characteristic for the considered lanthanide ions (except for
compounds based on Gd3* ions). The possibility to obtain
Tb3*/Eu* mixed lanthanide networks has been exploited for
potential application in thermometry. Accordingly, four mixed
lanthanide networks [Tb;—,Eu,(L)(0ox)(H,0)] (x = 0.01, 0.03,
0.05 and 0.10) were synthesized with different Tb**/Eu’" ratios.
Using as the thermometric parameter the ratio between the
Eu3", SDy—’F, transition, and the ligand emissions,
[Tbg 97Eug 03(L)2(0x)(H,0)] was found to be one of the best
three luminescent ratiometric LnMOF thermometers, operative
in the physiological range with a maximum sensitivity of
1.38% K1 at 340 K. The fact that the structure and properties
of these coordination networks can be predicted by design
constitutes a promising approach to new multifunctional materi-

als, especially magnetic and luminescent, materials.

Experimental

Synthesis
Glycine, paraformaldehyde, oxalic acid, Nd(NO3)3-6H,0,
Sm(NO3)3~6H20, Eu(NO3)3-6H20, Gd(NO3)3'6H20,
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Tb(NO3)3'6H20, Dy(NO3)3'5H20, HO(NO3)3'5H20 and
Yb(NO3)3:xH,O were purchased from Alfa Aesar and were
used as received.

[HL] was synthesized according protocols published in the liter-
ature [41,42]. Synthesis method and characterizations
(elemental analysis, 'H and '3C NMR) can be found in a previ-
ously published paper [31].

[Ln(L)(0x)(H,0)] compounds with Ln = Eu3*, Gd3*, Tb3",
Dy3*, Ho*" and Yb?" were prepared by solvothermal reaction
by mixing [HL] (0.5 mmol), lanthanide nitrate (0.5 mmol) and
oxalic acid (0.25 mmol) in a water/ethanol solution (1.5 mL).
The solution was sealed in a Teflon-line stainless steel bomb
(6 mL) and heated at 393 K for 72 h. After cooling to room
temperature, the bomb was opened and colorless crystals were
filtered and washed with ethanol and dried at room temperature.
Yields were between 41% and 59%. Elemental analysis con-
firmed the composition of each compounds. [Eu(L)(ox)(H,0)]:
Anal. caled for CoHgN,OgEu (440.96 g'mol™!): C, 24.49; H,
2.04; N, 6.35; found: C, 24.01; H, 2.06; N, 6.00;
[Gd(L)(ox)(H,0)]: anal. caled for CoH9N,O9Gd (446.25
g-mol’l): C, 24.20; H, 2.02; N, 6.27; found: C, 23.96; H, 2.05;
N, 6.24; [Tb(L)(0ox)(H,0)]: anal. calcd for CgHgN,OgTDb
(447.92 g‘molfl): C, 24.11; H, 2.01; N, 6.25; found: C, 23.68,;
H, 2.07; N, 6.10; [Dy(L)(0ox)(H,0)]: anal. calcd for
CoHgN,0¢Dy (451.50 grmol™): C, 23.92; H, 1.99; N, 6.20;
found: C, 23.47; H, 2.05; N, 6.15; [Ho(L)(0ox)(H,0O)]: anal.
caled for CoHgN,OgHo (453.93 g'mol™!): C, 23.79; H, 1.98; N,
6.17; found: C, 23.16; H, 2.03; N, 6.05; [Yb(L)(0ox)(H,0O)]:
anal. caled for CoHgN2OgYb (462.04 grmol™!): C, 23.37; H,
1.95; N, 6.06; found: C, 23.08; H, 2.10; N 5.95.

[Tb;—Eu(L)(0x)(H,0)] compounds with x = 0.01, 0.03, 0.05
and 0.10 were prepared in a similar manner but terbium nitrate
and europium nitrate were introduced with the adapted stoichi-
ometry. Yields were between 32% and 34%.

Physical measurements

Elemental analyses for C, H, N were carried out at the Service
de Microanalyses of the Institut de Chimie de Strasbourg. The
SEM images were obtained with a JEOL 6700F (scanning elec-
tron microscope (SEM) equipped with a field-emission gun
(FEQG), operating at 3 kV in the SEI mode instrument. FTIR
spectra were collected on a Perkin Elmer Spectrum Two
UATR-FTIR spectrometer. TGA-TDA experiments were per-
formed using a TA instrument SDT Q600 (heating rates of
5 °C-min~! under air stream). NMR spectra in solution were re-
corded using a Bruker AVANCE 300 (300 MHz) spectrometer.
The emission and excitation spectra were recorded on a

modular double grating excitation spectrofluorometer with a

Beilstein J. Nanotechnol. 2018, 9, 2775-2787.

TRIAX 320 emission monochromator (Fluorolog-3, Horiba
Scientific) coupled to a R928 or a H9170 Hamamatsu photo-
multiplier, for the detection on the visible and near-infrared
spectral ranges, respectively, using the front-face acquisition
mode. The excitation source was a 450 W Xe arc lamp. The
emission spectra were corrected for detection and optical spec-
tral response of the spectrofluorometer and the excitation spec-
tra were corrected for the spectral distribution of the lamp inten-
sity using a photodiode reference detector. Time-resolved mea-
surements were carried out with the pulsed Xe—Hg lamp excita-
tion, in front-face acquisition mode. The temperature was con-
trolled with a helium closed-cycle cryostat with vacuum system
(ca. 5 x 107° mbar) and a Lakeshore 330 auto-tuning tempera-
ture controller with a resistive heater. The temperature can be
adjusted from ca. 12 to 450 K with a maximum accuracy of
0.1 K. The sample temperature was fixed to a particular value
using the auto-tuning temperature controller; after waiting
5 min to thermalize the sample, four consecutive steady-state
emission spectra were measured for each temperature; the
maximum temperature difference detected during the acquisi-
tions was 0.1 K, the temperature accuracy of the controller.
Magnetic measurements were performed using a Quantum
Design SQUID-VSM magnetometer. The static susceptibility
measurements were performed in the temperature range of
1.8-300 K with an applied field of 0.5 T. Samples were blocked
in eicosane to avoid orientation under magnetic field. Magneti-
zation measurements at different fields and at given tempera-
ture confirm the absence of ferromagnetic impurities. Data were
corrected for the sample holder and eicosane and diamagnetism
was estimated from Pascal constants. The powder XRD patterns
were collected with a Bruker D8 diffractometer (Cu Ka;,
L= 1.540598 A) operating at 40 kV and 40 mA equipped with a
LynxEye detector. The X-ray diffraction data on single crystal
were collected with graphite-monochromatized Mo Ka radia-
tion (A = 0.71073 A) with a Kappa Nonius CCD diffractometer
at room temperature. Intensity data were corrected for Lorenz-
polarization and absorption factors. The structures were solved
by direct methods using SIR92 [73], and refined against F2 by
full-matrix least-squares methods using SHELXL-2014 with
anisotropic displacement parameters for all non-hydrogen atoms
[74,75]. All calculations were performed by using the crystal
structure crystallographic software package WINGX [76]. The
structure was drawn using Mercury or Diamond [77,78]. Hydro-
gen atoms were located on a difference Fourier map and intro-
duced into the calculations as a riding model with isotropic ther-
mal parameters. Crystallographic data for the structures re-
ported have been deposited in the Cambridge Crystallographic
Data Centre with CCDC reference numbers 1541843, 1541844,
1541845, 1541846, 1541847, 1541848 for [Gd(L)(0x)(H,0)],
[Yb(L)(0x)(H,0)], [Dy(L)(0x)(H,0)], [Ho(L)(0x)(H0)],
[Tb(L)(0x)(H20)], [Eu(L)(0ox)(H20)].
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Supporting Information

Supporting Information contains a representation of the
coordination polyhedron, a table of selected bonds, a
comparison of the experimental powder X-ray diffraction
patterns of the different compounds and the simulated
pattern from single crystals X-ray data, SEM analysis,
TGA/TDA analysis, a summary of the weight loss values
for the different compounds, infrared spectra, luminescence
measurement and magnetic expression.

Supporting Information File 1

Additional experimental data.
[https://www.beilstein-journals.org/bjnano/content/
supplementary/2190-4286-9-259-S1.pdf]
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Abstract

The use of nanosheets of layered calcium phenylphosphonate as a filler in a polymeric matrix was investigated. Layered calcium
phenylphosphonate (CaPhP), with chemical formula CaC¢HsPO3-2H,O0, is a hybrid organic—inorganic material that exhibits a
hydrophobic character due to the presence of phenyl groups on the surface of the layers. In this paper, various CaPhP synthesis
methods were studied with the aim of obtaining a product most suitable for its subsequent exfoliation. The liquid-based approach
was used for the exfoliation. It was found that the most promising technique for the exfoliation of CaPhP in an amount sufficient for
incorporation into polymers involved using propan-2-ol with a strong shear force generated in a high-shear disperser. The filler was
tested both in its unexfoliated and exfoliated forms for the preparation of polymer composites, for which a low molecular weight
epoxy resin based on bisphenol A was used as a polymer matrix. The prepared samples were characterized by powder X-ray
diffraction, atomic force microscopy, optical and scanning electron microscopy, and dynamic mechanical analysis. Flammability
and gas permeation tests were also performed. The addition of the nanofiller was found to influence the composite properties — the
exfoliated particles were found to have a higher impact on the properties of the prepared composites than the unexfoliated particles
of the same loading

Introduction
The idea to combine materials with different properties to create  The reinforcement of a polymer matrix with inorganic fillers
a composite that benefits from a synergistic effect and to gain ~ with the aim to improve their stiffness, melt behavior, mechani-

better and novel materials by this way is a very old concept. cal characteristic, durability and other properties of polymer
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products is a well-known process and has been studied for
decades. Platelets of clay minerals are suitable and widespread
fillers. In addition, some clays can be exfoliated thanks to their
layered structure and thus fillers formed from nanosheets can be
obtained [1,2]. Convenient interactions among functional
groups of the polymer chain and the surface groups of the filler
are necessary to retain the nanoscale character of the filler and
to protect it from the formation of agglomerates in order to
achieve a homogenous distribution within the volume of the
polymer matrix. This is a drawback for natural clays as they are
usually hydrophilic, thus their application is more suitable for
water-based systems. This limitation can be overcome by inter-
calation of organic molecules into the structure or by a surface
modification [3,4] by grafting organophilic functional groups
onto the clay surface, leading to the synthesis of hybrid

organic—inorganic materials [5].

Layered metal organophosphonates are a class of materials
which exhibit a hybrid character by their nature. They are gen-
erally defined as salts of phosphonic acids with the general
formula RPO3H; (R = alkyl or aryl group) with metals. They
benefit from a well-defined inorganic structure in combination
with organic moieties which can be functionalized and modi-
fied to obtain desired properties. Many different types of lay-
ered metal organophosphonates have been prepared. Well-
known and well-studied are the organophosphonates of zirco-
nium because of their good stability; however, it is also possible
to prepare layered structures with divalent metals such as
calcium, strontium or barium [6-9]. Although the properties of
these compounds differ with the metal and organic group incor-
porated in their structure, the main characteristic remains the
same: a strong in-plane bonding in combination with weak van
der Waals interactions between the planes. This arrangement
enables their use as a host material in intercalation chemistry
and as a precursor for the preparation of nanosheets by exfolia-
tion.

Exfoliation is a process whereby thin sheets of material are
completely separated from the bulk. This happens when cohe-
sive forces between the adjacent planes, which are usually
caused by van der Waals interactions, are overcome. Mechani-
cal or chemical action can be involved. Various exfoliation
methods have been studied mainly for the exfoliation of graph-
ite to produce graphene [10], but the main ideas and ap-
proaches are also applicable for other types of layered com-
pounds. In this work a so-called liquid-based-exfoliation
process was used [11-15], which is considered to be convenient
for the production of larger quantities of material for further ap-
plication. Briefly, particles are dispersed in a suitable liquid and
then exfoliated by a force action; this can be done with or with-

out adding further chemicals to weaken cohesive forces. The

Beilstein J. Nanotechnol. 2018, 9, 2906-2915.

main advantage is that a ready-to-use dispersion of nano-
platelets is obtained, so the step of dispersing dry nanoparticles
in a polymer matrix is avoided, which is usually challenging,
and thus simplifies the preparation of the polymer composites.

In this work, layered calcium phenylphosphonate dihydrate with
formula CaCgHsPO3-2H,O (CaPhP) was used both in exfoli-
ated and unexfoliated forms to prepare a polymer composite
with the intention to move towards applied science and find
possible applications. The CaPhP layer can be imagined as a
sheet consisting of three plies. The central ply comprises metal
atoms coordinated by oxygen atoms of the phosphonate groups.
The outer plies are formed by benzene rings connected to the
central ply through phosphorus atoms of the phosphonate
groups. The model of the CaPhP layer is depicted in Figure 1.
Thanks to its structure, the surface of the CaPhP layer is formed
by rather hydrophobic phenyl groups, which makes them a suit-
able material for incorporation into the hydrophobic polymer
matrices. An epoxy resin was chosen as a polymer matrix
because epoxy resins are widespread and useful in various
industrial applications ranging from coatings, to adhesives, to
the preparation of composites in automotive or aerospace
industry [16,17]. The experiments were carried out with an
unmodified low molecular weight epoxy resin based on
bisphenol A, which is one of the basic ones.
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Figure 1: Model structure of the CaPhP layer. Calcium atoms are in
green, phosphorus atoms in yellow and red and gray spheres corre-
spond to oxygen and hydrogen, respectively.

Results and Discussion

Filler synthesis

The layered structure of calcium phenylphosphonate is formed
at room temperature by a co-precipitation of starting com-
pounds — phenylphosphonic acid and a soluble source of
calcium (e.g., CaCl,, as in our case) in a 1:1 molar ratio at
pH > 9, as reported by Svoboda et al. [18] and described in the
Experimental section. The previous work was focused on the
material itself, characterization of its chemical composition, be-
havior under different pH and its intercalation chemistry. In this

work, this material was studied from the point of its application
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as a filler in a polymer matrix, which implies that possible ways
for large-scale synthesis of this material were investigated.
Therefore, the experimental procedure and its conditions
were optimized with the aim to obtain a pure product on a large
scale.

There are two points which need to be highlighted: First, the
role of pH is crucial. To obtain the desired product, it is neces-
sary to maintain a pH at around 9 all the times during
the reaction process and in the whole reaction volume. If this
condition is not fulfilled, an intermediate with formula
Ca3(C6H5PO3)2(C6H5P03)2'4H20 [18], which is formed near
neutral pH, cannot be transformed into the desired CaPhP but
remains present as an impurity in the final product. This inter-
mediate can be identified as another layered phase in the XRD
pattern with basal spacing around 15.2 A. What is more impor-
tant from the technological point of view, the reaction mixture
tends to be denser, which causes problems with homogenous
stirring. Over the course of the reaction, the pH decreases to
about 8 during the first 15 minutes and then remains the same.
Thus, it is recommended to start at pH 10 when working with
higher volumes, even if it means a few more rounds of washing
to remove ammonium in the final step. Second, it is appropriate
and advantageous to add the whole volume of calcium chloride
solution at once into the reaction mixture. Two methods, the
"drop by drop" addition and addition in several portions, were
tested in an effort to achieve larger but thinner particles as it is
expected that the edges of already formed lamellas could act as
nucleation centers; however, these methods were not successful.
Although the shape of the particles differs minimally as they are
rod-shaped in each case, the thickness of the individual lamellas
differs significantly with the selected procedure, as was con-
firmed by the atomic force microscopy (AFM) analysis. The
samples prepared by the “drop by drop” and “several portions”
methods contained thinner particles in comparison those where
the portion was all added at once. Nevertheless, as it can be
seen in scanning electron microscopy (SEM) images (Figure 2)
and as was also verified by AFM (Figure 3), in the first two
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mentioned cases, the lamellas tend to grow together into aggre-
gates. A possible explanation is that the successive addition of
the reactant causes preferential growth of new lamellas on the
existing lamellas rather than being formed separately. Such
formations are not so useful for application as a polymer filler
where individual particles are more desirable. Thus, it was
preferable to prepare thinner lamellas by exfoliation and not by
varying the rate of the reactant addition.

Figure 2: SEM pictures of calcium phenylphosphonate particles pre-
pared by addition of chloride solution using the “drop by drop”
(CaPhP_d) and “in several portions” methods (CaPhP_s) and “all at
once” (CaPhP_a).

Preparation of the nanofiller — exfoliation

Exfoliation is a top-down approach that can be used to obtain
nanostructures [12,13]. As was mentioned in the Introduction,
calcium phenylphosphonate, by its layered nature, should be a
good candidate for the delamination. As previously described
by several research groups, solvent compatibility with exfoli-
ated material is one of the key parameters for successful delami-
nation [13,14]. If the solvent—material interaction is not favor-
able, delamination could likely be observed within a short time;
however, the dispersion of the resulting nanosheets will not be
stable enough for further application. There is the possibility to
extend the duration of the nanosheet dispersion by adding sur-
face-active agents but choosing an appropriate one is also not
trivial. Based on this consideration, this work was focused on a
selection of suitable solvents which produce stable dispersions
without the addition of other chemicals. As described in the Ex-
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Figure 3: AFM images illustrating the topology of CaPhP particles prepared by addition of calcium chloride solution: “drop by drop” (CaPhP_d), “in

several portions” (CaPhP_s) and “all at once” (CaPhP_a).
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perimental section, an ultrasound treatment was applied to a
combination of calcium phenylphosphonate with different sol-
vents and then the dispersion stability was observed up to
24 hours after the ultrasound treatment. The presence of small
particles in the dispersion was confirmed by Tyndall scattering
of the green laser beam (see Figure 4).

Figure 4: CaPhP nanoparticles in various solvents 24 hours after ultra-
sound treatment (A — distilled water, B — propan-2-ol, C — ethanol,

D — butanol, E — acetone). The green line is Tyndall scattering by a
green laser.

It is possible to conclude that this material is not compatible
with water or acetone. Alcohols were shown to be the best sol-
vents for this type of exfoliation, namely propan-2-ol and n-bu-
tanol. In fact, the stability of the dispersion in n-butanol was
slightly better than in propan-2-ol; however, n-butanol is not so
convenient for application in the composites due to its higher
boiling point. Also, ethanol seems to be a promising solvent,
however, ethanol is polar and thus less compatible with hydro-
phobic substances. Therefore, propan-2-ol was chosen, which is
more appropriate for treatment with hydrophobic compounds
and, in comparison to pure ethanol, less expensive.

The exfoliation of CaPhP in propan-2-ol was studied using

various force actions starting with sonication, in addition to the
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combination with mild shear force, which is produced by
pushing the particle dispersion through an injection needle by a
peristaltic pump. Additionally, a strong shear force created by a
high-shear disperser, where the velocity of dispersion was
5 m/s, was also applied. It was found out that the most suitable
method for the exfoliation of calcium phenylphosphonate was
the strong shear force applied by using the high-shear disperser.

These dispersion methods are primarily used for breaking down
agglomerates; however, in the case of such layered compounds,
as this material is, the force is strong enough to not only
disperse but also to delaminate the particles. As can be seen in
Figure 5A, one can get nanosheets that are 1.4 nm thin but with
lateral dimensions of hundreds of nanometers. What is impor-
tant is that there are also industrial-scale dispersion apparatus
available, so this approach is not limited only to laboratory use.

However, there are also limits that need to be mentioned. From
our experience, it is not possible (at least for CaPhP) to fully
exfoliate all particles. The obtained dispersion is always a mix-

ture of monolamellar and multilamellar entities (Figure 6).

It is possible to influence the exfoliation yield by the time
applied and by the speed of the rotor but too long and too high
speed (thus too strong force) lead to the complete destruction of
the particles. A result of too long mixing is documented in
Figure 5B. There are no visible particles with a lamellar struc-
ture or at least with a regular shape, therefore this product is not
convenient for application as a nanofiller. The separation of
fully exfoliated particles is possible by centrifugation but this
also leads to a loss of the material, thus, it is more suitable for a
small-scale sample preparation and not so convenient for large-

scale production. Nevertheless, even exfoliation from hundreds
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Figure 5: AFM pictures of exfoliated CaPhP: A) Particles successfully exfoliated into monolamellar sheets. B) Material destroyed by too long and too

strong mixing.
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Figure 6: AFM topology scan of exfoliated CaPhP: monolamellar sheets (light gray areas), incompletely exfoliated particles (white areas) and line

profiles (right) corresponding to the marked regions in the image to the left.

of layers to particles producing only 20-30 layers can signifi-
cantly influence the behavior of the produced material when it

is used as a polymer filler.

CaPhP as afiller in epoxy resin

Dispersion quality

To benefit from the filler properties, it is necessary to disperse
the material well in the polymer matrix. The pristine calcium
phenylphosphonate is able to form a stable and fine dispersion
without visible agglomerates in the used CHS-EPOX 520 epoxy
resin by a three roll milling, which is a standard polymer pro-
cessing procedure in which high shear forces between rotating
cylinders are used to break down the agglomerates. This disper-
sion is stable for months without sedimentation and visible
changes. In the case of exfoliated lamellas, a nice dispersion
without visible agglomerates was obtained even by mixing it
with an ordinary dispersing disc. The particle distribution
within the polymer matrix is homogenous and no large agglom-
erates are present. This is illustrated in pictures of the compos-
ite-free films obtained from the optical microscope and scan-
ning electron microscope using a back-scattered electron
detector to visualize the chemical contrast (Figure 7). This
figure also reveals the difference between the unexfoliated filler
(CaPhP_a) and the exfoliated nanoplatelets (CaPhP_exf). In
both cases, the particles are homogenously dispersed in the
whole volume of the matrix. However, in the case of the exfoli-
ated filler (CaPhP_exf 0.5), significantly more individual parti-
cles can be detected than in the case of the unexfoliated filler
(CaPhP_a_0.5).

This supports the idea that, in the case of the nanofiller, signifi-
cantly less material is needed to produce the desired volume of
filler. Of course, the nanoscale dimensions of the filler do not

guarantee a proper particle distribution within the polymer

matrix, and it is therefore also very important that the chemical
nature of the particles and their compatibility with the polymer
chains are also considered.

Interaction with the polymer blend components

Such good compatibility could be attributed to the hybrid char-
acter of the particles when the phenyl groups (as organic
moieties) enhance interactions with the polymer chains in the
polymer blend. As can be seen from the powder XRD patterns
of the unexfoliated CaPhP particles in the free cured epoxy film
(see Figure 8, CaPhP_a 5), the main reflection is shifted to
smaller angles, which indicates an enlargement of the basal
spacing up to 15.6 A. To determine which component of the
film influences the basal spacing of CaPhP, the X-ray diffrac-
tion patterns of CaPhP with amino groups containing curing
and dispersing agents used in the preparation of the films
were also measured. The amines used as curing agents
(Jeffamines) enlarge the basal spacing from 15.05 A to 15.45 A
(CaPhP_Jeff). The reaction of CaPhP with BYK 9076, which is
used as a dispersing agent in the preparation of the composite
film and is an alkyl ammonium salt of a high molecular weight
copolymer, increases the basal spacing of CaPhP by 0.3 A
(CaPhP_BYK). On the contrary, the macromolecules of the
epoxy resin alone do not cause enlargement of the basal spacing
(CaPhP_epox). The values of the basal spacing are summarized
in Table 1. The observed changes of the basal spacing in
CaPhP_Jeff and CaPhP_BYK are small and most probably
cannot be explained by penetration of the long-chain macromol-
ecules of Jeffamines or BYK 9076 into the structure, as it was
observed for short alkylamines in the previous studies [19,20].
More likely the macromolecules surround the particles and the
present amine groups interact with the phenyl groups on the
edge of the particles and prevent them from free movement.

This leads to a slight rearrangement inside the layers and thus to
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Figure 7: Pictures of the composite-free films with 0.5 wt % loading of the filler obtained from the scanning electron microscope and from the optical

microscope. Scale bars in the optical microscope pictures are 20 pm.

a small increase of the basal spacing. The presence of the amino
groups seems to be important because no change of the basal
spacing was observed for the epoxy resin alone.

The filler particles in the films are highly preferably oriented, as
follows from the much lower intensity of the main peak in the
diffraction pattern measured in the transmission mode com-
pared to that measured in the reflection mode. In the case of the
exfoliated particles only a smaller enlargement was observed, if
at all (for the XRD patterns of the exfoliated particles see Sup-
porting Information File 1). As it was mentioned previously, the
monolamellar particles form only a part of the filler after the
exfoliation treatment, thus there are also incompletely exfoli-
ated particles, containing up to 20 layers.

Dynamic mechanical properties

The effect of the exfoliation on the mechanical properties was
studied by comparing the free films containing the same amount
of the filler (0.5 wt %), both unexfoliated (CaPhP_a 0.5) and

exfoliated (CaPhP_exf 0.5). In the temperature range from 0 °C
to 45 °C the exfoliated particles increase the storage modulus
compared to that of the pristine epoxy matrix, while the unexfo-
liated filler decreases it (see Figure 9). For the 0.5 wt % load,
the glass transition temperature of the composite films is shifted
to higher values compared to the pristine film. While the value
of the loss modulus of the composite with unexfoliated CaPhP
is roughly the same as for the pristine epoxy film, the loss
modulus of the composite with exfoliated CaPhP is higher.

Barrier properties

The addition of thin but large particles can influence the barrier
properties of polymer films. In the case of CaPhP, the perme-
ability of the epoxy film with 5% CaPhP (CaPhP_a 5) as a
filler for Hy, CO,, He and CH4 was measured and the results
were 21.02, 4.28, 13.55 and 4.85 Barrer, respectively (Table 2).
This implies that the highest permeability was for H, and the
smallest for CO,. The addition of the filler increased the perme-
ability for both these gases. In the case of hydrogen, it was
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Figure 8: XRD patterns of original calcium phenylphosphonate

(CaPhP_a), free film with 5 wt % of CaPhP as filler (CaPhP_a_5) and

its blends with CHS-EPOX 520 (CaPhP_epox), curing agents
Jeffamines (CaPhP_Jeff) and with dispersing agent BYK 9076

(CaPhP_BYK). The gray lines show the diffraction patterns with pro-
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Dynamic mechanical analysis
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Table 1: Comparison of the basal spacings for calcium phenylphos-
phonate alone, as a filler in the free film and its mixtures with indi-
vidual components of the polymer blend.

basal spacing, A

15.02
15.05
15.45
15.32
15.61

approximately four times higher and in the case of CO, even

5.6 times higher in comparison to the pristine epoxy film.

Phosphorus containing compounds are used as flame retardant

agents as an alternative to halogenated compound, which are

effective but, on the other hand, they are considered to be

hazardous for the environment and human health [21]. The

structure of CaPhP contains a high amount of phosphorus as

well as bound water molecules and seemed promising for this
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Figure 9: Storage and loss moduli measured by dynamic mechanical analysis for the pristine epoxy-free film (CHS-EPOX 520) and for free films
loaded with 0.5 wt % of unexfoliated (CaPhP_a_0.5) and exfoliated (CaPhP_exf_0.5) filler.
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Table 2: Results of gas permeability measurements. The permeability
of pristine epoxy film for He and CH4 were not measured.

permeability (Barrer)

sample Hy CO, He CHg
CaPhP_a_5 21.02 4.28 13.55 4.85
pristine epoxy film 5.01 0.76 - -

kind of application. A composite containing 0.5 wt % of the
filler was tested according to ISO 4589-2 and the limiting
oxygen index was determined (LOI — the percentage of oxygen
in atmosphere that the polymer specimen needs to burn). In the
case of exfoliated particles, the system showed no improve-
ment , whereas in the case of unexfoliated particles, there was a
small increase in the LOI. Therefore, the system with 5 wt % of
unexfoliated particles was tested. This amount of filler in-
creased the LOI from 19 to 21. As 5% of the unexfoliated filler
is usually the maximal content in order to maintain the mechan-
ical properties of the polymer, it will not meet the criteria for
the flame retardancy with CaPhP alone. However, even a small
improvement could be useful in combination with other flame
retardants. This feature will be further investigated.

Conclusion

The aim of this work was to study layered calcium phenylphos-
phonate, CaC¢HsPO3-2H,0, as a potential filler for an epoxy
resin. This material was chosen as it can be incorporated into a
polymer matrix not only as a bulk material but it can also be
used as a precursor for the preparation of nanosheets by exfolia-
tion and can thereby serve as a component of nanocomposites.
The synthesis procedure was revised and the reaction condi-
tions, under which this material can be prepared in a form suit-
able for exfoliation in a sufficient amount, were found. Further-
more, the conditions for the exfoliation of this compound were
studied. The most suitable method for exfoliation was deter-
mined to be a treatment in alcohols, namely propan-2-ol, by an
action of strong shear force generated by high-shear dispersers.
It was found that this material is compatible with the epoxy
resin used. The particle distribution in the polymer matrix was
homogenous and CaPhP does not form agglomerates either in
an unexfoliated or exfoliated form. It follows from the compari-
son of the composites with the same filler loading that the exfo-
liated particles have a higher impact on the composite proper-
ties, as determined by dynamic mechanical analysis. This is in
agreement with the generally accepted idea that a higher sur-
face-to-volume ratio leads to an enhanced interaction of nano-
particles with the surrounding polymer matrix. To conclude,
this organic—inorganic hybrid material on its own is compatible

with an epoxy resin and does not require any special treatment
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to be dispersed well in a polymer matrix. In the case of the
exfoliated particles, the dispersion is even better. Thus, layered
calcium phenylphosphonate can be considered as a promising
nanofiller for polymer composites.

Experimental

Materials and methods

Phenylphosphonic acid (PhP), calcium chloride (CaCly),
ammonia solution, propan-2-ol (all Sigma-Aldrich); CHS-
EPOXY 520 (Spolchemie, a. s., Czech Republic) — a low mo-
lecular weight epoxy resin based on bisphenol A; Jeffamine
D230 and Jeffamine D2000 (Huntsman International LLC) —
polyether amines were used. BYK 9076 — an alkylammonium
salt of a high molecular weight copolymer and BYK 066 and a
solution of foam-destroying polysiloxanes (both BYK-
CHEMIE GMBH, Germany) were also used. All chemicals
were used as obtained.

The characterization of the samples was performed using the
following techniques and devices. The topological profile of the
particles was measured by AFM with a Dimension ICON
instrument, Bruker, Germany, in peak force mode with a
ScanAsyst tip. The dynamic mechanical properties were
measured with a Discovery hybrid rheometer, DHR2, TA
Instruments. The experiment was performed in tension mode
with a deformation of 0.1% and frequency of 1 Hz. The heating
rate was set to 3 °C/min. Pictures of the free films were
obtained from an Olympus BX51 optical microscope equipped
with a DP70 digital camera system in addition to a JEOL
SEM JSM-55000 LV with an EDX detector (GRESHAM
Sirius 10, JEOL, USA Inc.) with an acceleration voltage of
20 kV. Powder X-ray diffraction data were obtained with a
D8-Advance diffractometer, Bruker, Germany, with a
Bragg—Brentano 0-0 geometry and with an EMPYREAN
diffractometer, PANalytical, Netherlands (in both cases using
Cu Ko radiation). The barrier properties for gas permeation
were measured at 25 °C for free film samples of area 2 cm?.
The limiting oxygen index was evaluated according to ISO
4589-2.

Synthesis of calcium phenylphosphonate

(CaPhP)
First, phenylphosphonic acid (7.9 g, 5 x 1072 mol) was dis-
solved in 100 mL and a pH of the obtained solution was
adjusted to 9 by adding concentrated aqueous ammonia solu-
tion. Then, 50 mL of CaCl, solution (5.5 g, 5 x 1072 mol) was
added: a) at once (sample denoted as CaPhP_a); b) "drop by
drop" (CaPhP_d); and c) in several portions (CaPhP_s). A white
precipitate was formed immediately in all cases. Then, the reac-
tion mixture was diluted by 50 mL of distilled water and stirred

at medium speed (=250 rpm) for 30 minutes. The precipitate
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formed was collected by filtration, washed with water until
neutral pH to remove the remaining ammonia, and dried at
room temperature. To obtain a fine powder it was possible to
grind dried material in a friction bowl.

Exfoliation of CaPhP

Solvent selection

A sample of CaPhP_a (10-13 mg) was put into a small glass
vial to which 5 mL of a solvent (distilled water, propan-2-ol,
ethanol, butanol, acetone) was added. The mixture was soni-
cated in an ultrasound bath (f'= 37 kHz) for one hour and the
temperature of the bath was cooled by adding ice. The quality
and stability of the resulting dispersion was visually observed
and photographs were taken immediately, 1 h, and 24 h after the
ultrasound treatment. The presence of nanoparticles in disper-
sion after 24 h was confirmed by Tyndall scattering using a
green laser (A = 532 nm).

Preparation of stock dispersion of exfoliated
particles

CaPhP_a (1.5 g, dry fine powder) was dispersed in 300 mL of
propan-2-ol (¢ = 5 g/L). This dispersion was treated using an
IKA T10 Standard Ultra-turrax® (a high-shear force disperser,
IKA®-Werke GmbH & Co. KG, Germany) equipped with
a dispergation tool (S 10 D-7 G-KS-65) for 5 minutes at
13,000 rpm. A mixture of fully and partly exfoliated particles
was obtained and denoted as CaPhP_exf.

Preparation of polymer blends

Unexfoliated particles

First, 90 g of CHS-EPOXY 520 was heated to 80 °C and the
dispersant BYK 9076 (9.5 g) was added and mixed with the
polymer matrix using a dispersing disc. Then a fine powder of
CaPhP_a (10 g) was added in small portions. The whole blend
was mixed at 350 rpm 4 hours. After cooling down, the mixture
was processed by a three-roll mill ten times with a 5 um width
of the slot between the rotating cylinders and rotation speed of
200 rpm. This polymer paste was used as a stock dispersion;
from that, 10 g samples with a filler concentration of 0.5, 1, 3
and 5 wt % (denoted as CaPhP_a 0.5 to CaPhP_a_5, where the
number indicates the amount of the filler added) were prepared
by diluting with pristine CHS-EPOXY 520. Finally, a BYK 066
defoaming agent (0.05 g) was added under careful stirring with

a glass stick into each sample.

Exfoliated particles

The dispersion of CaPhP_exf in an amount corresponding to
0.05, 0.1, 0.3 and 0.5 wt % was added to CHS-EPOXY 520
(10 g). The mixture was stirred with a dispersive disc and
heated to 80 °C until most of the propan-2-ol was evaporated.
Then the BYK 066 defoaming agent (0.05 g) was added into
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each sample under stirring with a glass stick. The samples were
denoted as CaPhP_exf 0.05 to CaPhP_exf 0.5, where the num-
ber indicates the weight percentage of CaPhP_exf in the final
product.

Preparation of free films

Prepared dispersions with the exfoliated and unexfoliated fillers
were thoroughly mixed by hand with a mixture of curing agents
(3.1 g of Jeffamine D230 and 0.78 g of Jeffamine D2000) and
defoamed in a desiccator for a few minutes. Then the free films
were prepared on polypropylene plates using a 150 um gap
applicator. The films were cured for one day at a room tempera-
ture and then for 1 h at 40 °C, 4 hours at 60 °C and finally 20 h
at 80 °C. The cured films were collected from the supporting

plates with the help of a razor blade.

Supporting Information

Supporting Information File 1

XRD patterns of exfoliated sample CaPhP_exf and XRD
pattern of free film with exfoliated filler CaPhP_exf 0.5.
The XRD patterns of exfoliated sample CaPhP_exf
prepared by spin coating on the glass support (A) and XRD
pattern of free film with exfoliated filler CaPhP_exf 0.5
B).
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Abstract

Nanostructured systems, such as nanocomposites, are potential materials for usage in different fields since synergistic effects of
their components at the nanoscale domain may improve physical/chemical properties when compared to individual phases. We
report here the preparation and characterisation of a new nanocomposite composed of polyaniline (PANI), reduced graphene oxide
(rGO) and hexaniobate (hexNb) nanoscrolls. Atomic force microscopy images show an interesting architecture of rGO flakes
coated with PANI and decorated by hexNb. Such features are attributed to the high stability of the rGO flakes prepared at room
temperature. Detailed characterisation by X-ray photoelectron and Raman spectroscopies indicates an intermediate reduction degree
for the rGO component and high doping degree of the PANI chains compared to the neat polymer. The latter feature can be attri-
buted to cooperative effects of PANI chains with rGO flakes and hexNb nanoscrolls, which promote conformational changes of the
polymer backbone (secondary doping). Spectroscopic and electrochemistry data indicate a synergetic effect on the ternary nano-

composite, which is attributed to interactions between the components resulting from the morphological aspects. Therefore, the new
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nanocomposite presents promising properties for development of new materials in the film form on substrates for sensing or corro-

sion protection for example.

Introduction

Nanostructured systems, such as nanocomposites, are potential
materials for usage as electrochemical (bio)sensors for analyti-
cal purposes, electronics, energy storage devices and corrosion
protection because the synergistic effects of their components at
the nanoscale range may improve physical/chemical properties
when compared to individual phases or enable new technologi-
cal applications [1-3]. For instance, ternary nanocomposites
(conducting polymers, metal oxides and carbon-based materi-
als) exhibit improved energy and power densities, improved
stabilities upon charge/discharge cycles [4], and higher electro-
catalytic activity in the quantification of chemical species com-
pared to the isolated components [5].

In earlier studies, some of us reported the preparation of binary
nanocomposites of polyaniline (PANI) and hexaniobate
(hexNb) nanoscrolls by layer-by-layer assembly and the charac-
terisation by spectroscopic and cyclic voltammetry/spectroelec-
trochemical techniques [6]. The inorganic phase induces a sec-
ondary doping of the conductor polymer. In another work [7],
Raman and EPR spectra also revealed that a PANI/hexNb nano-
composite prepared by the self-assembly approach exhibits a
higher conversion of bipolaronic to polaronic segments com-
pared to the neat polymer and a superior thermal stability (the
doped form of PANI is observed even after heating at 150 °C
for 90 min).

The literature has shown that PANI and reduced graphene oxide
(rGO) show enhanced properties when combined at the nano-
scale domain and applied, for instance, as supercapacitors,
sensing materials, solar cells, electrochromic devices, anticorro-
sion coatings or as materials for carbon dioxide capture [8]. The
layered inorganic phase offers a high surface area for PANI
deposition and increases its thermal stability with regard to de-
composition, which is assigned to strong interactions between
the two components [8]. Besides, rGO presents defects and
functional groups on its surfaces that are sites for catalysis or
sorption of substrates [9]. Considering the confirmed syner-
gistic effects of PANI/hexNb and PANI/rGO binary nanocom-
posites, materials comprising all three components can be ex-

pected to show improved properties.

Since its discovery in 2004, graphene has been proposed for a
wide range of applications due to its supreme values of specific
surface area, electronic mobility, thermal and electrical conduc-

tivities and elastic modulus [10,11]. Graphene oxide (GO) is a

graphene derivative that has also attracted great scientific
interest due to its better processability and scalable production
in comparison with pristine graphene [12]. The great chemical
versatility of GO is mostly attributed to its complex structure,
composed of 2D carbon layers with several oxygen-containing
groups, such as hydroxy, epoxy, carbonyl and carboxyl, as
schematically shown in Figure la [12,13]. Moreover, stable
aqueous dispersions containing large GO flakes (above 20 pum)
can be prepared [14]. For some applications, the restoration of
the hexagonal carbon lattice (removal of functional groups) may
be required and this process is performed by thermal or chemi-
cal reduction of GO, resulting in reduced graphene oxide (rGO)
in which some of the properties of graphene are almost recov-
ered, such as mechanical resistance and thermal and electrical
conductivities [15-17].

Polyaniline (PANI) is a conducting polymer that has shown
promising properties for the development of materials for dif-
ferent fields such as chemical sensing [18,19], memory devices
[20,21] and energy storage [22,23]. As schematically shown in
Figure 1b, the conducting form of PANI, the emeraldine salt
(PANI-ES) contains two species: unpaired spin segments, the
polarons (also known as radical cations); and paired spin seg-
ments, the bipolarons (also known as dications) [24,25]. The
combination of PANI and inorganic materials at the nanoscale
has shown interesting results for the preparation of nanocom-
posites that exhibit improved electrochemical, mechanical or
thermal behaviour [8,26,27].

Hexaniobate (hexNb) is a semiconducting metal oxide
composed of negatively charged layers of [NbOg] octahedral
units and interlayer cations, such as potassium ions (precursor
form K4NbgO7) and protons (acidic form HyK,NbgOi7)
[28,29]. Due to their high acidic surfaces, protonic niobates and
titanoniobates have been reported as promising solid acid cata-
lysts for various chemical reactions [30,31]. Moreover, hexanio-
bate can be exfoliated by treatment with a number of species
such as n-alkylamines and tetra(n-alkyl)ammonium hydroxides,
giving rise to colloidal dispersions of nanoparticles of different
morphologies such as nanosheets and nanoscrolls [32,33]. As
reported previously [6], the treatment of HyK,NbgO(7 with
tetra(n-butyl)ammonium hydroxide (TBAOH) is an efficient
method to produce dispersions of protonic hexNb nanoscrolls
(schematised in Figure 1c). Moreover, strong interactions of
PANI chains with acidic surfaces of HyK;NbgO;7 may dramati-
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Figure 1: Schematic representation of (a) graphene oxide and reduced graphene oxide structures, (b) polaron and bipolaron segments of emeraldine
salt polyaniline (doped form), and (c) hexaniobate in layered and nanoscroll morphologies. TBAOH: tetra(n-butyl)ammonium hydroxide, TBA*: tetra(n-

butyl)ammonium cation.

cally affect the doping state of the polymeric chains [6,7],
which is an interesting feature regarding applications of PANI-
based materials.

In this paper we report the development of a new nanocompos-
ite, with interesting nanostructured features, composed of
reduced graphene oxide, polyaniline and hexaniobate, as well as
its spectroscopic and textural characterisation.

Results and Discussion

GO reduction at high temperatures (typically above 90 °C)
results in the aggregation of the material due to restacking of
the hydrophobic rGO layers [34,35]. This is a drawback in the
preparation of rGO nanocomposites because phase segregation
and/or composition heterogeneity will occur in the final materi-
als. Although it is well known that high reaction temperatures
are important for the degree of reduction of the resulting rGO,
samples prepared at room temperature (25 °C) using longer
reaction times (7 days) may present satisfactory properties for
nanocomposites. To obtain stable mixture of the components
and optimize the interaction between them, graphene oxide
reduction was performed at diluted conditions with hydrazine at
low temperature (see Experimental section). The resulting
dispersions of rGO-25 and rGO/PANI nanocomposites are
remarkably stable (see Supporting Information File 1), more so
than sample rGO-80. This indicates that the nanocomposites
may exhibit low compositional heterogeneity and possibly
strong interactions (such as electrostatic and n—x interactions)

between their components.

The morphological characterisation of rGO-25, rGO/PANI and
rGO/PANI/hexNb samples was carried out by atomic force
microscopy, as shown in Figure 2. AFM images of the rGO-25
sample show particles of well-defined edges and size ranging
from 5 to 25 pm. The height profile (Figure 2, right column)
shows thickness of ca. 1.0 nm and a surface roughness (RMS)
of 0.24 nm for the rGO flake. These results clearly indicate the
presence of smooth monolayer rGO particles, which are
partially restacked when deposited on the Si/SiO, substrate. The
AFM images of the rGO/PANI nanocomposite show similar
flake dimensions (ca. 25 pm) as the rGO-25 sample, and no
granular particles were observed, as reported for PANI aggre-
gates [36]. On the other hand, this nanocomposite presents
several creases and folds and, more interestingly, shows higher
flake thickness and higher surface roughness (ca. 10 and
ca. 4.0 nm, respectively). These results clearly indicate that the
deposition of PANI on rGO flakes induces an increase of the
surface heterogeneity. Analogously, the AFM images of rGO/
PANI/hexNb also indicate the presence of large flakes in the
nanocomposite and, as shown by the 5 um scan-size image (and
corresponding height profile), the flake thickness and surface
roughness are ca. 19 and ca. 7.2 nm, respectively. These results
clearly indicate that the surface heterogeneity of the ternary
nanocomposite is even higher than that of rGO/PANI, probably
due to the presence of hexaniobate nanoparticles (nanoscrolls)
on the rGO/PANI flakes.

For further description of the rGO/PANI/hexNb nanocomposite
morphology, Figure 3 presents the AFM image of the hybrid
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Figure 2: AFM images of rGO-25 sample, and rGO/PANI and rGO/PANI/hexNb nanocomposites at different scan sizes (30, 10 and 5 ym), and height

profiles (for the 5 ym scan size images).

Figure 3: AFM images of rGO/PANI/hexNb nanocomposite at 3 pm
scan size.

material at 3 um scan size. Figure 3 shows that the particles on
the surface of rGO/PANI/hexNb exhibit a scroll-like shape
(high aspect ratio), which is very similar to well-described
hexNb nanoscrolls [7,37,38]. These results show the interesting
hierarchical architecture of the ternary nanocomposite of rGO
flakes coated with PANI and decorated by hexNb nanoscrolls.

To analyse the reduction of graphene oxide under the present
conditions, GO and rGO samples were characterised by XPS
spectroscopy. High-resolution XPS spectra can also provide
information on the reduction degree of GO, since C 1s core
level photoelectrons present slightly different binding energies
depending on the environment of the carbon atoms. Figure 4
shows the high-resolution XPS spectra at the C 1s core level for
GO and rGO samples prepared by reactions at 25 °C for 7 days
and at 80 °C for 3 h (rGO-25 and rGO-80, respectively). XPS
spectra of GO and rGO-25 consist mainly of two asymmetric
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Figure 4: XPS spectra at the C 1s core level of GO and rGO samples prepared by reactions at 25 °C for 7 days or at 80 °C for 3 h (rGO-25 and

rGO-80, respectively).

and highly overlapping peaks (maxima at ca. 285 and
ca. 287 eV). The comparison of these spectra clearly shows the
increase of relative intensity of the low-binding energy peak
upon reduction. This is attributed to the partial recovery of the
sp2-hybridized carbons in the graphene structure, since pristine
graphite presents only an asymmetric peak at ca. 284 eV (car-
bon atoms in sp? environment) [39-41]. The curve fitting of the
C 1s spectra, also presented in Figure 4, can provide detailed
information on the oxygen-containing groups, since these
groups induce different environments for the carbon atoms and,
consequently, their corresponding C 1s photoelectrons present
slightly different binding energies [34,39,40,42-51]. The com-
parison of the curve fitting for GO and rGO-25 shows the
increase of the contribution from sp? carbons (C=C) and
hydroxy groups (C—OH) upon reduction, and the decrease of
sp> carbons (C—C + C—H) and epoxy groups (C—O—C). These
results are in good agreement with the literature and indicate the
recovery of the sp? carbon atoms from the sp carbon atoms and
epoxy groups, and the conversion of some epoxy to hydroxy
groups [28,45,46,48]. In contrast, rGO-80 presents a dramatic
change in the C 1s spectral profile, evidenced by an intense
peak at ca. 284 eV and a weak shoulder at 285-290 eV. The
comparison of the curve fitting for this sample and rGO-25
shows a significant increase of the contribution from the
sp® carbon atoms and decrease of the contribution from sp> car-
bon atoms, hydroxy and epoxy groups. These features are very
similar to data reported in literature for chemically reduced GO
[34,39,42-51] and indicate a high degree of reduction of the
rGO-80 sample. This also points out the very important role of
the temperature on the recovery of the sp? carbon network in

graphene oxide.

Analogously to C 1s, XPS spectra at the N 1s core level can be
discussed in detail and provide interesting structural informa-
tion on the rGO/PANI and rGO/PANI/hexNb nanocomposites.
In the present study, the N 1s peaks are mostly from nitrogen-
containing groups of PANI, the amine, imine or charged
nitrogen sites (from polarons or bipolarons) of the polymeric
chains [52-55]. Therefore, XPS spectroscopy provides impor-
tant information on the oxidation and doping states of the
polymer in PANI-based materials. Figure 5 shows XPS spectra
at the N 1s core level of PANI and rGO/PANI and rGO/PANI/
hexNb nanocomposites, and the respective curve fitting results.
The N 1s peak of PANI-based materials is dominated by an
amine (—NH-)-related component at ca. 399 eV, but also shows
components of quinone (=N-), polaron (-N**H-) and bipolaron
(=NTH-) groups at ca. 398, ca. 401 and ca. 402 eV, respective-
ly. The comparison of spectral data for PANI and rGO/PANI in
Figure 5 shows that the relative contributions of polarons and
bipolarons are higher in the nanocomposite. These results indi-
cate that PANI chains present a higher doping state in the pres-
ence of rGO flakes. XPS data for the rGO/PANI/hexNb nano-
composite clearly shows a significant increase in the relative in-
tensity of the peak with higher biding energy, attributed to
polarons and bipolarons. Fitting results show that relative
contributions of polarons increase from 18.3% in PANI and
23.0% in rGO/PANI to 34.0% in the ternary nanocomposite.
Also, relative contributions of bipolarons increase from 7.1% in
PANI and 8.6% in rGO/PANI to 11.3% in the rGO/PANI/
hexNb nanocomposite. These results clearly indicate that hexNb
nanoparticles also play an important role to the increase of the
doping state of PANI. More interestingly, fitting results indi-
cate that the ratio between polarons and bipolarons is higher for

2940



Beilstein J. Nanotechnol. 2018, 9, 2936—2946.

amine (67.9%)
— polaron (18.3%)
— bipolaron (7.1%)

satellite peak

(2.4%)
—— background
residue

Intensity / arb. units

PANI rGO/PANI
O experimental data ) O experimental data
fitted curve unopolsS 8 — fitted curve

rGO/PANI/hexNb

O experimental data —— quinone (- )
— fitted curve amine (52.7%)
polaron (34.0%)

——quinone (3.1%)
amine (64.0%)
—— polaron (23.0%)
— bipolaron (8.6%)
satellite peak
(1.3%)
——— background
—residue

—— bipolaron (11.3%)
satellite peak
(2.0%)
background

T T T T T T
396 398 400 402 404 406
Binding energy / eV

T 1 T T T T
396 398 400 402 404 406
Binding energy / eV

T T T T T T
396 398 400 402 404 406
Binding energy / eV

Figure 5: XPS spectra at N 1s core level of PANI and nanocomposites rGO/PANI and rGO/PANI/hexNb.

the ternary nanocomposite (polaron/bipolaron = 3.0), compared
to PANI (2.6) and the binary nanocomposite (2.7). This indi-
cates that the formation of polaron segments in the PANI chains
is further induced by the interaction with rGO and hexNb com-
ponents. This behaviour of high polaron formation induced by
hexNb nanoparticles has been reported by us before [7]. The
results of XPS spectra at N 1s core level are supported by reso-
nance Raman spectroscopy, as shown below.

The structural characterisation of PANI in the nanocomposites
was also performed by Raman spectroscopy, as presented in
Figure 6. Raman bands in the spectra of rGO/PANI and rGO/
PANI/hexND at 632.8 nm excitation wavelength are mainly at-
tributed to the polymer due to resonance effects with the pola-
ronic/bipolaronic electronic transitions of PANI, and the high
content of polymer in these materials [55-58]. The spectra
presented in Figure 6a show the characteristic features of the
emeraldine salt form (doped polymer) for all samples. However,
comparing the spectra of the nanocomposites with the neat
polymer (PANT), the bands at ca. 1336 and ca. 1600 cm™! for
the hybrid materials present higher relative intensities. These
results can be attributed to the contribution of rGO bands
[35,36,45,46,48,50,51,59,60], and changes in the doping state of

the polymer due to interaction with the other components.

Figure 6b presents the curve fitting results in the range of
1450-1550 cm™!. The component at lower wavenumber (red
curve) is assigned to bipolaron segments, whereas the compo-
nent at higher wavenumber (green curve) is assigned to polaron
segments. The comparison of the results for PANI and rGO/
PANI shows the increase of the relative intensity of the polaron

(@ y(b) =
8 — dedoped

rGO/PANI/hexNb 3 PANI

1170

Raman Intensity

1440 1460 1480 1500 1520 1540
E]
Wavenumber/cm

1100 1200 1300 1400 100 1600 1700
Wavenumber / cm”

Figure 6: (a) Raman spectra (Ag = 632.8 nm) of PANI, rGO/PANI and
rGO/PANI/hexNb in the range of 1050-1750 cm~" and (b) curve fitting
for bipolaron and polaron components in the range of

1440-1550 cm™1.

component, which indicates a conversion of bipolarons to
polarons in the presence of the rGO flakes. Moreover, Figure 6b
shows that the relative contribution from the polaron segments
is further increased for the rtGO/PANI/hexNb sample, which
suggests a higher formation of polarons induced by hexNb
nanoparticles. These results are in agreement with XPS data
previously discussed and reports of spectroscopic characterisa-
tion of PANI-based materials [6,7,26,61], which suggested a
high doping level of PANI induced by conformational changes
in the polymeric backbone.

Figure 7 presents the CV curves obtained for PANI, rGO, rGO/
PANI, PANI/hexNb and rGO/PANI/hexNb in 1 mol-L™!
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PANI/hexNb at 25 mV-s~! scan rate. Electrolyte solution: 1 mol-L~"
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sulfuric acid solution. For PANI sample and nanocomposites,
Figure 7 shows the characteristic redox peaks at ca. +0.30 V
(+0.10 V), attributed to the oxidation (reduction) processes be-
tween leucoemeraldine and emeraldine salt states, and the peaks
at potentials above +0.75 V attributed to the transitions be-
tween emeraldine salt and pernigraniline states [62-64]. The
peaks at intermediate potentials (between +0.40 and +0.70 V)
are attributed to oxidative electrochemical reactions initiated
when PANI is cycled at higher potentials than +0.70 V. The CV
curve for rGO sample confirms the absence of significant
faradaic processes due to a very low current profile. For the
PANI/hexNb reference sample, the CV curve presents less
defined oxidation (reduction) peaks at +0.20 V (+0.25 V) and
+0.80 V (+0.75 V), in addition to intermediate peaks in the
range of +0.40-0.60 V. This low current potentiodynamic
profile is attributed to the absence of faradaic processes in the
hexaniobate component, which also affects polyaniline redox
processes under the experimental conditions. The comparison of
the curves of rGO/PANI and rGO/PANI/hexNb in Figure 7 in-
dicates similar areas, although neat PANI still presents the
highest current profile. The specific capacitances calculated for
PANI, binary rGO/PANI and ternary rGO/PANI/hexNb are
880, 515 and 564 F-g~!, respectively, whereas for the binary
PANI/hexNb reference sample it is 87 F-g!. The difference be-
tween the specific capacitances of neat PANI and nanocompos-
ites can be attributed to the presence of rGO. Surprisingly, the

comparison of binary and ternary nanocomposites perfor-
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mances indicates that hexNb nanoparticles improve the electro-
chemical properties of the ternary material under the experi-
mental conditions. Considering that PANI/hexNb sample
presents a lower current profile, the observed improvement for
rGO/PANI/hexNb indicates a synergetic effect, which is attri-
buted to strong interactions between the components in the
ternary nanocomposite. These results are in accordance with
structural characterisation presented in this paper, which
showed an enhancement of the polymer doping state, due to the
secondary doping of the PANI backbone in the rGO/PANI/
hexNb nanocomposite. The capacitances of the new nanocom-
posite presented in this work are comparable to other materials
based on graphene oxide/polyaniline reported in literature,
which present typical capacitances ranging from 350 to
800 F-g~! [4,22,49,65]. Although this result does not stimulate
studies focusing on the application of rGO/PANI/hexNb in
energy-storage devices, the thin film obtained by dropcasting
has potential to be explored for other purposes since the amount
of charge carriers is increased in the ternary nanocomposite.

Conclusion

In this paper we reported the development a new nanocompos-
ite composed of reduced graphene oxide (rGO), polyaniline
(PANI) and hexaniobate (hexNb) prepared by mixing the
colloidal dispersions of the components. Morphological charac-
terisation showed an interesting architecture at the nanoscale
range of rGO flakes coated with PANI and decorated with
hexNb nanoparticles. Such organization was attributed to the
good stability of the dispersion, which does not present major
aggregation and phase separation. The dispersions of the ternary
rGO/PANI/hexNb sample can be deposited on surfaces by spin-
coating or dropcasting. Structural characterisation by XPS spec-
troscopy indicated an intermediate reduction degree for the rGO
component, and a high doping degree of the PANI chains
consistent with secondary doping of the polymer. Electrochemi-
cal studies by cyclic voltammetry showed that the capacitance
of the ternary nanocomposite is higher compared to the binary
composites. Such results are attributed to cooperative effects of
PANI chains with rGO flakes and hexNb nanoscrolls promoted
by the nanostructured architecture, resulting in a high doping
degree of polymeric chains. The interesting chemical versatility
and significant interactions between the components are attrac-
tive features for applications that require chemically function-
alised materials in the film form, such as sensing or corrosion

protection.

Experimental

Materials
Precursor graphite flakes (NGS Naturgraphit GmbH, 300 um
flake size) were used as received. Aniline (Merck) was distilled

under reduced pressure prior to use. Niobium pentoxide
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(Companhia Brasileira de Metalurgia e Mineragdo, CBMM)
was used as received. All other chemicals (Sigma-Aldrich) were

also used as received.

Preparation of graphene oxide and reduced

graphene oxide

Graphene oxide was prepared by graphite oxidation according
to a modified Hummers method [66,67]. The viscous gel-like
dispersion of graphite oxide obtained after oxidation and purifi-
cation (centrifugation and washing) was diluted with deionized
water and the resulting dispersions were high-shear mixed at
7000 rpm for four times (15 min each). This procedure was
used to avoid thermal degradation of the sample. The GO parti-
cles prepared by this method present flake sizes ranging from 5
to 30 pm [14,17], which are remarkably larger in comparison to
GO reported in literature obtained by sonication (less than
10 um) [34,35,42-44,67]. Reduced graphene oxide was pre-
pared by chemical reduction of GO in 0.25 mg-mL™~! disper-
sions with hydrazine and ammonia solution at 25 °C for 7 days.
The resulting rGO dispersion presents suitable stability for the
preparation of the nanocomposites. This sample is labelled as
“rGO-25” herein. A reference rGO sample was also prepared by
GO reduction under similar conditions as rGO-25, but at 80 °C
and 3 h of reaction. This sample is labelled as “rGO-80” herein.
Detailed experimental procedures are available in Supporting
Information File 1.

Preparation of polyaniline and hexaniobate

precursor dispersions

Dispersions of polyaniline in water/N,N-dimethylacetamide
(DMA) were prepared as described in the literature [6,50,68].
The concentration of PANI, the water/DMA volume ratio and
the pH values of the dispersions were adjusted considering the
procedure for the preparation of nanocomposites. Hexaniobate
(hexNb) was prepared as reported previously [6], which results
in colloidal dispersions of scrolled hexaniobate nanoparticles,
called hexaniobate nanoscrolls. Detailed experimental proce-

dures are available in Supporting Information File 1.

Preparation of the binary (rGO/PANI) and

ternary (rGO/PANI/hexNb) nanocomposites

For preparation of the rGO/PANI nanocomposite, 35 mL of
hydrochloric acid solution (pH 3) was slowly added to 25 mL of
PANI solution in DMA (2.8 mg'mL 1), and the pH value of the
resulting dispersion was carefully adjusted to 3 by adding
1 mol-L™! HCI. Then, 70 mL of rGO-25 dispersion
(0.25 mg-mL"!, pH 8.7) was slowly added to PANI dispersion
along with 1 mol-L™! HCI to maintain the pH value of the
PANI/rGO mixture in a range of 2.7-3.0. After addition of rGO
dispersion, the pH value was adjusted to 2.6 and the mixture
was stirred for 5 days at 20 °C. The total volume of HCI solu-
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tion used for the preparation of rtGO/PANI was 8§ mL. The rGO/
PANTI/hexNb nanocomposite was prepared by slowly adding
40 mL of hexNb dispersion (1.13 mg'mL™!, pH 6.8) to 45 mL
of rGO/PANI mixture. After mixing hexNb and rGO/PANI
dispersions, 1 mol-L™! HCI solution was added to re-adjust the
pH value to 2.6, and the rGO/PANI/hexNb mixture was stirred
for 2 days at 20 °C. A PANI/hexNb reference sample was pre-
pared with the same PANI/hexNb weight ratio as the ternary
nanocomposite. rGO/PANI, rGO/PANI/hexNb and PANI/
hexNb samples were further processed by centrifugation/
washing cycles (14000 rpm, 20 min and HCI solution pH 2.6) to
obtain dispersions of a total concentration of 1.0 mg-mL ™.

Characterization

The AFM images were recorded with a Bruker Dimension
FastScan probe microscope, operating in tapping mode, with al-
uminium-coated Si tips (Bruker). Samples were prepared by
spincoating the dispersions of rGO, rGO/PANI and rGO/PANI/
hexNb (1.0 mg'mLf1 total concentration) on Si/SiO, substrates
at 3000 rpm (300 rpm-s~! acceleration, 90 s). In order to prop-
erly compare the AFM images, processing was performed with
the aid of WSxM software (version 4.0 Beta 7.0) [69]. Height
profiles were measured with the aid of WSxM software for the
processed images and the surface roughness of the particles will
be discussed by means of the root mean square (RMS) values
calculated from the height profiles.

XPS spectra were acquired on a SPECS custom-built system
composed of a Phobios 150 hemispherical electron analyser
with 1D detector. The X-ray source was a microfocus mono-
chromated Al Ka (1486.6 eV) source. Spectra were collected
with pass energy of 20 eV, and the combined ultimate resolu-
tion is 0.5 eV with X-ray source and 20 eV pass, as measured
from Ag 3d. The samples were prepared by dropcasting the
dispersions (1.0 mg-mL™! total concentration) on 1 cm? square
Si substrates and drying under reduced pressure at room tem-
perature. Data analysis was performed with the aid of CasaXPS
software (version 2.3.16 PR 1.6). Peak fitting for high-resolu-
tion spectra (C 1s and N 1s core levels) was performed by
applying tight constrains for binding energy range, full width at
half maximum (FWHM) and shape of components, based on a
comprehensive assessment of the literature [13,34,39,40,44-47].
Further details of the fitting parameters are presented in Sup-

porting Information File 1.

Raman spectra were obtained on a Renishaw Raman imaging
microscope (inVia) equipped with a Leica microscope and a
CCD detector. Spectra were excited at 632.8 nm (RL633
Renishaw Class 3B HeNe laser, 12 mW) and samples were
focused with a 50x lens. The laser power was kept below

50 uW to avoid thermal degradation of the samples. For better
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comparison of the relative intensities, spectral baselines were
subtracted.

The electrochemical performance of the samples was evaluated
by cyclic voltammetry (CV) at 25 mV-s~! scan rate using a
pAutolabIIl/FRA2 potentiostat/galvanostat (Metrohm Autolab).
The measurements were performed with Ag/AgCl and Pt coil as
reference and counter electrodes, respectively, and 1 mol-L™!
sulfuric acid as electrolyte solution. The working electrodes
were prepared by dropcasting the samples on glass/Cr(5 nm)/
Au(60 nm) substrates prepared by thermal evaporation.

Supporting Information

Supporting Information File 1

Additional experimental data.
[https://www.beilstein-journals.org/bjnano/content/
supplementary/2190-4286-9-272-S1.pdf]
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A gold therapeutic nanoplatform with the same molecule used as reductant, coating and therapeutic agent has been developed in a

one-pot, one-phase process using alendronate, a drug from the bisphosphonate family known for its antitumor effects. In addition,

the core made of gold nanoparticles (NPs) brings thermal functionalities under irradiation within the first biological window
(650-900 nm). The Au@alendronate nanoplatform thus provided a combined antitumor activity through drug delivery and
photothermal therapy. Au@alendronate NPs inhibited in vitro the proliferation of prostate cancer cells (PC3) in a dose-dependent
manner, with an ICsq value of 100 pM. Under NIR irradiation a temperature increase was observed leading to a reduction of the

IC5q value to 1 uM, with total tumor cell death at 100 uM.

Findings

Bisphosphonates (BPs) are used in the treatment of a variety of
bone diseases, such as osteoporosis, solid tumor bone metas-
tases and myeloma bone disease [1-4]. BPs contain two phos-
phonate groups linked by a common carbon atom (P-C—P)
binding divalent metal ions (Ca?*, Mg?*, and Fe?*) by coordi-

nation of the two phosphonate groups. The BP affinity for
calcium is improved by adding a hydroxy (—OH) group, for
instance in HMBP (hydroxylmethylene bisphosphonate),
allowing for a tridentate coordination to Ca2™ jons (Supporting

Information File 1, Figure S4) and leading to a high affinity to
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bone (hydroxyapatite (Cajg(PO4)s(OH),)) tissue [5,6]. We
focus here on the antitumor activity of alendronate, a nitrogen-
containing HMBP, clinically used as adjuvant (Fosamax®) in
the treatment of prostate and breast metastatic cancers [7].
Nitrogen-containing HMBPs, such as alendronate, are inhibi-
tors of the mevalonate pathway. They inhibit the prenylation of
GTPase proteins, which affects cell morphology, replication
and signalling that can cause cell death by apoptosis [8,9].
However, the in vivo therapeutic use of HMBPs is limited by
low bioavailability. Once intravenously injected, free HMBPs
are only slightly internalized by the cells and accumulates pref-
erentially into bone tissue. Benyettou et al. showed that alen-
dronate-coated magnetic NPs favour the intratumoral uptake
and inhibit tumor growth [10].

HMBPs are also effective ligands to stabilize nanoparticles
under biological conditions [11-15]. More recently, synthesis of
gold and silver NPs have been developed using HMPB mole-
cules [16-18]. For gold NPs, HMBPs act as both Au chelating
and reducing agent comparable to citrates in the well-known
Turkevich—Frens synthesis [19,20]. Besides, gold NPs exhibit a
unique surface plasmonic resonance leading to strong enhance-
ment of the absorption and scattering when exposed to electro-
magnetic radiation [21]. Due to this plasmonic absorption, light

Beilstein J. Nanotechnol. 2018, 9, 2947—-2952.

is converted to heat [22-26]. Photothermal therapy (PTT) is a
powerful cancer-treatment technique. Gold NPs have to be
activated within the biological transparency windows of
650-950 nm or 1000-1350 nm, to minimize light absorption by
surrounding biological tissues [27]. The principal limitation of
PTT is that it requires direct light irradiation, which reduces its
effect against disseminated metastatic tumors. A promising
strategy to increase the PTT efficiency is the combination with

magnetic hyperthermia [28], or with chemotherapy [29,30].

Using a one-pot synthesis strategy, we developed Au@alen-
dronate NPs for a combined application of the antitumor activi-
ty of alendronate and an efficient gold-mediated PTT. We
further evaluated their combined chemo-photothermal anti-

tumor activity.

Synthesis and characterization of
Au@alendronate NPs

Gold NPs were synthesized in water by using alendronate both
as reducing agent and chelating ligand. The gold solution is
simply added to an alendronate solution at boiling temperature
(see Supporting Information File 1). The excess of reactive
species is eliminated by ultrafiltration. We thus obtained
spherical NPs (Figure la, left) with an average diameter of
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Figure 1: Au@alendronate NPs characterization: (a) transmission electron microscopy (TEM) image (left) and size distribution (right), (b) UV-vis
spectrum, (c) FTIR spectra of Au@alendronate NPs (red curve) versus alendronate (black) curve, (d) Hydrodynamic diameter distribution (in volume,

left) and zeta potential (right) of Au@alendronate NPs.
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30.5 + 3.0 nm (Figure la, right) and a plasmon band at 528 nm
(Figure 1b).

Under similar synthesis conditions, gold NPs obtained
with (1-hydroxy-1-phosphonopent-4-enyl)phosphonic acid
(HMBPene), replacing alendronate were characterized by a
smaller NPs size around 10 nm [16]. This indicates the influ-
ence of the reducing ligand on the crystal growth. Inductively
coupled plasma atomic emission spectroscopy (ICP-AES) has
been used to quantitatively determine the amount of alen-
dronate per nanoparticles. 1.0 P atoms per 7.6 Au atoms was
measured, which corresponds to 36,427 alendronate molecules
per NP or a coating density of 12.5 alendronate molecules/nm?
for a 30.5 nm spherical gold NP. Remarkably, the alendronate
density is much higher than estimated values for other NPs
coated with HMBP molecules (i.e., 3.4 HMBPene/nm?2) [18].
Indeed, alendronate is a zwitterion, capable of forming pairs of
ions that generate multilayers around the gold NP.

The chemisorption of alendronate was qualitatively assessed
(Figure 1c) by Fourier-transform infrared spectroscopy (FTIR)
comparing the coated gold NPs (red curve) with free alen-
dronate (black curve). Large modifications were observed
within the PO region (900—1200 cm™!). The free alendronate
spectrum exhibits two sharp peaks at 1211 and 957 cm™!,
assigned to P=O and P-OH, respectively [31]. The broad band
at 1113 cm™! is characteristic for the vibrational mode for the
POj3 group [32]. For Au@alendronate NPs the strong tight-
ening of P=0 and P-O vibration bands around 1000 cm™' (red
curve), which is characteristic of the chelation of phosphorus
species on a metallic surface [11,16,33], suggests a coordina-
tion of phosphonates as chelating groups. The —NH scissoring
(1564 cm™!) and bending vibration bands (1675 cm™") for alen-
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dronate were slightly shifted in the Au@alendronate NPs
confirming the multilayer formation through anion/cation inter-
actions due to the alendronate zwitterion form. These results
suggest that alendronate was grafted onto the nanocrystal sur-
face through the phosphonate groups and could be activated for
further biocoupling [10].

The excellent coating density led to a good colloidal stability, as
confirmed by dynamic light scattering (DLS) measurements at
physiological pH values. A hydrodynamic diameter equal to
31.5 = 13.9 nm (Figure 1d) was determined, which is suffi-
ciently close to the TEM crystal size to testify to the absence of
gold NP aggregates. Au@alendronate NPs were stable at
pH > 4.7 and at least four months after synthesis (see Support-
ing Information File 1, Figure S1). The negative zeta
potential, equal to —37.5 + 9.1 mV confirms the presence of
alendronate on the surface providing negative charges, which
allow colloid stabilization despite the presence of ammonium
cations.

Au@alendronate NPs as NIR photothermal

nano-heater

Since gold NPs bring their own therapeutic asset, in the form of
PTT, we first evaluated the specific photothermal properties of
Au@alendronate NPs. In cancer therapy, it is desirable to use
NPs that are active in the near-infrared (NIR) region to mini-
mize light absorption of the laser radiation by surrounding
tissues [27,34]. The plasmonic absorption band of Au@alen-
dronate NPs is centered at 528 nm, but there is still absorption
above 800 nm (Figure 1b). Here, a laser operating at 680 nm
and 0.3 W/cm? (Supporting Information File 1, Figure S2) and
1.7 W/em? (Figure 2) was used. As we recently reported, this
1.7 W/cm? laser power was efficient for inducing tumor growth
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Figure 2: (a) Temperature increase and corresponding typical IR image and (b) SAR (W/g) as a function of the gold concentration under laser irradia-

tion (1.7 W/cmZ2, 680 nm).
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inhibition in vivo without exhibit nonspecific phototoxicity
[35]. In addition, this value is lower than the power used in
many in vivo studies [36-38]. Figure 2 summarizes the heating
characteristics of Au@alendronate NPs, measured in water as a
function of the gold concentration. Figure 2 shows the plateau
temperatures reached after 5 min of irradiation (Figure 2a), as
well as the concentration-normalized heating efficiency
expressed as the specific absorption rate (SAR) in watts per
gram of Au (Figure 2b, see also Supporting Information File 1
for calculation details and Figure S2 for the temperature eleva-
tion at 0.3 W/cm?).

The temperature elevation clearly increased with the gold con-
centration and reached AT = 30 °C at a gold concentration of
2 mM. A temperature increase of AT =9 °C is observed at a
low gold concentration of 0.125 mM. The SAR is above
4000 W/g at high concentrations, reaching very high values
(over 8000 W/g) at low concentrations. These photothermal
properties are in good agreement with those of other thermal
agents [23] and show the applicability of Au@alendronate gold
NPs as potential photothermal agents.

The colloidal stability of Au@alendronate NPs at physiological
pH values and their photothermal properties within the NIR first
biological window allowed us to further consider their study in

a biological environment.

Au@alendronate NPs antitumor activity

PC3 human prostate adenocarcinoma cells were selected to
explore the potential of Au@alendronate NPs as antitumor
agents [9]. PC3 cells were first treated both with free alen-
dronate and with Au@alendronate NPs (at various extracellular

alendronate concentrations from 1 nM up to 0.1 M) for 48 h.
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Metabolic activity (Figure 3) was determined by Alamar Blue
assay (see Supporting Information File 1). With this assay the
half maximal inhibitory concentration (ICsg value) can be deter-
mined. This value is a good indicator of the effectiveness of a
compound for inhibiting biological or biochemical functions.
Free alendronate and Au@alendronate gold NPs reduced cell
viability in a concentration-dependent manner (Figure 3a) with
an ICs5p equal to 100 uM for both systems whereas
Au@HMBP-PEG NPs [39] do not exhibit any cytotoxicity
(Supporting Information File 1, Figure S3). Under similar cell-
treatment conditions, this ICsq value is consistent with values
obtained for free alendronate with other cancer cell lines [10].
More importantly, it indicates that Au@alendronate NPs
perfectly retained the antitumor activity of alendronate
suggesting the alendronate release within the intracellular envi-
ronment. However, at relevant concentrations, complete cell
death was not achieved. Hence, we included photothermal treat-
ment by using a 680 nm laser calibrated to illuminate cells at
1.7 W/em?. The metabolic activity on PC3 cells incubated with
Au@alendronate NPs in presence or absence of laser irradia-

tion is compared in Figure 3b.

At extracellular concentrations of alendronate below 1 uM, sim-
ilar cell viability was observed in absence or presence of laser
irradiation. This could be related to the low dose of internalized
gold NPs and indicates that the laser power is sufficiently low
to avoid nonspecific biological damage. At extracellular con-
centrations of alendronate over 1 pM, cell viability was consid-
erably lowered in the presence of laser irradiation. The ICsq was
reduced to 1 uM (instead of 100 pM), while at intermediate
concentration of 100 uM, cell death was total. It clearly evi-
dences the efficiency of the combined drug delivery and
photothermal treatment of Au@alendronate NPs.
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Figure 3: Metabolic activity of PC3 cells incubated (a) with free alendronate (black curve) and Au@alendronate NPs (blue curve), (b) with Au@alen-
dronate NPs under the presence (orange column) or absence (blue column) of NIR irradiation (680 nm).
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In summary, we developed a one-pot synthesis by simply
mixing, in water, gold ions and alendronate molecules as reduc-
tant, coating and therapeutic agent. The synthesized Au@alen-
dronate NPs maintain the alendronate antitumor activity, which
is greatly improved under NIR laser radiation. These results
pave the way for an efficient antitumor activity of Au@alen-
dronate NPs through combining drug delivery in the form of a
nanoplatform carrying alendronate and photothermal therapy.
Indeed, Au@alendronate NPs will accumulate within cells
because of the enhanced permeability retention effect: An en-
hanced permeability of blood vessels near the tumor allows for
the penetration of nanoparticles into the tumor. The impaired
lymphatic function within the tumor will not be able to clear
those nanoparticles efficiently [40]. This proof-of-concept study
will be completed by the intracellular behavior of Au@alen-
dronate NPs with a special attention to alendronate release
under photothermal activation.

Supporting Information

Supporting Information File 1

Materials and methods and supplementary figures.
[https://www.beilstein-journals.org/bjnano/content/
supplementary/2190-4286-9-273-S1.pdf]
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Nanosized porphyrin-containing metal-organic frameworks (MOFs) attract considerable attention as solid-state photosensitizers for
biological applications. In this study, we have for the first time synthesised and characterised phosphinate-based MOF nanoparti-
cles, nanolCR-2 (Inorganic Chemistry Rez). We demonstrate that nanoICR-2 can be decorated with anionic 5,10,15,20-tetrakis(4-
R-phosphinatophenyl)porphyrins (R = methyl, isopropyl, phenyl) by utilizing unsaturated metal sites on the nanoparticle surface.
The use of these porphyrins allows for superior loading of the nanoparticles when compared with commonly used 5,10,15,20-
tetrakis(4-carboxyphenyl)porphyrin. The nanolCR-2/porphyrin composites retain part of the free porphyrins photophysical proper-
ties, while the photodynamic efficacy is strongly affected by the R substituent at the porphyrin phosphinate groups. Thus, phosphi-
natophenylporphyrin with phenyl substituents has the strongest photodynamic efficacy due to the most efficient cellular uptake.

Introduction
Metal-organic frameworks (MOFs) are a class of crystalline  diversity of possible SBUs coupled with organic linkers of vari-

coordination polymers possessing potential voids. Their struc- able geometry enables the preparation of a large number of

tures combine inorganic nodes, metal centres forming so-called
secondary building units (SBU), with organic linkers. The

structures with tuneable pore sizes, topologies, and chemical

nature [1,2]. Among them, MOFs with photoactivatable proper-
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ties such as luminescence and photosensitization of singlet
oxygen, 02(1Ag), are particularly attractive [3-5]. Singlet
oxygen is a short-lived, highly oxidative species with bacteri-
cidal and virucidal properties [6]. The cytotoxic effect can be
intentionally employed in anticancer treatment in the form of
photodynamic therapy (PDT) [7,8].

The most commonly utilised photosensitizers in PDT are por-
phyrins or related compounds since they offer high quantum
yields of Oz(lAg), chemical and photochemical stability, and
absorb light between 600 and 900 nm, the region in which
tissue transmits light best [9]. However, porphyrins tend to form
aggregates in which the photosensitizing properties are lost
[10]. In order to avoid porphyrin aggregation various supramo-
lecular structures have been designed [11-13]. In this context,
porphyrin-based MOFs offer unique systems in which a regular
arrangement prevents porphyrins from aggregation whereas the
porosity enables fast diffusion of the ground state 02(3Zg) to
and the excited 02(1Ag) from the solid photosensitizer [14-16].

In our recent work we have shown that microcrystalline porphy-
rin containing MOFs are poor Oz(lAg) photosensitizers [17],
due to the combined effect of the quenching of excited states in
tightly stacked porphyrin units and strong light absorption at the
surface of microcrystalline particles, which results in a small
portion of the molecules actively taking place in the photosensi-
tizing process. One of the successful strategies to overcome
these effects is the use of MOFs as nanoparticles, which also
provides easier internalisation by cells [18]. Moreover, the
downsizing of MOFs also facilitates the diffusion of Oz(lAg),
and makes interactions with bulky biomolecules inside the cells
more effective.

This concept was successfully applied using the UiO-66 family
of MOFs: nanoparticles made of Hfg-based SBUs with dicar-
boxylic porphyrin or chlorin linkers [19,20], or using Zrg-based

Beilstein J. Nanotechnol. 2018, 9, 2960-2967.

SBUs with 5,10,15,20-tetrakis(4-carboxyphenyl)porphyrin
(TCPP), named PCN-224 and PCN-222 [21,22]. Zeng et al. ex-
tended the © system of TCPP by employing tetracarboxyphenyl
benzoporphyrin, which increased the absorption in the red
region of visible light [23]. Alternatively, the antitumor activity
of porphyrinic PCN-224 was increased by combining photody-
namic and photothermal effects with chemotherapy; in this case
the MOF was deposited onto gold nanorods and impregnated
with a chemotherapeutic agent [24]. Strong phototoxic effects
were reported in all of these studies. However, the drawback of
zirconium-based MOFs is the degradation in the presence of
phosphate buffer (Figure S1, Supporting Information File 1)
and therefore the mode of action is highly disputable [15].

In this work, we employed metal-organic framework ICR-2
(ICR stands for Inorganic Chemistry Rez) constructed from
Fe3* and phenylene-1,4-bis(methylphosphinic acid) (PBPA)
linkers [25]. ICR-2 in the microcrystalline form is stable in
aqueous solutions even at high temperatures and partly retains
its structure and porosity even after treatment with phosphate
buffer saline (PBS) (Figure S1, Supporting Information File 1).
We prepared ICR-2 nanoparticles (nanolCR-2) the surface of
which we modified with three different anionic porphyrins
forming stable colloids in absolute EtOH or N,N-dimethylform-
amide (DMF) (Figure 1). Importantly, the porphyrins on the
nanoparticle surfaces retain their photophysical properties in-
cluding Oz(lAg) generation. We demonstrate the photodynamic
activity of these nanolCR-2/porphyrin composites on HelLa
cells.

Results and Discussion
Preparation and characterisation

Various organic solvents and temperatures were screened for
the successful preparation of nanolCR-2. The use of pure
formamide (FA) or mixtures with DMF of more than 50 vol %

FA at 100 °C led to the formation of nanoparticles with approx-

HO O
N_/
P(\R
TPPPi(Me), R = Me

TPPPi(Ph), R = Ph

O TPPPI(iPr); R = iPr
OH

P/
N
R Yo

Figure 1: Structure of ICR-2 viewed along the c axis (left) and the structure of the modifying porphyrins (right). Colour coding: octahedrally coordinat-
ed iron atoms are blue and phosphinate tetrahedra are magenta, O (red), C (black), and H (white).
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imately 30 nm in diameter. The origin of the nanoparticle for-
mation is probably the suppression of the crystallization along
the c-axis leading to a narrow particle size distribution (Figure 2
and Figure 3). Increasing the temperature to 120 °C resulted in
the formation of longer nanoparticles (Figure S2, Supporting
Information File 1). Unfortunately, all attempts to control the
nanoparticle length failed and therefore we focused on the
smaller nanoparticles. The best results were finally obtained in
FA/DMF = 9:1 mixture at 100 °C for 96 h. The optimized syn-
thesis was well reproducible and the size of the nanoparticles
did not significantly differ from one batch to another.

To confirm the composition, nanoICR-2 was characterised by
powder X-ray diffraction measurements (XRD), transmission
electron microscopy (TEM), and dynamic light scattering
(DLS). The powder XRD pattern depicted in Figure 4 clearly
corresponds to the ICR-2 phase [25]. The size of the coherent
diffraction domains of 29 nm was calculated from the broad-
ening of the 110 and 020 diffractions using the Scherrer equa-
tion. The analysis of TEM images in Figure 2 (left) provides an
average particle size of 28 nm, which is in good agreement with
the results from the powder XRD analysis.

The dispersibility of nanoICR-2 in aqueous media and its
surface charge potential were evaluated using dynamic
light scattering (DLS, Figure S3A, Supporting Information
File 1). In water, nanoIlCR-2 forms aggregates with a mean
value of the size distribution of 87 + 31 nm (by number,
Z-average = 136 nm, PDI = 0.12). The zeta potential of
nanolCR-2 in water is slightly positive with an average
of 5 + 5 mV (Figure S4A, Supporting Information File 1),
evidencing that the prevailing terminal groups on the surface of
nanolCR-2 are coordinatively unsaturated Fe cationic sites.

NanoICR-2 was modified with three anionic porphyrins:
5,10,15,20-tetrakis(4-methylphosphinatophenyl)porphyrin
(TPPPi(Me)), 5,10,15,20-tetrakis(4-isopropylphosphinato-

Beilstein J. Nanotechnol. 2018, 9, 2960-2967.

Figure 3: TEM images of parent nanolCR-2 (left) and nanolCR-2/
TPPPi(Ph) (right). The scale bars represent 50 nm.

Relative intensity

L 20 30 40 50
nanolCR-2/TPPPi(Ph)
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1 n 1 " 1 I 1

20
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Figure 4: Powder XRD patterns of microcrystalline ICR-2 (bottom
line), nanolCR-2 (middle line) and nanolCR-2/TPPPi(Ph) (top line), in-
tensity of microcrystalline ICR-2 peaks were divided by 50.

phenyl)porphyrin (TPPPi(iPr)), and 5,10,15,20-tetrakis(4-
phenylphosphinatophenyl)porphyrin (TPPPi(Ph)). We also
tested commercially available 5,10,15,20-tetrakis(4-carboxy-
phenyl)porphyrin (TCPP). However, its binding was much
weaker, which resulted in approximately 20-times lower por-
phyrin loading. This is probably due to weaker bond of the
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Figure 2: Particle size distributions of nanolCR-2 (left) and nanolCR-2/TPPPi(Ph) (right).
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carboxylic group to Fe?" in comparison with the phosphinic
groups. The modification was done by shaking nanoICR-2 in
DMF solution of the respective porphyrin. To achieve better
biocompatibility, the modified nanoparticles were thoroughly
washed with DMF and dispersed in absolute EtOH with a por-
phyrin concentration of 107 mol-L™!. To investigate the effects
of porphyrin loadings, we prepared two additional samples
where 50% and 25% of the original amount of TPPPi(Ph) was
used for the modification (denoted nanoICR-2/TPPPi(Ph)"2 and
nanolCR-2/TPPPi(Ph)%). This resulted in lower amounts of at-
tached porphyrin to the nanoparticles, i.e., 6 x 107> and
3 x 107 mol-L™! for nanoICR-2/TPPPi(Ph)% and nanoICR-2/
TPPPi(Ph)%4, respectively.

The ideal structure of ICR-2 does not contain free binding sites
for anions and therefore the anionic porphyrins can bind only to
the terminal Fe atoms located on the surface of the nanoparti-
cles. In addition, the porphyrin units are larger (over 10 A) than
the pore diameter of ICR-2 (9 A) and thus they cannot enter the
pores. This hypothesis was confirmed by the fact that non-an-
ionic 5,10,15,20-tetraphenylporphyrin does not bind to
nanolCR-2. Also, when larger ICR-2 nanoparticles (prepared at
120 °C, Figure S2, Supporting Information File 1) were used
the TPPPi(Ph) loading was an order of magnitude lower than
for nanoICR-2.

The porphyrin-modified nanoIlCR-2 particles (nanoICR-2/por-
phyrin) were characterised by powder XRD, TEM, DLS, and
UV-vis and fluorescence spectroscopy. The powder XRD
patterns of all composites, depicted in Figure 4 and Figure S5
(Supporting Information File 1), do not show significant
changes in comparison with that of the parent nanoICR-2. Also,
the coherent diffraction domain of 30 nm is virtually un-
changed from the parent nanoparticles. The analysis of TEM
data confirmed the preservation of the particle size (29 nm on
average), only the particle size distribution was broader
(Figure 2).

DLS experiments with aqueous dispersions of nanolCR-2/por-
phyrin revealed the formation of nanoparticle aggregates, with
mean values of the size distribution of 91 + 23 nm (by number,
Z-average = 198 nm, PDI = 0.24), 195 + 90 nm (by number,
Z-average = 291 nm, PDI = 0.26), and 128 + 53 nm (by number,
Z-average = 193 nm, PDI = 0.16) for TPPPi(Me), TPPPi(iPr),
and TPPPi(Ph), respectively (Figure S3, Supporting Informa-
tion File 1). These values are somewhat bigger than the size of
the parent nanolCR-2 aggregates in water (87 + 31 nm). Impor-
tantly, the zeta potential of the nanoICR-2/porphyrin aggre-
gates switched to negative values: =20 + 4 mV, -25 £ 5 mV,
and —28 £ 5 mV for TPPPi(Me), TPPPi(iPr), and TPPPi(Ph), re-
spectively (Figure S4, Supporting Information File 1). These

Beilstein J. Nanotechnol. 2018, 9, 2960-2967.

results are consistent with the binding of the porphyrin phosphi-
nate groups to the coordinatively unsaturated Fe cationic sites at
the surface of the nanoparticles. Because of the nearly square
planar geometry of the porphyrins it is probable that only 1-2
phosphinate groups are bonded to nanolCR-2 and therefore
some of the phosphinate groups remains unbound and induce
the negative zeta potentials. In agreement with this assumption,
the zeta potentials decrease with decreasing porphyrin loading
to —22 + 3 mV and —17 £ 4 mV for nanoICR-2/TPPPi(Ph)%,
and nanolCR-2/TPPPi(Ph)%, respectively.

We also tested the stability of nanoICR-2/porphyrin in PBS
media. Even though ICR-2 can stand PBS treatment in its
microcrystalline form, when nanoparticles of either nanolCR-2
or nanolCR-2/porphyrin were treated for 4 h in PBS it resulted
in amorphisation of the ICR-2 nanoparticles, and in the case of
nanolCR-2/porphyrin in partial dissolution of the porphyrin.

In order to ascertain the effects of the MOF structure on the por-
phyrin units, UV—vis absorption and fluorescence spectra were
measured and compared with the corresponding spectra of the
free porphyrins. The absorption spectra show characteristic
absorption bands of metal-free porphyrins: the Soret band at
415 nm and four Q-bands in the region between 500 and
650 nm. The comparison of the absorption spectra of free
TPPPi(Ph) and corresponding nanolCR-2/TPPPi(Ph) nanoparti-
cles (Figure 5) demonstrates that the position and shape of the
absorption bands do not change after binding of the porphyrin
units onto the nanoparticles. The same observation is valid for
both nanoICR-2/TPPPi(Ph)% and nanoICR-2/TPPPi(Ph)%
(Figure S6, Supporting Information File 1), indicating that the
formation of porphyrin aggregates on the surface of the ICR-2

1.2

Relative absorbance

1
700

Wavelength / nm

Figure 5: Normalized UV-vis spectra of nanolCR-2 (blue), TPPPi(Ph)
(black), and nanolCR-2/TPPPi(Ph) (red) in EtOH solution.
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nanoparticles is not controlled by the amount of bound porphy-
rins. On the other hand, the Soret bands of nanolCR-2/
TPPPi(Me) and nanolCR-2/TPPPi(iPr) (Figure S7 and Figure
S8, Supporting Information File 1) are broadened and red
shifted because of partial porphyrin aggregation. The magni-
tude of aggregation is in the order TPPPi(Ph) < TPPPi(iPr) ~
TPPPi(Me).

When excited at 415 nm, the dispersions of nanolCR-2/porphy-
rin in EtOH exhibit red fluorescence with two bands at 655 and
720 nm (Figure S9, Supporting Information File 1). The fluo-
rescence quantum yields of approximately 0.01 are rather low,
when compared with free porphyrins in the same solvent
(®@¢=0.07). The lower ®@¢ values can be attributed to non-radia-
tive quenching of the excited singlet states due to the partial
aggregation of the porphyrins at the surface of nanolCR-2 and
the proximity of iron atoms constituting the ICR-2 structure. It
is worth noting that the porphyrin loading does not affect the
fluorescence quantum yields.

Photobiological properties

Cellular uptake and intracellular localization

HeLa cells were treated with the nanoparticles in Eagle's
Minimum Essential Medium (EMEM) without foetal bovine

o
1)
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serum to avoid modification of the particle surface properties by
nonspecific binding of serum albumin. The cellular uptake of
the nanoparticles was quantified by flow-cytometry analysis of
porphyrin fluorescence associated with the cells. Figure 6A
shows the rate of internalization of the photosensitizers into the
cells with different modifications of nanoICR-2. The highest
cellular uptake was observed for nanolCR-2/TPPPi(Ph), fol-
lowed by nanolCR-2/TPPPi(iPr) and nanolCR-2/TPPPi(Me).
The most efficiently accumulating sample nanolCR-2/
TPPPi(Ph) was therefore selected for determination of the
uptake kinetic. As shown in Figure 6B, the incubation of the
cells with a fixed amount of the nanoparticles for different time
periods revealed significant uptake already after 30 min and the
concentration increased gradually up to 4 h. For this reason,
further photobiological experiments were performed after 4 h of
incubation with the nanoparticles. The cellular uptake upon
incubation with different concentrations of the nanoparticles
yielded almost linear dose dependence (Figure 6C). Further-
more, the intracellular localization of nanolCR-2/TPPPi(Ph)
was investigated using confocal microscopy. Figure 7 clearly
shows that the nanoparticles accumulate in intracellular vesi-
cles, which strongly co-localize with the fluorescent marker of
lysosomes. This is similar to the results of a previous study per-
formed with PCN-222 nanoparticles [22].
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Figure 6: (A) Comparison of the cellular uptake of different types of nanolCR-2 with porphyrin concentration of 1 uM; (B) time dependence of the cel-
lular uptake of nanolCR-2/TPPPi(Ph) with porphyrin concentration of 1 pM; (C) concentration dependence of the cellular uptake of nanolCR-2/

TPPPi(Ph).

Figure 7: Confocal microscopy of HeLa cells incubated with 2 yM nanolCR-2/TPPPi(Ph) for 24 h: LysoTracker Green (left); nanolCR-2/TPPPi(Ph)

(middle); overlay (right). The white scale bars correspond to 10 um.
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Toxicity and phototoxicity studies

Dark toxicity of the porphyrin-modified nanoICR-2 was investi-
gated on HeLa cells in EMEM without serum in the presence of
0.5-4 uM nanoparticles (with respect to porphyrin) for 4 h fol-
lowed by incubation in full culture medium without phenol red
for 24 h. At concentrations used for the experiments, only
limited suppression of cellular metabolic activity was observed
for all three porphyrins (Figure 8A). On the other hand, when
the cells were irradiated with a water-filtered halogen light, only
nanolCR-2/TPPPi(Ph) exhibited a clear phototoxic effect. The
IC5g value of this sample was 1.8 + 0.5 uM. Interestingly,
nanolCR-2/TPPPi(iPr) and nanoICR-2/TPPPi(Me) did not
reveal any phototoxic effect (Figure 8B). The results of photo-
toxicity tests well correspond with the cellular uptake values,
which were the highest for nanoICR-2/TPPPi(Ph). A compari-
son of PDT activity with other systems can be made only under
identical conditions (e.g., irradiation wavelength, time, dose).
We can compare the activity of nanolCR-2/TPPPi(Ph) with the
activity of previously studied PCN-222 nanoparticles where
both systems display comparable activity [22].

Conclusion

In the context of photodynamic therapy, we present composite
materials based on nanoparticles of the ICR-2 metal-organic
framework decorated with phosphinic acid-substituted porphy-
rins. These substituted porphyrins showed superior affinity
towards the Fe-MOF ICR-2 in comparison with the well-known
tetracarboxyphenyl porphyrin, and this feature allows for supe-
rior photosensitizer loading of the nanoparticles. The porphy-
rins retain part of their photophysical properties including pro-
duction of singlet oxygen. Interestingly, the photodynamic ac-
tivity on HeLa cells strongly depends on the R substituent at the
P atom, i.e., only the phenyl substituent (TPPPi(Ph)) ensured
high phototoxicity, comparable with the best MOF systems.

Beilstein J. Nanotechnol. 2018, 9, 2960-2967.

This feature does not seem to arise from the differences in
singlet oxygen photosensitizing ability [26], but can be assigned
to the differences in the biological properties provided by the
substituent of the unbounded phosphinic groups at the surface
of the composite nanoparticles. Unfortunately, the elucidation
of the structure—activity relationship is rendered difficult due to
the instability of the nanoICR-2/porphyrin nanoparticles in PBS
media, as also observed for Zr-based MOFs.

Experimental

Materials: N,N-dimethylformamide (DMF, Lach-Ner, Czech
Republic), absolute ethanol (EtOH, Fischer Sci.), FeCl3-6H,0,
formamide, and phosphate-buffered saline suitable for cell cul-
ture (all Sigma-Aldrich) were used as purchased. Phenylene-
1,4-bis(methylphosphinic acid) was prepared according to [25].
Phosphinic acid porphyrins 5,10,15,20-tetrakis(4-methylphos-
phinatophenyl)porphyrin (TPPPi(Me)), 5,10,15,20-tetrakis(4-
isopropylphosphinatophenyl)porphyrin (TPPPi(iPr)), and
5,10,15,20-tetrakis(4-phenylphosphinatophenyl)porphyrin
(TPPPi(Ph)) were prepared according to [26].

Synthesis of nanolCR-2: Into a 20mL vial (Wheaton) was
added 5.4 mg (0.02 mmol) FeCl3-6H,0, 9.4 mg (0.04 mmol)
PBPA, 1 mL DMF, and 9 mL formamide. The vial was tightly
closed and immersed into a programmable oven (Memmert
UF30 Plus) for 96 h at 100 °C (heat ramp 1 h and cooling down
6 h). The resulting mixture was centrifuged (Hettich Rotina
380R, 11000 rpm for 5 min) and washed three times with
distilled water and two times with absolute EtOH; dispersion of
ICR-2 nanoparticles in EtOH (approximately 5 mL) was ob-
tained.

Modification of nanoICR-2 with porphyrins: The whole
batch of nanolCR-2 dispersion in EtOH prepared above was

A B
1.2 12
1 1 1
T T - L
0.8 - 08 - T =4 M
=2 uM
06 06 - LM
04 0.4 - =05 uM
=0 uM
0.2 0.2 -
04 0 -
TPPPi(Me) TPPPI(iPr) TPPPI(Ph) TPPPi(Me) TPPPI(iPr) TPPPi(Ph)

Figure 8: Relative viability of HeLa cells incubated for 4 h with specified concentrations of nanolCR-2/porphyrin in the dark (A) or irradiated with a
halogen lamp for 15 min (B). Note: The results labelled 0 pM belong to the control experiments in which cells were irradiated in the absence of

nanolCR-2/porphyrin.
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centrifuged again (11000 rpm, 5 min), the solvent was decanted,
and nanolCR-2 was dispersed in 5 mL of DMF. Separately,
2.5 mmol of each porphyrin was dissolved in 10 mL of DMF,
the solution was added to the nanolCR-2 dispersion, and the
mixture was shaken at RT overnight (16 h). Then, the mixture
was centrifuged (11000 rpm, 5 min.) and washed three times
with absolute EtOH to remove the excess of porphyrin. Finally,
nanolCR-2/TPPPi(Me), nanolCR-2/ TPPPi(iPr), and nanoICR-
2/TPPPi(Ph) were dispersed and stored in absolute EtOH (ca.
10 mL) at a concentration of 107# mol-L™!. The samples with
lower porphyrin loading were prepared analogously, only the
amount of the TPPPi(Ph) in the DMF solution was 1.25 mmol
(nanolCR-2/TPPPi(Ph)2) and 0.625 mmol (nanolCR-2/
TPPPi(Ph)'4). This led to lower porphyrin concentrations in the
resulting colloids of 6 x 107> mol-L™! and 3 x 107> mol-L™! for
nanolCR-2/TPPPi(Ph)'. and nanolCR-2/ TPPPi(Ph)V, respec-
tively.

Stability studies: NanoIlCR-2/TPPPi(Ph) in EtOH were centri-
fuged (11000 rpm, 5 min), redispersed in 10 mL of PBS, and
shaken for 4 h at RT. The resulting mixture was centrifuged
(11000 rpm, 5 min), washed three times with absolute EtOH,
and air-dried before powder XRD measurement.

Instrumental methods: Powder X-ray diffraction (XRD) was
measured using a PANalytical X'Pert PRO diffractometer in the
reflexion setup equipped with a conventional Co X-ray tube
(40 kV, 30 mA). Qualitative analysis was performed with the
HighScorePlus software package (PANalytical, Almelo, The
Netherlands, version 3.0) and the JCPDS PDF-2 database [27].
UV-vis absorption spectra of the dispersions were recorded on
a Perkin Elmer Lambda 35 spectrometer. High-resolution trans-
mission electron microscopy (TEM) was carried out on a JEOL
JEM 3010 microscope operated at 300 kV (LaBg cathode, point
resolution 1.7 A) with an Oxford Instruments Energy Disper-
sive X-ray (EDX) detector. The particle size distributions and
zeta potentials in water were determined by dynamic light scat-
tering (DLS) using a particle size analyser Zetasizer Nano ZS
(Malvern, UK). Fluorescence spectra and absolute fluorescence
quantum yields, @1, were measured using a Quantaurus QY
C11347-1 spectrometer (Hamamatsu, Japan).

Cultivation of the cells: The human cervix carcinoma HeLa
cell line was cultivated in the Eagle's Minimum Essential Medi-
um (EMEM; Sigma-Aldrich) supplemented with 0.5 mM gluta-
mine and 5% foetal bovine serum (full culture medium) at
37 °C in atmosphere containing 5% CO,.

Phototoxicity and dark toxicity studies: The cells were
seeded onto 96-well plates in full culture medium. Next day, the

cells were exposed to 0.5-4 pM equivalent of the nanoparticles
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in the fresh medium without foetal bovine serum for 4 h. A final
concentration of EtOH in the culture medium was less than 4 %
v/v. After incubation, the medium was changed for full culture
medium without phenol red and the cells were immediately irra-
diated by a 150 W halogen lamp (Thorlabs) with a water filter
for 15 min (45 mW-cm™2). After another 24 h, a viability of the
cells was assayed by the resazurin assay (Sigma-Aldrich). Dark
toxicity experiments were performed in the same way in the
dark.

Confocal microscopy: HelLa cells were seeded onto dishes
with a glass bottom (MatTek) in full culture medium. After
24 h, the cells received fresh medium without serum and phenol
red, and were mixed with the nanoparticles of 2 uM total con-
centration. After 4 h, the cells were washed and stained with
LysoTracker Green (Thermo Fisher Scientific) and inspected
with a spinning disc confocal microscope (Revolution XD,
Andor). The excitation wavelengths used for monitoring of
nanoparticles and lysosomes were 405 nm and 488 nm, respec-
tively. During the confocal microscopy, the cells were main-
tained at 37 °C and 5% CO, atmosphere.

Flow cytometry: The cells were plated onto 6-well plates in
full culture medium. The next day, they were treated with indi-
cated amount of nanoparticles for the indicated period of time in
the fresh medium without serum. Then, the plates were washed
with PBS and trypsinized. Uptake of MOFs was measured by
flow cytometry analysis with excitation and emission recorded
at 405 nm and 655-685 nm, respectively (BD FACSaria III).

Supporting Information

Supporting Information File 1

Additional experimental data.
[https://www.beilstein-journals.org/bjnano/content/
supplementary/2190-4286-9-275-S1.pdf]

Acknowledgements

This work was supported by the Czech Science Foundation
(project No. 16-02098S), the Operative Program Prague —
Competitiveness (OPPC CZ.2.16/3.1.00/21537, OPPC CZ.2.16/
3.1.00/24503), and by the National Program of Sustainability
(NPU I LO1601). We thank Petr Bezdicka for XRD measure-

ments.

ORCID® iDs

Martina Konco$ova - https://orcid.org/0000-0002-8951-1282
Jaroslav Zelenka - https://orcid.org/0000-0001-8145-8037
Kamil Lang - https://orcid.org/0000-0002-4151-8805

Jan Demel - https://orcid.org/0000-0001-7796-6338

2966


https://www.beilstein-journals.org/bjnano/content/supplementary/2190-4286-9-275-S1.pdf
https://www.beilstein-journals.org/bjnano/content/supplementary/2190-4286-9-275-S1.pdf
https://orcid.org/0000-0002-8951-1282
https://orcid.org/0000-0001-8145-8037
https://orcid.org/0000-0002-4151-8805
https://orcid.org/0000-0001-7796-6338

References

1.

10.

1

-

12.

13.

14.

15.

16.

17.

18.

19.

20.

2

=

22.

23.

24,

25.

26.

Rosi, N. L.; Kim, J.; Eddaoudi, M.; Chen, B.; O'Keeffe, M.; Yaghi, O. M.
J. Am. Chem. Soc. 2005, 127, 1504—1518. doi:10.1021/ja0451230

. Férey, G. Chem. Soc. Rev. 2008, 37, 191-214. doi:10.1039/b618320b
. Zhang, Y,; Yuan, S;; Day, G.; Wang, X.; Yang, X.; Zhou, H.-C.

Coord. Chem. Rev. 2018, 354, 28-45. doi:10.1016/j.ccr.2017.06.007

. Demel, J.; Kubat, P.; Millange, F.; Marrot, J.; Cisafov4, |.; Lang, K.

Inorg. Chem. 2013, 52, 2779-2786. doi:10.1021/ic400182u

. Medishetty, R.; Zareba, J. K.; Mayer, D.; Samo¢, M.; Fischer, R. A.

Chem. Soc. Rev. 2017, 46, 4976-5004. doi:10.1039/c7cs00162b

. Pellieux, C.; Dewilde, A.; Pierlot, C.; Aubry, J.-M. Methods Enzymol.

2000, 379, 197-207. doi:10.1016/s0076-6879(00)19020-2

. Malatesti, N.; Munitic, I.; Jurak, I. Biophys. Rev. 2017, 9, 149-168.

doi:10.1007/s12551-017-0257-7

. Singh, S.; Aggarwal, A.; Bhupathiraju, N. V. S. D. K,; Arianna, G;

Tiwari, K.; Drain, C. M. Chem. Rev. 2015, 115, 10261-10306.
doi:10.1021/acs.chemrev.5b00244

. Habermeyer, B.; Guilard, R. Photochem. Photobiol. Sci. 2018, 17,

1675-1690. doi:10.1039/c8pp00222¢
Lang, K.; Mosinger, J.; Wagnerova, D. M. Coord. Chem. Rev. 2004,
248, 321-350. doi:10.1016/j.ccr.2004.02.004

.Demel, J.; Lang, K. Eur. J. Inorg. Chem. 2012, 5154-5164.

doi:10.1002/ejic.201200400

Hynek, J.; Zelenka, J.; Rathousky, J.; Kubat, P.; Ruml, T.; Demel, J.;
Lang, K. ACS Appl. Mater. Interfaces 2018, 10, 8527-8535.
doi:10.1021/acsami.7b19835

Mosinger, J.; Lang, K.; Plistil, L.; Jesenska, S.; Hostomsky, J.;
Zelinger, Z.; Kubat, P. Langmuir 2010, 26, 10050—10056.
doi:10.1021/1a1001607

Zhou, J.; Tian, G.; Zeng, L.; Song, X.; Bian, X.-w.

Adv. Healthcare Mater. 2018, 7, 1800022.
doi:10.1002/adhm.201800022

Lismont, M.; Dreesen, L.; Wuttke, S. Adv. Funct. Mater. 2017, 27,
1606314. doi:10.1002/adfm.201606314

Lan, G.; Ni, K. Coord. Chem. Rev., in press.
doi:10.1016/j.ccr.2017.09.007

Hynek, J.; Rathousky, J.; Demel, J.; Lang, K. RSC Adv. 2016, 6,
44279-44287. doi:10.1039/c6ra04066g

Majewski, M. B.; Noh, H.; Islamoglu, T.; Farha, O. K. J. Mater. Chem. A
2018, 6, 7338-7350. doi:10.1039/c8ta02132e

Lu, K.; He, C.; Lin, W. J. Am. Chem. Soc. 2014, 136, 16712-16715.
doi:10.1021/ja508679h

Lu, K.; He, C.; Lin, W. J. Am. Chem. Soc. 2015, 137, 7600-7603.
doi:10.1021/jacs.5b04069

.Park, J.; Jiang, Q.; Feng, D.; Mao, L.; Zhou, H.-C. J. Am. Chem. Soc.

2016, 138, 3518-3525. doi:10.1021/jacs.6b00007

Buzek, D.; Zelenka, J.; Ulbrich, P.; Ruml, T.; Kfizova, |.; Lang, J.;
Kubat, P.; Demel, J.; Kirakci, K.; Lang, K. J. Mater. Chem. B 2017, 5,
1815-1821. doi:10.1039/c6tb03230c

Zeng, J.-Y.; Zou, M.-Z.; Zhang, M.; Wang, X.-S.; Zeng, X.; Cong, H.;
Zhang, X.-Z. ACS Nano 2018, 12, 4630-4640.
doi:10.1021/acsnano.8b01186

Zeng, J.-Y.; Zhang, M.-K,; Peng, M.-Y; Gong, D.; Zhang, X.-Z.

Adv. Funct. Mater. 2018, 28, 1705451. doi:10.1002/adfm.201705451
Hynek, J.; Brazda, P.; Rohli¢ek, J.; Londesborough, M. G. S.;
Demel, J. Angew. Chem., Int. Ed. 2018, 57, 5016-5019.
doi:10.1002/anie.201800884

Hynek, J.; KoncoSova, M.; Zelenka, J.; Kfizova, I.; Ruml, T.; Kubat, P.;
Demel, J.; Lang, K. Org. Biomol. Chem. 2018, 16, 7274-7281.
doi:10.1039/c80b01984c

Beilstein J. Nanotechnol. 2018, 9, 2960-2967.

27.JCPDS PDF-2 database, Release 54; International Centre for

Diffraction Data: Newtown Square, PA, U.S.A., 2004.

License and Terms

This is an Open Access article under the terms of the
Creative Commons Attribution License

(http://creativecommons.org/licenses/by/4.0). Please note

that the reuse, redistribution and reproduction in particular
requires that the authors and source are credited.

The license is subject to the Beilstein Journal of
Nanotechnology terms and conditions:

(https://www.beilstein-journals.org/bjnano)

The definitive version of this article is the electronic one
which can be found at:
doi:10.3762/bjnano.9.275

2967


https://doi.org/10.1021%2Fja045123o
https://doi.org/10.1039%2Fb618320b
https://doi.org/10.1016%2Fj.ccr.2017.06.007
https://doi.org/10.1021%2Fic400182u
https://doi.org/10.1039%2Fc7cs00162b
https://doi.org/10.1016%2Fs0076-6879%2800%2919020-2
https://doi.org/10.1007%2Fs12551-017-0257-7
https://doi.org/10.1021%2Facs.chemrev.5b00244
https://doi.org/10.1039%2Fc8pp00222c
https://doi.org/10.1016%2Fj.ccr.2004.02.004
https://doi.org/10.1002%2Fejic.201200400
https://doi.org/10.1021%2Facsami.7b19835
https://doi.org/10.1021%2Fla1001607
https://doi.org/10.1002%2Fadhm.201800022
https://doi.org/10.1002%2Fadfm.201606314
https://doi.org/10.1016%2Fj.ccr.2017.09.007
https://doi.org/10.1039%2Fc6ra04066g
https://doi.org/10.1039%2Fc8ta02132e
https://doi.org/10.1021%2Fja508679h
https://doi.org/10.1021%2Fjacs.5b04069
https://doi.org/10.1021%2Fjacs.6b00007
https://doi.org/10.1039%2Fc6tb03230c
https://doi.org/10.1021%2Facsnano.8b01186
https://doi.org/10.1002%2Fadfm.201705451
https://doi.org/10.1002%2Fanie.201800884
https://doi.org/10.1039%2Fc8ob01984c
http://creativecommons.org/licenses/by/4.0
https://www.beilstein-journals.org/bjnano
https://doi.org/10.3762%2Fbjnano.9.275

( J BEILSTEIN JOURNAL OF NANOTECHNOLOGY

Co-intercalated layered double hydroxides as thermal and
photo-oxidation stabilizers for polypropylene

Qian Zhang', Qiyu Gu', Fabrice Leroux?, Pinggui Tang', Dianging Li’
and Yongjun Feng'’

Full Research Paper

Address: Beilstein J. Nanotechnol. 2018, 9, 2980—2988.
1State Key Laboratory of Chemical Resource Engineering, Beijing doi:10.3762/bjnano.9.277
Engineering Center for Hierarchical Catalysts, Beijing University of
Chemical Technology, No. 15 Beisanhuan East Road, Beijing Received: 22 July 2018
100029, China and 2Université Clermont Auvergne, Institut de Chimie Accepted: 16 November 2018
de Clermont-Ferrand ICCF, UMR-CNRS 6296, F 63171 Aubiére, Published: 05 December 2018
France
This article is part of the thematic issue "Advanced hybrid nanomaterials”.
Email:
Yongjun Feng" - yjfeng@mail.buct.edu.cn Associate Editor: C. T. Yavuz
* Corresponding author © 2018 Zhang et al.; licensee Beilstein-Institut.
License and terms: see end of document.
Keywords:

co-intercalation; composites; layered double hydroxides;
photo-oxidation stability; polypropylene; thermal stability

Abstract

An elegant and efficient approach consisting in the co-intercalation of stabilizing molecular anions is described here. The thermal
stabilizer calcium diethyl bis[[[3,5-bis(1,1-dimethylethyl)-4-hydroxyphenylmethyl]phosphonate] (Irganox 1425, MP-Ca) and a
photo-oxidation stabilizer (hindered amine light stabilizer, HALS) are co-intercalated into the interlayer regions of layered double
hydroxides (LDH) in a one-step coprecipitation. These hybrid organic—inorganic materials are successively dispersed in polypropy-
lene to form H,M,,-CayAl/PP composite films (with H = HALS and M = MP) through a solvent casting method. The correspond-
ing crystalline structure, chemical composition, morphology as well as the resistance against thermal aging and photo-oxidation are
carefully investigated by various techniques. The results show that the powdered H,,M,,-Ca;Al-LDHs hybrid materials have a much
higher thermal stability than MP-Ca and HALS before intercalation. In addition, the H,,M,,-Ca;Al/PP composites exhibit a higher
overall resistance against thermal degradation and photo-oxidation compared to LDHs intercalated with only HALS or MP. This
underlines the benefit of the co-intercalation. The co-intercalated LDH materials pave a new way in designing and fabricating high-

performance multifunctional additives for polymers.

Introduction

Hindered phenols and hindered amines, containing the func- aging agents effectively inhibit the degradation in two ways:
tional groups 2,6-di-tert-butylphenol and 2,2,6,6-tetramethylpi- (1) through capturing generated free radicals and stopping auto-
peridine, respectively, are widely used as functional additives in ~ oxidation and (2) through decomposing and eliminating hydro-

polymers to prolong the service life [1-3]. Generally, the anti-  peroxides [4,5]. However, anti-aging agents are often organic

2980


https://www.beilstein-journals.org/bjnano/about/openAccess.htm
mailto:yjfeng@mail.buct.edu.cn
https://doi.org/10.3762%2Fbjnano.9.277

chemicals that easily migrate and volatilize from the polymer,
reducing the anti-aging efficiency and increasing environ-
mental pollution [6]. Therefore, it is of interest to explore novel
multifunctional additives for polymers with high anti-aging per-
formance together with high migration resistance.

Recently, inorganic—organic hybrid functional additives have
attracted increasing attention for their wide applications in poly-
mers [7]. Organic anti-aging species have been immobilized
onto inorganic supports (e.g., carbon nanotubes, SiO,, graphene
oxide) to produce inorganic—organic composites with higher
migration resistance [8-10]. More recently, layered double
hydroxides (LDHs), a layered host—guest material, have
emerged as promising inorganic nanocontainers for functional
organic active species to enhance the thermal and photo-oxida-
tion stability of interleaved organic species as well as to endow
the polymer/LDH composites with the desired properties [11-
14]. In our previous work, a series of intercalated antioxidants
and photo-oxidation stabilizers with a single active component
have been prepared by coprecipitation. In these polymer/LDH
compounds, the resistance against aging was significantly im-
proved [15-17]. For example, the antioxidant Irganox 1425 (see
Figure 1, abbreviated as MP-Ca) was intercalated into Ca,Al-
LDH through coprecipitation of MP-Ca and A1(NO3)3 at pH 10,
to yield MP-Ca,Al-LDH. Here, the MP-Ca was used the source
of Ca for the host sheet and that of MP for the guest anions.
Polypropylene (PP) protected with the prepared MP-Caj;Al-
LDH exhibited enhanced thermal stability and anti-migration
behavior in comparison with MP-Ca/PP composites. Lately,
some studies have demonstrated much better performance of
multi-component intercalation compounds compared to the cor-
responding single-component intercalation compounds as well
as to the physical mixtures of the components [18,19]. The
benefit of the co-intercalation is attributed to synergistic effects
between the different active species associated to a higher
dispersion in the composites [20,21].

In this work, we designed and fabricated a series of novel
co-intercalated thermal and photo-oxidation stabilizers (H,M,,-
CayAl) through straightforward co-precipitation of HALS and
MP-Ca (Figure 1) [16,17], and examined the resistance of the
H,M,,-CapAl/PP composites against thermal degradation and
photo-oxidation as a function of the molar ratio between HALS

and MP in the interlayer regions.

Results and Discussion

Analysis of H,M,-CasAl-LDHs

Figure 2 displays powder XRD patterns of H,M,,-CayAl-LDHs
with sharp (002), (004) and (006) reflection peaks at low angles
and the weaker (110) peak at a higher angle, corresponding to
the layered structure and the intra-layer structure in the host
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Figure 1: Molecular structures of Irganox 1425 (MP-Ca) and hindered
amine light stabilizer (HALS).
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Figure 2: Powder X-ray diffraction patterns of different H,M,-CasAl-
LDH samples.

sheet [22]. The (002) reflection peaks of HALS-CajAl and
MP-CajAl are located at 11.5° (dggo = 0.77 nm) and 3.4°
(dooo = 2.52 nm), respectively. Simultaneously, for LDHs
co-intercalated with HALS and MP (H,M;-CajAl, H{M;-
CayAl, HiM;-CayAl, HiM3-CayAl), the (002) reflection peaks
appear at ca. 3.4°, corresponding to the d-spacing values of
2.55, 2.68, 2.55, and 2.75 nm, respectively. The enlarged
d-spacing of H,M,,-CayAl-LDHs suggests that HALS and MP
anions were co-intercalated into the LDH, and the different
ratios of HALS/MP result in a slightly different arrangement of
guest anions leading to minor variations of the d-spacing values.
The full width at half maximum values of the (002) reflection of
all H,M,,-CayAl compounds are smaller than those of HALS-
CayAl and MP-CajAl, indicating that the number of stacked
platelets was decreased due to the co-intercalation. The results
show that co-precipitation yields CayAl-LDHs free of CaCOj3
by-product [23].

Figure 3 shows FTIR spectra of all the H,M,,-Ca,Al-LDHs.
One can observe characteristic stretching-vibration bands of
LDHs, for example, the broad band at ca. 3445 cm ! associated
to the OH groups of interlayer water molecules and brucite-like
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Figure 3: FTIR spectra of different H,M,-CaoAl-LDH samples.

LDH layers. The band at 421 cm™! is attributed to O-M-O
lattice vibrations in LDH, which further proves the formation of
a LDH platelet structure. Moreover, for HALS-Ca,Al-LDH and
MP-Ca;,Al-LDH, the characteristics stretching vibration bands
of HALS and MP also occur, such as the carbonyl group of
HALS at 1621 cm™! (C=0) and the phosphate group of MP at
1181 em™! (P=0), 1050 cm™! (P-O-C). Compared with
1645 cm™! in HALS and 1164 cm™! in MP-Ca, shifts of C=0
and P=0 are observed to 1621 cm™! in HALS-CayAl and
1182 cm™! in MP-Ca,Al, respectively, which probably results
from the electrostatic interaction between the organic anions
and the host sheets of CayAl-LDH. After co-intercalation of
HALS and MP, H,M,,-Ca,Al samples demonstrate all of the
characteristic absorption bands of the LDH host together with
those of HALS and MP, suggesting the coexistence of active
HALS and MP species within H,M,,-Ca;Al-LDH.

Figure 4 presents SEM images of HALS-Ca;Al, MP-CayAl and
H,M,,-CayAl-LDHs. HALS-Ca;Al and MP-Ca,Al show typical
platelet-like morphologies. In comparison with MP-Caj,Al,
HALS-CajAl exhibits a flattened platelet-like structure and a
larger average particle size. For the co-intercalated H,M,,-
CajAl, one observes a significant aggregation of LDH platelets
leading to a porous flower-like morphology.

Figure 5 shows the TG and DTA curves of H,M,,-CayAl-LDHs
and Table 1 summarizes the corresponding data. In our previous
work, the decomposition of HALS and Irganox 1425 molecular
anions occurred with an exothermic DTA peak at 300 and
295 °C, respectively [16,17]. Here, three major stages of mass
loss in the TG curve of H,M,,-CayAl-LDH samples can be ob-
served. The first mass loss up to 180 °C is assigned to the
release of adsorbed water and crystal water; The second one in
the range of 180-250 °C is attributed to the dehydroxylation of
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the metal-hydroxide layer. The third large mass loss stage corre-
sponding to the decomposition of HALS and MP ions appears
at 250450 °C with endothermic peaks between 300 and 360 °C
in the DTA curve. The thermal stability of H,,M,,-Ca,Al-LDHs
was expressed through the temperatures associated to a certain
weight loss (i.e., 750, is the temperature at which the sample
has lost 25 wt %) in Table 1. For intercalated CayAl-LDHs, the
thermal oxidative decomposition occurs at temperatures higher
than those of HALS and Irganox 1425. Moreover, the co-inter-
calated H,M,,-CayAl-LDHs exhibit a higher decomposition
temperature than HALS-Ca,Al and MP-Ca,Al, especially
H{M,-CayAl (356 °C). For the co-intercalated H,M,,;-Ca,Al-
LDHs, the Tjs0, values gradually increase from 257 °C for
HoM-CayAl to 299 °C for H{M3-CayAl with an increasing
content of M. The above results illustrate that the thermal
stability of HALS and MP anions are enhanced after the
co-intercalation of both anions into the interlayer region of
LDHs.

Table 1: TG/DTA results of H,M,~CaAl-LDH samples.

sample Toso, DTA peak residual mass
°C) (°C) (wt %)
HALS-CapAl 283 300 55
MP-CaAl 303 308 51
HoM¢-CasAl 257 310 45
H1M¢-CasAl 286 312 49
H1Ma-CajAl 293 306, 356 52
H1 M3-C32A| 299 320 48

Table 2 lists the element analysis data and the calculated chemi-
cal compositions of H,M,,-CayAl-LDHs analyzed by CHN
elemental analysis for the organic moieties and ICP atomic
emission spectrometry for metal cations. The content of inter-
layer water is determined from the mass loss between 100 and
200 °C in the TG curves (Figure 5a). The fractions of HALS
and MP anions are calculated based on the content of Al and C
taking into account the charge balance. The molar fractions of
the guest anions are close to the feeding ratio, suggesting the
ratio between HALS and MP can be adjusted as designed.
These results also suggest that both of HALS and MP anions
have been co-intercalated into Cay Al-LDH.

Analysis of H,M,-CasAl-LDHs/PP
composites

Figure 6 shows XRD patterns of H,M,,-Ca,Al-LDHs/PP com-
posites. All samples show the characteristic Bragg reflections of
a-PP at 12-30° for (110), (040), (130), (111) and (131)/(041)
d-spacings. That is, the addition of H,M,,-CayAl-LDHs has

only insignificant influence on the crystallization behavior of
PP [24]. For HALS-CayAl/PP and MP-Ca;Al/PP, the typical
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Figure 4: SEM images of (a) HALS-CayAl, (b) MP-Ca,Al and (c) HaM-CapAl, (d) HyM1-CaAl, (€) HiMy-CaAl, (f) H1Ms-CanAl.
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Table 2: Chemical composition of H,M,~CaAl-LDH samples.

sample Ca (wt %)

HALS-CapAl 14.4
MP-CaAl 12.9
H2M1-Ca2AI 15.8
H1M1-C82A| 14.5
HiM,-CaAl  14.9
H1M3-CasAl  16.5

Al (wt %)

5.1
35
3.8
3.7
3.3
3.9

C (wt %)

28.6
31.4
29.1
30.2
31.6
29.5

Ca/Al

2.0
2.1
2.3
2.2
23
25

——FPP
——— HALS-CazAl/PP
—— MP-CazAl/PP

H2M1-Ca2Al/PP
HiM1-CazAlIPP
—— HiM2-CazAl/PP
—— HiM3-CazAl/PP

Intensity/a.u.

5 10 15
2-Thetal

Figure 6: Powder X-ray diffraction pattern of H,M,~CasAl/PP compos-
ites. LDH reflection peaks were marked with “1”.

Absorbance/a.u.
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HoO (wt %)  chemical composition

12.2 Cag.67Alp.33(OH)2(HALS) 331.1H,0

7.3 CaolsgA|0_32(OH)2(MP)0.32'0.85H20

8.4 Cag 7Alp 3(OH)2(HALS)g 2(MP)g.1:0.68H,0

7.5 Cag.69Al0.31(OH)2(HALS)0.15(MP)g.16°0.72H20
9.4 Cag.7Alg 3(OH)2(HALS)g 1(MP)g 2:0.83H,0O

8.0 Cag.72Alp.28(OH)2(HALS)0 07(MP)o 21-0.66H20

reflection (002) peaks of HALS-CayAl and MP-CayAl clearly
appear (marked with “1”’) with an increase in spacing from 0.77
to 0.88 nm for HALS-Ca,Al and from 2.52 to 2.68 nm for
MP-CajAl. Probably, the PP chains were intercalated into the
LDH gap structure to produce a polymer-intercalated nanocom-
posite [25]. Yet, none of the diffraction peaks of the co-interca-
lated H,M,,-CasAl hybrid LDHs is observed in the resulting
H,,M,,-Cay Al/PP composites, suggesting a high dispersion of

LDH nanoparticles in the composite.

Figure 7a depicts the FTIR spectra of H,M,,-CayAl/PP compos-
ites in absorbance mode. Here, all composites present the char-
acteristic bands of PP: 2950, 2915, 2868, 2837, 1454, and
1375 cm™!. Some additional bands assigned to LDHs and guest

100
a —FPP b
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——— MP-CazAlIPP
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Figure 7: (a) FTIR spectra and (b) visible-light transmittance spectra of CaAl/PP composites. (c) SEM image and (d) Al (left) and Ca (right) element

mapping of the H{M1-CaAl/PP composite.
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anions are also observed after addition of H,,M,,-CayAl-LDHs.
Figure 7b demonstrates the visible-light transmittance of
H,M,,-Ca;Al-LDH/PP composite films, which is one of crucial
properties of the PP products. All the samples show a similar
trend demonstrating that there is a good dispersion of CayAl-
LDHs in the PP matrix without affecting its visible-light trans-
mission. Figure 7c,d displays the surface morphology and ele-
ment distribution of HM;-CayAl/PP composites from SEM and
element mapping. Consistent with PP free of filler, a spherical
structure is observed for CayAl/PP composites and Al (left) and
Ca (right) elements are homogenously distributed in the H;M;-
CayAl/PP composite films. All results confirm that Cay Al-LDH
particles are well dispersed in the PP matrix and have no nega-

tive effect on the structure and morphology.

Performance of H,M,-CasAl/PP composites

Figure 8a shows the thermal decomposition of H,M,,-Ca,Al/PP
composites measured by TG-DTA. The thermal decomposition
observed for CapyAl/PP composites is comparable to that of PP

free of filler, and the main decomposition process for all sam-
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ples occurs between 250 and 450 °C. The incorporation of
H,M,,~-Ca,Al-LDHs is found to increase the onset temperature
(Tonset) of the initial degradation process. The onset values for
co-intercalated H,,M,,-CayAl/PP composites are higher Tpge¢ in
the range of 336367 °C than those of PP free of filler (265 °C),
HALS-Ca;Al/PP (335 °C) and MP-CaAl/PP (333 °C). Howev-
er, the onset temperature of co-intercalated H,M,,-Ca,Al/PP
does not increase with the percentage of M. HyM -Ca,Al/PP
has the highest T4t value. Moreover, with the addition of
H,M,,-CayAl-LDHs, the amount of residue is also increased,
the promotion of the carbonization process leads to a better
flame retardancy of CayAl/PP composites. As a result, the ther-
mal stability of H,M,,-CayAl/PP composites is obviously im-

proved.

Figure 8b shows the thermal degradation of H,M,,-Ca,Al/PP
composite films at 150 °C as a function of aging time, recorded
by FTIR. With increasing thermal-aging time, the intensity of
the carbonyl peak of the PP film (without filler) significantly in-

creases in the range of 1810-1660 cm™!, accompanied by
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Figure 8: (a) TGA curves of H,M,-Ca,Al/PP composites. (b) FTIR spectra of PP after different periods of thermal aging. (c) Thermal aging and

(d) photo-oxidation aging of H,M,-Ca,Al/PP films.
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changes in shape and position. Here, the integrated area of the
carbonyl band is measured to quantitatively analyze the degra-
dation degree of H,M,,-Ca,Al/PP composite films. Figure 8c
shows the integrated area as a function of the aging time. Two
things can be noted: (1) PP, HALS-Ca,Al/PP, HyM-Ca,Al/PP
and H{Mj3-Ca,Al/PP films, during rapid thermal aging, com-
pletely break after less than 1600 min. (2) MP-Ca,Al/PP,
H M -CayAl/PP and H;M,-Ca,Al/PP films exhibit a good
stability against thermal aging, and their appearance remains
intact after 4500 min at 150 °C. The additive MP-Ca is an
excellent protection against thermal degradation, while HALS is
a photo-oxidation stabilizer. With the same amount of H and M,
the composite H{M-CayAl/PP shows the best thermal stability
among all intercalated Ca,Al-LDHs. Also, the ratio between
HALS and MP can be used to slightly tune the thermal proper-
ties of the LDH/PP composites.

Figure 8d displays the photo-oxidation degradation of H,M,,-
CayAl/PP composite films under UV irradiation. The integrated
area in the range of 1810—1660 cm™! for all samples becomes
larger with increasing UV exposure time. In comparison with
PP free of filler, the addition of H,M,,-Ca;Al-LDHs enhances
the photo-oxidation stability. The photo-oxidation stability is in
the following order: HALS-CayAl/PP > HyM-Ca,Al/PP >
MP-CapAl/PP > HiM-CayAl/PP > H{M»-Ca,Al/PP > H{M3-
CayAl/PP. The different co-intercalated H,M,,-CapAl-LDHs are
found to enhance the thermal and photo-oxidation stability of
H,M,,-CapAl/PP composite films, and the co-intercalated
LDH/PP composite films have better overall performances
compared with the systems intercalated with HALS or MP only.

Conclusion

In this work, we have successfully co-intercalated a hindered
amine light stabilizer (HALS) and a hindered phenolic antioxi-
dant (MP) into the interlayer region of CayAl-LDHs with differ-
ent molar ratios through coprecipitation. The concomitant inter-
calation of HALS and MP significantly enhances the thermal
stability of the powders due to the host—guest interactions be-
tween guest anions and the host LDH. Subsequently a series of
H,M,,-CayAl/PP composite films was prepared. The results
show that the addition of H,M,,~CapAl-LDH has no negative
effect on the crystallization behavior of PP, while it improves
significantly the stability of the composites against thermal deg-
radation and photo-oxidation. Undoubtedly, the co-intercala-
tion method for LDH framework will open a way to design and
fabricate multifunctional additives for polymer composites.

Experimental
Chemicals

Succinic anhydride, tetramethylpiperidinamine, dioxane, ether,
Ca(NOj3),4H,0, AI(NOj3)3-9H,0, NaOH, C,HsOH,
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CH;3COCH3, xylene and hexane were directly used as received
from Beijing Chemical Co. Limited. Deionized water was
employed in all experiments. Polypropylene (PP1300, melting
index: 1.5 g/10 min; melting point: 164—170 °C; density:
0.91 grem™3), and Irganox 1425 were supplied from Beijing
Yanshan Petrochemical Co. Ltd., China.

Fabrication of HALS

The HALS was synthesized as reported [16]. Typically,
succinic anhydride (15 mmol) was dissolved into 10 mL of
dioxane at 80 °C under vigorous stirring, and tetram-
ethylpiperidinamine (15 mmol) in 10 mL of dioxane was drop-
wise added. The solution was kept at 80 °C for 40 min. The
product was washed three times using dioxane and ether.
Finally, the powdered product HALS was collected after

vacuum filtration.

Fabrication of H,M,-CasAl-LDHs

The HALS and MP co-intercalated LDHs (H,M,,-Ca,Al-
LDHs) were prepared through coprecipitation with different
H/M molar ratios of 2:1, 1:1, 1:2, 1:3. For H{M-CaAl, HALS
(3.072 g, 12 mmol) and Irganox 1425 (4.17 g, 6 mmol) were
dissolved in 240 mL of ethanol/water (3:1, v/v). A solution con-
taining 0.100 mol-L™! AI(NO3)3-9H,0 and 1.40 mol-L™! NaOH
was added dropwise to the above HALS/MP-Ca solution
at room temperature under vigorous stirring in nitrogen
atmosphere. The pH value in the reaction system was
maintained at pH 10 after finishing the addition, and the
reaction was kept for another 12 h. The suspension was
centrifuged and washed with 60% ethanol solution until pH 7.
The resulting slurry was further washed twice with acetone with
surface modification and then was used for the preparation of
H{M;-Ca,Al/PP composites. To obtain the H{M-Ca,Al
powder, part of the slurry was dried in an oven at 80 °C
for 24 h. Co-intercalated H,M,;-CayAl with different molar
ratios and MP-CayAl were obtained through a similar
process. Besides, HALS-Ca,Al as the reference was prepared
similarly with a metal solution of Ca(NO3),-4H,O and
A1(NO3)3-9H,0.

Fabrication of H,M,~Ca>Al/PP composites

A series of H,M,,-Ca,Al/PP composites was fabricated through
solvent mixing with the same mass loading of 4.0 wt % com-
pared with pure PP [26]. For the example of H{M-Ca,Al/PP,
6.36 g of H{M-CayAl slurry (solid content: 6.30 wt %) was
dispersed in 100 mL xylene containing 10.0 g PP and the
suspension was heated to 140 °C in an oil bath under vigorous
stirring for 3 h. The resulting suspension was immediately
transferred into 50 mL hexane solvent and then cooled down to
25 °C. Finally, the solid product was collected after drying to
constant weight at 80 °C. For further analyses, the H;M-
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CayAl/PP composite was pressed into a composite film by
Teflon sheets at 170 °C and the thickness was controlled to be
ca. 0.1 mm. Composites of other LDHs with PP (HALS-Ca,Al/
PP, MP-Ca,Al/PP, HyM;-Ca,Al/PP, H;M,-Ca,Al/PP, H{M3-
Ca,Al/PP) were prepared following a similar process using the
required amount of LDH slurry.

Characterization

Powder X-ray diffraction (XRD) measurements were per-
formed on a Shimadzu XRD-6000 X-ray diffractometer with a
wavelength of 0.154 nm at 40 kV and 30 mA in a 20 range of
3-70° at 10°min"!. Fourier-transform infrared (FTIR) spectra
were recorded on a Bruker Vector 22 infrared spectropho-
tometer with KBr pellets (sample/KBr of 1:100 by weight) or
thin films. Thermogravimetry and differential thermal analysis
(TG-DTA) was performed on a PCT-IA instrument in the range
of 25 to 700 °C at 5 °C-min”! under flowing air. Scanning elec-
tron microscopy (SEM) images were taken with a Zeiss scan-
ning electron microscope by dropping dilute ethanol suspen-
sion at room temperature. Elemental analysis for metal ele-
ments (Ca and Al) was carried out on a Shimadzu ICPS-7500
inductively coupled plasma (ICP) atomic emission spectrome-
ter. About 30 mg of the samples was dissolved in a few drops of
concentrated nitric acid (65%) and diluted to 10 mL using
water. CHN elemental analysis was carried out on a Vario EL
III, Elementar instrument. The content of water in the samples
was obtained by thermogravimetry. The UV—vis spectra in the
range of 200 to 800 nm were collected by using a Shimadzu
UV-2501PC spectrophotometer.

Stability evaluation of H,M,-CasAl/PP

composites

Here, two methods were employed to evaluate the thermal
stability of H,M,,-CayAl/PP composites. One way was to ex-
amine the composite samples with TG-DTA, for example,
ca. 7 mg of the samples was heated from 25 to 600 °C at
10 °C'min! in flowing air. The other was to perform an
accelerated thermal aging test in an oven [15]. For this, H,M,,-
CayAl/PP composite films were tailored to a size of
20 x 20 x 0.1 mm and thermally aged at 150 °C. Every 80 min,
the composition was monitored by FTIR. For the quantitative
analysis of the degradation, the integrated area of peaks in the
range of 1810-1660 cm™!, assigned to carbonyl groups was
used.

The photo stability of H,M,-Ca,Al/PP composites
(20 x 20 x 0.1 mm) was examined in an accelerated photo-
aging instrument with an ultraviolet high-pressure mercury
lamp (P =100 W, Aax = 360 nm) and the degradation degree
was monitored every 5 min by FTIR [27]. The data processing
method was the same as during the thermal aging.
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We report a new route to synthesize clusters, or so-called colloidal molecules (CMs), which mimic the symmetry of molecular

structures made of one central atom. We couple site-specifically functionalized patchy nanoparticles, i.e., valence-endowed

colloidal atoms (CAs), with complementary nanospheres through amide bonds. By analogy with the Gillespie formalism, we show
that AX,, AX3E| and AX,E, CMs can be obtained from tetravalent sp3-like CAs when the relative amount of both building units is
varied in a controlled manner. We obtain AX, CMs from divalent sp-like CAs. We also show that it is possible to covalently attach

two different types of satellites to the same central patchy nanoparticle to create more complex CMs, opening the way to the fabri-

cation of new multifunctional nanostructures with well-controlled shape and composition.

Introduction

The molecular world is essentially based on the covalent bond-
ing of atoms displaying valences of 1, 2 (sp), 3 (sp?), 4 (sp®)
and, to a lesser extent, 5 (sp>d) and 6 (sp>d?). The molecules of
water, ammonia and methane, in which the valence orbitals of
the central atom adopt sp3 hybridization and form equivalent
bonds with two, three and four hydrogen atoms, respectively,
well illustrate the great diversity of molecular structures that can
be obtained. For the past two decades, this richness has been a
great source of inspiration for designing colloidal analogues of
molecular systems, the so-called “colloidal molecules” (CMs)
[1]. Tremendous efforts have been devoted to the synthesis of

particles with directional interactions to replicate bond schemes

of molecular systems [2-5]. One efficient approach is to engi-
neer particles with chemical anisotropy, that is, particles with
heterogeneously surface regions in specific positions [6-12].
Bonding between particles occurs through patch—patch interac-
tions so that the positioning of the patches can endow particles
with valence. Patchy particles with various patch motifs were
produced by taking benefit of the inherent directionality of
colloidal clusters and by growing a matrix material onto the
clusters [13,14]. By adjusting the matrix growth, it is possible to
leave some zones of the clusters exposed to the outer medium,
which further serve as patches with controlled size. The group

of van Ravensteijn has also reported asymmetric dumbbell-like
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particles, i.e., with two nodules of different chemical composi-
tions, obtained through a phase separation process during the
styrene emulsion polymerization seeded with cross-linked poly-
styrene (PS) particles coated with a thin layer of poly(vinyl-
benzyl chloride) [15]. Another way to get valence-endowed par-
ticles relies on shape recognition. Shape can indeed direct
colloidal assembly as it was shown that linear supracolloidal
polymers are obtained by self-assembly of cone-shaped parti-
cles in the presence of a depletant [16]. Similarly, microparti-
cles with a specific number of dimples (i.e., entropic patches
[17]) can act as “locks” and assemble with small spheres
(“keys”) via depletion interactions to give rise to well-defined
CMs [18]. The valence of each lock particle is determined by
the number of the cavities whereas their symmetry determines
the bonding geometry. We have previously reported that the
selective growth of the silica core of binary PS/silica CMs and
the subsequent dissolution of the polymeric satellites [19] leads
to silica particles with a precise number of dimples. The PS
chains which are chemically grafted onto the silica surface
remain at the bottom of the dimples after the dissolution stage
and can be specifically chemically modified providing both
enthalpic and entropic characteristics to the patches [20,21].

Here we report the use of these patchy silica nanoparticles with
two or four dimples as sp- and sp3-like colloidal atoms (CAs),
respectively. We take benefit of the site-specific amination of

PS residues remaining at the bottom of the dimples to form a
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variety of CMs through their covalent attachment with comple-
mentary spheres bearing activated carboxylic acid groups. By
varying the relative amounts of both types of nanoparticles and
the chemical composition of the spherical satellites, we demon-
strate that a vast collection of CMs are accessible through
assemblies that are analogous to chemical reactions (Figure 1).

Results and Discussion
Synthesis and surface modification of the

precursors

The first type of precursors, i.e., well-calibrated silica nano-
spheres or core—shell nanoparticles, were obtained according to
a seeded-growth protocol [22] and a method using methoxy
poly(ethylene glycol)-thiol as a coupling agent [23], respective-
ly. Their surface functionalization with carboxylic acid groups
was performed by a two-step approach (Figure 2a). First, amine
groups were grafted onto the silica surface by reaction with
(3-aminopropyl)triethoxysilane (APTES). In a second step, the
amine groups were subsequently treated with succinic an-
hydride in the presence of triethylamine (TEA) to convert
amino groups into carboxylic acid groups. The grafting effi-
ciency was evidenced by zeta potential measurements and
diffuse reflectance infrared Fourier-transform (DRIFT) spec-
troscopy. Figure 2b shows that after treatment of the silica sur-
face by APTES, the so-aminated nanoparticles display a quite
high zeta potential value of about 23 mV at pH 7.0. The isoelec-
tric point (IEP) at pH 8.4 is close to the pK, value of the prima-

)
AX, CM AXY CM AY, CM
sp IlkeCA . )BeBrZ . ) BeBrF L )BeFZ
. ) AX,CM AX;E, CM <. AXE,CM
sp3-like CA ¥ ’CBQ » 5NBr3 A }Brzo
) AXYCM ) AXY, CM
) ) cBrF § ] CBryF,
) AXY,;CM %) AY,CM
y - CBrF, y o) CF,

Figure 1: Synthesis of the CMs by covalent assembly of CAs: valence-endowed nanoparticles and nanospheres. (1) Growth of the silica seeds;

(2) seeded-growth emulsion polymerization of styrene; (3) silica core regrowth; (4) dissolution of PS satellites for developing the dimples followed by
the amination of the residual anchored PS chains at the bottom of the dimples; (5) growth of a silica shell around gold nanoparticles; (6) grafting of
carboxylic acid groups at the silica surface of the nanospheres; (7) locking of carboxylated satellites within the aminated dimples through amide bond-

ing.
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Figure 2: a) Silica surface modification with carboxylic acid groups, (b) zeta potential as a function of pH value, and (c) DRIFT spectra of bare (purple
curve), aminated (orange curve) and carboxylated (green curve) silica particles; d) photograph of dimpled silica nanoparticles suspension before (left)
and after (right) amination of the PS residues in the presence of ninhydrin; e) zeta potential as a function of pH value of silica particles with four
dimples before (cyan curve) and after (green curve) chloromethylation and amination of the PS residues.

ry amine groups attesting to their efficient grafting and correct
orientation on the silica surface. The carboxylated particles pos-
sess a zeta potential of about —43 mV at pH 7.0 and an isoelec-
tric point shifted down to pH 3.8, attesting to the efficient
grafting of the acid groups. Figure 2c shows that the IR spec-
trum of the aminated particles presents a characteristic band
assigned to the C—C bond of the alkyl chain of APTES groups
at 1473 cm ™!, while the IR spectrum of the carboxylated parti-
cles (Figure 2c) presents several characteristic bands such as the
C=0 stretching at 1712 cm™! and the N—H stretching of the re-
sulting amide at 1556 cm™.

The second type of precursors, i.e., the valence-endowed patchy
nanoparticles, were fabricated according to the following
protocol: Bipods or tetrapods made of a central silica core and
two or four PS nodules were prepared by the seeded-growth
emulsion polymerization of styrene, according to an already
published procedure [24]. The regrowth of the silica cores of
the multipods, the subsequent dissolution of the PS nodules to
create dimpled particles and the amination of the PS residues at
the bottom of the dimples were performed according to a

method that we had also reported previously [20]. To evidence
the success of the PS modification stages, we first performed a
Kaiser test, which is based on the reaction of ninhydrin with pri-
mary amines and yields a characteristic dark blue color. Briefly,
1 mL of the aminated dimpled particles suspension in absolute
ethanol and 5 mg of ninhydrin were mixed in an Eppendorf
tube. After few minutes, the suspension turned blue, evidencing
the presence of amine functions (Figure 2d). We also measured
the zeta potential of the multipods before and after the
chloromethylation/amination of the PS chains (Figure 2¢). The
comparison of the zeta potential curves shows that the modifi-
cation stages of the PS residues induce a shift of the IEP to
pH 5.3 attesting to the efficient grafting of amine groups.

Assembly of colloidal molecules

The binding of the aminated dimpled particles with the satel-
lites is based on amide bonding, i.e., peptidic coupling, exten-
sively studied in biochemistry for the modification of amino
acids [25]. The carboxylic groups are not reactive enough
toward amino groups, and a simple and well-known approach

consists in converting them into more reactive groups such as
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anhydrides. We chose to use TEA to deprotonate the carboxylic
groups and ethyl chloroformate (ECF) to react with the result-
ing carboxylate groups to get mixed anhydrides [26]. The
assemblies were performed in dry dimethylformamide (DMF)
as it is a good solvent for the aminated PS macromolecules and
thus favors their extension towards the external medium, which
should optimize the formation of amide bonds with the carbox-
ylated silica satellites. At this stage, any residual water must be
carefully removed to avoid the deactivation of the anhydride
groups by hydrolysis.

Beilstein J. Nanotechnol. 2018, 9, 2989-2998.

With our collection of dimpled particles and satellites, we can
build colloidal assemblies that mimic both the chemistry and
the geometry of molecules. We first performed a series of ex-
periments by mixing 100 nm carboxylated silica nanospheres
with particles with four aminated dimples in a number of
dimples/number of satellites ratio equal to 1/400 in order to
maximize the filling of the dimples (the bold face of the num-
ber means that it concerns the number of dimples, knowing that
the number of particles is this number divided by the valency of
the particle). As shown in Figure 3a, AXy-type CMs, the

Figure 3: Top: TEM images of the CMs obtained from mixing particles with 4 aminated dimples with 100 nm silica nanospheres in a 1/400 ratio before
(a) and after (b) centrifugation. Middle: TEM images of the CMs obtained from mixing particles with 4 (c) and 2 (d) aminated dimples with 100 nm
silica nanospheres in a 4/4 and in a 2/2 ratio, respectively. Bottom: TEM and SEM (inserts) images of the CMs obtained from mixing particles with

4 aminated dimples with 100 nm silica nanospheres in a 4/2 (e) and in a 4/3 (f) ratio. Scale bars: 100 nm.
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colloidal analogues of molecules such as carbon tetrabromide
(CBry), were obtained. One should note here that control exper-
iments, which were carried out by mixing bare silica nano-
spheres with aminated dimpled CAs or carboxylated silica
nanospheres with pristine dimpled CAs, both led to the observa-
tion of isolated silica nanospheres and individual CAs (not
shown), evidencing that the CMs form through an amidation
reaction. As expected, a large excess of free silica satellites
could also be observed in Figure 3a, which was removed by
centrifugation (Figure 3b). Nevertheless, the determination of
the assembly yield by statistical analysis of the transmission
electron microscopy (TEM) images was not possible, because
CMs with a low amount of satellites could be removed with the
excess of satellites during this purification step, leading distort-
ed statistics. Therefore, we decided to perform another series of
experiments dedicated to the assembly of the sp>-like CAs with
100 nm silica nanospheres in a 4/4 ratio. Figure 3¢ shows that
colloidal analogues of CBr4 molecules were mostly obtained,
with a yield of 59% as determined by statistical analysis of
TEM images (Table 1). Similarly, AX,-type CMs, analogues of
molecules like beryllium bromide (BeBr;) were obtained
(Figure 3d) , with a yield of 62% (Table 1) when sp-like CAs
were mixed with 100 nm silica nanospheres in a 2/2 ratio.

Table 1: Compositions of the batches? resulting from mixing the CAs
with 100 nm nanospheres.

sp3-like CAs sp-like CAs
number of dimples / 4/4b  4/3c  4/29  2/2¢
number of nanospheres
% AX4-type CMs 59 20 5 —
% AX3E4-type CMs 25 58 27 —
% AX2Ex-type CMs 15 19 35 —
% AXEz-type CMs 1 3 22 —
% AXy-type CMs — — — 62
% AX1E4-type CMs — — — 29
% unreacted CAs — — 11 9

aDetermined by statistical analysis of TEM images over 2140, €200,
4116, and ©182 clusters.

Based on these results, we decided to extend our synthetic ap-
proach in order to first reproduce at the colloidal level the fact
that a central atom can be surrounded by both bonded atoms
and lone electron pairs. To do so, we decided to change the
quantity ratio of both types of precursors. Hence, we mixed the
sp3-like CAs with 100 nm silica nanospheres in ratios of 4/2
and 4/3. Figure 3e,f show that AX,E,-type and AX3E;-type
CMs, which are the colloidal analogues of molecules such as
dibromine monoxide (Br,O) and nitrogen tribromide (NBr3),
were obtained with a good yield (Table 1), respectively. In par-
ticular, the unfilled dimple(s) of the AX,E,- and AX3E-type

Beilstein J. Nanotechnol. 2018, 9, 2989-2998.

CMs can be clearly seen on the scanning electron microscopy

(SEM) images shown as inserts of Figure 3e,f.

We also aimed to mimic at the colloidal scale the possible
bonding of atoms of different natures to a same central atom,
which is the source of the richness of the organic molecules. We
focused on AX,,Y4—,-type and AX,,Y,—,-type CMs where 0 < n
<4 and 0 < n < 2, respectively. We used 90 nm core—shell
nanoparticles as a second batch of satellites. This choice was
motivated by two reasons. Firstly, we had to work with satel-
lites with a slightly different diameter to mimic another type of
atoms without modifying the valence of the dimpled particles.
By doing so, we were sure to attach only one satellite per
dimple, whatever its nature. Using much smaller satellites could
induce the attachment of more than one satellite per dimple. In
contrast, the dimples of the patchy particles must be big enough
to allow one satellite to be linked to the aminated PS chains,
which excludes to work with too large satellites. The second
reason is related to the necessity to differentiate both types of
satellites attached to a central dimpled particle by conventional
TEM. Thanks to the high electron density of gold, core—shell
nanoparticles can indeed be easily distinguished from silica
nanospheres of similar size. We mixed the sp>-like CAs with
100 nm nanospheres and 90 nm core—shell nanoparticles in a 4/
n/(4 — n) ratio. Figure 4a—d shows that the colloidal analogues
of molecules such as fluorotribromomethane (CFBr3), difluo-
rodibromomethane (CF,Br,), bromotrifluoromethane (CF3Br),
and carbon tetrafluoride (CF,4) are formed with a yield equal to
41%, 50%, 43% and 52 %, for n =3, 2, 1 and 0, respectively.
Similarly, the analogues of molecules such as beryllium fluo-
ride bromide (BeFBr) and beryllium fluoride (BeF,) were ob-
tained from sp-like CAs in a 2/1/1 and in a 2/0/2 ratio, with a
yield of 49% and 54%, respectively (Figure 4e,f).

Conclusion

In conclusion, colloidal molecules, which mimic the symmetry
of molecular structures, have been synthesized through the
covalent attachment of spherical satellites within the dimples of
valence-endowed patchy nanoparticles. The synthetic route is
highly versatile and can be extended to other precursors such as
metallic or semiconductor nanoparticles, opening the way to the
synthesis of a broad panel of (multi)functional nanomaterials
with a controlled shape and composition. These new colloidal
analogues of molecules could serve as building blocks for the
assembly of the next generation (meta-)materials. For example,
attaching four different satellites (such as one gold, one silver,
one iron oxide and one semiconductor nanoparticle) around a
central sp3-like nanoparticle could lead to multifunctional
chiral nanostructures, which may form novel two- or three-
dimensional materials with unprecedented properties by self-

assembly.
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Figure 4: TEM images of the CMs obtained from mixing particles with four aminated dimples with 100 nm silica nanospheres and 90 nm core—shell
nanoparticles in ratios of (a) 4/3/1, (b) 4/2/2, (c) 4/1/3 and (d) 4/0/4. TEM images of the CMs obtained from mixing particles with two aminated dimples
with 100 nm silica nanospheres and 90 nm core—shell nanoparticles in ratios of (e) 2/1/1 and (f) 2/0/2 ratio; scale bars: 100 nm.

Experimental

Materials

We used styrene (Sigma-Aldrich, 99%), methacryloxymethyl-
triethoxysilane (MMS, ABCR, 98%), methacryloxypropylyltri-
ethoxysilane (MPS, Aldrich, 98%), (3-aminopropyl)triethoxy-
silane (APTES, Aldrich, 99%), triethylamine (TEA, Sigma-
Aldrich, 99%), sodium persulfate (Sigma-Aldrich, 99%),
Symperonic® NP30 (Aldrich), sodium dodecylsulfate (SDS,

Sigma-Aldrich, >90%), tetraethoxysilane (TEOS, Sigma-
Aldrich, 99%), ammonia (30% in water, SDS), tin tetrachloride
(SnCly, Sigma-Aldrich, >99%), hydrochloric acid (37%, Sigma-
Aldrich), ethylenediamine (Fluka, 99.5%), gold(III) chloride
trihydrate (HAuCly-3H,0, Sigma-Aldrich), trisodium citrate
dihydrate (NaCit) (Na3CgHs07-2H,0, Sigma-Aldrich, 99%),
O-[2-(3-mercaptopropionylamino)ethyl]-O’-methylpoly(ethyl-
ene glycol) (PEG-SH, M, = 5000) as we received them. We
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systematically used ultrapure water at 25 °C obtained from a
Milli-Q system (Millipore). We purchased tetrahydrofuran
(THF), dimethylformamide (DMF) from Sigma-Aldrich and
chloroform and absolute ethanol from VWR Chemicals. Butyl
chloromethyl ether was synthesized according to a recipe
already published [27].

Synthesis and surface modification of the
spherical satellites

Synthesis of the “pre-seeds”

In a similar manner as described in [28], 100 mL of L-arginine
aqueous solution (6 mM) were added into a 150 mL vial ther-
mostated with hot water circulation at 60 °C and equipped with
a reflux condenser and a 3 cm Teflon®-coated stirring bar.
When a constant temperature of 60 °C was reached, 10 mL of
TEOS were gently added in order to create a top organic phase.
The stirring rate was adjusted in order to maintain the organic
phase undisturbed and the aqueous phase efficiently mixed (ca.
150 rpm). The reaction was stopped after three days. Silica con-
centrations were determined by gravimetric analysis. In a
given volume, the number of silica seeds was calculated from
the silica concentration and the particle average diameter
(ca. 23 nm) and assuming that the particles were spherical and

their density was 2.2 g-em ™.

Synthesis of the silica nanospheres

Regrowth stages were performed according to a previously re-
ported protocol [28] at room temperature in a conventional
glass flask where 455 mL of ethanol, 35 mL of ammonium
hydroxide and 10 mL of the aqueous dispersion of silica “pre-
seeds” were successively introduced. Then, a calculated amount
of TEOS (Table 2) was added at the rate of 0.5 mL-h™ L.
The mixture was stirred until 2 h after the end of the TEOS ad-
dition.

Table 2: Experimental conditions of the silica particles synthesis and
size measurement results of the silica particles obtained (as extracted
from statistical analysis of TEM images).

TEOS/silica (weight ratio) Dsjlica (nm) PDI

28 48 1.042
33 53 1.035
218 103 1.027

The polydispersity index (PDI) given in Table 2 was calculated
based on a minimum of 500 nanoparticles per batch using the
following equation:

ol

PDI=—2%,

tu‘
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where

n

5 Z,-”iDi
Zini

and

5 _ ZiniDi“.

" ziniDi3

are the number-average and the weight-average diameter, re-

spectively, and #; is the number of particles of diameter D;.

Synthesis of the Au@SiO, nanoparticles

Gold nanoparticles of 14 + 2 nm were prepared by the citrate-
reduction method reported by Turkevich [29]. SiO, coating was
carried out after surface functionalization of the gold nanoparti-
cles by using a PEG-SH (M,, = 5000) aqueous solution in a
similar manner as described in [23]. The surface modification
allowed for the replacement of the citrate molecules adsorbed
onto the gold surface by PEG-SH. A ratio of four PEG mole-
cules per square nanometer of available surface of the gold sol
was fixed. The aqueous solution of PEG-SH was freshly pre-
pared and added dropwise to the as-prepared gold nanoparticles
under vigorous magnetic stirring. The mixture was left to react
for 2 h, and was centrifuged at 9000 rpm for 30 min (twice) in
order to eliminate undesired reactants. The AuNPs@PEG-SH
nanoparticles were redispersed in absolute ethanol. To coat the
gold nanoparticles with a silica shell, 15 mL of the Au nanopar-
ticles dispersion were mixed under continuous magnetic stir-
ring with a solution of deionized water and ammonia, at a
volume ratio of 93.8/5/1.2 for absolute ethanol, water and
ammonia, respectively. 18.3 uL of TEOS were added and the
reaction mixture was stirred for 12 h at 20 + 2 °C. Upon
completion of the growth of silica shell, the core—shell particles
were washed with absolute ethanol and water and redispersed in

absolute ethanol.

Grafting of carboxylic acid groups onto the surface
of the spherical satellites

We quickly added under vigorous stirring a pre-determined
volume of APTES, corresponding to a nominal surface density
of 20 functions per square nanometer, into the suspension of the
as-prepared silica nanoparticles. The mixture was stirred at
room temperature for 12 h to promote covalent bonding. The
particle suspension was purified by three cycles of centrifuga-
tion/redispersion (10,000g; 20 min) in absolute ethanol. Then, a
given volume of TEA corresponding to a nominal surface den-

sity of 50 functions square nanometer was added into the parti-
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cle suspension. The mixture was stirred at 60 °C for 15 h before
being centrifuged (10,000g; 20 min). The particles were redis-
persed in 30 mL of anhydrous DMF and a given volume of
succinic anhydride corresponding to a nominal surface density
of 50 functions square nanometer was added. The mixture was
stirred at 60 °C for 15 h to promote covalent bonding. The parti-
cle dispersion was purified by two cycles of centrifugation
(12,000g; 10 min)/redispersion in absolute ethanol followed by
two cycles of centrifugation (12,000g; 10 min)/redispersion in
anhydrous DMF.

Synthesis of the dimpled silica particles with
aminated PS chains

Synthesis of the multipod-like PS/silica clusters

We prepared batches of bipods and tetrapods, consisting of a
central silica core surrounded by two or four PS satellite
nodules, by seeded-growth emulsion polymerization of styrene,
according to a procedure we published previously [24]. We
used two batches of silica seeds with diameters of 48 and
53 nm, respectively, previously surface-modified with MMS or
MPS (0.5 molecules per square nanometer) and a surfactant
mixture (3 g'L™") of Symperonic® NP30 and SDS. The poly-
merization was performed at 70 °C for 6 h.

Regrowth of the silica core

We regrew the silica cores to create dimples using a method
that we had reported previously [19]. We prepared a mixture of
227.5 mL ethanol and 17.5 mL ammonia (1 M) and added first
5 mL of the polymerization medium containing clusters and a
given volume of TEOS at a rate of 1 mL-h™!. The experimental
conditions and composition of the batches are described in Ta-

ble 3. For dissolving the PS satellites, we added a volume of
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DMF corresponding to 10% of the total volume. Then, the
dispersion was heated at 70 °C and partially evaporated under
vacuum using a rotary evaporator. Then, the temperature was
increased to 90 °C and the evaporation continued until the
dispersion turns from white to almost transparent. The removal
of the dissolved PS was performed by three cycles of centrifu-
gation (10,000g; 10 min) and redispersion in THF.

Amination of the residual PS macromolecules at the
bottom of the dimples

We used a recipe already reported [21]. Briefly, after transfer-
ring the as-prepared dimpled silica particles in chloroform, we
added butyl chloromethyl ether in chloroform (3 M; 5 mL) and
0.3 mL SnCly. We set the temperature to 45 °C and then aged
the mixture overnight. Finally we washed the nanoparticles by
three cycles of centrifugation (5000g; 15 min) and redispersion
in HCI aqueous solution (4 wt %) and then in water/ethanol
(50/50 wt/wt) before redispersion in 20 mL DMF. We per-
formed the amination stage by using 10'3 chloromethylated
patchy particles in DMF and 3 mL ethylenediamine, i.e., in
large excess for minimizing cross-linking. We set the tempera-
ture at 90 °C and let the system react overnight under stirring.
We washed the nanoparticles by two cycles of centrifugation
(12,000g; 20 min) and redispersion in ethanol and two extra
cycles in water. After having made the amino groups proto-
nated using few drops of HCI, we centrifuged the dispersion

and redispersed the nanoparticles in DMF.

Assembly of the aminated dimpled particles with the
carboxylated silica spheres
The carboxylic acid functions at the surface of the silica spheres

were transformed into carboxylic anhydrides through the addi-

Table 3: Experimental conditions and final compositions of the multipod-like silica/PS clusters used in this study and their geometrical features.

bipod batch tetrapod batch

experimental conditions for the seeded-growth emulsion Dsilica (nm) 48 53
polymerization of styrene Nsiica (1015 L) 18 18

Ssilica (MZL™1) 130 159

[styrenelg (g-.L™") 100 100

coupling agent MPS MMS

NP30/NP30 (%/%) 98/2 95/5

styrene-to-PS conversion (%) 70 84
experimental conditions for the silica core regrowth [clusters] (104 NPs-L™1) 3.6 3.6

added VTEQS 10 % in ethanol (ML) 5 5

% bipods 86 4

% tripods 11 19

% tetrapods 1 76

% others 2 1

Dyilica after regrowth (nm) 131 132
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tion of ECF. To do so, 12 pL of TEA (which correspond to a
surface density of 8 functions per square nanometer) were
added into 5 mL of a suspension of particles in anhydrous DMF
(at 46 g-L™!). After homogenization 4 pL of ECF were
added. The suspension was stored at 4 °C. A given volume of
the activated silica spheres was mixed with the aminated
dimpled particles in an Eppendorf tube and the mixture was
gently shaken for one week. The clusters were collected by
three cycles of centrifugation (500g; 20 min) and redispersion
in ethanol.

Characterization techniques

Transmission electron microscopy (TEM)

TEM experiments were performed using a Hitachi H600 micro-
scope operating at an acceleration voltage of 75 kV and a JEOL
JEM 1400 Plus microscope operating at 120 kV. We prepared
the samples by depositing one drop of the colloidal dispersion
on conventional carbon-coated copper grids. We let the liquid
evaporate in the open air at room temperature and placed the

grids in a box away from dust.

Scanning electron microscopy (SEM)

We performed high-resolution SEM experiments with a JSM
6700F microscope at the Plateforme de Caractérisation des
Matériaux d’Aquitaine (PLACAMAT). One drop of the CMs
suspension was deposited on a glass slide. It was then dried in

the open air, metalized, and placed in a box away from dust.

Diffuse reflectance infrared Fourier-transform
(DRIFT) spectroscopy

We evaporated solvent from the solution of PS or modified PS.
To 9 mg of the dried sample we added 281 mg of desiccated
KBr (spectroscopy grade). We ground the mixture in an agate
mortar and deposited the powder on the sample holder. The
sample was then introduced into the Bruker IFS Equinox 55
spectrometer and the measurements were performed in a
Selector Graseby Specac reflection cell. After 30 min of
degassing, the infrared spectrum was recorded by the acquisi-

tion of 120 measurements with a resolution of 2 cm™!.

Zeta potential measurements

The nanoparticle dispersion was diluted to a concentration of
about 101> NPs-L™!. The pH value of the solution was adjusted
by the addition of HCI1 (0.1 M) or NaOH (0.1 M). When the
desired pH value was reached, a volume of 5 mL of the sample
was collected. After equilibration of the pH value for 12 h, the
pH value of the samples was measured once again and the zeta
potential values were measured using the Malvern Zetasizer
3000 HS setup (Malvern Instruments). Each measurement was
performed for 30 s, the dielectric constant of solvent (water)

was set to 80.4 and the Smoluchowsky factor f{xa) was 1.5.
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Abstract

A new micro/mesoporous hybrid clay nanocomposite prepared from kaolinite clay, Carica papaya seeds, and ZnCl, via calcination
in an inert atmosphere is presented. Regardless of the synthesis temperature, the specific surface area of the nanocomposite materi-
al is between ~150 and 300 m%/g. The material contains both micro- and mesopores in roughly equal amounts. X-ray diffraction, in-
frared spectroscopy, and solid-state nuclear magnetic resonance spectroscopy suggest the formation of several new bonds in the ma-
terials upon reaction of the precursors, thus confirming the formation of a new hybrid material. Thermogravimetric analysis/differ-
ential thermal analysis and elemental analysis confirm the presence of carbonaceous matter. The new composite is stable up to
900 °C and is an efficient adsorbent for the removal of a water micropollutant, 4-nitrophenol, and a pathogen, E. coli, from an

aqueous medium, suggesting applications in water remediation are feasible.
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Introduction

Porous carbon-based materials and carbon/inorganic hybrid ma-
terials have extensively been used for the adsorption of pollu-
tants, such as heavy metals or aromatic hydrocarbons, from
water in developing countries [1-4]. The removal of such conta-
minants is a necessity for public health in many developing
countries because these pollutants can negatively alter impor-
tant biochemical processes and thus are a critical threat to the
health of plants, animals, and humans [5]. In addition to chemi-
cal contaminants, the removal of biological pollutants from
water is a key issue in water treatment and public health.
According to the World Health Organization, increasing
discharges of untreated sewage, in addition to agricultural
runoff and wastewater from industry, have drastically reduced
the quality of water around the world. The problem is expected
to persist in the coming decades if not quickly addressed [6].
For example, the Escherichia coli (E. coli) O157:H7 strain
causes diarrhea, hemorrhagic colitis, and hemolytic uremic
syndrome [7] with serious consequences for the infected indi-
viduals.

Unfortunately, many pathogens have developed multiple resis-
tances over the years. Moreover, as bacteria also have a spore or
vegetative phase, biological pathogens can persist for a very
long time in the environment and withstand common disinfec-
tion methods [7,8]. Thus, there is a real need for advanced water

treatment processes that overcome these issues.

When water remediation in developing countries is considered,
the price of the materials and not their performance is unfortu-
nately the key aspect to take into account. Current technologies
such as activated carbon or silica-based materials are still too
expensive for these situations. As a result, cheap yet highly effi-
cient materials that can be used for the purification of very large
volumes of water are therefore highly sought after [4]. This ap-
proach applies to all subgroups of contaminants — heavy metals,
organic pollutants, and biological contaminants.

One approach to reduce cost while maintaining the function-
ality of the material is the use of kaolinite as a cheap yet func-
tional component. Indeed, kaolinite-based materials are effi-
cient materials for the desulphurization of crude oil and heavy
metal removal from aqueous media [9-14].

Although effective, the preparation of these materials still often
involves metakaolinization, dealumination, ageing, and auto-
clave heating for several days [15,16]. In some cases, silica,
alumina, and structure-directing agents have to be added to the
metakaolin to tune the properties of the resulting materials
[13,14]. These approaches are less expensive than the use of all-

synthetic reagents, such as highly developed silica materials,
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but they are tedious and still rely on autoclave technology,
which is not generally available to the countries in need of these
materials. Thus, there is a need for cheap, high volume, and
low-tech processes towards materials for water treatment. This
is particularly important for developing countries, but with
sustainability becoming one of the world’s core issues, interest
in such materials and processes has also soared in highly indus-

trialized countries.

Indeed, there are reports of the use of clay/carbon materials for
the removal of toxic micropollutants from water. In some cases,
sugars have been used as starting compounds [17,18], while in
other cases, dyes and other organic molecules have been loaded
into the clay interlayer and calcined together with the clay to
produce hybrid carbon/inorganic adsorbents [19,20].

We have previously described the synthesis and performance of
a new hybrid material based on kaolinite and Carica papaya
seeds for water treatment [1]. The material has several advan-
tages over conventional processes: (i) it can be made from local
raw materials, (ii) the raw materials are either waste or very
cheap, (iii) the process does not require a complex technical
setup, (iv) the process can be adapted to local requirements,
such as exchanging the papaya seeds with other organic compo-
nents that are available locally, and (v) the material performs
very well (according to the World Health Organization limits)
for Cd(II) and Pb(Il) removal from water. However, recent ex-
periments in our laboratories (unpublished) show that the mate-
rial performs very poorly when attempting to remove anionic
pollutants from water.

In response to this observation, we have modified the synthesis
strategy using microwave irradiation rather than thermal treat-
ment during synthesis. The resulting materials have been suc-
cessfully used for the removal of phosphates and gram-nega-
tive bacteria from aqueous media [21,22].

Unfortunately, these materials are not effective in the removal
of nitrophenol (anionic) pollutants from water. The materials
are only able to disinfect water by adsorption without killing the
pathogens [22]. The current study shows that these limitations
are, however, surmounted by a further modification of the base

materials via an improved materials synthesis procedure.

The current study describes the synthesis of a new porous nano-
composite material. Unlike earlier versions of these materials
prepared with alkali activation [1,22], the resulting micro/meso-
porous carbon—clay nanocomposite in this study shows a high
efficiency for the removal of anionic organic and pathogenic

pollutants from water. As in the previous study [1], the starting

120



materials are purified raw kaolinite clay (one of the most abun-
dant materials on earth), Carica papaya seeds, and ZnCl,. The
synthesis protocol is very simple and thus is amenable to
upscaling and fabrication in less developed regions of the
world. No high pressure nor additional (expensive) and environ-
mentally harmful template is necessary.

Materials and Methods

Materials

ZnCl,, MgCl, (>98%) and HNO3 (>90%) were purchased from
Sigma-Aldrich. Carica papaya seeds were obtained from the
local market in Benin City, Nigeria and sun-dried until all
fleshy parts of the fruits were dried off the seeds. The dry seeds
were collected into an airtight container. Kaolinite clay was
collected from Redeemer's University, Redemption City,
Nigeria, and purified according to the method described by
Adebowale et al. [23].

Methods

Synthesis. Hybrid clay (HYCA) materials were prepared by
vigorously mixing MgCl, or ZnCly, kaolinite clay, and papaya
seeds (in specific ratios as described in the section “Sample
nomenclature” below, 10 g of material in total) in 100 mL of
Millipore water in a beaker yielding a turbid paste. These pastes
were allowed to stand open to the air for 24 h, after which they
were dried in an oven at 70 °C. The dried samples were heated
to between 450 and 900 °C in a Carbolite furnace in N, for 2 h.
Subsequently, the samples were washed with 3 M HNOj for
30 min with intermittent stirring, filtered, and dried in an oven
at 70 °C.

Sample nomenclature. The samples prepared with ZnCl, in a
1:1:1 (ZnClj,:papaya seeds:kaolinite clay, 10 g total mass)
weight ratio were labelled 1Z-HYCA, and samples with a 2:1:1
weight ratio were labelled 2Z-HYCA. Samples prepared with
MgCl, were labelled following the same concept but using the
prefix M instead of Z. The total mass of all components

combined was always 10 g.

Physicochemical characterization

X-ray powder diffraction analysis

The X-ray diffraction analysis data were collected on a
PANalytical Empyrean powder X-ray diffractometer in a
Bragg—Brentano geometry. This instrument was equipped with
a PIXcellD detector using Cu Ka radiation (A = 1.5419 A)
operating at 40 kV and 40 mA. The 0/6 scans were run in a 20
range of 4—70° with a step size of 0.0131° and a sample rota-
tion time of 1 s. The diffractometer was equipped with a
programmable divergence and antiscatter slit and a large Nibeta
filter. The detector was set to continuous mode with an active
length of 3.0061°.
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Scanning electron microscopy (SEM) and specific
surface area analysis

SEM analysis was performed on a Japan Electron Optics Labo-
ratory JSM 6510 with an energy dispersive X-ray spectrometer
(Oxford INCAx-act SN detector) to determine the morphology
of particles prepared in this study. The porosity analysis and
specific surface area determination were performed using
Autosorb-1MP and Quadrasorb-MP machines (both Quan-
tachrome Instruments). The samples were degassed under high
vacuum at 150 °C for 20 h prior to analysis. The surface areas
were calculated either by the single-point or multipoint
Brunauer—Emmett—Teller (BET) method [24]. The pore size
distributions were calculated using the quenched solid density
functional theory (QSDFT) methodology (part of the
QuadraWin 5.05 Software package of Quantachrome Instru-
ments). The QSDFT analysis was obtained from the adsorption
branch of the isotherms assuming slit-like micropores and cylin-
drical mesopores.

Spectroscopy analysis

Fourier transform infrared spectra (FT-IR) were obtained
from transmission measurements (Shimadzu 8400S FTIR,
4000-400 cm ™!, 40 Scans) using KBr pellets prepared with a
Shimadzu MHP-1 mini hand press. The background correction
was performed with a pure KBr pellet, and the samples were
measured at 10% in 90% KBr. UV—vis spectroscopy was
performed on a Shimadzu 1650pc UV—vis spectrophotometer
for analysis of 4-nitrophenol. Cross-polarized magic angle
spinning nuclear magnetic resonance 27Al (104.1 MHz),
13C (100.5 MHz), and 29Si (79.4 MHz) spectra of the
2Z-HYCA @650 °C nanocomposite were recorded on a Bruker
DRX-400 spectrometer with a magic angle spin probe and
4 mm ZrO, rotor 27Al signals were referenced to a 0.5 M
aqueous solution of aluminum nitrate. 13C and 2%Si signals were
referenced to tetramethylsilane (TMS).

Other analysis

Thermogravimetric /differential thermal analysis was per-
formed on a Netzsch STA 449F3 from 25 to 1000 °C at
5 °C/min under Nj. The point of zero charge (pH,,.) analysis
meant to determine the surface charge of samples prepared was
carried out using the salt addition method, as described by
Unuabonah et al. [22]. Elemental analysis to determine the
amount of C, H, and N in the samples was performed with an

Elementar Vario EL III elemental analyzer.

Adsorption of 4-nitrophenol

For each measurement, 0.7 g of 2Z-HYCA was added to a Sala-
mander tubular reactor (Cambridge Reactor Design Ltd, UK)
operating at 30 °C. The fixed bed reactor (length of 3.625 cm,
diameter of 6 mm) was flushed with 20 mL of deionized water
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to wash the 2Z-HYCA material. With the column delivering
clean and clear deionized water and with the deionized water
allowed to run out completely, a 1 mg/L solution of 4-nitro-
phenol was allowed to flow through the reactor bed in upward
flow mode at a flow rate of 10 mL/min. Effluents from the
column were collected at selected time intervals. An analysis of
4-nitrophenol was performed according to Al-Asheh et al. [25]
using a 0.5 mol/L sodium carbonate solution, and measure-
ments of the absorption of the solutions at 400 nm vs distilled
water were carried out. Kyplot 2.0 software was used to model
the experimental data against the Thomas model [26] by mini-
mizing the sum of squared differences between the experimen-
tal and predicted values of the dependent variable using the

quasi-Newton least squares algorithm.

Pathogenic pollutant removal

To evaluate the efficiency of 2Z-HYCA for pathogen removal
from water in a real application, commercial Eva® drinking
water was used for the removal experiments. Freshly purchased
Eva® water does not contain E. coli and was therefore used as
the reference. E. coli ATCC 25922 cultures were grown in
nutrient broth at 37 °C for 24 h to yield a cell count of approxi-
mately 10° cfu/mL. The tip of a sterile inoculation loop was
then used to spike 1 L of the water six times, which yielded
approximately 103 cfu/mL as measured using the optical densi-
ty method that utilized a UV-vis spectrophotometer at an
absorption maximum of 600 nm. This step was repeated twice,

and the average optical density readings were determined.

A sample of 0.5 g of 2Z-HYCA was pretreated with 10 mL of
ethanol and then dried in an oven. Subsequently, the sample
was placed in an autoclave-sterilized fixed bed column (8§ mm
internal diameter and length 28 cm) and flushed with warm
sterile water. The E. coli-spiked water was then passed through
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the bed of the 2Z-HYCA adsorbent, and effluent samples were
collected at specified time intervals. To test for the presence of
E. coli in the effluent, 1 mL of the effluent solution samples
were inoculated in eosin methylene blue (EMB) agar plates, in-
cubated at 37 °C for 24 h, and E. coli colonies (as indicated by a
metallic sheen on the plates) were counted with a colony
counter. This test was conducted in duplicate.

Results and Discussion

Physicochemical analysis

Specific surface area analysis

To evaluate the effect of the type of metal salt on the efficiency
of the resulting materials to remove 4-nitrophenol and E. coli
bacteria, we prepared an initial set of materials with MgCl, and
ZnCl, at a reaction temperature of 500 °C. Figure 1a shows the
nitrogen sorption isotherms of IM-HYCA, 1Z-HYCA, and
27-HYCA (see experimental part for sample labels). The shape
of the isotherms suggests the presence of micro- and mesopores
in 1Z- and 2Z-HYCA, while IM-HYCA only shows a low
nitrogen uptake. Its specific surface area, Sggt, is only 20 m%/g,
while the Sgpt of 1Z-HYCA is 162 m?/g and the Sggt of
27-HYCA is 228 m%/g (Figure 1A). As a result, M-HYCA was
not considered any further because high surface areas are a
prerequisite for successful water treatment.

In contrast, both Zn-containing samples show adsorption—de-
sorption isotherms indicative of porous materials. The isotherm
shape is, however, rather ill-defined and can be understood as a
mixture of different isotherm types. A significant uptake is ob-
served at low relative pressure (p/pg), which is indicative of
some microporosity. A monotonic increase in the adsorbed gas
amount is observed at intermediate relative pressures, followed
by a steeper volume increase at high relative pressures. The
increase can be related to the condensation of N in the intersti-
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Figure 1: (A) N, adsorption/desorption isotherms (77.4 K) for the HYCA materials prepared at 500 °C. (B) BET surface area of the 2Z-HYCA materi-
als vs calcination temperature. (C) Pore volumes of the 2Z-HYCA nanocomposite materials vs calcination temperature.
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tial voids among the particles. A very modest hysteresis is ob-
served, which closes at approximately p/py = 0.45. This result is
indicative of a few mesopores with restricted access within the

material, which are emptied by cavitation [27].

Furthermore, analysis of 2Z-HYCA vs the synthesis tempera-
ture indicates that significant porosity in the materials is gener-
ated at approximately 500 °C. Indeed, 2Z-HYCA prepared at
450 °C does not show any porosity, while materials prepared at
500 °C and higher show surface areas that remain roughly con-
stant until a preparation temperature of 900 °C. No clear trend
of the specific surface areas or the pore volume is observed with
increasing temperature. The specific surface areas are scattered
at approximately 230 m2/g (Figure 1b), and the total pore
volume scatters at approximately 0.23 cm3/g (Figure lc).

Pore size distributions (PSDs) were determined from the
adsorption branches of the isotherms using a commercialized
QSDFT methodology [28]. A rather constant micropore content
was observed (Figure 1c) along with mesopores. The ratio of
the mesopore surface area to micropore surface area is approxi-
mately 1. The pore volume of mesopores is accordingly signifi-
cantly higher than the pore volume of the micropores (Table S1,
Supporting Information File 1). The size distribution of the
mesopores is broad (Figure S1, Supporting Information File 1)
with the main fraction of pores between 2 and 8 nm. Similar to
the total surface area, the PSD is independent of the synthesis

temperature.

Overall, nitrogen sorption analysis indicates that the porosity
does not directly correlate with the synthesis conditions as soon
as the threshold temperature of 500 °C is passed.

As stated above, a high surface area is a key requirement for a
material to work in water treatment. The remainder of the article
will therefore focus on 2Z-HYCA nanocomposite materials
which had the highest surface area.

Influence of synthesis temperature

Figure 2A shows the isolated yields of 2Z-HYCA after the reac-
tion at different temperatures. The data clearly show that the
yield decreases as the reaction temperature increases.

In light of the need for a (reasonably) sustainable and efficient
process with good yields, the reaction temperature should thus
be as low as possible to provide the highest mass possible. In
spite of this, the reaction temperature must be high enough to
provide a high surface area and substantial transformation into
the desired high surface area 2Z-HY CA nanocomposite materi-
als. As a result, a reaction temperature of approximately 500 °C

appears the most suitable for the synthesis of 2Z-HYCA nano-
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Figure 2: (A) Yield vs reaction temperature. (B) Chemical composition
data from elemental analysis (EA) and energy dispersive X-ray spec-
troscopy (EDXS): Zn, C, H, and N fractions vs temperature. No symbol
in (B) indicates that the concentrations of the respective elements are
below the limit of detection of the respective instrument (EA = 0.3%,
EDXS = 0.1%).

composite because it is high enough to produce a material with
a high surface area, yet low enough to produce substantial
yields. A reaction temperature of 500 °C is even more attrac-
tive if the aspect of reduced energy cost for reactions at lower
temperatures (500 vs 700 or even 900 °C) is considered. Specif-
ically, the lower the reaction temperature is, the lower the

energy cost for producing the material is.

Elemental analysis

The 2Z-HYCA nanocomposite samples were further analyzed
with energy dispersive X-ray spectroscopy (EDXS) and
elemental analysis (EA) to determine the elemental make-up of
the nanocomposite and to specifically determine if it was suc-
cessfully Zn doped. Figure 2B shows the fractions of Zn, C, H,
and N vs sample treatment. The EA shows that increasing the
reaction temperature eliminates hydrogen from the samples.
This finding is consistent with previous work showing that acti-
vation using ZnCl, induces the loss of hydrogen and oxygen

atoms from carbon materials in the form of water, rather than as
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hydrocarbons or as oxygenated organic compounds [29]. The
hydrogen loss could have led to aromatization of the carbon
skeleton, and the formation of pores. Some authors suggest that
ZnCl, is very mobile above its melting point (283 °C) which
inhibits the formation of volatile matter (devolatization) and
thus allows for the development of a microporous structure
[30,31].

The amount of Zn (obtained from EDXS) is shown to increase
in 2Z-HYCA nanocomposites prepared at temperatures below
700 °C and reaches a maximum at this temperature. It then
decreases sharply above 700 °C while remaining practically
constant at very low levels in all samples prepared at 750 °C or
higher (Figure 2B). We speculate that the tendency to incorpo-
rate Zn into the final material is maximized at temperatures of
650 and 700 °C but is greatly reduced at temperatures above the
boiling point of ZnCl, (732 °C) due to the evaporation of ZnCl,
[30].

Analysis of chemical functionalities

Figure 3 shows selected FTIR spectra of 2Z-HYCA prepared at
different temperatures. The signals are indicative of surface oc-
tahedral —OH groups at 3697, 3670, and 3649 cm™!, which are
observed in the spectra of the raw kaolinite, and are no longer
visible in the spectra of the 2Z-HYCA samples. This result is
similar to our previous HY CA materials prepared with NaOH in
air at 300 °C [1].

The broad band at approximately 3426 cm™! in raw kaolinite
clay is an —OH stretching vibration that is present in all

Beilstein J. Nanotechnol. 2019, 10, 119-131.

2Z-HYCA micro/mesoporous nanocomposite materials. The
—OH bending vibration from adsorbed water at ~1600 cm™!
decreases in intensity and shifts from 1624 to 1585 cm™! with

increasing reaction temperature.

The bands observed in the spectra of raw kaolinite between
1000-1200 cm™! significantly change upon heating. The spec-
tra of samples produced at 450 °C exhibit new bands at 1067
and 459 cm™!, which become sharper in 2Z-HYCA nanocom-
posite materials prepared above 450 °C. These new well-
defined peaks suggest a mixed phase of Si—O and SiOy tetra-
hedra [32]. The new distinct peak at 459 cm™! is associated with
the presence of Si—O [33].The —OH bending vibration from
absorbed water in raw kaolinite clay (1630 cm ™) shifts to lower
wave numbers in 2Z-HYCA (between 1615 and 1599 cm™!)
with increasing temperature. The band at approximately
1700 cm™! is attributed to the C=0 stretching vibrations of car-
bonyl groups present in the organic fraction in the 2Z-HYCA
composites. There appears to be a doublet peak at 2352 and
2356 cm™ ! which signifies the presence of the -C—N stretching
mode [34]. The Al-O absorption peak at 917 cm™! decreases in
intensity as the temperature increases. As a result, IR spectros-
copy demonstrates that the 2Z-HYCA nanocomposite material
is a complex hybrid material containing Si-O, Si-O, Al-O,
—OH, —C—N, and C=0.

X-ray diffraction analysis

Figure 4a shows the powder X-ray diffraction (PXRD)
diagrams of raw kaolinite (RK) and 2Z-HYCA prepared at dif-
ferent temperatures. After heating, dehydroxylation of kaolinite
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Figure 3: Fourier transform infrared spectra of the 2Z-HYCA nanocomposites obtained at various temperatures. “RK” indicates the spectrum of the

raw kaolinite mentioned in the text.
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Figure 4: (a) XRD patterns of raw kaolinite clay and 2Z-HYCA composite materials obtained at various temperatures. (b) Powder X-ray diffraction
(PXRD) diagrams of raw kaolinite (RK), raw kaolinite heated at 550 °C and 2Z-HYCA prepared at 750 °C. k = K-feldspat (microcline), il = illite,

gtz = quartz, plg = plagioclase, ghn = gahnite.

occurs, which causes the reflections of kaolinite to disappear
(for example, at 12.35° and 20.34°, 20, JCPDF 98-008-7771).
In the absence of the reflections of kaolinite, the remaining
reflections of quartz (JCPDF 98-008-9277 at 20 values of
20.83°,26.61°, 36.49°, 39.43°, 50.08°, etc.), K-feldspar (micro-
cline, JCPDF 98-020-2423 at 20 values of 21.04°, 27.07° and
27.45°) and plagioclase (JCPDF 98-003-4917 at 20 values of
22.01° and 27.95°) occur more clearly.

Figure 4b shows the comparison of the PXRD diagrams of raw
kaolinite, raw kaolinite heated at 550 °C and 2Z-HYCA heated
at 750 °C for one hour. The originally used raw kaolinite is
composed of kaolinite (k), quartz (qtz) and feldspar (microcline
(kfs) and plagioclase (plg)) and small amounts of illite (il,
JCPDF 98-009-0144) and anatase (TiO,, JCPDF 98-009-6946,
at 20 values of 25.29°). As already mentioned, the kaolinite
reflections disappear for all heated samples. Additionally, the
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illite reflection (see Figure 4b at 20 19.82°) decreases, probably
due to the dehydroxylation illite, which begins at temperatures
>550 °C. Additionally, above 650 °C, the heated 2Z-HYCA
diagrams show broad reflections (see Figure 4a at 20 values of
31.25, 36.82°, 55.62°, 59.32° and 65.19°), which can be
assigned to a new Al,ZnOy-phase (ghn, gahnite-type JCPDF
98-007-5098).

Interestingly, the new materials prepared in this study exhibit no
ZnO phase, as seen from the FTIR or XRD spectra, unlike in
our previous studies [21]. This behavior is because a standard
solution of NaOH used in the previous preparation of the mate-
rials (which, when reacted with ZnCl, will yield ZnO) was

omitted in the preparation of the nanocomposites in this study.

Nuclear magnetic resonance spectroscopy analysis
To further evaluate the composition and structure of 2Z-HYCA,
a sample calcined at 650 °C was investigated with solid-state
cross-polarized magic angle spinning nuclear magnetic reso-
nance (CP-MAS-NMR) spectroscopy. The corresponding 2%Si,
27Al, and '3C CP-MAS-NMR spectra are shown in Figure 5.

27Al 8-fold coordination 4-fold coordination
& mpurity (see text)
298j SiOg~ [\ SiO5 - Sio,
3(I)0 2(|)0 1(I)0 (I) -1 IOO -2IOO

Chemical shift / ppm

Figure 5: 29Si, 27Al and 13C CP-MAS-NMR spectra of 2Z-HYCA
calcined at 650 °C. *Rotation side bands of ethylene carbon.

The 13C spectrum only shows a prominent peak at 128 ppm, in-
dicating the presence of sp2-bonded carbon environments,
specifically CH=CH, moieties [35]. The weak bands at ~215
and =35 ppm are rotation sidebands [36].

The 2°Si MAS-NMR spectrum shows a set of low-resolution
signals. The bands at —89, —100 and —126 ppm correspond to
Q3 (1Al) [37], isolated silanol [SiO3(OH)] [38] and Q% (0AI)
[37] silicon sites of metakaolin, respectively. These peaks are
common to kaolinite heated between 550-850 °C [38].
The presence of these peaks suggests that 2Z-HYCA is an

organic—inorganic hybrid material.
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The 27A1 MAS-NMR spectrum shows two distinct peaks at 55
and 10 ppm, characteristic of tetrahedrally (T) and octahedrally
(O) coordinated aluminum centers, respectively, in metakaolin
[39,40]. The T/O ratio suggests that the fraction of T-coordinat-
ed Al is almost twice that of O-coordinated Al. A broader reso-
nance with low intensity is observed at =~68 ppm, perhaps re-
sulting from an amorphous or less crystalline (impurity) phase
[41].

Overall the XRD and solid-state NMR data support the FTIR
spectroscopy spectra in that all methods detect some chemical
changes in the zinc-based HYCA materials compared to the
starting materials, thus confirming the formation of a real
hybrid material. This result is also confirmed by SEM.

Scanning electron microscopy analysis

Figure 6 shows representative SEM images of all samples. Al-
though the morphologies of the materials synthesized at differ-
ent temperatures are quite similar, some differences can be ob-
served. In all cases, roughly spherical primary particles are ob-
served, but the materials produced at lower temperatures appear
to consist of smaller particles (approximate diameter between
~50 and 150 nm), while the samples produced at higher temper-
atures contain larger particles with approximate diameters of
200 to 300 nm. Moreover, the samples made at 750 °C and

higher also contain plate-like or fiber-like features.

Thermogravimetric and differential thermal analysis

Figure 7 shows representative thermogravimetric analysis/
differential thermal analysis (TGA/DTA) data obtained from
measurements in nitrogen. Consistent with the data shown
above, there are clear differences between samples produced at
reaction temperatures up to 450 °C and the samples obtained at
higher temperatures. The samples made between 500 and
900 °C only show a weak and very gradual weight loss of
~5-6% of the total mass at the end of the TGA/DTA experi-
ment. This finding indicates that most of the volatiles have

already been eliminated during the synthesis of the materials.

In contrast, the samples produced at lower temperatures are
much less stable and lose up to 45% of their original mass.
Here, the weight losses can be separated in three (although
strongly overlapping) steps between 25 and 100 °C, 110 and
~450 °C, and finally =450 to 900 °C [42]. The first loss can be
assigned to the desorption of water adsorbed in the pores of the
hybrid clay materials. The second loss is attributed to the pre-
dehydration process as a result of a reorganization in the octahe-
dral layers in kaolinite associated with condensation and water
elimination [43,44]. The third loss is assigned to the dehydroxy-
lation of kaolinite (and formation of metakaolinite), which is

supported by an exothermic peak in the thermogravimetric anal-
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Figure 6: SEM images showing the growth pattern of 2Z-HYCA nanocomposite particles with increasing temperature after acid washing. All scale
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Figure 7: TGA and DTA curves for 2Z-HYCA nanocomposites pre-
pared at various temperatures.

ysis (DTA) [42]. This explains the loss of the inner hydroxyl
related to kaolinites initially observed from our FTIR analysis
in this study. Moreover, some fraction of the weight losses at
higher temperatures may also be assigned to condensation reac-
tions in the inorganic components and concurrent water elimi-
nation, but these individual processes cannot be separated here.

TGA/DTA data analysis therefore indicates that the reaction
temperature is indeed a key parameter to obtain a stable materi-
al that will resist rapid attrition during use. Comparison with the
nitrogen sorption data suggests that a reaction temperature of
=500 °C is interesting both from stability and surface area
aspects.

Pollutant removal from aqueous solutions
Removal of 4-nitrophenol

We have previously reported that a first-generation HY CA ma-
terial prepared via a low-temperature calcination process in air
very efficiently adsorbs cationic pollutants such as Pb*, Cd2*,
Ni2* [1], and methylene blue [4] from an aqueous solution.
However, this material fails when attempting to remove anionic
pollutants such as 4-nitrophenol (with a pK, of 7.2 [45]), methyl
orange dye, or phosphate.

The data demonstrate that the 2Z-HY CA nanocomposite is able
to overcome the limitations of the highly negatively charged
original HYCA material [1] and provides sites for the adsorp-
tion of anionic pollutants, such as 4-nitrophenol. While used as a
model compound here, 4-nitrophenol is an organic anionic pol-
lutant of high interest because acute exposure to 4-nitrophenol
causes blood disorders or liver and kidney damage [46,47].
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Figure 8 shows a representative dataset obtained from a setup
with 0.7 g of 2Z-HYCA @650 °C (the material with the highest
surface area) in a fixed bed reactor. 2Z-HY CA@650 °C reduces
the concentration of 4-nitrophenol to below the detection limit
after 80 min when aqueous solutions with 4-nitrophenol con-
centrations of 1 mg/L were used. Moreover, a 50% break-
through was reached at =900 min after treating 9 L of the same
solution, and the 2Z-HY CA@650 °C was 100% spent after 28 h
40 min. This result demonstrates that 2Z-HYCA is a highly
effective adsorbent for 4-nitrophenol, especially when consid-
ering the very short empty bed contact time (the time a treated
solution is in contact with 2Z-HYCA @650 °C nanocomposite
material) of 8.6 s, as determined from the AdDesignS™ soft-
ware [48]. The rate constant obtained by fitting the data with the
Thomas model (Figure 8) is 3.69 mL/min-g, and the adsorption
capacity is 3.61 mg/g.
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Figure 8: Experimental breakthrough curve for the adsorption of
4-nitrophenol onto 2Z-HYCA@650 °C (C, = Concentration of 4-nitro-
phenol at time 0; C; = Concentration of 4-nitrophenol at time ).

The data obtained were modelled against the pore and surface
diffusion model (PSDM) and the constant pattern homoge-
neous surface diffusion model (CPHSDM) using the AdDe-
signS™ software and making various inputs (parameters given

in Table 1).

The results suggest that data obtained for the adsorption of
4-nitrophenol onto 2Z-HYCA@650 °C nanocomposite is
mainly by a pore and diffusion mechanism as supported by the
good fit to PSDM (Figure 9A) rather than a surface reaction that
is supported by the CPHSDM that showed a very poor fit with
the data (Figure 9B).

The PSDM predicted that 1 kg of 2Z-HYCA@650 °C micro/

mesoporous nanocomposite material can reduce a concentra-
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Table 1: Input data for pore and surface diffusion model (PSDM) and
constant pattern homogeneous surface diffusion model (CPHSDM)
modelling using AdDesignS software.

Input data for CPHSDM

chemical

molecular weight of 4-NP 139 g/moL
initial concentration 1 mg/L

bed data

bed length 5.075x 1072 m
bed diameter 6.000 x 1073 m
weight of HYCA 079

inlet flow rate 10 mL/min
temperature 30 °C

water density
water viscosity

input data PSDM

30 °C = 0.9957 g/cm?3
8.15 x 1073 g/cm-s

chemical

molecular weight of 4-NP 139 g/moL
initial concentration 1 mg/L

bed data

bed length 5.075 %1072 m
bed diameter 6.000 x 1073 m
weight of HYCA 079

inlet flow rate 10 mL/min
temperature 30 °C

water density 30 °C = 0.9957 g/cm?3

adsorbent properties

name 2Z-HYCA
apparent density 2.42 glcm?
particle radius 0.030000 cm
porosity 1.000

tion of 1 mg/L of 4-nitrophenol (single solute solution) in 290 L
of aqueous solution below 50 pg/L in 346 min (5 h 46 min). To
maintain this same concentration of 4-nitrophenol in aqueous
solution below the World Health Organization’s drinking
water equivalent level (DWEL) of 0.3 mg/L [49], 1 kg of
2Z-HYCA @650 °C will be required for =10 h 20 min and will
treat 2.49 m3 of water per day.

Removal of Escherichia coli

Figure 10A shows that 0.5 g of 2Z-HYCA @650 °C essentially
eliminates Escherichia coli (E. coli) completely from water,
which was initially spiked with E. coli (at 103 cfu/mL), within

75 min.

After 75 min, the amount of E. coli in the treated water in-
creased with time. In contrast, the regular HYCA material [1]
can also remove E. coli from the same solutions but with a
much lower efficiency. This finding suggests that the presence

of Zn?* in the composite material directly affects E. coli
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Figure 9: (A) Pore and surface diffusion model (PSDM) plot for the
removal of 4-nitrophenol from aqueous solution by 2Z-HYCA@650 °C
loaded into a fixed-bed reactor (C, = initial concentration of 4-nitro-
phenol at time 0 and C; = concentration of 4-nitrophenol at time ).
(B): Constant pattern homogeneous surface diffusion model
(CPHSDM) plot for the removal of 4-nitrophenol from aqueous solu-
tion by 2Z-HYCA@650 °C loaded into a fixed-bed reactor (C, = initial
concentration of 4-nitrophenol at time 0 and C; = concentration of
4-nitrophenol at time ).

removal from solution, likely because zinc has antibacterial
properties. Although the precise functional mechanism is
unknown, it has been suggested that Zn-doped materials deacti-
vate bacteria by damaging its cell membrane and DNA [50]. It
is known that electrostatic adsorbent—adsorbate interactions do
occur in solution at pH values either above or below the pH,,,¢
of the adsorbent [51]. Based on the latter, it is believed that the
composite adsorbent material in this study does become posi-
tively charged below its pHp,c of 7.4 (Figure 10B) in an
aqueous mixture of bacteria (whose pH was measured to be
6.36) since a mixture of bacteria solution and nanocomposite
will reduce the pH to below 7.4. This will aid electrostatic inter-
action between the negatively charged bacteria and the positive-
ly charged 2Z-HYCA @650 °C. This behavior also explains, in
part, the mechanism for the uptake of 4-NP by 2Z-HYCA nano-
composite material, as it is expected that 4-nitrophenol will

ionize in water at pH 6.3 to yield some 4-nitrophenoxide anions
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Figure 10: (A) Bacterial load (E. coli) vs treatment time measured in

water treated with a fixed bed process for both the original HYCA ma-
terial and the new 2Z-HYCA@650 °C material. The initial E. coli con-
centration was 103 cfu/mL; (B): The pHpzc plot for 2Z-HYCA@650 °C.

that will be electrostatically held onto the positive sites on the
surface of the material.

Even after 3 h of run time, the level of E. coli in the treated
solution was still below the alert/action levels of 500 cfu/mL in
drinking water for E. coli [52], as shown in Figure 10. This sug-
gests the potential of the 2Z-HYCA @650 °C as a water disin-
fectant for the future. However, more studies still need to be
conducted to ascertain this.

Conclusion

This study introduces the newest generation of the HYCA mate-
rial, namely, 2Z-HYCA, two low-cost precursor sources, kaoli-
nite clay and Carica papaya seeds, synthesized without the
need for alkali activation. The preparation is simple, and the re-
sulting nanocomposite material is micro/mesoporous, unlike the
initial hybrid clay material prepared in our previous study [1].

The new micro/mesoporous material is efficient for the removal
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of 4-nitrophenol and E. coli from drinking water. Zinc may not
be desirable from a heavy metal pollution point of view; howev-
er, the introduction of zinc significantly enhances the perfor-
mance of the original HYCA materials for remediation of these
pollutants in water. As such, and because the Zinc concentra-
tion leached into treated water from the 2Z-HYCA nanocom-
posite material is very low [22], it is thus the belief of the
authors that the dual functionality of this new material in effi-
ciently removing a recalcitrant anionic organic pollutant
(4-nitrophenol) and bacteria (E. coli) from water compensates
for the cost of N, and high temperature employed in its prepara-
tion, even in developing countries. As a result, the current ap-
proach opens a new door towards cheap and sustainable materi-
als development with exciting performance in one of the key
areas of today’s world, the treatment of water in developing
countries.

Supporting Information

The Supporting Information contains additional
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Ordered mesoporous silica materials were prepared under different pH conditions by using a silicon alkoxide as a silica source and

polyion complex (PIC) micelles as the structure-directing agents.

PIC micelles were formed by complexation between a weak poly-

acid-containing double-hydrophilic block copolymer, poly(ethylene oxide)-b-poly(acrylic acid) (PEO-b-PAA), and a weak poly-

base, oligochitosan-type polyamine. As both the micellization process and the rate of silica condensation are highly dependent on

pH, the properties of silica mesostructures can be modulated by changing the pH of the reaction medium. Varying the materials

synthesis pH from 4.5 to 7.9 led to 2D-hexagonal, wormlike or lamellar mesostructures, with a varying degree of order. The chemi-

cal composition of the as-synthesized hybrid organic/inorganic materials was also found to vary with pH. The structure variations

were discussed based on the extent of electrostatic complexing bonds between acrylate and amino functions and on the silica con-

densation rate as a function of pH.

Introduction

Due to their unique physicochemical properties originating
from their uniform pore size and periodically arranged network
at the mesoscale, silica-based ordered mesoporous materials
(OMMs) have attracted considerable attention in various fields

such as adsorption, separation and catalysis. The formation of

these mesostructures relies on a supramolecular assembly
process between silicic species and surfactants or amphiphilic
block copolymers acting as structure directing agents (SDAs) of
silica. The assembly process can occur following two different

interaction pathways: one is based on an electrostatic charge-
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matching mechanism between the SDA (cationic S*, anionic S~
or protonated neutral S? denoted as S’H™) and inorganic species
(I* or I") interacting either directly or through a mediator
species (halide anion X~ or alkaline cation M*),[1] while the
other one proceeds through an electrically neutral route involv-
ing hydrogen bond interactions between neutral amine (S%) [2]
or poly(ethylene oxide) (N%) [3] based SDA and neutral inor-
ganic species (I%). Concerning the poly(ethylene oxide) based
SDA, it is believed that the nature of the attractive interaction is
hydrogen bonding between the silanol groups and the ether
oxygen in the PEO block [4,5], as it is the case when PEO
adsorbs on a silica surface [6]. It should be noted that the
charge-matching pathway requires extreme pH conditions to
produce OMMs, as for the synthesis of the well-known SBA
(Santa Barbara Amorphous) and M41S (from Mobil Corpora-
tion) materials families, which proceed at pH < 1 and pH > 9,
respectively. On the contrary, the neutral route necessitates less
severe pH conditions, which are much more appropriate for a
large-scale material production with controlled environmental,
health and safety risks. Among the SDA materials that have
been employed, non-ionic block copolymers such as poly(alky-
lene oxide) triblock copolymers have attracted more attention
due to the formation of thermally and mechanically stable mate-
rials with larger pore sizes and thicker walls than those ob-
tained with surfactants. This opens up the possibility of easily
functionalizing them and tailoring the mesopore arrangement
into various ordered mesostructures [7]. This is especially true
as long as the material synthesis is conducted under strongly
acidic conditions (charge-matching pathway (SCH™)(XT))
[4,8]. In contrast, the first attempts to synthesize materials in
quasi neutral solution (pH > 2) using non-ionic block copoly-
mers, which involve weaker interactions between the PEO
chains and neutral silicic species, resulted in more disordered
framework structures with worm-like mesopore channels of
uniform diameter [3], designed as MSU-X. It should be
mentioned that the reported synthesis protocols made use of
synchronous reaction steps involving co-assembly of the tem-
plate and the inorganic precursor and hydrolysis and condensa-
tion of the silica precursor. Bearing this in mind, the lack of a
well-defined periodic structure of MSU-X may be imputed to
the type of silica precursor generally used, namely alkoxysi-
lanes like tetraethoxysilane (TEOS), whose rate of hydrolysis
and condensation varies inversely as a function of pH [9]. Thus,
synthesis at pH values above the isoelectric point of silica
promotes condensation reactions that occur between silica
species, which are only partially hydrolyzed, whereas fully
hydrolyzed monomeric silica species would be desired for pro-
ducing mesostructures with optimal structural order. As a
matter of fact, using a rapid hydrolyzing alkoxysilane such as
tetramethoxysilane (TMOS) that hydrolyses faster than TEOS,
Kim et al. evidenced the possibility to produce hexagonally

Beilstein J. Nanotechnol. 2019, 10, 144-156.

ordered structures from Pluronic P123 up to pH 4. The struc-
tural order can even be further extended up to pH 9 in the pres-
ence of fluoride ions due to their catalytic activity in hydrolysis
reactions [10].

Several synthesis approaches aiming at separating the hydroly-
sis and the condensation steps were subsequently proposed to
produce ordered mesostructured silica materials under mild pH
conditions. Among them the use of sodium silicate as a silica
source instead of silicon alkoxide judiciously discards the
hydrolysis reactions. Adding silicate directly to a non-ionic
block copolymer solution made of acid [11,12] or buffer [13-
16] media allowed materials with ordered mesopores to be ob-
tained up to pH 6.5. Interestingly, this relatively inexpensive
silica precursor and the rather environmentally friendly synthe-
sis route employed (neutral pH conditions, low temperature,
short synthesis and aging times) open up new opportunities for
batch and continuous mode large-scale production of ordered
mesoporous silica materials [17,18]. Alternatively, the hydroly-
sis and condensation steps of the more popular silicon alkoxide
precursors can be separated following a two-step approach in
which the hydrolysis of the alkoxysilane is first performed in
acidic medium and the silica condensation step is triggered with
the aid of sodium fluoride and/or pH adjustment [19]. Sepa-
rating the hydrolysis of TEOS from the condensation step
enabled highly ordered 2D hexagonal SBA-15-type [20] and
cubic [21,22] SBA-16-type materials to be obtained up to pH 5
and pH 4-4.5, respectively.

Since 2008, we have been developing an original route for the
synthesis of ordered mesoporous materials based on the use of
non-conventional structure-directing agents. Ordered meso-
porous silica and organosilica materials were prepared under
mild acidic conditions by using polyion complex (PIC) micelles
as versatile pH-sensitive structure-directing agents [23,24]. This
route relies on the use of a weak polyacid double hydrophilic
block copolymer (DHBC) able to form polyion complex
micelles upon interaction with a weak polybase. We reported
that DHBCs such as poly(ethylene oxide)-b-poly(acrylic acid)
(PEO-b-PAA) or poly(ethylene oxide)-b-poly(methacrylic acid)
(PEO-b-PMAA) copolymers, are able to form polyion complex
(PIC) micelles upon interaction with weak polybases such as
oligochitosan (OC) [25], poly-L-lysine (PLL) [26,27] and
aminoglycoside antibiotics [28]. PIC micelles present a
core—corona structure, whose core is formed by electrostatic
interactions between the two charged blocks (i.e., the PAA and
the weak polybase) and the corona is constituted by the neutral
PEO block of the DHBC, which ensures the steric stabilization
of the assembly in water. In the presence of silica precursors,
the hybrid organic—inorganic interface, which is necessary for

directing the macroscopic precipitation of the hybrid material,
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can form through an interaction between the PEO neutral block
and silicic species via the N%/I0 pathway, as in the case of SBA-
type materials synthesized under acidic conditions, as long as
no competing interactions involving silicic species exist. In a
previous study, we had shown that when the strength of the
organic—inorganic interaction is kept constant (by synthesizing
hybrid materials at a fixed pH), the material mesostructure can
be controlled by varying parameters that alter interactions be-
tween the different constituents of the system, such as the molar
ratio between the complexing units, the molar ratio between
ethylene oxide (EO) units and silica species, and the mass con-
centration of the reactants in the synthesis medium [26]. In the
present paper, we investigate how a simple synthesis parameter,
such as the pH of the reaction medium, which governs not only
the extent of the polyion electrostatic complexation but also the
silica condensation rate, influences the macrophase separation
of the hybrid material and the nature of the mesostructures
which are obtained. The variations of the mesostructures and
the chemical composition of the corresponding hybrid materi-

als as a function of pH are reported and discussed.

Experimental

Materials

Poly(ethylene oxide)-b-poly(acrylic acid) (PEO-b-PAA,
Mpgo = 5000 g-molfl, Mpap = 1420 g-molfl) was synthesized
by atom transfer radical polymerization (ATRP) according to
published procedures [29]. All reactions were carried out in the
absence of air using standard Schlenk techniques and vacuum-
line manipulation. All the chemicals used for the reaction (tert-
butyl acrylate 98%, a-methoxy-w-hydroxy-poly(ethylene oxide)
with M,, = 5000 g~m0171, CuBr 98%, 1,1,1,7,10,10-hexamethyl-
triethylenetetramine 97%, trifluoroacetic acid 99%, triethyl-
amine 99%, 2-bromoisobutyryl bromide 98%, absolute ethanol,
toluene 99.8%, THF 99.9%, acetone 99.5%, diethyl ether
99.5%, glacial acetic acid, dichloromethane, pentane, sodium
chloride, DOWEX MSC-H resin, neutral alumina 50-200 pm)
were purchased from Sigma-Aldrich and purified when neces-
sary (o-methoxy-m-hydroxy-poly(ethylene oxide), tert-butyl
acrylate, toluene, THF, acetone); the solvents were dried and
distilled by routine procedures. Oligochitosan lactate (OC, M <
5000 g-mol 1), tetraethoxysilane (TEOS), nitric acid (HNO3)
and sodium hydroxide (NaOH) were purchased from Aldrich
and used as received.

Chemical composition of the oligochitosan

A detailed characterization of the commercial oligochitosan
(OC) was undertaken in order to determine the chemical com-
position of the repetitive unit necessary to fix the quantity of
nitrogen per acrylic acid (N/AA ratio) used in the materials syn-
thesis. The deacetylation degree (DD = 83 + 5%) was deter-
mined by solid state '>N NMR using a Varian VNMRS 600
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spectrometer operating at 5 kHz using cross-polarization magic-
angle spinning conditions [30]. The DD was calculated from the
integration of the amide (3 = 101 ppm) and amine (10 ppm)
peaks using the following formula:

1 N-amine

%DD =

*100. (1)
I N-amine T I N-amide

Note that a similar DD was obtained from liquid 'H NMR data
recorded on a Bruker 400 MHz spectrometer using the method
reported by Trombotto et al. [30].

The quantity of lactate/lactic acid present in the sample was
calculated from the liquid 'H NMR spectrum recorded in D,0.
The amount of water was deduced from elemental analysis. The
molar composition of the repetitive unit constituting the oligo-
chitosan was then: H-(CqH;04N)g g3(CgH1305N)( 17-OH,
1.31(C3Hg03), 0.09(H,0), where CgH|1O4N represents the
deacetylated unit, CgH305N the acetylated unit and C3HgO3
the lactate ion.

Preparation of mesostructured silica materials

Mesostructured hybrid silica materials were prepared following
a one-pot synthesis approach. The concentration of OC and
TEOS were fixed with respect to the number of acrylic acid
(AA) and ethylene oxide (EO) units of the PEO-b-PAA, using a
molar ratio of 0.8 nitrogen per AA (N/AA = 0.8) and 1 silicon
per EO (EO/Si = 1). The final concentration of the reaction me-
dium was set at 3.9 wt % of PEO-b-PAA, unless otherwise
specified. Typically, TEOS (0.397 mL) was added into a homo-
geneous aqueous solution (2.0 mL) containing PEO-b-PAA
(100 mg) and OC (77.5 mg) and the pH of the reaction medium
was adjusted to 2 using HNO3 (2 mol-L™1). After completion of
TEOS hydrolysis (about 40 min under vigorous magnetic stir-
ring), the pH was rapidly increased to a fixed and well-defined
value (ranging from 4 to 7.9) by adding a small amount of an
aqueous NaOH solution (3 mol-L™1). This results in macro-
scopic precipitation, which occurs more or less rapidly accord-
ing to the pH value (3 min at pH 5 and 0.5 min at pH 7.9). The
mixture was stirred slowly for 24 additional hours at 30 °C. The
precipitate was then recovered by centrifugation and air-dried at
40 °C for 48 hours. For characterization purposes, the as-syn-
thesized hybrid materials were calcined under air flow from

1

room temperature to 550 °C at a heating rate of 2 °C-min” ' and

then maintained at 550 °C for 8 hours.

Characterization techniques

The formation of polyion complex (PIC) micelles as a function
of pH (3 < pH < 10) was studied by dynamic light scattering
(DLS) experiments at 25 + 1°C using a Malvern 4800 spectro-
goniometer (Malvern Instruments, UK) equipped with a 50 mW
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laser operating at 532 nm. The scattered light was collected at
an angle of 90°. The static scattered light intensities were
corrected from the pinhole size and normalized with respect to a
Rayleigh scattered reference (toluene). The intensity autocorre-
lation function was fitted using the CONTIN algorithm for the
determination of the volume-averaged hydrodynamic diameters
(Dpy); the polydispersity index (PDI) values were obtained from
the cumulant method.

The chemical composition of the hybrid materials was calcu-
lated by combining thermogravimetric analysis (TGA), which
allows quantifying the silica content, and N and C elemental
analyses (EA), which allow determining the quantity of OC and
PEO-b-PAA in the material. The results were expressed as
N/AA and EO/Si ratios given with £5% relative error. TGA was
performed on a Perkin Elmer STA 6000 instrument at a heating
rate of 10 °C'min~! under an air flow (20 mL-min™!) up to
900 °C. The mass percentage of silica (% mass(SiO,)) was
calculated from the residual mass at 900 °C. The EA of the
hybrid materials was performed on an Interscience Flash EA
1112 series (Thermo Finnigan) instrument. The value of the
mass percentage of OC (% mass (OC)) in the hybrid materials,
%N, which in turn was used to calculate the DHBC weight per-
centage (% mass (DHBC)), %C, can be calculated according to
the following equations:

%N = % mass(OC) x % mass(N/OC) )

%C = (% mass(OC) x % mass(C/OC))

3
+(% mass(DHBC) x % mass(C/DHBC)) ©)

where % mass (N/OC), % mass (C/OC) and % mass
(C/DHBC), respectively stand for the mass content of N and C
in OC and of C in the DHBC.

The degree of condensation (D) of the as-synthesized silica
network was determined by 29Si MAS-NMR spectroscopy
using a Varian VNMRS 300MHz spectrometer. The typical Qy,
Q3 and Q, signals appearing respectively at =110 ppm (SiO,),
=100 ppm (SiO3/;) and —90 ppm (SiO(OH),) were deconvo-
luted, and the areas were used for calculating D.

The textural properties of the materials were determined from
the nitrogen sorption isotherms recorded at 77 K using a
Micrometics Tristar 3000 apparatus. Prior to analysis, the
samples were outgassed for 14 h under vacuum (0.08 mbar)
at 250 °C for calcined materials and at 45 °C for hybrid
materials. The surface area (SggT) was determined from the
Brunauer-Emmett-Teller (BET) analysis in the relative pres-

sure range corresponding to p/p® < 0.4 and assuming a surface
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coverage of 13.5 A2 per nitrogen molecule [31,32]. The meso-
pore volume was calculated using the ag method; the diameter
of cylindrical pores was determined from the adsorption branch
using the nonlocal density functional theory (NLDFT) model
[32] and the width of slit-shaped pores was estimated from the
desorption branch using the method of Broekhoff and de Boer
[33].

The structural properties were studied by small angle X-ray
scattering (SAXS) and electron microscopy. SAXS measure-
ments were performed in transmission mode on an in-house
setup at the Laboratoire Charles Coulomb (Université Montpel-
lier, France) using a high brightness, low power X-ray tube
(L =1.5418 A). All the intensities were corrected from trans-
mission and empty capillary. Transmission electron microsco-
py (TEM) images were acquired on microtomed samples (slices
of =70 nm thickness) with a JEOL 1200 EX II instrument oper-
ating at 120 kV. Material characterization by scanning electron
microscopy (SEM) was done on a HITACHI S4800 (FEG-HR)
apparatus operating at 5 kV.

Results and Discussion

Formation of polyion complex micelles

The double hydrophilic block copolymer (DHBC) used in this
study is a poly(ethylene oxide)-b-poly(acrylic acid) copolymer
(PEO-b-PAA Mpgo = 5000 grmol ™!, Mpaa = 1420 grmol ™)
able to complex oligochitosan (OC) via electrostatic interac-
tions in a suitable pH range where both the DHBC and OC are
charged. The formation of polyion complex (PIC) micelles is
evidenced by an increase of the scattered light intensity due to
the formation of macromolecular assemblies. Figure 1 shows
the variation of the scattered light intensity of mixtures of PEO-
b-PAA and OC as a function of pH (2 < pH < 10). PEO-b-PAA/
OC PIC micelles are obtained in the 4.5-7.2 pH range and are
characterized by a mean hydrodynamic diameter (Dyy) of
~25 nm.

| scattered light

Figure 1: Variation of the scattered light intensity of PEO-b-PAA/OC
mixtures ([AA] = 0.01 mol-L™1, N/AA = 0.8) as a function of pH.
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Structure characterization of the calcined

materials

Hybrid organic—inorganic materials were synthesized following
a two-step approach. First, the reactants (TEOS, PEO-b-PAA
and OC) were mixed together at low pH (pH 2) until a homoge-
neous solution of hydrolyzed silicic species, PEO-b-PAA and
OC was obtained. Note that at pH 2 the silica structure-direct-
ing agent (SDA) constituted of PEO-b-PAA/OC PIC micelles is
not formed (see Figure 1) due to the lack of favorable electro-
static interactions, whereas the organic—inorganic interface is
thought to be formed by the N%/I9 pathway. Then the pH of the
reaction medium was increased in order to promote both forma-
tion of PIC micelles and condensation of silica oligomers, in-
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ducing sudden macroscopic precipitation in less than 3 min.
Two different mass concentrations of the reaction medium,
expressed by the wt % of DHBC, were used. The 3.9 wt % con-
centration was aimed at evaluating the influence of the pH on
the texture, structure and chemical composition of the obtained
materials by carefully screening the 4-7.9 pH domain, whereas
the 1.9 wt % concentration was used at only two strategic pH
values (pH 4.5 and 6.5, see thereafter) with the aim of
confirming the general effects observed at 3.9 wt %. After calci-
nation (8 h at 550 °C), the materials synthesized under the
various pH conditions presented an organization at the
mesoscale as clearly evidenced on the TEM images of Figure 2a
and Figure S1 in Supporting Information File 1, except in the
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Figure 2: TEM micrographs (a), N, adsorption/desorption isotherms (b), SAXS patterns (c) and SEM images (d) of the calcined materials synthe-

sized with 3.9 wt % DHBC at pH 4.5 (d1), 6.5 (d2) and 7.9 (d3).
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case of pH 4 where a moderately porous silica material (Vieso =
0.11 g-em®) with non-ordered small mesopores (dpore = 3.9 nm)
was obtained (see TEM in Figure S1, Supporting Information
File 1). At pH 4, only very few PIC micelles were formed, as
evidenced by the very low light scattered intensity (Figure 1); it
is then obvious that the silicic species induced precipitation of a
long range organized hybrid PIC-based mesostructure, which
requires a sufficient amount of micelles, cannot occur. Interest-
ingly, at the highest pH values (pH 7.4 and 7.9), ordered
mesostructures were obtained. This could appear as a surprising
result since these two pH values are outside of the micellization
pH range (Figure 1), as determined in the absence of silica pre-
cursors. The formation of mesostructures at a pH above pH 7
can be understood by considering (1) the fact that the adjust-
ment of pH at its final value is done by a progressive addition of
a base solution up to the final pH, going inevitably through the
micellization pH range where the structure-directing agent
forms, and (2) the fact that the silica condensation rate regu-
larly increases above pH 2 favoring the formation of the hybrid

structure. These two features lead to the precipitation of the
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hybrid mesostructures at a pH well below the final targeted syn-
thesis pH. These considerations will be further developed when
discussing the silica material structuring below. At intermedi-
ate pH, but within the pH domain where micelles formed
(Figure 1), the structure of the mesopores is 2D-hexagonal in
the 4.5-5.5 pH range and a mixture of wormlike/lamellar at
pH 5.5-6.9 (Figure S1, Supporting Information File 1). The
mesopore volume increases from Veso = 0.17 cm3-g~! at
pH 4.5 t0 0.32 cm3-g™! at pH 6.9, in accordance with the pore
diameter change (dpore = 5.0 nm at pH 4.5 and 6.4 nm at
pH 6.9, see Table 1). Similarly, the lattice spacing value, dj, of
the calcined materials shows a slight tendency to increase
(Table 1). The dpore/dg ratio is then almost constant
(dpore/do = 0.50), indicating that the mesostructure formation
mechanism is similar within that pH range. Figure 3 helps to
highlight the changes in the mesoporous volume (Figure 3a)
and pore diameter (Figure 3b) observed upon synthesis of the
materials on the whole pH range studied (4.5 < pH < 7.9). It ev-
idences three main pH domains (4.5 <pH <5.5,5.5<pH <6.9
and 7.4 < pH < 7.9), for which the porous properties exhibit

Table 1: Textural and structural properties of the calcined materials synthesized at 3.9 wt % DHBC: lattice parameter (dp), pore diameter (dpore), full
width at half maximum of the pore size distribution (Ad4/2), mesoporous volume (Vimeso), €xternal surface area (Sgyt) of the particles and particle size

(dparticle)-
pH 4.5 4.9 5.3 55
do (nm) 10.2 1.1 10.6 11.6
dpore (NM) 5.0 5.4 5.4 5.7
Adqj (nm) 1.0 1.0 1.2 1.6
Vimeso (cm3-g™1) 0.17 0.19 0.19 0.17
Sext (M?-g™") 13 15 27 39
Oparticle (NM) 2300 1200 900 700
@mean pore diameter.
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Figure 3: Mesopore volume (a) and pore diameter (b) of the calcined materials synthesized at 3.9 wt % DHBC at various values of pH.
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some common features together with the typical mesostructures
of the materials illustrated on Figure 2a, which evolved from
long-range ordered 2D-hexagonal (4.5 < pH < 5.5) to a less-
ordered worm-like/lamellar mixture (5.5 < pH < 6.9) to a short-
range ordered honeycomb-like arrangement of cylindrical
mesopores. For the sake of clarity, in the following, the influ-
ence of the synthesis pH on the material formation will be dis-
cussed by distinguishing these three main pH domains.

In the most acidic domain (4.5 < pH < 5.5), agglomerated
spherical particles with a well-defined 2D hexagonal ordered
mesostructure were obtained, as evidenced by TEM images
(Figure 2a and Figure S1 in Supporting Information File 1).
This mesostructure is confirmed by SAXS profiles (Figure 2¢
and Figure S2a in Supporting Information File 1), which exhib-
it up to four distinct scattering peaks whose relative positions
respective to the first one appear at a ratio of 1:V3:V4:\7, corre-
sponding to the (100), (110), (200) and (210) diffraction planes
of long-range ordered hexagonally packed cylindrical struc-
tures (Table S1a, Supporting Information File 1). It should also
be mentioned that the N, sorption isotherms (Figure S3 in Sup-
porting Information File 1) exhibited the typical type-IV shape
of mesoporous materials with H1-like hysteresis loop (IUPAC
classification [34]) showing capillary condensation at a relative
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pressure p/pg ranging from 0.42 to 0.70. This indicates that the
structural mesoporosity presents a cylindrical pore geometry
with a high degree of pore size uniformity. This is confirmed by
the narrow pore size distribution (PSD) calculated from the
adsorption branch by the NLDFT method (Figure S3 in Sup-
porting Information File 1). Within that pH range, the mean
pore diameter (dpore) and mesopore volume (Vieso) slightly
increase with pH (Table 1). When the synthesis was performed
at 1.9 wt % of DHBC and pH 4.5, a material with a mixed
mesostructure consisting of lamellar domains coexisting with
some 2D-hexagonal domains was obtained, as evidenced both
by TEM images (Figure 4a) and SAXS profiles (Figure S2d in
Supporting Information File 1), which exhibit two major
diffraction peaks ascribed to the (100), and (200) planes of the
lamellar/hexagonal structure and a weaker peak that could cor-
respond to the (110) plane of the hexagonal structure. The
nitrogen sorption isotherm (Figure 4b) exhibits a very low
adsorption step, in good agreement with this mixture of

mesostructures.

When further increasing the pH (5.5 < pH < 6.9), the well-
ordered hexagonal mesostructure progressively evolved towards
less-ordered structures containing domains with wormhole-like
mesopores coexisting with domains of slit-shaped pores resem-
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Figure 4: TEM micrographs (a) and N adsorption/desorption isotherms (b) of the calcined materials prepared at 1.9 wt % DHBC at pH 4.5 (b1) and

6.5 (b2).
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bling short-range lamellar structure. Such lamellar domains
appeared first (from pH 5.5) on the edge of the particles (see
TEM images on Figure S1 in Supporting Information File 1). At
pH 6.9, almost no hexagonal mesostructure was visible on TEM
images. Moreover, the correlation peaks of the SAXS patterns
broadened upon pH increase and their number decreased until a
single peak was observed for materials synthesized at pH 6.9
(Table Sla and Figure S2 in Supporting Information File 1).
This is in accordance with the loss of long range-ordered hexag-
onal structure, as observed in TEM images. In the sorption iso-
therms, the sharp adsorption step assigned to mesopore filling in
the hexagonal materials becomes less pronounced, and the
hysteresis loop extends on a wider partial pressure range, in
agreement with the presence of lamellar domains coexisting
with wormhole pore morphologies. The increase of pH from 5.5
to 6.9 resulted in a size pore increase with broadening PSD until
pH 6 (Table 1), then to the appearance of a bimodal distribu-
tion with d,ore = 5.7 and 7.2 nm, with the fraction of the larger
mesopores increasing with pH (from 12% to 48%). According-
ly, the mesopore volume increased within that pH range. Such
observations reveal an increase of the mean radius of curvature
of the mesostructure as a function of pH up to 6.9. Such an in-
fluence of the solution pH on the variation of mesostructure and
mesopore size has also been reported with non-ionic surfac-
tants/copolymers [11,20,35,36] and ionic cetyltrimethylammo-
nium. [37] The up-curvature observed at p/p® > 0.85 on the
5.5 <pH < 6.9 isotherms (Figure S3 in Supporting Information
File 1) revealed an interparticle porosity, which is consistent
with the small size of the silica particles as observed on SEM
images (Figure S4 in Supporting Information File 1). As re-
ported in Table 1, the mean particle size decreases from about
700 to 380 nm in the considered pH range. When the material
synthesis was performed at a lower mass concentration
(1.9 wt % of DHBC) and at pH 6.5, the material presented a
well-defined lamellar mesostructure, which survived the
removal of the SDA by calcination, as revealed by the TEM
image of Figure 4a. The N; sorption isotherm (Figure 4b)
exhibited the classical H3-like hysteresis loop expected for such
a mesostructure, with a mesoporous volume of 0.17 cm3~g_1. A
pore thickness of 3 nm was calculated using the Broekhof and
De Boer method from the relative pressure at which complete
capillary condensation took place. [33].

The materials prepared at higher pH (pH 7.4 and 7.9) exhibited
a relatively well-ordered pore arrangement, whose mesostruc-
ture was however difficult to identify (Figure 2a and Figure S1
in Supporting Information File 1). Nonetheless, some insights
can be gathered from TEM, SAXS profiles and N-adsorption/
desorption data. Up to three scattering peaks with interplanar
spacing ratios of 1:2:3 were revealed by SAXS for the material
synthesized at pH 7.9 (Figure 2¢ and Table Sla in Supporting
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Information File 1), corresponding either to a lamellar structure
or to a hexagonal one with some of the diffraction planes
masked under broaden peaks. Let us add that the sorption iso-
therm did not exhibit the characteristic H3 hysteresis loops of
mesoporous structures with slit-like pores, but rather the typical
H1 type of cylindrical pore geometry. We thus propose that the
mesostructures obtained at pH > 7 correspond to an hexagonal
arrangement of cylindrical pores organized on very short dis-
tances that would account both for the TEM observation and
SAXS data. Note that the pores of those materials are particu-
larly large (dpore = 9.2 and 10.2 nm at pH 7.4 and 7.9, respec-
tively) compared to the mesopores obtained at lower pH. At
pH 7.9, the pore diameter is about twice that of the material
obtained at pH 4.5 (djore = 5.0 nm). This pore diameter increase
is accompanied by a significant increase of the d-spacing
value (dyp = 13.8 nm at pH 7.9, Table 1), compared to the
almost constant value obtained between pH 4.5 and pH 6.9
(dgp=11.3 £ 0.7 nm).

The pH increase also affected the size of the obtained primary
spherical particles (see SEM images on Figure 2d and Figure S4
in Supporting Information File 1), which gradually decreased
from several micrometers at low pH (2300 nm at pH 4.5) to a
few hundred nanometers above pH 7 (220 nm at pH 7.9,
Table 1). The external surface area of the particles, as measured
by BET analysis, consistently increases within that pH range
(Table 1). Similar particle size reduction upon pH increase was
reported using polyethylene oxide based surfactants [38,39] as
SDA ofsilica; it was ascribed to an increase of the polyconden-
sation rate of silicic species with pH favoring fast nucleation of
small flocs of surfactant and silica [40]. As emphasized by
Berggren and Palmqvist [35], these small flocs further grow
until reaching a final size that depends on the electrostatic stabi-
lization provided by the pH-dependent negative charge of silica.

Chemical composition of the hybrid materials
and formation mechanism of mesostructures

The chemical composition of the as-synthesized hybrid materi-
als was determined in order to understand how the pH of the
reaction medium influences the interactions between the various
constituents of the system and the subsequent mesostructures.
The three main interactions to be considered are: the electro-
static interaction involved in the polyion complex formation be-
tween amine units (related to N atoms in OC) and acrylic acid
units (AA in the DHBC), the hydrogen bond interaction
ensuring the formation of the hybrid organic—inorganic inter-
face between the ether oxygen (EO) of the PEO and the silica
species (Si), and the self-condensation of silica species. The two
molar ratios N/AA and EO/Si, respectively indicative of the
extent of electrostatic complexation and hydrogen bonding,

were determined from the chemical mass compositions of
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DHBC (wt % DHBC), oligochitosan (OC) (wt % OC) and silica
(wt % SiO,) obtained by elemental analysis and thermogravi-
metric data after drying of the hybrid materials. The silica con-
densation degree (D) was quantified by 2°Si MAS NMR spec-
troscopy. Table 2 gathers the data related to the compositions of
the materials expressed in weight percentages and mg (organ-
ics) per gram of SiO,. Figure 5 shows the N/AA and EO/Si

ratio variations in the materials as a function of pH.
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Figure 5: Molar ratio N/AA (filled triangles) and EO/Si (open squares)
of the hybrid materials synthesized at 3.9 wt % DHBC as a function of
pH.

For all pH values of the reaction medium, the materials present
a high silica content (SiO, wt % > 50%, associated with high
silica yield above 80%) and a highly condensed inorganic
network (D > 86%). As the pH increased, the degree of conden-
sation rose (from D = 86% at pH 4.5 to 91.5% at pH 7.4), in
agreement with the pH-dependent condensation rate of silica.
The amount of PEO-b-PAA incorporated in the materials was
relatively high and the variation depends on the pH domain
already discussed above. At 4.5 < pH < 5.5, the DHBC content
was almost constant (average 540 £ 15 mg-ggioz '), and it
slightly decreased between pH 5.5 and 6.9 (468 mg-ggior ! at
pH 6.9) and decreased to a higher extent above pH 7.4 where it
reached a plateau (average 365 + 5 mg-ggioy | for pH > 7.4).
The OC content in the materials was much smaller than the
DHBC amounts. The OC content relative to silica varies non-
monotonically with pH: it increases from pH 4.5 to pH 5.3
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(from 211 to 299 mg-ggio ', respectively), and remained con-
stant up to pH 6.9, and decreased strongly in the highest pH
range to reach 157 mg-gsio, ' at pH = 7.9. The changes of
N/AA and EO/Si ratios reported on Figure 5 reflect those

organic content variations.

In the most acidic domain range (4.5 < pH < 5.5), in which 2D
hexagonal mesostructures were obtained, the N/AA increase
(from about 0.65 up to a value of =1) accounts for the rise of the
ionization degree of the acrylate functions expected for this
weak polyacid (pKapa 4.8). The number of negative charges on
the PAA increases with pH what favors the interaction with OC
in the formation of polyion complex (see Figure 1), and allows
more OC to be integrated in the material. This is consistent with
the increase of the pore diameter of the calcined materials from
5to 5.7 nm (Table 1 and Figure 3b). The EO/Si ratio is almost
constant (EO/Si =0.6), which highlights the favorable hydrogen
bond interactions between the ethylene oxide groups of PEO
blocks and hydrolyzed silicic species (Si—~OH) in this pH range.

At an intermediate pH (5.5 < pH < 6.9), the N/AA increase may
reflect not only the decrease of the charge density of oligochi-
tosan (pKapc 6.7) but also the increase of the PAA charge den-
sity, leading to an increase of the OC content relative to the
DHBC in order to compensate the PAA charge in the PIC nano-
phase. Let us note that the fact that the amount of OC inte-
grated in the material (OC/SiO,) remained constant within that
pH range could be due either to the formation of a polyion com-
plex richer in OC or to the development of favorable interac-
tions between negatively charged silica species and OC species,
which could also favor OC incorporation. Even if this last inter-
action cannot be totally ruled out, the increase of the mean pore
diameter in the calcined materials synthesized at 3.9 wt % of
DHBC (Table 1) argues in favor of an OC-richer polyion com-
plex. In such conditions, a looser polyion complex rich in OC is
expected to form, in accordance with the increased mesopore
volume. The EO/Si decrease reflects the weaker hydrogen bond
interactions between EO and silica species, which are expected
due to the pH-dependence of the charge density of silica species
[40]. This decreased EO/SiOH interaction with pH is in good
accordance with the well-admitted mechanism of formation of
Pluronic-templated mesostructured silica [5,41-43], in which

Table 2: Chemical composition of the as-synthesized hybrid materials synthesized at 3.9 wt % DHBC.

pH 45 4.9 5.3 55
wt % SiO; 51.8 53.1 50.4 49.0
DHBC (mg-gsioz”!) 553 536 528 545
OC (mg-gsioz™") 211 233 299 325
D (%) 86 86 87 88

6.0 6.5 6.9 74 7.9
52.0 53.1 51.8 58.5 60.4
480 456 468 370 361
290 294 306 225 157
87 88 88 91 90
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the primary step for a good mesostructure to be obtained is
entropy driven by hydrogen bonding between the silica
oligomers and PEO chains [5]. Variations in the respective sizes
of the two nanodomains of the system, (1) the polyion electro-
static complex core and (2) the PEO/inorganic corona, as a
function of pH, lead to changes of the interfacial curvature of
the system that controls the mesostructure of the material. At
3.9 wt % of DHBC, the well-ordered 2D-hexagonal mesostruc-
ture of the pH 4.5-5.3 domain, presenting purely cylindrical
mesopores, thus evolves towards a mixture of less-ordered
worm-like/lamellar structures with larger pore diameter and the
subsequent appearance of a bimodal distribution of mesopores
at higher pH. It is noted that from pH 4.5 to 6.9, the pH increase
leads to a decrease of the mean curvature of the mesostructure,
as revealed by the increase of the pore diameter and/or the ten-
dency to form domains of lamellar structures at the expense of
2D hexagonal structure domains. Let us add that these varia-
tions can be related to the increase in OC content in the PIC
nanodomains.

At the highest pH values (pH 7.4 and 7.9), the N/AA ratio
sharply drops whereas EOQ/Si further decreases. The low value
of N/AA is quite surprising since the charge density of OC
decreases strongly above pH 6.5, and then even higher values of
N/AA could be expected as a result of the necessary charge
compensation in the PIC nanophase. Let us note that the low
value of N/AA is associated with a significant porosity of the
as-synthesized hybrid materials (see Figure S5 in Supporting
Information File 1). Large mesopore volumes (Vpeso = 0.39 and
0.29 cm3-g ™! at pH 7.4 and 7.9, respectively) and large pore di-
ameters (dpore = 9.1 and 10.2 nm at pH 7.4 and 7.9, respective-
ly) in the hybrid materials were obtained; they are close to the
ones obtained on the calcined materials (Table 1). Those
combined observations suggest that part of the oligochitosan
molecules would be eluted from the material while the reaction
medium is maintained for hours at pH above 7, as it can be ex-
pected when considering the micellization pH range (Figure 1)
The occurrence of mesoporosity in the dried hybrid materials is
currently under investigation and will be discussed further in a
forthcoming paper. The very low value of the EO/Si ratio indi-
cates a decay of the extent of the SiOH/EO hydrogen bond
interaction compared to the syntheses performed at lower pH.
Mesopore volumes (above 0.5 cm3/g) and pore diameters (about
10 nm) observed on the calcined materials (Figure 3 and
Table 1) are much higher than at pH below 7, suggesting that
the PEO block was not trapped into silica walls of the materials
but rather acted as a porogen agent contributing to the meso-
pore volume once the materials were calcined. Such an occur-
rence is reminiscent of the size increase of the structural meso-
pores of SBA-15 materials observed at temperature of synthe-
sis higher than 80 °C, which reduces the solvation of the PEO
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chains and thus weakens the interaction between PEO and silica
[44]. A similar effect was observed with the present PIC struc-
ture directing agent when performing a material synthesis at
pH 6.5 at 80 °C for 24 hours: the mesopore diameter of the
calcined material increased from 5.9 to 12 nm and the meso-
pore volume from 0.25 to 0.95 cm>-g~! (Figure S6 in Support-
ing Information File 1). The material contained a lower amount
of DHBC (EO/Si 0.4 and 315 mg-gg;0, ! instead of EO/Si 0.5
and 456 mg-ggioy | at 30 °C) as it is the case for the synthesis
performed at high pH, and it is also slightly poorer in OC
(N/AA 1.07 and 239 mg/ggioy ! instead of N/AA 1.1 and
294 mg/ggioy” ! at 30 °C). Interestingly, the mesostructure ob-
served on the TEM image (Figure S7 in Supporting Informa-
tion File 1) of such a temperature-treated sample is similar to
the short-range ordered cylindrical mesopores presenting
honeycomb-like arrangement of the materials synthesized at
pH 7.4 and 7.9, thus supporting the role of the weaker interac-
tion between PEO and silica at those pH. It is worth noting that
the involvement of mediating cations ensuring the interface
neutrality through a N°Na*I™ pathway (in our case Na* coming
from the sodium hydroxide solution used to adjust the pH) that
has been proposed in some studies [4] does not hold in this high
pH material synthesis, since the Na/Si molar ratio obtained from
EDX measurements was too low (Na/Si =0.04) to support such
an assembly.

The pH-dependent mesoproperties of the PEO-5-PAA/OC PIC
structuring agent can be depicted by defining an induced amphi-
philic unit that determines the nature of the mesophase. This
amphiphilic unit can be described as a ternary system consti-
tuted of OC, PEO-b-PAA and silica species. The core of the
amphiphilic system is constituted by a polyion electrostatic
complex of OC/PAA and the corona by the H-bonded assembly
of PEO block and silica species. As the pH of the synthesis me-
dium is increased (from pH 4.5 to 6.5), the extent of the electro-
static interactions increases and the hydrogen bond interaction
with silica species weakens, whereas the condensation rate of
silica increases. Figure 6 schematically depicts the different
interactions involved in the formation of the hybrid precipitate,
and how they vary with pH, allowing us to tune the relative
sizes of the electrostatic complex core and the PEO/inorganic
corona of the amphiphilic unit. The pH sensitivity of the various
interactions provided by this peculiar amphiphilic system
allows tuning the mesostructure of the material from hexagonal
to worm-like/lamellar simply by varying the pH of the reaction
medium at 3.9 wt % of DHBC. At a lower DHBC concentra-
tion (1.9 wt %), the mesostructure transformed from lamellar/
hexagonal at pH 4.5 to purely lamellar at pH 6.5. Interestingly,
the hybrid materials prepared in more dilute conditions exhib-
ited N/AA (0.62 and 1.24 at pH 4.5 and 6.5, respectively) and
EO/Si (0.56 and 0.48 at pH 4.5 and 6.5, respectively) ratios sim-
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Figure 6: Schematic representation of the interactions between silicic species and PEO, OC and PAA entities as a function of pH.

ilar to those obtained at 3.9 wt % whereas the mesostructures
were found to be rather different from those obtained at
3.9 wt %. Several factors may be involved in the difference in
mesostructures between the two concentrations of the reaction
medium (hexagonal vs lamellar/hexagonal mixture at pH 4.5
and short-range ordered worm-like/lamellar mixture vs purely
lamellar at pH 6.5): the different silica condensation rates, the
different quantities of ethanol released upon TEOS hydrolysis
and their influence on the polymer solubility, and the amounts
of water contained in both the hydrophilic PEO shell and the
PIC core, which may swell differently the two different com-
partments.

Conclusion

In conclusion, mesoporous materials of various structures in-
cluding 2D hexagonal, worm-like, and lamellar structures were
formed by using polyion complex micelles as structure-direct-
ing agents under different pH conditions of material synthesis.
As a weak polyacid-containing DHBC and a weak polybase
were chosen as constituents of the polyion complexes, micelle
formation occurs on a restricted pH domain between about 4.5
and 7. The silica framework is obtained by condensation of
silicic species, which are formed by hydrolysis of the silicon
alkoxide at pH 2. Due to the pH dependence of the PIC micelle
properties, of the silica condensation rate, and of the PEO-
silanol interactions, the variation of the pH of the reaction medi-
um from 4.5 to about 8 led to considerable changes in the struc-
tural, textural and compositional properties of the materials.

After hydrolysis of TEOS in the presence of the polymers, the
increase of the pH of the aqueous mixture between 4.5 and 7.9
leads to the formation of a macroscopic hybrid organic—inor-
ganic precipitate. When the materials were synthesized in the
pH 4.5-5.5 range, long-range ordered 2D hexagonal structures
exhibiting pore diameters which regularly increase with pH

were obtained. In the pH 5.7-6.5 range, a mixture of short-

range ordered worm-like and lamellar structures was obtained;
it appears to be a pure long-range ordered lamellar phase when
the reaction medium was twice less concentrated. When the pH
of the material synthesis exceeds pH 7, cylindrical pore mor-
phologies were obtained, exhibiting some short-range ordered
2D hexagonal arrangement. In the pH range 4.5-6.9, pore diam-
eters were shown to increase progressively with pH up to
5.7 nm, whereas they dramatically increase above pH 7 exceed-
ing 10 nm. The variations of the structural and porous proper-
ties of the materials were shown to be related to variations of
the compositions. Mesostructures with larger pore diameters or
with a higher radius of curvature were obtained in the pH range
4.5-6.9, in relation with increased content of the polybase
(oligochitosan) in the PIC nanodomain (increased ratio be-
tween amine and acrylate functions).

In summary, the pH of the reaction medium appears to be a key
parameter in the determination of the structural and textural
characteristics of mesoporous materials whose synthesis is
directed by polyion complex micelles. This is due to the varia-
tion of three essential properties as a function of pH: the extent
of the electrostatic bonding between the weak polyelectrolytes,
the extent of the hydrogen bond interaction between silanol and
PEO ether groups, and finally, the silica condensation rate. As a
complementary investigation, the influence of other synthesis
parameters, which were identified to play a role in the structure
determination, including the concentration of the reaction medi-
um and the temperature, is currently under study.

Supporting Information

Supporting Information File 1

Additional experimental data.
[https://www.beilstein-journals.org/bjnano/content/
supplementary/2190-4286-10-14-S1.pdf]
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Abstract

The use of nanoparticles as drug carriers has provided a powerful weapon in the fight against cancer. These nanocarriers are able to
transport drugs that exhibit very different nature such as lipophilic or hydrophilic drugs and big macromolecules as proteins or
RNA. Moreover, the external surface of these carriers can be decorated with different moieties with high affinity for specific mem-
brane receptors of the tumoral cells to direct their action specifically to the malignant cells. The selectivity improvement yielded by
these nanocarriers provided a significative enhancement in the efficacy of the transported drug, while the apparition of side effects
in the host was reduced. Additionally, it is possible to incorporate targeting moieties selective for organelles of the cell, which im-
proves even more the effect of the transported agents. In the last years, more sophisticated strategies such as the use of switchable,
hierarchical or double targeting strategies have been proposed for overcoming some of the limitations of conventional targeting
strategies. In this review, recent advances in the development of targeted nanoparticles will be described with the aim to present the
current state of the art of this technology and its huge potential in the oncological field.

Introduction

Nanotechnology has become a powerful weapon in the search  symptoms. Nanoparticles can interact with cells, bacteria and
of novel strategies for addressing unmet clinical challenges, viruses in a very intimate and efficient way because they
from the treatment of complex diseases as cancer or neurolog-  present a similar size than these biological entities [1]. This
ical disorders, to the early diagnosis of these pathologies that close interaction has been exploited for achieving important

could allow for eliminating them before the appearance of any  abilities such as the selective transport of drugs directly to
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diseased cells and tissues [2], the precise recognition of
extremely low concentrations of important biomarkers indica-
tive of pathological processes that are present in complex envi-
ronments (e.g., urine, blood, saliva) [3] or the creation of smart
nanorobots able to perform precision surgery inside the body
[4]. One of the applications in which the nanoparticles have
found an interesting niche is oncology. The conventional treat-
ment of cancer is based on three strategies: surgery, radio-
therapy and chemotherapy. These approaches exhibit a lack of
selectivity affecting also the surrounding healthy tissues, in the
case of surgery and radiotherapy, and/or to the whole organism,
in the case of chemotherapy. This last strategy could be visual-
ized as carpet bombing with the aim of destroying an enemy
army that is hidden in a populated city. In many cases, the effect
on the malignant “soldiers” is scarce but the number of “civilian
casualties” is unbearable. Nanomedicine has provided a promis-
ing alternative to these strategies through the development of
engineered nanocarriers capable to deliver therapeutic agents
specifically to tumoral cells without affecting healthy tissue.
These nanoparticles are able to load great amounts of drugs, to
transport them in the blood stream and finally, to recognize the
tumoral tissue and release their cargo inside the tumoral cells.
The idea to use nanoparticles as drug carriers in oncology arose
in 1986, when two Japanese researchers reported that nanoparti-
cles present a passive tendency to be accumulated into tumoral
tissues [5]. This passive accumulation, also known as passive or
primary targeting, is called “enhanced permeation and retention
(EPR)” effect and is one of the keystones of tumour treatment
with the help of nanocarriers [6]. Moreover, the external sur-
face of these nanocarriers can be decorated with different bio-
organic moieties (targeting groups) that bind specifically to re-
ceptors located on the membrane of tumoral cells in order to en-
hance the particle uptake in the malignant cells. This strategy is
the so-called “cellular or secondary targeting”, because it is
generally based on a ligand-receptor-mediated endocytosis,
triggered by the strong interaction of the targeting group with
the membrane receptor of the tumoral cell. It improves the
selectivity of the treatment achieving a drastic reduction of the
side effects caused by the transported drugs and also reduces the
drug resistance developed through the high doses in conven-
tional treatments [7]. Finally, it is also possible to place addi-
tional targeting moieties on the particle surface that do not bind
to receptors located on the external membrane of the cells but
recognize internal organelles. This approach is known as
tertiary targeting and it has been widely exploited for the trans-
portation of potent cytotoxic compounds or genetic materials
(i.e., silencing RNA) that present an improved effect when they
are released close to specific organelles such as mitochondria or
the nucleus. In this review, some of the recent advances of the
different targeting approaches investigated in the last years will

be presented. Additionally, the development of sophisticated
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strategies that allow for the sequential targeting of cells and
organelles, or tissues and cells, as well as the employ of hierar-
chical targeting will also be described to provide an insight
about the great potency of targeted nanomedicines in antitu-
moral therapy.

Review
Passive targeting based on the EPR effect

As mentioned above, the use of nanoparticles in oncology was
proposed for the first time by Maeda and Matsumura, who re-
ported the selective accumulation of nanometric entities in
tumoral tissue [5]. The reason of this passive accumulation lies
in the unique architecture of the blood vessels that irrigate the
solid tumour. The accelerated growth of a solid tumour must be
sustained by the continuous construction of blood vessels in
order to transport nutrients and oxygen to the malignant cells
spreading through the tissue. The creation of completely func-
tional blood vessels requires a fine balance between pro- and
anti-angiogenic factors. These factors are unbalanced in the
tumoral tissue with the amount of pro-angiogenic factors being
higher [8]. As a consequence of this, the newly formed blood
vessels have an aberrant and tortuous structure with pores and
fenestrations of a few hundreds of nanometres. Therefore, when
the nanoparticles reach the tumoral blood vessels, they can leak
from the vessels through these pores into the malignant tissue.
Moreover, the accelerated growth of the tumoral mass usually
compresses the lymphatic vessels that are on charge of the elim-
ination of wastes products and liquids from the tissue and thus,
the extravasated nanoparticles cannot leave the tissue resulting
in accumulation over long periods of time. These two character-
istics, the high permeability of tumoral blood vessels and the
lack of an efficient drainage system are responsible for the
accumulation of the nanoparticles into neoplastic tissues. Unfor-
tunately, the EPR effect is not as universal as originally thought.
It highly depends of the type of tumour and even of the state of
disease progression [9]. Despite the fact that the EPR effect is
really pronounced in mice models, this effect is not general in
humans. There are tumours with a very pronounced EPR effect,
such as Kaposi sarcoma and multiple myeloma, while other
tumours barely exhibit this effect, as pancreatic cancer. There-
fore, it is required to design strategies able to increase the nano-
particle accumulation in tumoral tissues where the EPR effect is
weak [10]. Additionally, even in the case where the EPR effect
is present, there are other barriers that compromise the efficacy
of nanoparticle-based therapies. One of these barriers is the
elevated interstitial fluid pressure (IFP) present in the intersti-
tial space of solid tumours, which approaches or even sur-
mounts the intravascular pressure [11]. This effect strongly
compromises the diffusion of the nanoparticles into the tumour
tissues. Some authors have proposed the previous normaliza-

tion of the tumoral vasculature by the administration of anti-
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angiogenic factors in order to reduce the IFP and therefore, to
enhance the nanoparticle diffusion into the tumour [12].
Another strong barrier that hampers the efficacy of nanomedi-
cines is the dense extracellular matrix (ECM), which is usually
present in many solid tumours. ECM is commonly denser in
solid tumours than in healthy tissues due to a higher content in
collagen and other structural proteins. This fact hinders the
penetration of the nanoparticles into tumoral tissues restraining
their effect to the periphery of the neoplasia. In order to over-
come this limitation, diverse alternatives have been proposed,
from the application of ultrasounds for propelling the nanoparti-
cles inside the tissue [13] to the previous administration of
proteolytic enzymes that digest the ECM [14]. As an example,
Villegas et al. have reported the use of pH-sensitive polymeric
nanocapsules that are able to release collagenase once they
arrive at the tumoral tissue due to the mild acidic conditions
present there [15]. These nanocapsules were anchored on the
surface of mesoporous silica nanoparticles (MSN) coated with a
lipid bilayer (protocells) enhancing their penetration into 3D
tumoral tissue models, which yielded a significant enhance-
ment of the therapeutic efficacy of these nanodevices (Figure 1)
[16].

Active targeting: from cellular to organelle
vectorization

Once the nanoparticle reaches the tumoral area, it faces a com-
plex scenario. Tumoral masses are not composed by an homo-
geneous tumoral cell distribution but they are formed by a
myriad of different cell populations, from tumoral cells to
immune, supportive and healthy cells of the original tissue [17].
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Therefore, nanoparticles should possess the capacity to recog-
nize the malignant cells and focus the effect onto them in order
to achieve an efficient therapeutic effect. This ability can be in-
corporated in the nanodevice by anchoring targeting moieties on
the particle surface [1,18]. These targeting moieties are mole-
cules or macromolecules that bind to specific receptors located
on the surface of the tumoral cells. In many cases, these cellu-
lar receptors are also present in healthy cells, e.g., for the
widely employed targeting moieties folic acid [19], transferrin
[20] or sugars [21]. But their number is significantly higher in
tumoral than in healthy cells due to their stronger nutrient
demand. Thus, this receptor overexpression can be exploited for
the selective delivery of therapeutic drugs to tumoral cells.
Another possibility consists in the development of synthetic
targeting moieties that bind to certain receptors in a more selec-
tive and efficient manner [22]. Villaverde et al. have reported
the synthesis of meta-aminobenzylguanidine (MABG) and its
anchorage to the surface of MSN in order to guide these parti-
cles specifically to neuroblastoma cells [23]. About 90% of
neuroblastoma cells overexpress the norepinephrine receptor
(NET) on their surface. Meta-iodobenzylguanidine is a synthe-
tic analogue of norepinephrine that, with a radioactive iodine
substituent (1311), has been widely employed for the diagnosis
of neuroblastoma due to its strong affinity for NET. The
replacement of the iodine by an amino group in MABG did not
reduce the ability to bind to NET while it provided a reactive
group that allowed for grafting this molecule to the surface of
MSN employing a bifunctionalized polyethylene glycol (PEG)
molecule as spacer between the MSN surface and MABG. MSN
decorated with these moieties were engulfed by neuroblastoma
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Figure 1: Highly penetrating nanosystems based on the incorporation of pH-responsive collagenase nanocapsules. This image has been adapted

from [15], copyright 2015 American Chemical Society.
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cells up to four times more than non-targeted MSN. The in vivo
evaluation in neuroblastoma xenograft model showed strong
accumulation of the targeted system and high retention in the
tumoral zone over a period of more than 72 h. Non-targeted
nanoparticles were rapidly cleared. Interestingly, MSN deco-
rated with the same type of PEG but without MABG at the end
failed to be accumulated in the tumoral area, but they showed
slight accumulation in the liver of the animal, probably due to
the increase in the circulation time of the particles caused by the
presence of the PEG chains (Figure 2) [23].

The small size of these synthetic molecules allows for the
grafting of multiple copies of them, or even combinations of
two different molecules on the surface of the nanoparticles [24].
This fact can induce a significant enhancement of the particle
uptake due to multiple binding processes with tumoral recep-
tors through a multivalence effect [25]. Nature usually employs
antibodies for the recognition of cells and pathogenic bodies.
Antibodies are large proteins that present a characteristic
Y-shaped structure in which the recognition event takes place in
a very specific manner through the interaction between the
antigen located on the diseased cell and the two ends of the
Y-shaped protein. Thus, many different antibodies have been at-
tached on the surface of multiple types of nanoparticles to in-
duce selectivity against specific cell populations. As example,
Herceptin is an antibody that recognizes the human epidermal
growth factor receptor 2 (HER2) overexpressed in breast cancer
cells (HER2+). This antibody has been attached on the surface
of poly(D,L-lactic-co-glycolic acid) (PLGA) nanoparticles
loaded with the potent estrogen receptor modulator tamoxifen
[26]. These nanoparticles were capable to induce a significant in
vivo tumour growth inhibition due to the enhanced nanoparti-
cle uptake within the tumoral cells owing to the strong interac-
tion between the antibody and HER2. Another interesting possi-

Tumoral Zone

Nanoparticle accumulation
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bility is to employ antibodies for the recognition of the tumoral
blood vessels instead of the tumoral cells. Endoglin, or CD105,
is a glycoprotein usually overexpressed on the surface of the en-
dothelial cells which compose the tumoral vessels. TRC105 is a
human/murine chimeric antibody which recognizes CD105 with
high specificity and due to this property it has been incorporat-
ed on the surface of MSN labelled with ®Cu in order to
perform imaging by positron emission tomography (PET) [27].
The injection of these particles into the blood stream of mice
bearing breast tumour allowed for the visualization of the
tumoral mass thanks to the enhanced accumulation of the parti-
cles. One of the problems associated with the use of antibodies
for targeting is the partial loss of the binding capacity of the at-
tached antibody during the anchoring process, which is usually
carried out by non-specific chemical techniques as carbo-
diimide coupling chemistry [28]. An alternative is the introduc-
tion of certain functional groups on specific positions of the
antibody, which allows the utilization of bio-orthogonal chemi-
cal strategies, such as azide-strained alkyne or thiol-maleimide
reaction, for carrying out the antibody attachment with a high
precision level [29]. Another interesting strategy is the attach-
ment of protein A on the nanoparticle surface prior to the incor-
poration of the antibody [30]. Protein A is a membrane protein
produced by Staphylococcus aureus in order to complex the
immunoglobulins by the complement region (Fc) deactivating
the immune attack of the host. Thus, antibodies can be anchored
to the surface of a nanoparticle decorated with protein A thanks
to the strong affinity between the protein and the Fc region,
which is not involved in the recognition process and therefore,
this process occurs without any loss of the antibody binding
capacity. Unfortunately, the use of antibodies as targeting
moieties has an important drawback, which is the possibility to
trigger immune responses due to the uncontrolled exposition of
immunogenic regions (as Fc) on the particle surface. Peptides
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Figure 2: Left: tumoral zone monitored by bioluminescence and nanoparticle accumulation detected by IVIS® Spectrum in vivo imaging system.
Group IV exhibited strong particle accumulation in the tumour, whereas group Il only showed slight accumulation in the liver. Right: images of each
group of particles that were injected in mice. This image has been adapted from [23], copyright 2015 Royal Society of Chemistry.
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are versatile alternatives to antibodies for targeting purposes.
The use of relatively short peptide chains provides some impor-
tant advantages, such as i) only little alteration of the hydrody-
namic diameter of the nanoparticles, ii) multigram production
with high purity, iii) possibility to attach multiple copies of
them on the nanoparticle surface which enhances the uptake,
iv) possibility to use non-natural aminoacids improving the
versatility and v) low immunogenicity [31]. The tripeptide
Arg—Gly—Asp (RGD) is probably one of the most employed
peptide in the targeting design of nanoparticles. RGD binds
specifically to ap-integrin, which is usually upregulated in
many different tumoral cell lines such as breast, lung or fibro-
blast cancer cells, and also by the epithelial cells of the tumoral
blood vessels [32,33]. Ruoshlati et al. have reported that the
cyclic version of RGD, CRGDKGPDC (called iRGD), which is
cyclized by the disulfide bridge between both terminal

cysteines, exhibits significantly a higher tumour specificity than
linear RGD [34]. iRGD works in a sequential manner, first it
binds to af-integrin by the RGD sequence encrypted within the
cyclic structure and then, the peptide is broken by the action of
a cell surface-associated protease exposing the RGD, which
then binds to neuropilin-1 triggering the particle endocytosis.
Another cell-penetrating peptide (or CPP, which is the usual
name of the peptides used for targeting purposes in nanomedi-
cine) closely related to RGD is the tripeptide Asn—Gly—Arg
(NGR). The asparagine present in this peptide sequence experi-
ences spontaneous deamidation producing a mimetic of the
RGD peptide (iso-DGR), which presents similar targeting
capacities. Additionally, this sequence also binds to tumoral
blood vessels [35]. Thus, this peptide has been anchored to dif-
ferent nanoparticles for enhancing their uptake into tumoral
cells or for binding to tumour vessels. As an example, cyclic
NGR, which binds to the aminopeptidase receptor (CD13), was
grafted on the surface of temperature-sensitive liposomes
loaded with doxorubicin (Dox) for the selective destruction of
CD13+ cancer cells as human fibrosarcoma cells (HT-1080)
[36]. These liposomes released more than 75% of their payload
when the temperature reached 41.3 °C whereas they maintained
the Dox within their hydrophilic core at physiological tempera-
ture. Other systems widely employed for targeting purposes are
aptamers. Aptamers are oligonucleotide chains that exhibit a
characteristic three-dimensional structure capable to bind to
specific membrane cell receptors overproduced by the tumoral
cells. The aptamer that specifically binds to a certain protein is
usually selected by the technique named systematic evolution of
ligands by exponential enrichment (SELEX) [37]. Through this
technique it is possible to obtain oligonucleotide sequences
selective for many different membrane proteins. These macro-
molecules have been widely employed both alone and conju-
gated with drugs or nanoparticles [38]. Aptamers specifically
designed for binding to the epidermal growth factor receptors
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(EGFR) have been anchored on the surface of hollow gold
nanospheres [39]. The thiolated version of these aptamers was
anchored on the gold surface through the thiol groups produc-
ing an average anchorage yield of 250 aptamers per particle.
The biodistribution of these particles was evaluated in vivo by
micro-single-photon emission computed tomography/computed
tomography (micro-SPECT/CT) employing particles labelled
with ''!In, showing an excellent tumour-homing capacity of
these particles. AS1411 aptamers have been widely employed
for cell targeting in tumoral cell lines that overexpress nucleo-
lin [40].

The use of targeting moieties provides not only the capacity to
the nanoparticles to be selectively engulfed by tumoral cells. It
also allows for the localization of the nanocarriers in specific
intracellular localizations or organelles, such as nucleus or
mitochondria [41,42]. This enables the precise delivery of thera-
peutics to key organelles of the cells, which could significantly
increase their cytotoxic effect. Mitochondria are the energetic
plants of the cells. In addition, they carry out other important
functions such as the control of the intracellular calcium con-
centration or the removing of the oxidative species, which could
damage the cell. Therefore, the specific delivery of toxic species
to these key organelles compromises the function of the entire
cell causing its destruction. Yoong et al. have decorated the
external surface of multiwalled carbon nanotubes (MWCNTSs)
with rhodamine-110 to localize them close to the mitochondria
membrane [43]. The positive charge provided by rhodamine-
110 provokes the electrostatic binding with the highly negative
mitochondria membrane (—180 mV to —160 mV). These
MWCNTs were loaded with a platinum(IV) pro-drug that re-
leased active cisplatin(Il) in the reductive environment of the
intracellular space. Another targeting moiety that has been em-
ployed for delivering therapeutics to mitochondria is triphenyl-
phosphine [44]. This positively charged group also binds to the
mitochondria membrane by electrostatic interactions. The
nucleus contains practically all the genetic information (except
for the mitochondrial DNA) and is of paramount importance for
the correct function of the entire cell. Targeting nuclei has
received huge attention regarding the delivery of cytotoxic
species that act on DNA or the direct delivery of genes to their
place of action. Viruses are one of the inspiration sources for
strategies to reach the inner nuclear space. They contain on
their membrane small peptide sequences with nuclear transloca-
tion capacity such as the KKKRKV peptide in simian
vacuolating virus 40 (SV40), GRKKRRQRRRPQ in the TAT
peptide present in human immunodeficiency virus (HIV), or
KRPAATKKAGQAKKKKL in the case of nucleoplasmin [45].
These peptides have been anchored on the surface of different
nanocarriers providing excellent results [46]. The aptamer

AS1411 selective for nucleolin, a protein present on the nuclear
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membrane, has also been widely employed for the selective
release of therapeutic compounds to the nucleus [47,48]. Shiga
and cholera toxins exhibit the ability to target Golgi and endo-
plasmic compartments and they have been conjugated with
drugs for their selective delivery to these organelles [49]. The
peptide Lys—Asp—Glu—Leu (KDEL) has been anchored on gold
nanoparticles loaded with siRNA for the selective delivery of

the genetic material into the endoplasmic reticulum [50].

The main mechanism for the internalization of nanoparticles
within mammalian cells is endocytosis [51]. Usually, the
nanocarriers enter into the cells into endosomes, which evolve
into lysosomes, which can lead to the degradation of the trans-
ported cargo, especially in the case of sensitive agents such as
genes or siRNA. Therefore, it is necessary to design mecha-
nisms to induce the endosomal escape to reach the cytosol.
Multiple strategies for overcoming the endosomal entrapment
have been designed [52]. One of the most widely employed is
the incorporation of polycationic groups on the particle surface
such as poly(ethyleneimine), cationic dendrimers or poly(histi-
dine) chains [53]. Tertiary amino groups in these polymers
bring protons into the endosomes producing osmotic alterations
that provoke endosomal rupture (proton sponge effect) [54].
The incorporation of peptides such as the GALA peptide
(WEAALAEALAEALAEHLAEALAEALEALAA) capable to
fuse with the endosomal/liposomal membrane is another mech-
anism for inducing endosomal escape of nanomedicines [55].
Finally, the incorporation of photosensitizers able to produce
radical oxidative species (ROS) upon exposure to certain wave-
lengths of light induces the controlled endosomal disruption
under light exposure [56].

Double targeting solutions, a real alternative?
Active targeting is already one of the most used strategies for
bringing nanoformulations into tumoral cells. Although usually
great results were achieved in vitro, the in vivo assays have
shown smaller effects regarding cell internalization. There has
been no real enhancement in the treatment efficacy compared to
the passive vectorization effect provided by EPR [57]. Physical
and also biological barriers disrupt, to a high extent, the desired
selective interactions between the targeting ligands and their re-
ceptors. Effects such as off-targeting towards common cell re-
ceptors expressed in tumoral but also in healthy cells, and the
rapid uptake by the reticuloendothelial system, macrophages
and supportive cells such as fibroblasts the decrease the
nanocarrier concentration in the blood stream. Also, the poor
penetration capacity into the tumoral mass due to strong interac-
tions between cell receptors and targeting agent in the first
layers of cells of the tumoral tissues, to so-called binding-site
barrier effect, reduces the efficacy of the nanomedicine to an

outside stratum of the tumoral zone. In contrast, good results for
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imaging have been achieved to improve diagnosis in early
stages of the disease. Thus, active targeting is still widely
studied not only for nanomedicine but also for conjugate drugs
[58,59].

As was mentioned above, there are three levels of active
targeting: tissular targeting, cellular targeting and intracellular
or organelle targeting. A combination of them in single system
providing new functionalities and capacities may allow the
system to overcome the natural barriers of the nanomedicine ap-
proaches. The improvement of the EPR effect in order to
increase the nanomedicine accumulation, retention and even
penetration into the diseased tissue is one of the main goals
[10]. Usually, fast growing tumours such as carcinoma exhibit a
highly vascularized tumour mass, while slow growing tumours
as sarcoma are poorly irrigated [60]. There are three main
strategies for improving the accumulation and retention in
tumour tissue: i) the modification of physical conditions of the
tumor mass; ii) the selectively targeting of the payload towards
tumoral stroma or vasculature tissue and iii) to kill the cancer
cells that belong to the external shell of the tumour primary
layers [61]. All of them and their combinations need active
tissular or cellular targeting systems for a better performance.
The strategies for providing multiple targeting abilities within
one single nanocarrier will be discussed in the following
section.

Simultaneous targeting of tissue and cells

Double vectorization has been proposed in the last years as an
approach to overcome some of the physical barriers in nano-
medicine. The combination of tissular and cellular targeting
agents in a unique nanocarrier may improve accumulation and/

or the uptake in cancer cells without affecting healthy cells.

Firstly, the simplest approach is to randomly attach both tissular
and cellular targeting moieties on the nanocarrier surface.
Through tissular targeting the nanocarrier would be directed to
the diseased cells improving its accumulation. Once there, the
presence of the cellular targeting moieties would enhance the
cellular uptake into the tumoral cells. In several types of cancers
and depending on the location of the malignant tissue, the EPR
is not effective at all. Combining tissular and celluar agents is a
powerful tool in such cases making that active tissular targeting
ligands even more important. In 2014, Yang et al. [62] de-
scribed a peptide dual targeting system with drug-loaded lipo-
somes for glioblastoma treatment. Glioblastoma, localized in
the brain, represents one of the major challenges in drug
delivery due to the necessity to pass the blood brain barrier
(BBB). BBB inhibits the passage of 98% of the medicines
administered through the systemic route and constitutes a formi-

dable barrier for tissue targeting not only in nanomedicine but
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also in common drug delivery [63]. In this case, liposomes were
modified with Angiopep-2 and tLyP-1 homing and penetrating
peptides for the simultaneous delivery of siRNA and
(docetaxel) DTX. Angiopep-2 showed affinity to the lipopro-
tein receptor (LPR) typically overexpressed in glioma and in
BBB cells [62] and therefore, it shows excellent capabilities for
the penetration into the brain through the transcytosis pathway.
The peptide tLyP-1 also exhibits both tissue penetration ability
through the neurophilin-1-dependent C-end rule and affinity to
glioma cells for LPR interaction. The exposed dual peptide
cation enables the possible accumulation into gliomas via the
combination of EPR effect and active targeting for an antiangio-
genic and apoptotic treatment. In vitro assays showed improved
internalization only when the liposomes have both targeting
systems exposed, demonstrating the synergy of the two peptides
in the assisted internalization (Figure 3). In vivo experiments
showed an amazing reduction in subcutaneous induced glioma
tumours in mice by intratumoral but also by systemic adminis-
tration. This example represents the collaboration of two
targeting agents to improve the vectorization of the system on

tissular and cellular levels.

Another representative example of cooperation of multiple
tissular and cellular targeting systems is the use of albumin-
based systems [64]. Their accumulation properties in tissue are
based on two effects: the EPR due to their size and active
targeting provided by the glycoprotein gp60 interaction. The
protein gp60 is overexpressed in the endothelial cell surface and
allows the albumin-based systems to extravasate to the tumour
mass through caveola formation and transcytosis. After this,

£ tLyP-1
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albumin may also bind to the “secreted protein, acidic and rich
in cysteine” (SPARC) present in the extracellular matrix, facili-
tating the approximation to tumoral cells. This is the postulated

®

mechanism of action of Abraxane™, one of the most commonly

administered nanomedicines based on albumin today (Figure 4).

Another commonly employed strategy to improve the trans-
portation efficiency of nanosystems is the combination of an
unspecific cell penetrating peptide (CPP) with a selective
targeting ligand. With this strategy, the nanocarrier combines
the selectivity of the receptor—ligand interaction with the power
of the CPP for an effective internalization and an endosomal
escape to the cytosol (Figure 5). This methodology has been
applied by using a combination of RGD-type or NGR-type
peptide specific for neovascular tissues with R8 (eight units of
arginine) or R4 (four units of arginine) CPP peptides [65,606].

Hierarchical and encrypted sequential

targeting — novel strategies for dual targeting

All targeting methodologies described above are obviously of
limited clinical use. The coexistence of two active vectorization
ligands at the same time and close to each other may lead to
unwanted interactions not only between them, but also with the
physiological environment during circulation. Furthermore, the
existence of positively or negatively charged moieties or active
targeting groups on the nanocarrier surface could reduce the
circulation time of the systems by off-target accumulation or
accelerated clearance by the reticuloendothelial system (RES).
This leads to a reduced accumulation of the nanocarriers in the
diseased tissue. The concept of spatiotemporally modulated

3. Active Cellular Targeting
Double recognition

Figure 3: EPR and active targeting working together for glioma tissue accumulation and preferential glioma cells internalization.
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Figure 4: Mechanism of retention and accumulation of Abraxane in tumoral tissue. The authors’ own generalized depiction of the scheme proposed

previously in [64].
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Figure 5: Combination of unspecific CPP and endothelial specific ligands for tissue recognition and efficient internalization on cells.

dual-targeting systems has been introduced lately as a response
to these undesired interactions between two targeting motives
[67]. With the aim to control and tune the targeting properties
depending on time and the localization of the nanocarrier, hier-
archical targeting has been recently proposed as a novel strategy
[68]. This strategy is based on hiding the targeting moieties and

only activating them in the appropriate scenario. Hierarchical
targeting systems incorporate stimuli-responsive strategies in
such a way that the targeting groups are hidden during the
circulation of the carrier through the body and, therefore, the
tissular accumulation occurs mainly through the EPR effect.
Once the carrier reaches the tumoral tissue, the specific condi-
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tions there (e.g., low pH values or the presence of certain en-
zymes) or the application of an external stimuli (e.g., light,
magnetic fields or ultrasound) triggers the targeting inducing
the particle uptake into the diseased cells [69-71]. Thus, the
targeting is only activated in the malignant tissue, which would
significantly reduce the off-target accumulation and the RES
clearance. The hierarchical systems can be classified according
to the targeting activation mechanism and include changeable
particle sizes, switchable surface charges and activatable sur-
face ligands (Figure 6).

There are numerous active vectorization motifs that are capable
of being tagged for their deactivation, from small molecules
such as folic acid to penetrating (CPP) or homing peptides
(RGD-type). The tagged agents may be activated once the
system is accumulated in the tumoral tissue by EPR through
both internal or external stimuli [72-74]. The tagging motive
should be designed specifically for each type of active targeting.
To solve this limiting problem of scope, one of the main strate-
gies followed lately is the use of shielding molecules with high
molecular weight such as PEG for simply sterically hindering
the active vectorization agents. Usually, PEG chains are func-
tionalized through a responsive group over the nanocarrier sur-
face. Thus, PEG plays a dual role. It acts as shield that keeps the
targeting agent hidden and it prevents the opsonisation of the
nanocarrier, which would be the first step required for a capture
by macrophages. When the system reaches the tumoral tissue,
the PEG chain is cleaved leaving exposed the targeting ligand

for tumoral cell recognition and internalization. In the recent

Tagged simple targeting
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years, several works reported that the use of PEG could induce
immunogenic reactions in the host due to the production of anti-
PEG antibodies. More research is required to clarify this ques-
tion [75,76].

The use of shielded targeting agents renders the EPR effect
[77,78] the sole reason for nanocarrier accumulation in tumoral
tissues [79]. Sometimes this is not effective at all. Double
sequential targeting strategies have been proposed as important
alternatives. In these systems, there are two targeting agents: a
primary moiety selective to the tumour tissue and a secondary
moiety selective to tumoral cells but only active when the
system reaches the tumoral mass. In 2017, Villaverde et al. [80]
described a double sequential encrypted targeting system
focused on bone tumour. Bone is usually poorly irrigated and
nanoparticles have serious difficulties to reach this tissue. The
system is based on a hybrid peptide/polymeric chain that
contains a bisphosphonate (BP) group at the end. BP acts as
tissular targeting motif, due to its high affinity for the exposed
mineral part of bones (hydroxyapatite). An RGD sequence
conjugated with a peptide sequence cleavable by the action of
cathepsin-K (CK) was incorporated within the hybrid chain. CK
is a proteolytic enzyme, which is usually typically overpro-
duced in osteosarcoma tumours. Thus, the complete targeting
moiety, which can be conjugated with drugs or nanoparticles,
induced the accumulation in diseased bone tissue in which the
mineral part is more exposed than in healthy bones due to the
disruption of the bone architecture caused by the tumour. When
the bone tissue presents a malignancy, the local overexpression

IS Hierarchiral hidden targeting
y PEG

Double encrypted sequential targeting

Figure 6: Different strategies for the construction of hierarchical targeting ligands.
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of cathepsin-K leads to the detachment of the cargo with a si-
multaneous exposition of the RGD pattern inducing the inter-

nalization of the transported drugs into the tumoral cells.

Double targeting cellular—intracellular
trafficking

Besides tissue accumulation, the preferential internalization in
tumoral cells is the main goal to improve the efficacy of a drug.
Endosomal scape and nanocarrier vectorization to one specific
organelle may be essential for improving the therapeutic effect
at low concentrations, as has been described above. The combi-
nation of subcellular targeting agents that allow for endosomal
scape and regulate the intracellular trafficking and a targeting
agent directed to cell membrane receptors is a promising
strategy for increasing the efficacy of treatments. The presence
of both an intracellular and extracellular targeting agent would
drive the drug nanotransporter directly to the desired organelle.
Many systems use the combination of two different targeting
agents to carry out the multi-vectorization process. In other
cases, the intracellular and extracellular targeting effects come
from the structural properties of the nanocarriers [81]. Usually,
the aim of the intracellular vectorization is oriented to nucleus
or mitochondria to improve the efficacy of the transported
drug for cancer treatments. Fortunately, there are intracellular
vectorization motives for almost all subcellular localizations
[42,82].

Double Random
Cellular-Nucleus
targeting system

Figure 7: Double cell-organelle targeting strategies.
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There are many cytotoxic drugs, such as doxorubicin, that in-
duce cell apoptosis through intercalation with nuclear DNA.
Further, gene silencing therapies based on an effective delivery
of short hairpin RNA (shRNA) bearing genes for small inter-
fering RNA (siRNA) need nuclear vectorization for enhancing
the cell growth inhibition. In these cases, the goal is to drive the
payload to the nucleus after selective internalization in the cyto-
plasm. Nuclear delivery with the HIV trans-activator of tran-
scription (TAT) peptoid in combination with the vasculature
and tumor cell membrane targeting RGD tripeptide is a novel
strategy recently described. Both vectorization agents were
grafted on mesoporous silicananoparticles in a random manner
[72]. RGD act as tissular and cellular targeting ligand, while
TAT act as CPP mediating the endosomal escape and driving
the payload to the nucleus. This example reflects how the com-
bination of two targeting agents works on three levels of vector-
ization, namely tissular, cellular and subcellular targeting.

As mentioned above, there are unwanted interaction effects be-
tween two agents, especially in the case of random decoration.
Janus systems have become a great alternative for including
double functional targeting agents to a nanocarrier. Villegas et
al. [83] recently described mesoporous Janus nanoparticles for
dual targeting of tumour cells and mitochondria (Figure 7).
There are multiple “mitochondriotoxic” drugs that act on mito-

chondria inducing cell apoptosis, such as gamitrinibs and

Double Janus =

Cellular-Mitochondria| — *ﬁé)

targeting system
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cisplatin [84]. One of the best ways to bring molecules or
nanocarriers to mitochondria is by using positively charged
groups. These motives are able to escape from the early endo-
some and reach to the mitochondria [85,86]. One of the most
commonly used cationic groups as mitochondrial targeting
agent is the triphenylphosphonium cation (TTP) [87]. The
vectorization agents are anchored separately on each of the
hemispheres of the nanocarrier through an asymmetrisation
process. One hemisphere is functionalized with folic acid as cell
membrane targeting ligand and the other hemisphere is functio-
nalized with a TPP analogue, which allows for endosomal
escape and drives the nanocarrier to the mitochondria surround-
ings. This strategy turned out to be successful for the transporta-
tion of topotecan to the mitochondrial environment resulting in
a highly efficient in vitro treatment of human prostate cancer
cells. The excellent performance could be explained by the
multivalence effect. The fact of having the same ligand inter-
acting with the same receptor simultaneously without any other
non-specific interaction from the other ligand maximized the

interactions enhancing the particle uptake.

Double targeting with the same motive:

multivalence effect

The design of double targeting agents with the same motive in a
single system is nowadays an alternative to inefficient vector-
ization in the cases in which the single ligand-receptor recogni-
tion is not strong enough to induce an enhancement of the cell
internalization. Jin et al. [88] developed a double linear RGD-
type ligand that was evaluated in comparison to the single coun-
terpart with regard to binding affinity and specificity to inte-
grins in vitro and in vivo. Further, Rosca et al. [89] described
effective single, double and triple systems decorated with dode-
capeptide with affinity to integrins overexpressed in glioma
cells. The effect of multiplying the motives in the structure

?
b

Single Ligand —Receptor
Recognition

Figure 8: Multivalence effect in multiple targeting systems.

Non-efficient double ligand
Recognition
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sharpens the contrast of binding between cancer and healthy
cells. The work demonstrated an improvement in terms of selec-
tivity and retention in tumoral tissues overexpressing integrins.
Nature uses these types of double interaction moieties as secure
systems, the double interaction between ligand and receptor is
present in recognition processes of, e.g., DNA and antibodies
[90]. The structural flexibility and the distance between the
motives yield the desired interaction with the receptor and allow
for strongest interactions compared to nonspecific interactions
(Figure 8).

Conclusion

The last few decades have witnessed the emergence of nano-
medicine in the oncological field. The use of nanoparticles as
drug delivery systems provided unique advantages such as the
possibility to transport highly lipophilic drugs and to improve
the pharmacokinetic profile of these drugs, enhancing their
accumulation both in the tumoral tissue and within the malig-
nant cells. Moreover, it is even possible to control the drug
release process through the incorporation of stimuli-responsive
mechanisms that regulate the drug release from the nanocarrier.
The incorporation of targeting moieties on the carrier surface
produces a significative increase in the particle accumulation
inside tumoral cells, which could improve the efficacy of the
therapy due to the high amount of drug that is possible to
deliver into the diseased cells, and by the reduction of side
effects. Despite the encouraging results there is much work left
to be done until these targeted nanocarriers fulfill the high
expectations. Many of these systems have been tested employ-
ing in vitro assays, or xenograft in vivo models in the best
cases. The fact that excellent results are observed with these
assays does not guarantee the same behaviour in clinical trials
due to the huge complexity of real tumours. It is compulsory to
evaluate the real efficacy of the targeted nanodevices in more

Double Ligand —receptor
Recognition
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realistic scenarios such as the utilization of orthotopic animal
models in which the tumour growths in its natural environment.
Additionally, the efficacy of these systems should be studied
employing immunocompetent animal models to study how a
fully operative immune system reacts to the administered
nanocarriers. In any case, we are at the beginning of nanomedi-
cine. The excellent results obtained until now paved the way for
the development of novel and more functional targeted nanocar-
riers that would eradicate devastating diseases in the coming
future.
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Abstract

A quantitative understanding of aggregation mechanisms leading to the formation of composites of inorganic nanoparticles (NPs)
and proteins in aqueous media is of paramount interest for colloid chemistry. In particular, the interactions between silica (SiO;)
NPs and lysozyme (LZM) have attracted attention, because LZM is well-known to adsorb strongly to silica NPs, while at the same
time preserving its enzymatic activity. The inherent nature of the aggregation processes leading to NP—-LZM composites involves
structural changes at length scales from few to at least hundreds of nanometres but also time scales much smaller than one second.
To unravel these we used in situ synchrotron-based small-angle X-ray scattering (SAXS) and followed the subtle interparticle inter-
actions in solution at a time resolution of 50 ms/frame (20 fps). We show that if the size of silica NPs (ca. 5 nm diameter) is
matched by the dimensions of LZM, the evolving scattering patterns contain a unique structure-factor contribution originating from
the presence of LZM. We developed a scattering model and applied it to analyse this structure function, which allowed us to extract
structural information on the deformation of lysozyme molecules during aggregation, as well as to derive the mechanisms of com-

posite formation.
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Introduction

A mechanistic understanding of aggregation in aqueous media
leading to the formation of composites of inorganic nanoparti-
cles and proteins is of paramount interest for colloid chemistry,
Earth sciences, or the design of protein-sensitized biomedical
devices and sensors [1-6]. In a broader perspective, many pro-
cesses involving the assembly of nanoparticles to higher-level
hierarchical structures are known to be directed by small
organic molecules and macromolecules [7-10]. Such funda-
mental interactions are the key to understand the crystallisation
of biominerals in living organisms (e.g., in bone formation), and

to manufacture better functional materials [11-15].

In particular, composites of amorphous silica (SiO;) nanoparti-
cles (NPs) and lysozyme (LZM) have attracted attention
because silica NPs readily form in many Earth surface environ-
ments (e.g., oceans, hot springs) where biological activity domi-
nates (e.g., diatom formation) but they are also key components
in numerous technological applications from electronics to paint
production. In turn, lysozyme adsorbs strongly to silica NPs
[16-18], while at the same time preserving its enzymatic activi-
ty, most notably antibacterial properties [19]. Over a wide range
of pH values (2 to ca. 10), the surface of silica NPs is nega-
tively charged, whereas the LZM molecule is positively charged
[20,21]. This way LZM can act as a bridge between silica NPs,
leading to aggregation and flocculation and thus to large silica
NP-LZM composites. In the SiO,—LZM model system, a num-
ber of studies investigating the relationship between silica NP
sizes, and adsorption modes of lysozyme revealed a correlation
between composite properties and the folding/structure of the
protein, its enzymatic activity and the exact protein localization
with respect to the silica NPs inside flocculated composites
[16,17,19,21-24]. The inherent nature of the aggregation pro-
cesses leading to silica—lysozyme composites, involves struc-
tural changes at length scales from a few to hundreds of
nanometres, which makes this system well-suited to be charac-
terized by scattering methods. In particular, recent advances
[25,26] in detector technology for synchrotron-based in situ and
time-resolved small-angle X-ray scattering (SAXS), now allow
one to follow all steps in the formation of Si0O,—LZM compos-
ites from the individual components. Nevertheless, although
such scattering data will reflect the in situ state of a system
during measurement, the quantitative information related to any
changes in structural properties of the particles/species of
interest can only be accessed by developing, testing and vali-
dating relevant models and bespoke data analysis methods.

In this study we show step-by-step how a scattering model was
developed, verified and applied to time-resolved synchrotron-
based SAXS data in which we followed in situ the lysozyme-in-
duced aggregation of silica NPs (ca. 5 nm in diameter) at a time

Beilstein J. Nanotechnol. 2019, 10, 182-197.

resolution of 50 ms. It is important to note that at typical NPs
sizes and concentrations [17,24] and protein concentrations [27]
usually employed to make such SiO,—LZM composites, the
relative X-ray scattering contrast/intensity of lysozyme, in the
presence of silica, is insufficient to determine the protein contri-
bution to the overall scattering pattern (ratio of ca. 1:100 be-
tween LZM and NPs), and only the NP component can directly
be followed. However, through this study we demonstrate that
if the size of the silica NPs is matched with the dimensions of
lysozyme (ellipsoidal molecule [28] 3 x 3 x 4.5 nm?), the
evolving scattering patterns contain a unique structure-factor
contribution originating from the presence of lysozyme, and this
way this important contribution can be assessed. The analysis of
this structure function through the derived model then allowed
us to extract detailed structural information on the deformation
of the LZM molecules upon aggregation, and to determine the
mechanisms of the formation of Si0,—~LZM composites.

Results and Discussion

This section of the manuscript is organised in the following
way: (1) data presentation and a discussion of general trends;
(2) derivation of a self-consistent mathematical model to fit the
timer-resolved scattering curves; (3) presentation of the quanti-
tative results from the model fits; (4) discussion of the quantita-
tive trends.

Evolution of SAXS patterns and derived

aggregation stages

Upon mixing of the silica NPs and the LZM solution we ob-
served very fast flocculation, which indicated the formation of
the composites. In Figure 1 we show an overview of these for-
mation processes based on SAXS data collected at a time reso-
Iution of 50 ms and spanning ca. 300 s.

In a contour plot of the time-resolved scattering patterns
(Figure 1A), one can distinguish four characteristic time periods
(I-1V) and one region of interest (ROI V), which spanned
through periods II to IV. Period I corresponds to the initial ca.
24 s of the scattering patterns of silica NPs before the injection
of lysozyme. Based on this data we determined the initial form
factor (size distribution) of the silica NPs prior to mixing with
lysozyme (Figure 1B). The scattering pattern in a log—log repre-
sentation prominently flattens out at low ¢ (i.e., I(g) < qo).
This shows that the initial silica NPs were not aggregated and
well-suspended. We derived a discrete size distribution (histo-
gram in the inset of Figure 1B) for the NPs from the Monte
Carlo fit implemented [29,30] in MCSAS under the a priori
assumption that the NPs were spherical in shape [31] (physico-
chemical parameters of amorphous silica given in Table S1,

Supporting Information File 1). The as-obtained histogram indi-
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Figure 1: Time-resolved and in situ SAXS patterns documenting the formation of silica—lysozyme aggregates from an experiment where data was re-
corded at a rate of 50 ms/pattern (20 fps); A) contour plot depicting the scattering intensity as a function of g and time. The changes in the data reveal
four distinct time periods; | — scattering from pure silica NPs, Il — the moment of lysozyme injection, 11l — the growth of the aggregates/composites with
the original form factor of the silica NPs preserved, and IV — further growth of aggregates and a change in the original silica NPs. We further identified
a g-range as a region of interest “ROI V” indicating a local maximum due to interparticle correlations; B) the initial silica NP form factor with a Monte
Carlo (MC) fit and the derived discrete particle size distribution (inset); C) the scattering data for period Il showing the time frames spanning the injec-
tion of the LZM solution between 24.25 s and 27.50 s of the experiment, with the first 1.25 s (blue) dominated by the formation of large aggregates,
followed by ca. 2 s (pink) during which the local maximum related to the interparticle interactions (ROI V) clearly developed; D) selected patterns
spanning periods Il and IV highlighting the differences in the form factor of the silica particles (g > 1.5 nm™"). In C) and D) the data uncertainties are

not shown for clarity.

cated that the size distribution was relatively narrow with a
mean radius of 2.53 + 0.01 nm (distribution statistics given in
Table S2, Supporting Information File 1). The total integrated
volume fraction for the NPs obtained from the fit, was 0.040%
+ 0.001%, which matches very closely the expected value of
0.041% calculated for silica NP precipitated from a 1000 ppm
SiO, solution at pH 7.5 and 21 °C (Table S1, Supporting Infor-
mation File 1, calculated with PHREEQC [32]).

Period II (ca. 25-30 s) in Figure 1A represents scattering
patterns during and soon after the injection of the LZM solu-
tion and its mixing with the silica NPs. Period II is hence
preceded by a dead-time period of 500 ms (see Experimental
section). Period II (Figure 1C) can be divided into multiple
steps. The first 1.25 s were primarily characterized by a rapid
and significant (ca. 11-fold) increase in intensity at low ¢

(¢ < 0.3 nm™!). During the following 2 s, the low-g¢ part still
kept increasing (to ca. 15-times of the initial intensity) but less
rapidly, and at ¢ =~ 1 nm™! a characteristic local maximum de-
veloped (ROI V in Figure 1A). The intensity increase at low ¢
originated from the formation of large aggregates constituting
the composites, with sizes outside the minimum g-range, where-
as the local maximum (the correlation peak ¢ ~ 1 nm™!) indicat-
ed the presence of interparticle correlations within those aggre-
gates.

The intensity increase at low g associated with the aggregation
continued throughout period III (between ca. 30 and 150 s), yet
the correlation peak in ROI V did not change significantly
(Figure 1D). Note that up to 150 s (periods I-11I) the high-¢ part
of the data (¢ > 1.5 nm™!, Figure 1C,D) did not change, indicat-
ing that the original form factor of silica NPs remained the same
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after the injection of lysozyme. Therefore, as a first approxima-
tion the observed electron-density scattering contrast in these
periods (I-III) can be interpreted to originate solely from the
silica NPs and not from the combination of silica and lysozyme
(Figure S1, Supporting Information File 1). Hence, we could
treat the system as a system with two different electron densi-
ties (silica NPs and solvent matrix). However, because our
silica nanoparticles were smaller (ca. 5 nm) compared to silica
NPs in previous scattering studies (ca. 20 nm) on silica—protein
composite formation [16,17,23,24] and because the lysozyme
addition dramatically changed the silica aggregation state, the
contributions of the lysozyme scattering can be accounted for
indirectly from the interparticle correlations observed in ROI V.
This is key here, because it allows us to extract the changes in
lysozyme structural properties as the composites evolve over
time, without deriving circumstantial models for a system with
three electron densities (silica, lysozyme, and the solvent
matrix).

In period IV (150-300 s, Figure 1A and Figure 1D), we ob-
served a further intensity increase at low ¢ (three-times higher
at 300 s than at 150 s), which indicated a continuous increase in
aggregate size from periods II and III. In time period IV the in-
tensity of ROI V (Figure 1A) started to increase together with
the silica form factor at high ¢ (¢ > 1.5 nm™!, Figure 1D). This
suggests that as aggregation continued between 150 and 300 s,
the silica NPs themselves started to grow, e.g., due the coales-
cence of NPs or similar processes (under an assumption that the
particles remained spherical in shape).

Scattering model

In the considered silica—LZM composites, the scattering
contrast originating from the lysozyme itself can be mostly
disregarded (see Figure S1, Supporting Information File 1).
Hence, the scattering contrast of the primary silica particles,
(App)z, — expressed as the difference in scattering length densi-
ty, SLD — is equal to the squared difference in the SLDs of
silica and the surrounding water matrix (Table S1, Supporting
Information File 1). Consequently, using such an approxima-
tion allows us to deal with a two-electron-density system, where
the scattering intensity, /(q) is a product of the scattering
contrast, (App)z, the form factor of the silica NPs, Py(q),
weighted by a volume fraction of silica NPs, d)p, and their
volume, Vp, together with an effective structure-factor function
describing the spatial arrangement of silica NPs within the

90

aggregates, Serr(¢) (Equation 1). We use subscript “p” to em-
phasize that the parameters and functions concern the primary

silica NPs.

I(q):(App)z'(l)p'Vp'Pp(‘I)'Seff,p(‘I)' (1
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Equation 1 is valid only for a system of ideally monodisperse
particles (i.e., the distribution is a delta function), which is actu-
ally not the case for the silica NPs used here (Figure 1B). This
is an important consideration when including the interparticle
interactions from the structure factor. There are several ap-
proaches to consider the polydispersity of particles together
with a structure factor [33], but because the fitted size distribu-
tion (histogram in Figure 1B) is discrete with a finite number of
n bins a local monodisperse approximation (LMA) [34] is used

in our models:

M=

1(q) = (80, ) X (0p (1) Vi (1) By (0.7 et p (4:1)): ()

where Py(q,r;) is the form factor of a sphere of radius 7.

The discrete size distribution (Figure 1B) has the form of Equa-
tion 3, where for each size contribution (r;) the corresponding
volume fractions, ¢, are known:

D(n)=§¢p,i(%)~ 3)

Since the partial i-th structure factor, See(q,7;), includes the
interparticle correlations between silica NPs and lysozyme (the
local maximum at gpax = 1 nm~!, ROI V in Figure 1), it is also
dependent on r; of the primary silica NPs. Additionally, the
structure factor expression has to account for the aggregation of
the silica NPs to large objects (the low-g increase), yet the size
of these aggregates, in turn, does not necessarily depend on the

size of the primary silica NPs.

The interparticle correlations and the local

maximum

Under the considered physicochemical conditions the inorganic
silica NPs and the protein molecules are oppositely charged
[21], and hence they interact through the attractive potential.
This, in turn, leads to the formation of aggregates/composites in
which NPs behave closely to adhesive hard spheres. The afore-
mentioned interactions and the arrangement of particles in space
lead to the occurrence of a broad maximum in the scattering
pattern (Figure 1, ROI V). We simulate these effects by imple-
menting the adhesive hard-sphere structure factor, Ssys(q) [35-
37]. The interaction between particles at the distance x is ap-
proximated by the following potential U(x):

OO:O<X<2RHS

vl In[127A/(2Rys +A) | = 2Ryyg <x < 2Ryg +A, (4)

kg T

03X>2RH5+A
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where Ryg is a hard sphere radius of particles, A is the width of
a potential well, and 7 is a stickiness parameter. The structure
factor expression, Ssys(q), is defined through the following set
of equations (Equations 5—14). The structure factor is a func-
tion of four parameters in Equation 5, whereas the remaining
variables and the associated expressions in Equations 6—14 are
merely auxiliary by convention, so that we avoid writing a very
long single expression. They should be consequently substi-

tuted into each other where suitable to obtain the final expres-

sion.
1
Ssns(q,RHs,V,TFm )
K =2qRyg (6)
2Rye +AY
HS
=v| = 7
n V( 2R J @)
_ n
8—‘E+1_n (8)
1+n/2
v=v n/z ©)
3(1-n)
kz—%s— sz—y) (10)
p=xn(1-n) (1)
2
1+2n-
oo+ :t) 2
(1-m)
3n(2+n)2—2p(l+7n+n2)+p2(2+n)
B=- (13)

2(1-n)"

In this study, the stickiness t is calculated from Equation 4,
based on the literature data for silica—LZM composites

252
C(q) = 2%sin|<—2 1’1]:;

—[ouc3 (sink —Kkcosk)+ BK2 (ZKsin K —(K2 - 2)cos K- 2)

+%((4K3 —24i¢)sin k(14 —12¢2 +24)cos1<+24)]2416

(1-cosx)
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synthesized under similar physicochemical conditions [24]:
UQ2Rys <x <2Rys + A) =—-2.5 kgT; A = 0.1-(2Rys) under the
restriction that Apj, > 0.15 nm (i.e., the average H-bond
length). The value of U in our study may slightly differ from lit-
erature values, because for constant pH value and salinity, the
surface charge of NPs increases with decreasing size [38]. How-
ever, it is unlikely that U > —3kgT7, and within the considered
range, the value of U will not affect our fitting results. v is a
local packing parameter, i.e., a local volume fraction within the
aggregate, and for the random packing of polydisperse spheres
it does not exceed 0.65 [39-42]. Figure 2 shows the scattering
patterns at 0 and 100 s (Figure 1D) together with simulated
curves based on Equation 2, in which the contributions of the
silica NPs were taken from the Monte Carlo-fitted form factor
(Figure 1B), while the contribution of Sef(g,7;) was included
from Equation 5 (and Equations 6-14).

The simulations show the important effects that polydispersity
has on the structure factor and the position of the correlation
peak in ROI V. Typically, for correlations originating
from (sticky) hard-sphere interactions, one considers the
following dependence, for the approximated position of the
peak at gpax:

2
2Ry ~——

s)

qmax

Equation 15 infers that the expected average hard-sphere radius,
Rys, would be equal to the mean radius of a silica particle
<r> = 2.5 nm (Figure 1B, Table S2, Supporting Information
File 1). This, in turn, suggests that silica NPs on average touch
each other without any LZM molecules in between, or that the
protein molecules, if present within the aggregates and among
individual silica NPs, are very strongly deformed, likely to a
point that they barely contribute to the determined Rys. Never-
theless, the simulation in Figure 2A clearly shows that if the
size distribution of silica NPs is actually correctly accounted
for, then in order to fit the peak position accurately, an addition-
al “spacer”, aR.gs (additional effective hard sphere radius) has
to be included in Equation 2 and Equations 5-14:

Rys; =1; + aReps. (16)

(14

K
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Figure 2: Comparison of the measured (black) and simulated (coloured) scattering patterns to illustrate the contribution of Ssps(q) from Equations
5-14, plugged into Equation 2 as the only structure-factor expression. It was the aim to represent the correlation peak at g = 1 nm~', whereas the
effects at low q are further discussed in the text and in Figure 3. A) The position of the correlation peak at g = 1 nm~! (arrow) is reproduced more
accurately by Ssys(q) for the polydisperse silica NPs (Figure 1B), only if one considers an additional effective hard sphere radius, aRgHs
(Equation 16); B) the effect of the local volume fraction v onto the intensity of the correlation peak (arrow). The data uncertainties are not shown for

clarity.

By setting merely 7; = Ryg ; (i.e., aRcps = 0) the position of the
simulated peak visibly shifts towards higher g values with
respect to the measured peak. Here, aR.pg is associated with the
presence of a single LZM molecule located in between indi-
vidual silica NPs with the diameter of the LZM molecule repre-
sented by 2aR.ys. The simulation in Figure 2B also shows that
the packing factor v within the aggregates, which directly corre-
lates with the intensity of the broad peak around ¢ ~ 1 nm™!, has
to be relatively high (v above ca. 0.4) in order to be able to
simulate the intensity profile at ¢ ~ 1 nm™! in the later stages
(ca. 100 s).

Low-q intensity increase, aggregation, and
the structure factor expression of aggregates

with internal correlations

The structure factor from Equations 5-14 does not reproduce
the observed intensity increase at low g (Figure 1 and
Figure 2A), because the sticky hard-sphere structure factor is
derived under the assumption that the interactions extend to an
infinite length scale, with respect to the probed volume. Howev-
er, in our experiments, we initially have a finite number of
“loose” silica NPs that are then rearranged to large aggregates
upon mixing with lysozyme. Hence, microscopically such
aggregates must have a finite size, even if their size (radii of
gyration) cannot be determined directly from our scattering
data, due to the used ¢ range (see Experimental section). How-
ever, ultimately, to obtain a good fit an expression for Sef(q)
(Equation 2) has to account for both the fine structure within the
aggregates causing the interparticle correlations (as in Equa-
tions 5—14) and also the low-g intensity increase due to the

presence of the interface between the aggregates/composites
and the solvent matrix.

A general expression for such an effective structure factor for
particles within an aggregate/droplet was proposed originally by
Hashimoto and co-workers [43]. Several variations and applica-
tions of this concept are furthermore known [37,44]. For the
purpose of the analysis of our data, we further extended the
expressions originating from Hashimoto et al. as we show
below in a final form. In the Appendix section the complete
derivation and the rationale are presented. Our derivation is
essential here, because it allowed us to quantify indirectly the
changes in the size of the aggregates, although the direct mea-
surement of their radii of gyration was not possible. The
so-derived general expression for See(q,7;) (Equation 17) is
expressed as the sum between the structure function of an
aggregate (“template”), S,g0(¢), and the structure factor of the
internal arrangement of the aggregate, Sj,«(¢), which in our case
becomes subsisted by Ssys(¢) (Equations 5—14):

Sefr (qa”i ) = Sint (q)+ Sagg (q)
D (17)

= Sgus (4> Rus,is V- T) + 447",

where D is a fractal dimension describing the arrangement of
primary particles within the composites, and 4 is a single
collective fitting parameter in our model, which is proportional
to the number density of aggregates, N,go, and their specific
surface area, SSA,q,. Hence, it expresses indirectly the size/
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Figure 3: Fitting of the structure-factor contributions to a scattering curve measured at 100 s during the composite-formation processes. A) Compari-
son between the effect of the unsmeared (monodisperse aRqns, red line) Ssys(q) from Equations 5-14 and the smeared (polydisperse, green line)
<SsHs(q)> from Equation 18. Fits yielded v = 0.454 + 0.008, aRgns = 0.979 £ 0.036 nm, <aRgns> = 0.930 + 0.000 nm, and o = 0.533 + 0.050 nm; the
complete structure factor fit (pink line), which includes the unsmeared Ssys(q), illustrates that the form of the function affects only the correlation peak
at g =1 nm~" (arrow), and not the low-q scattering intensity of the aggregates; B) the final fit to the data (pink line) with each structure-factor contribu-
tion plotted separately (green and orange lines). Parameters for <Ssys(q)> are the same as in panel A, whereas for the Sagq(q) from Equation 17, we
obtained A = 0.0437 + 0.0001 and D = 2.37 + 0.00. The data uncertainties are not shown for clarity.

extent of the aggregates. In Figure 3, we show that the fits with
the introduced expressions for the partial structure-factor contri-
butions indeed represent the structural features present in the
selected scattering pattern (example @ 100 s).

However, as is evident from Figure 3A, the Sgys(q) from Equa-
tions 6—14 has to be further improved, because in Figure 3A the
correlation peak is relatively broad (“smeared out”), yet still
intense. Typically one would expect such a broadened shape if
the local volume-fraction parameter, v, was smaller than derived
from the best fit (i.e., below ca. 0.4). However, this would also
inevitably yield a smaller relative intensity of this peak (see
Figure 2B). Hence, in order to explain this contradiction, one
has to remember that the position of the maximum and its shape
are predominantly related to aR.ys. The shape of the peak can
be modelled substantially better if one allows for a distribution
of this parameter in the fitting routine. The need for such mathe-
matical treatment is in fact a manifestation of the actual physi-
cal effects, if we consider that aR.yg represents a radius of a
LZM molecule. A LZM molecule can become, at least partially,
heterogeneously deformed (on average, in a global sense)
within an aggregate, e.g., due to the variation of local forces,
which, in turn, is a consequence of polydispersity of the
silica NPs and the random character of the packing of the
silica NPs. More importantly, since lysozyme is a small prolate
ellipsoidal protein, with its principal semi-axes being
1.5 nm x 1.5 nm x 2.25 nm, the polydispersity in aR.yg may
account for the fact that the protein molecules can be different-

ly orientated during adsorption to the NPs. Yet, so far we tried
to represent their contribution through a (hard) spherical model.
To overcome this, we used a Gaussian distribution to define the
average structure factor <Sgys ;(¢)> in Equation 18. The appli-
cation of this structure factor ultimately leads to smearing of the
maximum at a constant value of v and hence yields significant-
ly improved fits (Figure 3B):

<SSHS,1‘ (q’ri +<aReHS>’c’V’T)> =
<0ReHs>+85

DG (<aReHs>,G,R) .SSHS,i (q,f’; + R,V,T)dR (18)

<‘1ReHS>+85

£ Dg ({aRypis )., R)dR

(R_<aReHS>)2 (19
26°

Dg ((aReHS>,G,R) = exp| —

2162

In Equation 18, the mean of the distribution (Equation 19) is
<aR.ys>, whereas ¢ denotes the standard deviation. This is the
final expression used to represent Sjy(¢) in Equation 17 and to
fit all the scattering curves from regions II and III in Figure 1.
The numerical integration was performed for each i-th bin of
the discrete size distribution characterizing the form factor
(Figure 1B). The complete source code and selected data sets
are deposited at GitHub.com [45].
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Application of the scattering model

We used the above described scattering model to fit the time-
resolved data set and to derive the fitting parameters as a func-
tion of the time (Figure 1, Period II, III and beginning of IV,
3010 curves). Figure 4 shows the time dependence of the five
model parameters obtained by fitting the scattering data be-
tween 24.5 and 175 s.

Beilstein J. Nanotechnol. 2019, 10, 182-197.

During the first ca. 5 s after mixing, the values of <aR.yg> and
o lie way outside reasonable error margins (Figure 4A,B). This
is to be expected, because the corresponding local volume frac-
tion, v, is very low (well below 0.1, Figure 4C) at the beginning
of the composite-formation process (i.e., the beginning of
period II in Figure 1). Consequently, the contribution of
<Ssus(g)> to the structure factor during this period is mostly
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Figure 4: Evolution in the crucial parameters of the fitting model plotted as a function of the time. A) Mean additional hard sphere radius <aRens>; B)
the corresponding standard deviation o; C) local volume fraction v; parameters characterising <Sagq(q)>: D) A, relative product of the number density
of the aggregates Nagg and their specific surface area SAA,qq; E) dimensionality of the aggregate D; F) correlation A vs v, with inset showing the
same as the main Figure 4F, but for a wider range; axes legends in the inset correspond to those in the main figure.
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negligible with respect to Syg0(g). As v reaches ca. 0.1 after
about 30 s (transition between regions Il and III in Figure 1) the
actual evolution of <aR.ys> and ¢ begin: <aR.yg> starts at a
value of ca. 0.7 nm and rapidly increases to ca. 0.9 nm after 50 s
and then more gradually to ca. 1.1 nm after 150 s (period III in
Figure 1). The associated standard deviation o follows a similar
trend as <aR.pgs>, growing from 0.35 to 0.5 nm after 50 s, and
then levels off at ca. 0.5 nm after 150 s (end of period III in
Figure 1A) within the fitting uncertainty. These initial rapid
changes after up to 50 s are also reflected in the evolution of pa-
rameter v (Figure 4C), where the parameter rapidly increases to
ca. 0.45 and then remains constant within the fitting uncertainty
after up to 150 s. Because <aR.ygs> directly relates to the size of
lysozyme within the silica aggregate, we can link the changes in
<aR.ys> to possible changes in the structure/folding/shape of
the protein. Between ca. 30 and ca. 50 s, where the LZM mole-
cules rapidly induce the aggregation of the silica NPs, the LZM
molecules appear to undergo a deformation (compression).
However, as this process approaches equilibrium, through the
internal densification of the aggregates, the molecules gradu-
ally return to their native dimensions. This result is in agree-
ment with findings concerning the activity of lysozyme within
composites with silica, showing that smaller silica NPs (as those
used for our experiments) promote higher enzymatic activity of
lysozyme, and that this, in turn, depends on the preservation of
the native shape of the molecule upon composite formation
[22].

Furthermore, the formation of the silica—LZM composite is
dominated, from the very moment of mixing for the initial 20 s,
by a rapid, 4.5-fold increase of parameter 4 (Figure 4D). This is
best explained by the increasing number density of the aggre-
gates, Nago, and the associated increasing specific surface area,
SSA,gg (see Equation 17 and Equation 29 in the Appendix).
After t = 40 s, parameter A further increased, albeit at a slower
rate. The concurrent evolution of the fractal dimension (parame-
ter D; Figure 4E) suggests that initially (up to 50 s), the aggre-
gates have a relatively open morphology with D < 2.4 and char-
acterized by a limited contribution of <Sgyg(¢)> due to v < 0.1
(Figure 4C). Afterwards (after more than 50 s), the aggregates
reached an internally denser state, as reflected by the steadying
of both values for D (ca. 2.4) and v (ca. 0.45). In other words,
since these two parameters, D and v, reflect the internal struc-
ture of the aggregates from the perspective of the two structure-
factor contributions (Equation 17), their evolution clearly indi-
cates no further internal changes in the aggregates between 50
and 150 s. If such an internal densification processes had
occurred, one would expect that it would have contributed to
the decrease of the specific surface area of the aggregates,
SSA,gg. Interestingly, however, parameter 4 (Figure 4D) keeps

increasing after 50 s, i.e., after the internal dense structure is
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established, meaning that the product of number density of the
aggregates and their specific surface area actually increased.
This is possibly a result of secondary processes involving the
“breakup” of larger aggregates into smaller units. Indeed, if we
correlate the changes in 4 and v (Figure 4F), we observe three
stages of such secondary processes. In the first stage for v <0.1
(up to 25.5 s), A grows as a function of v in a bound exponen-
tial mode, which translates into an increasing number of low-
dimensional aggregates with hardly any internal correlations,
forming an extended network of particles of low dimension-
ality D (Figure 4E). In the second stage, as v increases from
0.1 to ca. 0.45 (25.5 to 70 s), A as a function of v (Figure 4F)
shows a linear dependence, indicating that as the number densi-
ty of aggregates increases they also gradually densify, and that
the growth of the aggregates occurs at the same rate as their
internal densification. Finally, in the third stage, once v remains
relatively constant at ca. 0.45 (after 70 s), the product of the
number density and the specific surface area of the aggregates
continues to increase as documented by the increasing value of
A, yet without any further dramatic changes to the internal
structure/arrangement (i.e., constant values of D and v),
implying the aforementioned breakup of the larger aggregates
into smaller units. These processes can be best explained as
the initial rapid flocculation/clumping of NPs and LZM
together into an extensive network just after mixing as the
system is out of equilibrium, followed by the gradual evolution
towards a steady state, in which smaller aggregates are more

favourable.

During period IV (after more than 150 s), the time evolution of
the three parameters (<aR.ys>, v and o; Figure 4A—C) exhib-
ited a characteristic discontinuity from the trends observed
during periods II and III. This is because at times greater than
150 s, the scattering intensity at high ¢ (which corresponds to
the form factor, Figure 1D) changed significantly, so that the
original form factor of pre-mixing silica NPs from Figure 1B
was not representative for silica particles after 150 s. Thus, we
could no longer use the fitted size distribution in our model, and
any trends of these three parameters (Figure 4A—C) were not
valid any more after 150 s. On the other hand, due to the fact
that the low-q part of the data by definition is practically inde-
pendent from the form factor, in fact the evolution of parame-
ters 4 and D (trends in Figure 4D,E), even after 150 s are repre-
sentative for the processes at the length scales corresponding to
entire aggregates. However, due to the fact that in period IV our
scattering model is no longer self-consistent, we did not analyse
those trends.

Implications

The analysis of the evolution of the fitting parameters (Figure 4)
draws a clear image of the four-step sequence of events during
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aggregation induced by the interaction between the protein
LZM and amorphous silica NPs (Figure 5).

Immediately upon mixing, aggregation is induced due to the
opposing surface charge of the silica NPs and the protein. An
infinitely extensive and open (D = 1.8-2.2) aggregate network,
from the point of view of the SAXS measurement, forms within
ca. four data frames (ca. 200 ms). The so-formed network
initially has no internal correlations, as is expected for a clas-
sical mass fractal [46]. However soon after (ca. 1 s), areas of
correlated NPs—LZM domains start forming within the network
and the increase in the internal volume fraction, v, indicates an
internal densification and ordering. This is also reflected by the
fact that parameter D reaches a stable and relatively high value
of ca. 2.4, which is characteristic for denser mass fractals. Such
a fractal dimension for silica-lysozyme aggregates was previ-
ously reported [16,23] and can be associated with the diffusion-
limited particle—cluster aggregation (DLPCA) mechanism [47-
52]. The DLPCA growth mode is also evidenced not only by
the plateau value of D, but also through the fact that the value of
D increases with the size/extent of the aggregates [47,49]
expressed indirectly by the parameter 4 (see region II in
Figure 4D-E). This means that aggregates grow through the
accretion of individual primary particles to larger aggregates
[52], where aggregates as such become denser as their size in-
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creases, which in consequence favours the eventual occurrence
of the correlated domains (which are the ultimate dense regions

in the aggregate composed of smaller particles).

The parameters characterizing the interparticle correlation
effects carry information about the size of the LZM molecules
bridging the silica NPs. From Figure 4A-B it is clear that in this
network the dimensions of the protein molecules are consider-
ably smaller than the native dimensions of lysozyme in any
possible orientation. Hence, this suggests that initially the
binding of silica NPs by lysozyme involves a severe deforma-
tion/unfolding of the protein molecules, followed in time by a
relaxation and increase in the protein dimensions towards a
(more) native state (Figure 5). The final value of the radius of
1.1 + 0.5 nm for the protein, which is reached before 150 s, is
close to a radius of the protein in a side-on orientation
(ca. 1.5 nm), rather than in the end-on orientation (ca. 2.25 nm).
Our ex situ analysis of the dried composite samples (see Experi-
mental section) showed that at 1000 ppm lysozyme, 32.7 wt %
of the protein was incorporated into the composites. This
means that for silica NPs precipitated at the concentration of
0.8737 g/L (calculated from the volume distribution in the
SAXS patterns), the concentration of lysozyme in the compos-
ite was 0.4245 g/L. This is valid under the assumption that all
available silica NPs were bound in aggregates with lysozyme.

fast formation of open-structure

more
native-like
LZM

Figure 5: Schematic of the selected steps in the formation of silica—LZM composites as derived from the fast in situ and time-resolved SAXS data.
Period | — unaggregated silica NPs (spherical in shape blue objects) before LZM addition. Following the LZM addition (cloud-like purple and yellow
objects) occurs period Il — fast aggregation to low-dimensionality fractal networks constituting the internal structure of large composite particles
(primarily Sagg(q) contribution); period IIl — internal densification of the network in the process of which the interparticle correlations develop (evolution
of <Ssps(g)> and Sagq(q))- At the early stages of densification the lysozyme molecules are strongly deformed within the aggregates; during further
densification the protein molecules appear to relax to a more native structure.
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Hence, the number density of the protein molecules was
Nizm = 1.8:101 L1 and for silica Nyp = 1.8:101° L™! (from
SAXS by converting the volume distribution to a number distri-
bution). This directly suggests that the silica—lysozyme aggre-
gates are near almost stoichiometric, with one protein molecule
associated with one silica NP. Such a stoichiometric relation-
ship is actually expected for small silica particles of the size
close to that of the protein molecule [22,53]. Su et al. [54]
found that at small surface coverage the lysozyme attaches to
silica NPs in a side on orientation, and recently the molecular
dynamics simulations by Hildebrand et al. [55] also further con-
firmed that the side-on orientation of lysozyme with respect to
silica constitutes the configuration of the highest attraction. This
together with the relatively low dipole moment and the positive
surface charge of the protein surface, potentially accounts for
the bridging of the NPs by the LZM molecules, as the protein
does not show a favoured orientation of the opposite active sites
in the side-on orientation (i.e., both active sites show similar
binding properties). In such a case one should indeed expect the
DLPCA mode of aggregation, with the binding of the protein to
the silica NP surfaces taking place through specific amino acids
at the opposite sides of the molecule [24,55-57]. The densifica-
tion of the internal structure of the aggregates reaches a steady
point, when the LZM molecules relax to their native-like
dimensions. Yet, at the same time the actual network consti-
tuting the composite, appears to break up into smaller aggre-
gate units. The morphological changes of the composites further
continue beyond 150 s. This is documented through the change
in the form factor of the silica NPs that appear to grow in size,
compared to the pre-mixed initial NPs. Although we cannot use
our model to explain this last stage, we can speculate that the
observed change is caused by a partial coalescence or Ostwald
ripening of NPs inside of the aggregates. It is well documented
that silica NPs synthesized from monosilicic acid are internally
highly disordered and hydrated at their surfaces [31]. Previous
studies found that the initially formed NPs if aggregated
continued their growth, resulting in some cases in larger homo-
geneous silica spheres [31,58,59], and this may explain why
silica is such a persistent scaling material in hydrothermal

systems.

Conclusion

The analysis of in situ scattering data collected at 20 fps from
the formation of silica—lysozyme composites showed that the
processes included the formation of large aggregated structures
in which individual silica NPs were bridged by LZM molecules.
We developed and applied a new scattering model to underpin
the changes of the morphology of the composites as a function
of time. This model allowed us to unravel that the formation
follows a diffusion limited particle—cluster aggregation

(DLPCA) mechanism, which results in relatively densely
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packed mass-fractal-like aggregates within which non-fractal
correlated domains of particles evolve. Furthermore, we used
the scattering model to link the evolution in the measured struc-
ture factor to the lysozyme molecule, and we found that the
aggregation processes involve severe deformation of the pro-
tein molecules, which is then followed by the relaxation
towards the original dimensions.

Appendix

Derivation of Equation 17

The contribution of Sj,(¢) in Equation 17 has a rather simple
form. However, the actual meaning of the parameter 4 extends
beyond this short representation. Below, we present the deriva-
tion of the equation and we indicate the approximations we

make on the way to the final form of the equation.

First we consider a structure factor function describing an
arrangement of primary particles of a certain scattering length
density (SLD), p,, within an aggregate. The SLD of the space
between the particles within the aggregate (the “template”) is py,
while the SLD of the surrounding (“solvent”) is ps. The aver-
age scattering contrast of the aggregate, Apygy, is then:

Apagg :V(pp_ps)+(1_v)(pt_ps)’ (20)

where v is a local volume fraction of particles within the aggre-
gate (as in Equation 5). We also define any contrast fluctuation
within an aggregate as:

An=p, —py. 1)
If we write the structure function of an aggregate (“template”)
as Sago(q) and the internal arrangement within this aggregate as
Sint(¢), then similar to Hashimoto et al. [43] and Lin et al. [44],
we can express the scattering intensity by the generalized Equa-

tion 22, in which “®” denotes a convolution operation of the

functions:

V..o ~An2
Seff (6]) = Sagg (q)"'LzSagg (q)®Sint (CI)
Vage " Page  MPage 22)
Vp'(l’lo'm]2
% Sage (4) +———5—Sini (9).

Vage *Gage *APage

where Vg and ¢,, represent the volume and the volume
fraction of aggregates in the solution, respectively. Here,
Sint(g) = Ssus(q) from Equations 5-14, whereas the Sagq(g) con-
tributes to the increase in intensity at low ¢ in the course of the
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formation of aggregates. The approximation in Equation 22 is
valid when the overall radii of the aggregates, &, are significant-
ly larger that the interparticle correlation distance from Equa-
tions 5-14 (¢ >> Ryg). Furthermore, we must re-normalize
Seff(¢) in a different way than Hashimoto et al. and Lin et al. in
order to combine it with the form factor defined in Equation 1
as for our scattering data the intensity for ¢—0 in a log—log
representation does not level off to a finite value (Figure 2 and
Figure 3). Consequently, it is impossible to determine Va4 On
the other hand the radii of the primary particles and, conse-
quently, their volume, V},, are known, and therefore it is reason-
able to normalize Sq¢(g) with respect to the primary particle
volume rather than the aggregate volume:

2
Vage " Pagg *APagg
2
Vo p-An

Sefr (4) = Sine (4) + (23)

Sagg (q)

Now let us assume that the aggregates follow mass-fractal be-
haviour and that the correlation function of mass fractals is de-
scribed [60,61] by Equation 24:

(r=K-r?,

Lage 24)

where D is a fractal dimension, d is the Euclidean dimension
(d =3) and K is a normalization constant that is proportional to
the mass and surface area of an aggregate. We do not include a
cut-off function since in our case the intensity did not level off
at low ¢ as mentioned above. For the sake of simplicity let us
assume again that the electron density of the aggregates is ho-
mogeneously distributed and its corresponding correlation func-
tion only involves a two-phase system. In this case the specific
surface area of aggregates (SSA,g,) is proportional to the deriv-
ative of the correlation function at the near-zero length scale

r—0:

. dgagg (I’)
SSAug =4 dugy (1= dage ) m —E—. 29

—0 r

This is valid for the considered small volume fractions
(1—(|)agg ~1). The limit in Equation 25 exists essentially only
for D =4, and since D <4, SSA 4, becomes increasingly larger
for decreasing length scales, yielding an infinite surface area at
an infinitely small length scale ». However, since the aggre-
gates are composed of primary particles with a typical radius,
Rys, we can say that the aggregate does not contain smaller fea-
tures than those primary particles (i.e., 7 > Ryg). Therefore, we
find a finite specific surface area for mass fractal aggregates for

lim(r—Rys):
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SSA,gg =4+(3-D) 00 - K Rif"

4-D
SSA g, - Rils (26)

T G D) b

This way this newly derived K constant in Equation 26 substi-
tutes the K constant from Equation 24 and thus, we can use the
correlation function from Equation 24 to calculate the structure
factor. Please note the Hashimoto et al. described the structure
factor in such a way that it is normalized as a form factor, i.e., it
is normalized by the total volume. This is in line with the struc-
ture factor of mass-fractal aggregates as described by Sorensen
and Wang [60], yet it is different from a better-known deriva-
tion by Teixeira [62]. Both Sorensen and Wang’s and Teixeira’s
approaches are valid as long as one considers normalizations
explicitly. The structure factor is described by the rotation-aver-
aged Fourier transform:

Nyoo % sin(gr)
g8 2
Sagg (q):V_Igagg (}")'47[}" le’
agg
e T(D=1)-Nygy -SSA g - Rils”

@7
Vagg *Page {3-D)

where N,g, is the number density of aggregates and SSA,g, is
their specific surface area. By substitution of Equation 27 into
Equation 23, we obtain:

Apggg . TC'F(D—l)

Setr (¢) = Sin (9) +

An> (3-D) 28)
4-D
Nagg 'SSAagg 'RHS . (D—I)TC _D
: -sin q .
Vp . ¢p 2

For spherical primary particles ¥, is known and a final form of

the equation for the effective structure factor could be derived:

_ Apégg r(o-1 3Nagg 'SSAagg
Seff (q)_Sint (q)+ 5 (3—D) ’ D—1
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In Equation 29 we introduced several simplifications. Firstly,
Nagg, SSAqgg, An and Ap,g, are essentially unknown, and it is
impossible to determine any one of these parameters indepen-

dently. They have to be combined into a collective parameter.
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This is necessary as Equation 29 was derived for a system char-
acterized by a monodisperse particle distribution with only a
single value of (I)p for a given Ryg and the resulting Nago. For a
polydisperse distribution, as in our study, although a population
of primary particles is described by D(r;) (Equation 2), the re-
sulting distribution of aggregate sizes will be totally indepen-
dent from this initial distribution, and it will also be unpre-
dictable. Secondly, the Rys' ™ component in Equation 29 could
be important, since it determines the high-q cut-off at which the
contribution of the structure to the intensity lessens, and the
form factor dominates. In Equation 29 this very transition point
is dominated by a Sjn(¢g) contribution and its strong correlation
peak. Hence, we assume that Ryg! ™2 =~ 1. Thirdly, the
remaining part of the expression depending on parameter D is
practically constant at a value of ca. 1.2, and although we could
introduce it explicitly in the model it does not affect the final
trends. Hence, as a result of the above approximations, we use 4
as a single collective fitting parameter in our model. Changes in
A therefore should be interpreted primarily as the average
change of the product of the number density of aggregates and
their specific surface area, and these two physical parameters
are related to the size (or “extent”) of the aggregates.

Experimental
Synthesis of amorphous silica—lysozyme

composites

Sodium metasilicate (NaySiO3-5H,0, technical grade), hen egg-
white lysozyme (crystalline, powdered, >90% pure, residual so-
dium acetate and chloride) and HCI (37%, analytical grade)
were purchased from Sigma-Aldrich. Separate stock solutions
of dissolved silica (SiO, = 1000 ppm, pH 12.5) and lysozyme
(5 wt %, pH 3.5) were prepared by dissolving the required
amount of sodium metasilicate or lysozyme in ultrapure
deionised water (18.2 MQ-cm). Silica NPs were prepared in a
500 mL plastic reactor by neutralizing the silica stock solution
through titration with HC1 until pH 7.5 was reached. This neu-
tralized solution was left to polymerize and age for 16 h.
Silica—protein composites were obtained by mixing the silica
NP solution with a pre-measured amount of the lysozyme stock
solution under rapid stirring (500 rpm) to yield a SiO, NPs
solution with 1000 ppm lysozyme (final pH 6.9, salinity
20 mM).

Scattering experiments

The formation process and the development of the structure of
the silica—LZM composites was studied in situ and in a time-
resolved manner by using synchrotron-based small-angle X-ray
scattering (SAXS) at the BioSAXS beamline [63] P12 of the
EMBL at PETRA III (DESY, Germany) using a monochro-
matic X-ray beam at 10 keV. Two-dimensional scattered inten-

sities were collected at small angles with a Dectris Pilatus 2M

Beilstein J. Nanotechnol. 2019, 10, 182-197.

(2D large-area pixel array detector) using an acquisition time of
50 ms per frame. Transmission was measured by means of a
photodiode installed in the beam stop of the SAXS detector. A
sample-to-detector distance of ca. 3 m allowed for a usable
g-range of 0.04 < g < 4.5 nm™!. The scattering-range at small
angles was calibrated against silver behenate, and the intensity
was calibrated to absolute units against water. For the in situ ex-
periment, first, the starting silica NP solution was continuously
circulated between the reactor (where the suspension was stirred
at 500 rpm) and the flow-through cell with embedded quartz
capillary (ID 1.7 mm, wall thickness 50 um; aligned with the
X-ray beam) using a peristaltic pump (Gilson MiniPuls 3, flow
ca. 500 mL/min; tubing: ID 2 mm, total length 2 m; reactor-to-
cell-distance: 0.7 m of tubing). All experiments were con-
ducted at 21 °C. Once a SAXS baseline for the silica NP solu-
tion was recorded, the pre-measured amount of lysozyme stock
solution was pumped into the reactor at a fast rate. This injec-
tion was done remotely from the operator hutch via a 10 m long
PTFE tube (ID 4 mm) that was routed into the reactor located in
the experimental hutch. The tube was filled in such a way that
the LZM solution was located in the last ca. 40 cm of the tube
on the reactor side. The other end of the tube in the operator
room was equipped with a 50 mL syringe filled with air. Thus
the experiment started with recording of 24 s (480 x 50 ms)
SAXS patterns of the silica NP solution circulating through the
capillary, prior to the fast injection of the entire content of the
tube containing the lysozyme with a single rapid push of the
syringe plunger that lasted ca. 200—400 ms. This fast injection
rate in combination with the fast stirring in the reactor
(500 rpm), pumping (500 mL/min) and fast data acquisition
(50 ms per SAXS pattern) provided the best possible conditions
for the characterisation of all the steps leading to the formation
of the silica—LZM composites. The used experimental set up
introduced an unavoidable dead-time of ca. 500 ms between the
injection moment and the first actual measurement of the mixed
solution, i.e., the time required for the mixed solution to reach
the capillary where the SAXS pattern was recorded. In order to
be able to analyse and model the silica—LZM composite scat-
tering patterns we also acquired a series of backgrounds and
reference samples including an empty capillary and a capillary
filled with water, silica stock solution, LZM solutions at differ-
ent concentrations. The initial SAXS data processing and reduc-
tion included a series of automatic post-data-collection steps in-
cluding masking of undesired pixels, normalizations and correc-
tion for transmission, instrumental background subtraction and
data integration of the collected 2D data to 1D. Further data
processing and water background subtraction, model fitting,
validation and analysis, were performed through a custom-made
script developed in GNU Octave [64,65]. The script we de-
veloped as well as all the documentation and the selected

scattering curves are available at [45]: https://github.com/
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https://github.com/tomaszstawski/SilicaLysozymeSAXS

tomaszstawski/SilicaLysozymeSAXS. In a first instance for the

model, we obtained the size distribution of the initial silica NPs
from a Monte Carlo fitting implemented [29,30] in MCSAS
under the assumption that the silica NPs particles were spheri-
cal [31].

Characterization of dry samples

To cross-correlate the in situ SAXS data, the silica—lysozyme
suspensions were dried in an oven at 40 °C for ca. 48 h. The re-
sulting powders were washed five times with MilliQ water to
remove excess lysozyme and salts followed by a 2nd drying
step at 40 °C. The amount of lysozyme associated with the
composites was quantified by determining the total carbon
content in solids by mass spectrometry (DELTAplusXL
ThermoFisher) with a Carlo-Erba NC2500. From these
analyses the lysozyme content was calculated using the
molecular formula Cg13H959N 1930185510 and the molecular
weight of 14313 g/mol for lysozyme [66] (ProtParam based on
UniProtKB entry P00698).

Supporting Information

Supporting Information File 1

Additional experimental data.
[https://www.beilstein-journals.org/bjnano/content/
supplementary/2190-4286-10-17-S1.pdf]
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Auy5(SG)15 (SG — glutathione) clusters deposited on ZrO, nanoparticles have been used as a catalyst for benzyl alcohol oxidation.

Calcination was performed at different temperatures to study the ligand and particle size effect on the catalytic activity. In contrast

to most gold nanoclusters which have to be completely defunctionalized for maximum catalytic activity, the partially defunctional-

ized Auys(SG)13@ZrO; catalyst, thermally treated at 300 °C, exhibits full conversion of benzyl alcohol within 15 h under atmos-

pheric pressure with 94% selectivity towards benzaldehyde.

Introduction

Since Haruta’s discovery of the catalytic activity of gold nano-
particles (GNPs), GNPs have been of great interest in chem-
istry, dispersed on metal oxides and in CO oxidation reaction
[1]. Today, GNPs of diameter less than 10 nm are known to be
a remarkable, heterogeneous catalyst, capable of catalyzing a
wide range of reactions including hydrocarbon combustion [2],
direct synthesis of hydrogen peroxide by the hydrogenation of
O, [3], ozone decomposition [4], selective oxidation reactions
[5-8] and so on. However, a debate regarding the particle size
effect on the catalytic activity and the concerns related to the
synthesis and stabilization of monodisperse GNPs is still

ongoing [9,10].

Gold thiolate nanoclusters (GNCs) hold promise due to (i) their
atomically well-defined structure with a precise formula,
Au,(SR),;, in the range of n =10 [11] to 279 [12], i.e., from 1 to
2.2 nm and (ii) for some of them their crystallographically
solved structures [13-15]. The Auy5(SR);g gold thiolate cluster,
the captain of the gold nanoclusters ship, is a thermodynamical-
ly stable cluster consisting of 25 gold atoms and protected by 18
thiolate ligands [16]. This gold thiolate cluster has been widely
studied for its high potential in different domains of chemical
sensing, bioimaging, biotherapy and catalysis. As a catalyst,
GNCs, and mostly Auy5(SR) g gold thiolate clusters, have
shown high activity for different reactions such as liquid or gas
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phase oxidation, hydrogenation, C—C coupling and electro/pho-
tocatalysis [13].

Based on different studies, it is has been shown that the pres-
ence or absence of the thiolate ligand affects the catalytic activi-
ty and selectivity of gold thiolate clusters [17,18]. For example,
high activity in the aerobic epoxidation of trans-stilbene was
observed using non-calcined Au,5(SPhNH);7@SBA-15,
whereas upon calcination, its activity decreased [19]. In
contrast, fully defunctionalized clusters are essential for CO
[20], alcohol [17,21], cyclohexane [22] and styrene [23,24] oxi-
dation, as well as nitrobenzene hydrogenation [24]. Recently, a
partially calcined Ausg(2-phenylethanethiolate),, cluster sup-
ported on activated carbon (AC) exhibited high efficiency in
glucose oxidation [25]. The full defunctionalization at higher
temperature usually induces an increase in particle size and de-
crease of the catalytic activity [26].

Benzyl alcohol oxidation is a model reaction generally used to
test the catalytic activity of gold-based materials [27-31]. In the
literature, different gold thiolate clusters grafted on different
supports were used to selectively oxidize benzyl alcohol. Thus,
Aujs(6-mercaptohexanoic)acidig@HAP (HAP — hydroxy-
apatite) was defunctionalized either by using tert-butyl hydro-
peroxide or by calcination at 300 °C and showed, in both cases,
incomplete conversion of the alcohol (46%) under 5 bar of Oy,
at 30 °C and in the presence of a base [32]. Another heterogen-
eous catalyst, Auys(dodecanethiolate)g deposited on porous
carbon nanosheets, has been thermally treated at 500 °C for 4 h
and showed full conversion of benzyl alcohol into mostly
benzoic acid, under 1 atm of O, at 30 °C using a base [17]. Ina
previous study by our group, Auys(SPhNH,)7@SBA-15,
calcined at 400 °C to fully remove the ligands, induced the full
conversion of benzyl alcohol after a couple of hours in toluene
at 80 °C with a base and under atmospheric conditions [21].
Using O, as an oxidant under atmospheric conditions is a limit-
less and inexpensive oxidizing agent and allows for a sustain-
able transformation. Nevertheless, in the last example, the

mesoporous silica support exhibits low stability in basic media.

In the context of using atmospheric conditions for the oxidation
of benzyl alcohol and a stable support, we present in this work
the catalytic activity of a new composite material: Auys5(SG)ig
clusters (SG — glutathione) supported on ZrO, nanoparticles.
The interest in using ZrO, comes from its high physical and
chemical stability, along with its ability to form nanoparticles
for high dispersion of the gold nanoclusters [24]. In this work,
we synthesized Auys5(SG)3@ZrO; (A), a composite material,
and studied the calcination effect to control the defunctionaliza-
tion of the clusters on the activity and selectivity of the hetero-

geneously catalyzed benzyl alcohol oxidation.
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Results and Discussion

Catalyst characterization

A Auy5(SG)13@ZrO, composite material (A), with a theoreti-
cal gold loading of 1 wt % Au, was prepared by depositing
Auy5(SG)1g gold clusters on ZrO, nanoparticles.

Zirconium hydroxide, Zr(OH)4, was used as a precursor for the
ZrO; nanoparticles. Zr(OH)4 was calcined at 550 °C for 12 h
under air at a rate of 2 °C/min. The powder X-ray diffraction
(PXRD) pattern of the obtained powder indicated the presence
of two crystallographic phases of ZrO,, monoclinic and tetrago-
nal (Figure S1, Supporting Information File 1). The transmis-
sion electron microscopy (TEM) image shows that the ZrO,

particles have a diameter of around 50 nm.

Auys(S8G) ;g was synthesized according to a reported method
[33]. The characterization of the clusters by UV—vis spectrosco-
py shows two absorption peaks centered at 450 and 650 nm,
which correspond to the electronic transitions typical of this
molecular composition (Figure S2, Supporting Information
File 1) [34,35]. The PXRD of the clusters exhibited an intense
reflection at 5.01°, corresponding to a center-to-center distance
between two clusters of 1.76 nm, by applying Bragg’s law
(Figure S3, Supporting Information File 1) [36]. This distance is
in good agreement with the expected size of Auy5(SG);g includ-
ing the ligands. In addition, the broad peak at 37° corresponds
to the ultra-small Auys gold core and confirms the absence of
large gold nanoparticles or bulk gold.

Impregnation of the clusters on ZrO, nanoparticles was
done by adding ZrO, powder to an aqueous solution of
Auy5(SG)yg, stirred for 15 min and then centrifuged to collect
the powder without further washing. The composite material
Auy5(SG)3@ZrO, comprised of 0.7% Au was calcined at dif-
ferent temperatures (200, 300 and 400 °C) to gradually remove
the ligands. This calcination process induces a change in color
from beige for Auys5(SG)g@ZrO; to pink for the calcined sam-
ples. Before and after each calcination step, the PXRD patterns
of the obtained materials showed no change from the ZrO,
diagrams and no indication of reflection of bulk gold (Figure
S4, Supporting Information File 1). These observations mean
that there is no modification of the support and that the quantity
of gold is too small to be detected.

Thermal studies of the materials were done by thermogravi-
metric analysis (TGA) under air on pure Auy5(SG);g gold clus-
ters, gold clusters deposited on ZrO, and ZrO, alone. From the
TGA curve of the clusters, a first gradual weight loss of 6.5% is
observed before 200 °C, corresponding to the evaporation of the
solvent (Figure 1a). Then a second gradual weight loss of
46.2% happens up to 500 °C and the remaining gold is 47.3%.
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Figure 1: (a) TGA experiment on Auy5(SG)1g under air at 10 °C/min. (b) Isotherm experiments on Auy5(SG)qg under air at 200 °C (green), 300 °C
(blue) and 400 °C (red) for 12 h. Solid lines represent the weight (%) and dotted lines represent the heating ramp.

The actual percentage of glutathione (49.4%) is a little less than
the calculated value (53.0%). This difference in thiolate ligand
may be due to the early decomposition of the molecules before
200 °C or to the presence of impurities such as bigger clusters
[37]. Isotherm analysis was performed at 200 °C, 300 °C, and
400 °C, with the temperatures kept constant for 12 hours under
air, in order to simulate the calcination procedures. For the iso-
therm analysis at 200 °C, 300 °C, and 400 °C, the final loss
reached 17.0%, 40.8% and 52.9%, respectively, corresponding
to a partial calcination of 36.5% at 300 °C and to a complete
removal of the ligand (77.1%) at 400 °C (Figure 1b). It is inter-
esting to note that the complete calcination of the ligands at
400 °C is reached after almost 8 h of heating, suggesting that a
heating ramp of at least 8 hours is required to completely
remove the glutathione molecules from the gold surface. For the
TGA of the ZrO, support, 2.4% weight loss was observed at
low temperature that corresponds to trace water (Figure 2).
After the deposition of 1 wt % Au using Auy5(SG)g on ZrO,, a
first weight loss of 2.4% is observed and a second weight loss
of 1.3% from 250 °C is also seen and fits well with the decom-

position of the glutathione molecules (Figure 2).

The influence of calcination temperature on the particle size of
the clusters deposited on ZrO, was evaluated from the TEM
images and size distribution analysis (Figure 3). The composite
material Auy5(SG)13@ZrO, is named (A) and (Azqp), (A300)
and (A4q0) after calcination under air at 200 and 300 °C for 4 h
and 400 °C for 12 h, respectively. Sample (A) exhibits homoge-
neous clusters of size 1.6 + 0.3 nm (Figure 3a,e), being close to
the expected Auys diameter estimated from the crystal structure
(1 nm) [38]. For (Ayg0) the mean particle size is 1.6 £ 0.7 nm
and approximately the same for (Aszgg) at 1.7 = 0.5 nm
(Figure 3b,c,e). For (A4p), the particle size increased to
2.0 + 0.7 nm, which may be due to the sintering of the bare
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Figure 2: TGA experiments on Auys(SG)4g deposited on ZrO, (black)
and ZrO, alone (blue) carried out under air at 10 °C/min.

Auys gold cores (Figure 3d,e). In general, supported gold thio-
late clusters are known to grow when calcined at high tempera-
ture [24], except when they are inserted in a porous material,
such as SBA-15 [21], or loaded with a very small quantity of
clusters [22]. Here we note that the gold clusters maintain a di-
ameter of around 2 nm or below, with a narrow size distribu-
tion, upon calcination at temperatures up to 400 °C with
0.7 wt % Au loading.

Catalytic performance

The catalytic activity of Auys(SG)13@ZrO,, calcined at differ-
ent temperatures, was studied for the oxidative dehydrogena-
tion of benzyl alcohol to benzaldehyde in the presence of an
excess of base (CspCO3, 3 eq.) at 80 °C and under atmospheric
conditions (Scheme 1). Before observing the influence of calci-
nation of thiolates on the activity of the gold catalysts, a blank
and the support alone were run to confirm the catalytic activity
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Figure 3: TEM images of Auy5(SG)1g8@ZrO2 (Au 0.7 wt %) (a) before
calcination, sample (A), (b) calcined at 200 °C for 4 hours under air,
sample (A2qp), (c) calcined at 300 °C for 4 hours under air, sample
(As0p), and (d) calcined at 400 °C for 12 hours under air, sample
(A400), and (e) the size distribution of the composites — (A) in black,
(A200) in red, (Asgp) in green and (A4qp) in blue.

of the gold catalyst. Since there was no benzyl alcohol conver-
sion and no formation of benzaldehyde in both cases, it was
deduced that the reaction conditions, such as temperature or
atmospheric O, did not have any catalytic role in the oxidation
reaction.

Beilstein J. Nanotechnol. 2019, 10, 228-237.

OH O
Cs,C0O3 3 mmol, Au 0.2 mol %

20 mL toluene, air, P, 80 °C
1 mmol

Scheme 1: Benzyl alcohol oxidative dehydrogenation under standard
conditions.

Influence of the calcination temperature
Auy5(SG)13@ZrO, (A) was inactive and unable to oxidize
benzyl alcohol to benzaldehyde. Despite the well-dispersed,
homogenously small-sized gold particles, as seen from the TEM
image (Figure 3a) and the size distribution graph (Figure 3e),
their catalytic activity was likely to be affected by the presence
of the thiolate ligands. The same behavior was observed for the
untreated Au,5(SPhNH;)7@SBA-15, which did not show any
activity for benzyl alcohol oxidation [21]. For (Ayqq), 64.2% of
the thiolate ligands remained, and benzyl alcohol conversion
reached 50% after 12 h with an initial turn over frequency
(TOF) of 10 h™!, which was very low compared to that of
(A300). The latter had 46.5% of the thiolate ligands remaining
and only 1.5 h were needed to reach 50% conversion with a
TOF =261 h™!, showing that the partial calcination had im-
proved the catalyst activity. For (A4qq), for which no thiolate
ligands remained, 2.4 h were needed to reach 50% conversion
with a TOF = 123 h™! (Figure 4 and Table 1).

Conversion (%)

0 5 10 15 20 25
Time (h)

Figure 4: Monitoring over time of benzyl alcohol oxidative dehydroge-
nation conversion with Au25(SG)18@ZrO, before calcination (black),
after calcination at 200 °C for 4 hours under air, (Aqo) (green), at
300 °C for 4 hours under air, (A3gp) (blue), at 400 °C for 12 hours
under air, (A400) (red) and compared to AUNP@ZrO, (purple).

The increase in catalytic activity from (A) to (Aygg) and the
highest TOF (261 h™!) in the case of (A3qq), is explained by the
increase of defunctionalization of the supported thiolate clus-
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Table 1: Catalytic performance of Auy5(SG)1s@ZrO, based catalysts (2 pmol Au) in the oxidative dehydrogenation of benzyl alcohol in toluene at
80 °C (1 atm of air): 25%, 50% and 90% conversion times (f), benzaldehyde selectivity at half conversion (Sel 50%), turn over frequency (TOF) and
gold particle size measured by TEM before the catalytic test. ND: Not determined.

Sample Catalyst toso, (M) tsgo, (M) toge, (N)  Selsge, (%) TOF (h™')  Average AuNP diameter (nm)
(A) Auo5(SG)18@ZrO2 ND ND ND ND - 1.6+£0.3
(A200)  (A) calcined at 200 °C 6 12 21.6 80 10 1.6+0.7
(A3zp0)  (A) calcined at 300 °C 0.6 1.5 6.8 94 261 1.7+0.5
(A400)  (A) calcined at 400 °C 1 24 15 100 123 2007
(B) AuNP@ZrO, 1 3 15 100 144 2715

ters, which triggered the catalytic activity. However, the de-
crease in catalytic activity of (A4qp), with a lower TOF value
(123 h71), though it was fully defunctionalized, is related to the
sintering of the gold nanoparticles, where bigger 2.0 + 0.7 nm
particles were observed on the TEM images. This means that
both the defunctionalization and the particle size affect the cata-
lytic activity of the composite material. A balance between both
is required to have maximum activity, as in (Azgg), where
46.5% of the thiolate ligands remained, triggering gold activity
and keeping small sized particles at 1.7+ 0.5 nm. Therefore,
partially calcined clusters did not inhibit high catalytic activity,
in contrast, it was enhanced, which was similar to a recent re-
ported work [25].

The catalyst performance was compared to a catalyst synthe-
sized by the deposition-precipitation method of gold nanoparti-
cles on ZrO, nanoparticles, compound (B). The average parti-
cle size of (B), measured by TEM images, is 2.7 + 1.5 nm,
higher than that of the gold particles obtained in (A4qg) after full

calcination (Figure 5). Compound (B) showed 50% conversion
of benzyl alcohol in 3 h, a value close to that obtained with
(Augp), having slightly higher initial TOF (144 h™!). They both
reached 90% conversion after 15 h. This shows that when gold
nanoparticles have a diameter more than 2 nm, they act in a
similar catalytic manner, but still have slower catalytic activity
compared to the partially calcined composite material (A3gg)
(Table 1).

At the selectivity level of 50% (Selsge,) conversion toward
benzaldehyde, an increase with the increase of calcination tem-
perature was observed for compound (A). The Selsgo, for (Asgo)
was 80%, less than that of (A3qg), at 94%, which was also lower
than the Selsgo, of (Ag9o) and (B) at 100% (Table 1). This
means that having pure gold without any organic linker is
necessary to have high selectivity toward benzaldehyde, but still
the partially calcined composite material (A3qg), with compa-
rable selectivity of 94%, to (A4gp) and (B), resulted in the best
activity with highest TOF =261 h™!.
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Figure 5: (a) TEM image of AUNP@ZrO, prepared by the deposition-precipitation method (B). (b) Comparison of size distribution of
Auzs5(SG)18@ZrO, calcined at 400 °C for 12 hours under air (A4q0) in red and AuNps@ZrO> (B) in black.
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Compared to previous studies, Auy5(SCi2H»5)18 supported
on hierarchically porous carbon nanosheets [17] and
Auys(SPhNH»);7 supported on SBA-15 [21], both calcined at
400 °C, showed 67% and 68% of selectivity for benzaldehyde,
respectively. Thus, the 100% selectivity for benzaldehyde of
Auy5(SG);g over ZrO, when calcined at 400 °C may result from
the different compositions of the clusters or the effect of the
type of support that can be involved in the oxidation mecha-
nism or their different morphologies, as porous materials for the
carbon nanosheets and the silica, and nanoparticles for ZrO,.

Effect of the reaction temperature

In general, the oxidation of benzyl alcohol is performed under
harsh conditions of temperature and pressure without a catalyst
[39]. Gold-based catalysts perform this oxidation under milder
conditions [31]. The reaction using (A3zgg) as a catalyst, was
performed at two different temperatures, 60 °C and 80 °C, with
all other experimental conditions being the same. Such relative-
ly low temperatures showed no thermal conversion of benzyl
alcohol without catalyst. The conversion curves clearly showed
that the increase of the temperature of 20 °C favors the benzyl
alcohol conversion (Figure 6). At 60 °C, the time necessary to
reach 50% conversion is 3 h, whereas it is 1.5 h at 80 °C.
Besides, the Selsgq, increased from 75% to 94% with tempera-
ture, suggesting that the faster the reaction rate, the higher the
benzaldehyde selectivity (Table 2).
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Figure 6: Monitoring over time of benzyl alcohol oxidative reaction with
Auzs5(SG)18@ZrO, calcined at 300 °C for 4 hours under air (Azgp) at
60 °C (pink), and at 80 °C (blue).
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Recyclability of the catalyst

The recyclability of (A3zgg), the catalyst that showed the highest
TOF value in the oxidative dehydrogenation of benzyl alcohol,
was tested by adding a new portion of benzyl alcohol to the
reaction mixture after each cycle. It was observed that after each
run, the catalytic stability decreased, giving full conversion in
the first cycle (Asgp)!, 86.6% conversion in the second cycle
(Az00)? and 70.3% in the third cycle (Azqg)?, after 24 h of reac-
tion (Figure 7). This decrease in the catalytic activity is ex-
plained by particle aggregation and sintering with time. The
particle size after the third cycle in (A3qg)° was 2.8 = 0.8 nm
(Figure 8).

100

80

—

Conversion (%)

10 15 20 25
Time (h)

Figure 7: Monitoring over time of benzyl alcohol oxidative dehydroge-
nation conversion for successive additions of 1 mmol BnOH in the
reaction medium (each reaction was carried out during 24 h) using
(A30p) as a catalyst. (Asgo)! represents the conversion (%) while using
the catalyst for the first cycle (blue), (Asqo)? for the second cycle (pink)
and (Asgo)? for the third cycle (cyan).

Conclusion

Successfully supported Auys5(SG);g clusters on ZrO, nanoparti-
cles was used as a catalyst, after activation, in the oxidative de-
hydrogenation of benzyl alcohol to benzaldehyde. The effect of
the calcination temperature was studied by subsequent calcina-
tion steps under different conditions. For partial defunctional-
ization, activation at 200 °C and 300 °C for 4 h was done under
air, whereas the treatment at 400 °C for 12 hours resulted in the
complete removal of the thiolate ligands. The influence of the
presence of thiolate ligands and the size of the particles was
clearly observed during benzyl alcohol conversion, where the

Table 2: Catalytic performance of (A3gg) catalyst (2 umol Au) in the oxidative reaction of benzyl alcohol in toluene at 80 °C and 60 °C (1 atm of air):
25%, 50% and 90% conversion time (f), benzaldehyde selectivity at half conversion (Sel 50%) and turn over frequency (TOF).

Reaction temperature (°C) tos5, (h) t509 (h) tooy, (h) Selsge, (%) TOF (h™")
(A300) 80 0.6 1.5 6.8 94 261
(A300) 60 1.2 3 16 75 101
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Figure 8: (a) TEM image of (Asgp)? after the third catalytic cycle. (b) Comparison of the size distribution of (Azgg)? in red and (Asqg) before the catalyt-

ic test in black.

full conversion was observed after 15 h with the catalyst
partially defunctionalized at 300 °C under air for 4 hours with
particle of 1.7 £ 0.5 nm diameter. This study confirmed that the
activity and selectivity of supported Auy5(SG);g clusters are
highly efficient for oxidation reactions carried out under mild
conditions of ambient atmosphere and temperature (80 °C), and
most importantly do not require the complete removal of the
thiolate ligands.

Experimental

Chemicals

Tetrachloroauric acid trihydrate (HAuCly3H,0, >99.9% trace
metal basis), sodium borohydride (NaBH4, >98.0%), benzyl
alcohol and dodecane (=99%) were purchased from Sigma-
Aldrich. L-glutathione (HSG, +98%) and cesium carbonate
(99%, metal basis) were obtained from Alfa Aesar, Methanol
(HPLC grade) from VWR International, and toluene from
Emsure. Zirconium oxide (ZrO,) was prepared from Zr(OH)4
calcined at 550 °C for 12 hours under air flow at a rate of
2 °C/min. All chemicals were used without further purification.
All glassware were washed with aqua regia and rinsed
with ethanol. Ultrapure water (18 MQ) was used in all experi-

ments.

Characterization techniques

Powder X-ray diffraction (PXRD) was carried out on a Bruker
D8 Advance A25 diffractometer using Cu Ka radiation. Small-
angle X-ray scattering was recorded between 0.45° and 7° (260)

with 0.01° steps and 2 s per step. Standard acquisition was re-
corded between 4° and 80° (20) with 0.02° steps and 0.5 s per
step.

Thermogravimetric analysis (TGA) was performed with a TGA
STARE system from Mettler Toledo Thermobalance MX1.
Around 2 mg of sample was heated from 25 °C to 800 °C at a
rate of 10 °C/min in a 70 pL alumina crucible, under air.

For isothermal TGA, the samples were heated at a rate of
2 °C/min from 25 °C to the final targeted temperature (200 °C,
300 °C, and 400 °C) in a 70 uL alumina crucible, under air. The
final temperature was maintained for 12 hours.

Transmission electron microscopy (TEM) was carried out on a
JEOL 2010 LaBg microscope operating at 200 kV. The sam-
ples were prepared on a copper grid for analysis. The measure-
ment of the diameter of the particles was done by using the
TEM images, where the diameter of each particle was measured
by hand by using Image J software. A minimum number of par-

ticles of 300 was measured to get a distribution.

Gas chromatography was carried out on a Shimadzu GC-2010
device using a 30 m x 0.25 mm x 0.25 pm column programmed
from 30 °C to 180 °C, injector and FID detector set at 220 °C,
and using N, as carrier gas. External calibration was carried out
by injecting distinct standard solutions of benzyl alcohol and

benzaldehyde with dodecane.
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UV-visible spectroscopy was performed with Agilent UV 8453
UV-visible spectrometer, with a deuterium discharge lamp as
the radiation source for ultraviolet wavelength region and a
tungsten lamp for the visible and short wave near-infrared
wavelength region. Water was used as the blank.

Synthesis of Au5(SG)1g

Auy5(SG); g clusters were synthesized following a previously
reported synthesis procedure with some modifications [33]. In a
100 mL round-bottom flask, 0.25 mmol HAuCly3H,0 was dis-
solved in 50 mL methanol under stirring at 1500 rpm in an ice
bath. Then, 1 mmol glutathione was rapidly added to the flask,
and the mixed solution was left stirring for 30 minutes. The
color of the mixed solution gradually changed from clear
yellow to transparent. Meanwhile, the NaBH,4 solution was pre-
pared by dissolving 2.5 mmol NaBHy in 12.5 mL ice-cold
water, which was rapidly added to the mixed solution. An
obvious color change to dark brown was observed after the ad-
dition of NaBHy. The reaction was allowed to proceed under
stirring at 1500 rpm in an ice bath for 1 hour, and UV—vis spec-
tra were collected at 45 minutes into the reaction. The product
was purified by repeated centrifugation (10000 rpm,
15 minutes) and was washed several times with methanol
(5000 rpm, 15 minutes). The obtained product was dried under
vacuum at room temperature, and was kept in the refrigerator
until the second part. In the second part of the synthesis, the
product was dissolved in 12.5 mL water and 0.5 mmol
glutathione was added. The mixture was left stirring at 60 rpm
and heated with an oil bath at 55 °C for 4 hours. The final prod-
uct Auy5(SG)g was filtered, isolated by precipitation with
methanol and centrifuged (10000 rpm for 15 minutes), washed
several times with methanol (5000 rpm, 15 minutes), and was

air-dried.

Synthesis of the composite material
Augs5(SG)18@ZrO2

Gold cluster deposition

Auy5(SQG)g cluster deposition was performed using a wet
impregnation method. Gold clusters, with a mass of 10 mg cor-
responding to a theoretical loading of 1 wt % Au, and 500 mg
of support (ZrO,) were dispersed in 5 mL of water, swirled, and
left for 15 minutes. The prepared catalyst (A) was recovered by
centrifugation (4000 rpm, 10 minutes) after the addition of
small amounts of ethanol, and was followed by drying under

air.

Calcination

Calcination was performed on Auy5(SG)g@ZrO;. Around
100 mg of compounds were heated at 200 °C for 4 hours under
air, 300 °C for 4 hours under air, and 400 °C for 12 hours under

air, with a rate of 2 °C/min.

Beilstein J. Nanotechnol. 2019, 10, 228-237.

Synthesis of AUNP@ZrO» by
deposition-precipitation

The synthesis of AuNP@ZrO, was done according to a re-
ported protocol [40]. An aqueous solution of tetrachloroauric
acid trihydrate (1.5% by mass, in 10 mL H,O) was added drop-
wise to ZrO; (1 g) dispersed in 30 mL H,O while stirring at
400 rpm at room temperature. A yellow solution was obtained.
NaOH (0.5 M) was used to adjust the pH at 9, where the solu-
tion then turned transparent. The mixture was kept stirring at
400 rpm for 1 h at room temperature. The temperature was then
increased up to 80 °C and left stirring for 2 h while keeping
pH 9. The reaction was set back at room temperature and left
overnight. The product was filtered, dried at 110 °C for
30 minutes, calcined at 350 °C for 4 h under air, then reduced
under Hy flow at 350 °C for 2 h. The final powder had dark
pink-purple color and named (B).

Benzyl alcohol oxidation

Catalytic evaluation was carried out following a previously re-
ported procedure [21]. In a two-neck 100 mL round-bottom
flask equipped with a condenser and a magnetic stirrer, benzyl
alcohol (BnOH, substrate, 1 mmol), cesium carbonate (Cs,COs3,
base, 3 mmol), toluene (solvent, 20 mL) and gold-based cata-
lyst (2 umol Au) were stirred at 400 rpm at 80 °C under atmos-
pheric air pressure, while connecting the flask to a reflux.

The reactions were monitored by regular samplings (0.2 mL)
that were diluted 2 times in the standard dodecane solution
(1 wt % in toluene) and were analyzed immediately by gas
chromatography. Benzyl alcohol (BnOH) conversion was calcu-
lated from the ratio of the number of moles of BnOH converted
over the initial quantity of BnOH introduced at the beginning of
the reaction. The benzaldehyde (BnAld) yield was calculated
from the ratio of the number of moles of BnAld produced over
the initial quantity of BnOH introduced at the beginning of the
reaction. The selectivity was defined as the ratio of the BnAld
yield over BnOH conversion. The given TOF (h™!) are the
initial TOF, calculated from the ratio of the converted moles of
benzyl alcohol over the total moles of the gold content in the
catalyst per unit of time.

TOF (h_l) _ moles of converted benzylalcohol

moles of total Au content in the catalyst x time

Supporting Information

Supporting Information File 1

Additional experimental results.
[https://www.beilstein-journals.org/bjnano/content/
supplementary/2190-4286-10-21-S1.pdf]
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Abstract

A new hybrid adsorbent material for the efficient removal of heavy metals from natural real water solutions (Moroccan river water
samples) was prepared by the immobilization of a new conjugated -ketoenol-pyridine—furan ligand onto a silica matrix. The ther-
modynamical properties including pH, adsorption isotherms, competitive adsorption, selectivity and regeneration were studied to
investigate the effect of ketoenol-pyridine—furan—silica (SiNL) on the removal of Zn(II), Pb(Il), Cd(II) and Cu(Il) from aqueous
solutions. An increase in adsorption as a function of pH and fast adsorption was reached within 25 min. The maximum sorption
capacities for Zn(II), Pb(IT), Cd(II) and Cu(II) were 96.17, 47.07, 48.30 and 32.15 mg-g™!, respectively. Furthermore, the material
proved to be very stable — its adsorption capacity remained greater than 98% even after five cycles of adsorption/desorption. Com-
pared to literature results, this material can be considered a high-performing remediation adsorbent for the extraction of Zn(Il) from

natural real water solution.
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Introduction

Nowadays, pollution by a large number of heavy metals in
water sources is commonly observed due the constant economi-
cal growth of our modern society. This environmental issue is
being seriously considered by different circles [1,2], given that
heavy metal ions are known to cause health problems even at
low concentrations in living systems [3-5]. Among these toxic
metals included on the US Environmental Protection Agency's
(EPA’s) list of priority pollutants, zinc, lead, cadmium and
copper are considered as the most hazardous.

Solutions to remove heavy metals from polluted media have
been thus proposed. These include several well-known analyti-
cal chemistry methods [6-16] as well as adsorption materials
able to extract metal ions from aqueous solutions [17-23]. How-
ever, this latter solution presents numerous drawbacks [24,25].

A new generation of hybrid organic—inorganic silica adsorbents
displaying superior properties have been recently proposed [26-
33]. Our group has been active in this field with the preparation
of a large set of chemically modified silica [34-36]. We could
show, for instance, that their adsorption behavior is mainly de-
pendent on the presence of donor atoms within the incorporated
organic moieties [37-40].

In this context, f-ketoenol receptors, which are very important
organic molecules, are also known for their potential to form
stable coordination complexes with most transition metals
[41,42]. The incorporation at the surface silica of a f-ketoenol
group thus affords these hybrids the capacity to retain heavy
metal ions. The group of C. Sanchez has prepared some meso-

porous thin films functionalized with silylated -ketoenol com-

NH»
H, MeO—Si
tol
Ay 3
+
Si02 Si
y | “OMe
MeOOM _—
SiNH,

Scheme 1: Synthetic route of our modified chelating material.
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pounds as fast uranyl species sensors with high selectivity and
sensitivity [43]. Our group has also recently prepared several
B-ketoenols derivatives incorporated at the surface silica as
effective and stable adsorbents for selective removal of toxic
metals from water [44-48].

In the present work, we present the synthesis of a highly selec-
tive adsorbent material via covalent immobilization of a mixed
ligand (B-ketoenol-pyridine—furan) onto silica particles
(Scheme 1). The engineered system is low-cost, solid, chemi-
cally and mechanically stable as well as recyclable. It exhibited
a high affinity and adsorption capacity for toxic heavy metal
detection with less equilibrium time, a discovery that has signif-
icant environmental issues. Parameters that may improve the
retention effectiveness of the metal ions have also been studied.
The system was used for the confinement of lead, cadmium,
zinc and copper metal ions from aqueous solutions as well as in
natural water samples.

Experimental
Synthesis

Solvents and chemicals, used without further purification, were
of analytical grade (Aldrich, 99.5% purity). Silica gel (particle
size of 70-230 mesh, median pore diameter of 60 A) (E. Merck)
was activated before use by heating at 120 °C. The silylating
agent (3-aminopropyltrimethoxysilane: Janssen Chimica) was
used without purification.

(Z)-1-(Furan-2-yl)-3-hydroxy-3-(pyridin-2-yl)prop-2-en-1-one
(Lq). To a mixture of sodium (0.4 g, 17.39 mmol) and ethyl
picolinate (2 g, 13.23 mmol) in 50 mL of toluene 1-(furan-2-

Na/toluene
=
a g
0 ~ N MeO—/S\l
(0] L, OH 30
Si0p
SiNL
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ylDethanone (1.91 g, 17.39 mmol) was added at 0 °C. The re-
sulting solution was kept under stirring, at room temperature,
for two days. The resulting precipitate was filtered, washed with
the reaction solvent, dissolved in water and neutralized with
acetic acid to pH 5. The organic layer, extracted with CH,Cl,,
was dried and concentrated in vacuo. The resulting residue was
chromatographed using silica and dichloromethane as eluent.
Final product characteristic: yellow powder; yield: 30%; mp
102 °C; Ry: 0.6 (CH,Cly/MeOH 9:1)/silica. 'H NMR (DMSO-
de) 3.48 (s, 0.1H, keto, CH»); 7.29 (t, 1H, Fu-H); 7.37 (s,
0.9H, enol, C-H); 7.42 (m, 1H, Fu-Hy); 7.62 (m, 1H, Py-Hp);
7.84 (t, 1H, Py-Hy); 8.09 (d, 1H, Fu-Ha) 8.68 (d, 2H, Py-Ha).
13C NMR (DMSO-dg) 48.52 (1C, keto, CH»); 93.81 (1C, enol,
C-H), 112.78 (1C, Fu-CB), 116.66 (1C, Fu-Hy), 122.00 (1C,
Py-C3), 126.32 (1C, Py-CpB), 127.65 (1C, Py-Cy), 137.14 (1C,
Fu-Ca), 149.54 (1C,Py-Ca), 151.17 (1C, Py-Ce), 151.95 (1C,
Fu-Cg), 178.71 (1C, C=0), 179.57 (1C; C-OH); IR (KBr,
em™1): v (OH) = 3428; v (C=0) = 1625; v (enolic C=C) = 1515;
MS m/z: 216 [M + H]".

3-Aminopropylsilica (SiNH;). SiNH, was prepared according
to our published procedure [37].

Pyridine-enol-imine-furan-substituted silica (SiNL). After
having refluxed 5 g of SiNH; with L in dry methanol (50 mL)
for 24 h, the resulting hybrid was filtered, and Soxhlet was
extracted with several organic solvents for 12 h and finally
dried at 70 °C for 24 h. The material was characterized by
elemental analysis, Fourier transform infrared spectroscopy
(FTIR), scanning electron microscopy (SEM) images, thermo-
gravimetric analysis (TGA) and nitrogen adsorption—desorption
isotherms.

Physical methods. Atomic adsorption measurements were per-
formed on a Varian A.A. 400 spectrophotometer. pH determina-
tions were carried out with a pH 2006, J. P. Selecta s. a. pH
meter. Microanalysis was performed at the Microanalysis
Centre Service (CNRS). FTIR spectra were recorded on a
Perkin Elmer System 2000 device. SEM imaging was run on a
FEI-Quanta 200 microscope. TG/DTA were performed on a
Perkin Elmer Diamond under a 90:10 oxygen/nitrogen atmo-
sphere at 10 °C-min~'. The specific area was determined by
using the BET equation. Nitrogen adsorption—desorption iso-
therm plots were obtained on a Thermoquest Sorpsomatic 1990
analyzer after the materials had been purged in a stream of dry

nitrogen.

Batch experiments. The batch experiments were performed ac-
cording to our published procedure [37]. Residual metal content
was determined by atomic adsorption, using the following equa-

tions to determine the amount of adsorbed metal:

Beilstein J. Nanotechnol. 2019, 10, 262-273.

Om =(Co—Ce)xV /W (1)

Ow =0 xM 2

where Oy (mmol-g™!) and Ow (mg-g™!) are the amount of the
metal ion on the adsorbent. The aqueous solution volume, the
weight of the adsorbent, the initial concentration of metal ion,
the equilibrium metal ion concentration and the atomic weight
for metals are designated by: ¥ (L), W (g), Co (mmol-L™)), C,
(mmol-L™") and M (grmol™!), respectively. The average data
from duplicate analyzes were reported for each sample.

The performance of SiNL adsorption of Zn(II), Pb(II), Cd(II)
and Cu(Il) was carried out by stirring 10 mg of adsorbent
with 10 mL of a solution of metal ions a concentration of
10-250 mg-L™! at room temperature. The pH values were
adjusted with dilute HCI and NaOH solution.

Selectivity. The selectivity sorption of Zn(II) ion was studied
using solution containing: Zn(II), Pb(II), Cd(II) and Cu(Il) ions
(100 mg-L™! of each, pH 6). Then, 10 mg of SiNL was added
into 10 mL of the metal solution at room temperature for
60 min. The atomic adsorption measurements is used to
measure the concentration of Zn(II), Pb(Il), Cd(II) and Cu(Il)
before and after adsorption.

Reusability. Following the adsorption tests, 10 mg of SiNL was
separated from the residue solution by filtration. The fractions
containing unretained metal ions were examined by atomic
absorption spectrometry. The sorbents were then rinsed
once with acetonitrile (2 mL) and twice with distilled water
(10 mL). The material was regenerated using 10 mL of HCl
(6 M), and the reconditioned SiNL used in sequential experi-
ments was used to repeat the adsorption procedure to achieve
five cycles.

Results and Discussion

Materials and methods

The synthetic procedure of the adsorption material is given in
Scheme 1. The first step refers to the synthesis of the target (2)-
1-(furan-2-yl)-3-hydroxy-3-(pyridin-2-yl)prop-2-en-1-one (L)
ligand in its stable conjugated enol tautomeric form. The reac-
tion was carried out from ethyl pyridine-2-carboxylate and
2-acetylfuran via in situ Claisen condensation reaction [49]. The
reaction of the activated silica gel with (3-aminopropyl)tri-
methoxysilane in toluene afforded amino groups onto the silica
surface (SiNH»), which were then reacted with L; under gentle
conditions (reflux, 24 h) to form the newly chelating adsorbent
SiNL (Scheme 1).
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Characterization of the adsorbent material

Elemental analysis was carried out for SiNH; (C: 4.46% and N:
1.66%) showing that the amount of (3-aminopropyl)trimethoxy-
silane grafted on the surface of silica SiG is 0.92 mmol-g™!
whereas for SINL (C: 6.54% and N: 1.71%) the amount of the
ligand Ly on the surface of SiNH; is 0.14 mmol-g~!. The high
carbon concentration in SiNH, supports the anchoring of the
silylating agent. The observed increase in both N and C content
for SiNL indicates that the reaction with (Z)-1-(furan-2-yl)-3-
hydroxy-3-(pyridin-2-yl)prop-2-en-1-one was successful.

FTIR spectra of original silica gel (SiG), SiNH; and SiNL are
shown in Figure 1. The characteristics of the precursor materi-
als (SiG, SiNH;) are consistent with literature [44-48]. In the
SiNL spectrum, the stretching vibration of O—H band of materi-
al surface was obtained at 3351 cm ™! and the peak observed at
1050 cm™! corresponds to Si-O-Si band, the strong bands ob-
served at 2943 cm™! are attributed to the stretching vibration of

Beilstein J. Nanotechnol. 2019, 10, 262-273.

aliphatic C—H bands. The new v(C=C) and v(C=N) vibrations
detected at 1459 cm™! and 1531 ecm™!, respectively, demon-
strate the modification of SiNH, with L. Compared to the
blank silica, the surface of the new material (SiNL) shown by
SEM (Figure 2) became rough, which confirms the success of
organic moieties filling the surface.

The thermal stability of SiG, SiNH; and SiNL was evaluated by
TGA (Figure 3). SiG presents a mass loss of 3.15% from 25 °C
to 110 °C, which can be attributed to the release of water mole-
cules [50]. A second mass loss of 5.85% from 110 °C up to
800 °C was detected, which presumably results from the release
of silanol groups from the surface of the silica gel [48]. Similar
to SiG, SiNH; and SiNL also present two thermal steps. The
first mass loss of 2.72% was assigned to the evaporation of
adsorbed water. The second mass loss of 6.19% and 9.07%
from 110 °C to 800 °C was attributed to SiNH, and SiNL, re-
spectively. This mass loss is attributed to the pyrolysis of the
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Figure 1: FTIR spectra of SiG, SiNH; and SiNL.
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Figure 2: SEM images of free silica (SiG), SiNH, and SiNL.
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Figure 3: Thermogravimetric profiles of free silica SiG, SiNH, and SiNL.

organic entities decorating the silica surface as well as to the
condensation of the unreacted silanol groups [51-53]. These
results prove that the SiNL system has been successfully fabri-
cated and is thermally stable.

The specific surface area (Sggt) of SiG, SiNH, and SiNL was
obtained by nitrogen adsorption at several pressures [54] and is
shown in Figure 4. A clear decrease is observed after grafting.
This is obviously due to the obstruction of Nj(g) access by
organic moieties anchored onto the silica matrix, thus reducing
its surface area [55].

The observed decrease of the initial specific surface area, SggT,
from 305.21 £ 0.79 m2-g~! to 283.08 + 0.77 m%-g~! and pore

400
t[°C]

500

volume from 0.77 + 0.002 cm3g™! to 0.69 + 0.002 cm?3-g™!
from free silica to SINH, results from the immobilization of
organic moieties which can block the access of Ny, to the
silica base. Further immobilization decreases the pore volume
to 0.62 = 0.01 cm?-g™! for SiNL. The increase of Sgpt to
339.84 + 2.01 m2-g™! for SiNL is presumably due to the in-
creasing surface roughness, as noticed by SEM imaging
(Figure 2), or due to the pore plugging of the support by the
ligand.

Solid—liquid adsorption of metal ions by SiNL
Effect of pH. The speciation of metal ions in solution and the
surface charge of the adsorbents can be influenced by the pH of

a solution [56]. Donor groups attached to the adsorbents may be
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Figure 4: Nitrogen adsorption—desorption isotherm plots of SiG, SiNH, and SiNL.
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easily protonated or deprotonated to form different surface
charges in solution at different pH values [40]. The effect of the
pH on Zn(II), Pb(II), Cd(II) and Cu(II) sorption onto SiNL was
investigated in the range of pH 1-7 using the batch method as
shown in Figure 5.

100 . ; : : ; ;
—s=— Zn(ll)
—e— Pb(ll)
80 cd(ll)
—v—Cu(ll)
"o 60}
o]
E
Q
S st
20}
0
0 1 2 3 4 5 6 7

Figure 5: Effect of pH on the adsorption of metal ions on SiNL,
Adsorption dose: V' =10 mL, m = 10 mg of SiNL at optimum concen-
tration (100 ppm in each case), t = 35 min and 25 °C,

Age = 0.3 (mg-g™"). (The optimum concentration means the initial con-
centration of metal ions required to reach a plateau shape).

The absorption of the metal ions increases with pH. When the
pH is low, the retention of metal ions by SiNL is negligible.
This is presumably due to the total protonation of the active
chelation sites. As the pH rises, the protonation decreases,
which tends to improve the chelation and therefore the adsorp-
tion of the metal ions. At pH > §, the metal ion concentration
decreases because of their hydrolysis. Actually, the adequate pH
for the maximum adsorption of Zn(II) and Cu(Il) was found at
pH > 5, and at 6 for Pb(II) and Cd(II). The best adsorption prop-
erties were identified for Zn(Il) (Figure 5), which is presum-
ably due to the higher stability of the formed Zn-ligand com-
plex compared to other complexes formed with other metal
ions. This can be indeed explained by the different binding
affinity towards the adsorbent [57,58].

Effect of contact time and adsorption Kinetics. The effect of
contact time on the removal efficiency of Zn(II), Pb(II), Cd(II)
and Cu(Il) using SiNL was investigated (Figure 6). The
adsorbed amount of metal increases sharply up to 5 min, after
which a very gradual increase is observed to reach saturation
after 25 min. The high amount of active sites of SiNL as well as
the high solute gradient of concentration favors this behavior
[59]. A contact time of 25 min was thus considered for all equi-

librium adsorption studies.
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Figure 6: Effect of contact time on the adsorption capacity of Zn(ll),
Pb(ll), Cd(Il) and Cu(ll) ions. Adsorption dose: V=10 mL, m =10 mg
of SiNL at optimum concentration (100 ppm in each case), at pH 6 and
25 °C, Aqe = 0.3 (mg-g™").

First or second order kinetic models can be applied to evaluate
the efficiency of the adsorption processes, and are therefore of
the utmost importance to understand adsorption mechanisms
[60]. The nonlinear equation for the pseudo-first-order model is
recalled below:

4 = 4o [1 - e_k”} , ©)

where ¢, and g, are the amounts of metal ions adsorbed on the
adsorbent (mg-g~!) at equilibrium and at time ¢, respectively,
and k| is the rate constant of the first-order adsorption in min™".
The nonlinear equation for the pseudo-second-order can be

written as follows:
2
a¢ = (kat2t) 1+ kaget) @

where k, (grmg™'min!) is the pseudo-second-order adsorption

rate constant.

The kinetic rate constants for the adsorption of Zn(II), Pb(Il),
Cd(1II) and Cu(II) by SiNL were determined by regression anal-
ysis (Figure 7). The data were best fitted by the pseudo second-
order model (Table 1), which suggests that the adsorption of
heavy metals in water proceeds by chemisorption [61-63], a
phenomenon which could be attributed to the complexation
reaction.

Effect of initial concentration in metal and isotherm

modeling. A detailed concentration study was conducted, and

isotherm studies were carried out to interpret the metal reten-
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Figure 7: Pseudo-first-order and pseudo-second-order models fits for the adsorption of Zn(ll), Pb(ll), Cd(Il) and Cu(ll) ions by SiNL. Adsorption dose:
V=10 mL, m = 10 mg of SiNL using optimum pH (pH 6), optimum concentration (100 ppm in each case), and at 25 °C, Age = 0.3 (mg-g™").

Table 1: Kinetics of heavy metal removal onto SiNL.

Parameters Metal

Zn(ll) Pb(Il) cd(ll Cu(lly
Ge(exp) (MY/G) 90.48 +0.30 67.18 £0.30 43.10£0.30 30.91+0.30
1st-order
ge (Mg/g) 87.87 +1.29 66.04 £ 0.72 42.25 + 0.46 30.17 £ 0.39
kq (min~1) 0.38 + 0.05 0.40 + 0.04 0.36 + 0.03 0.41+0.05
R2 0.991 0.995 0.995 0.993
2nd-order
ge (Mglg) 92.79 + 1.05 69.30 + 0.47 92.79 + 1.05 92.79 + 1.05
ko (g/mg min) (9.36 +1.3) x 1073 (14.13+1.3)x 1073 (17.59 £ 1.1) x 1073 (31.61+4.5)x 1073
R2 0.998 0.999 0.999 0.998

tion by our system. Figure 8 highlights the increase in the reten-
tion capacity as a function of the increase in the initial concen-
tration of Zn(II), Pb(II), Cd(Il) and Cu(Il) metals. The
maximum adsorption was achieved gradually after an initial

concentration of each metal of about 40 mg-L™!.

The adsorption isotherms allow the metal uptake per unit of
adsorbent to be determined at equilibrium. The Langmuir iso-
therm model, which considers all adsorbent sites to be at equal
energy with no adsorbent/adsorbate interactions, is one of the

most popular.

The non-linearized form of the Langmuir isotherm equation is
given below [64,65]:

e :(qKLCe)/(1+KLCe)s )

Where ¢, is the amount of solute sorbed on the surface of the
sorbent (mg'g™!), C, is the equilibrium ion concentration in the
solution (mg-L™!), ¢ is the saturated adsorption capacity
(mg-g ™) and K7_is the Langmuir adsorption constant (L-mg1).

Another popular isotherm model is the Freundlich model which
has been described by the multilayer sorption for the sorption
on heterogeneous surfaces. The non-linearized Freundlich iso-
therm equation is recalled below [66]:

ge = KpCU", ©)

where ¢, is the adsorption capacity (mg-g™!), Ce is the equilib-
rium concentration of the solute (mg-Lfl), n is Freundlich con-
stant and Ky is the binding energy constant reflecting the
affinity of the adsorbents to metal ions (mg-g™!).
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Figure 8: Effect of concentration on metal ion adsorption onto SiNL.
Adsorption dose: 10 mg, V=10 mL, at 25 °C and pH 6 for Zn(ll),
Pb(ll), Cd(ll) and Cu(ll) ions, Age = 0.3 (mg-g™").

The adsorption parameters resulting from both isotherm models
applied in this work to a selection of toxic metal ions on SiNL
are listed in Table 2. Clearly, the best fits were obtained with
the Langmuir model (Figure 9). This indicates that the adsorp-
tion of metal ions occurs by a monolayer formation in the same
limited number of adsorption sites on a homogeneous adsor-
bent surface.

Thermodynamic modeling. The influence of temperature on
the adsorption of Zn(II), Pb(II), Cd(II) and Cu(II) ions onto
SiNL was evaluated too. The adsorption thermodynamic param-
eters (Table 3) were calculated with the van 't Hoff equation
[67] which is recalled below:

Cy-C.V
Ki=—""—"¢_
d C, m )
0 0
i, A" _aH® ©
R RT

where Cj (mg/L) is the initial concentration of metal solution,
Ce (mg/L) is the equilibrium concentration, ¥ (mL) is the

Table 2: Adsorption isotherm parameters of heavy metals onto SiNL.

Metal Langmuir isotherm model
q(mg.g™) KL (L'mg™) R?
Zn(Il) 99.23 +1.77 0.19 £ 0.01 0.991
Pb(Il) 79.11+2.88 0.11 £0.01 0.982
Cd(ll) 49.94 +1.37 0.10 £ 0.01 0.988
Cu(ll) 33.70 £ 1.05 0.278 £ 0.05 0.978
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Figure 9: Langmuir and Freundlich adsorption models fits of Zn(ll),
Pb(Il), Cd(Il) and Cu(ll)) on SiNL.

Table 3: Thermodynamical parameters.

Metal AHO ASO T (K) AGO
(kd'mol™") ('K Tmol™") (kJ:mol™)
Zn(ll) 0.68 24.78 29915  -06.72
309.15  -06.97
319.15  -07.22
Pb(Il) 1.48 44.74 29915  -11.90
309.15 -12.35
31915  -12.79
cd(l) 2.50 69.76 20915  -18.36
309.15 -19.06
31915 -19.76
Cu(ll) 1.21 34.18 29915  -09.01
309.15  -09.34
319.15  -09.69

volume of solution and m (g) is the dosage of sorbents. The
AHO and AS values were derived from the slop and intercept of
In K4 vs 1/T as shown in Figure 10.

A value of AG? < 0 at all temperatures indicates a spontaneous
reaction whereas AH? > 0 indicates an exothermic adsorption

Freundlich isotherm model

Kr (mg-g™) N R?

3453+ 3.61 3.9910.48 0.949
20.00 + 2.96 3181042 0.943
12.39 + 1.66 3.2310.38 0.957
14.41 £ 2.12 4.92 +1.02 0.929
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Figure 10: Effect of temperature for the sorption of metal ions onto
SiNL (shaking time 60 min, pH 6, adsorption dose: V = 10 mL,
m = 10 mg of SiNL at optimum concentration: 100 ppm of each metal).

process, which is more favored at low temperatures. AS? > 0
suggests a higher randomness at the solid solution interface
during the adsorption of Zn(II), Pb(II), Cd(II) and Cu(II) onto
SiNL.

Selectivity of SiNL. A remarkable selectivity of SiNL towards
Zn(II) (at optimum conditions) compared to other metal ions is
shown in Figure 11. The adsorption capacity of SiNL to the
metal ions studied is in the order Zn(II) > Pb(II) > Cd(II) >
Cu(II). This result is interesting because of the negative influ-
ence of zinc on rivers. For example, in Norway, zinc has been
found in salmon [68] at concentrations that can kill fish and
alter their physiology [69]. Since salmon is a common dish con-
sumed by humans, body damage from consumption can be ex-
pected, including cerebral, prostatic, respiratory and gastric
abnormalities [70]. Soil contaminated with zinc is also well
documented [71]. Many factors can be thought to explain the
observed selectivity of SiNL, such as the properties of the metal
ions (size, charge, nature), the properties of the grafted ligand
(its concentration, its chelating force), and also the properties of
the material (its specific surface, nature of the pores). It is there-
fore quite normal to obtain different adsorption affinities of the
same material towards different metals.

Stability and reusability of the adsorbent. Our hybrid materi-
al can be reused more than five times without significant loss in
adsorption efficiency (Table 4). This can be explained by the
high stability of organic groups onto SiNL which was con-
firmed by TGA, showing no distinct changes in the sorbent ma-
terial after five cycles of use. This suggests that SINL has excel-
lent chemical stability as a highly efficient adsorbent for the
recovery of Zn(II), Pb(II), Cd(II) and Cu(Il) ions.

Beilstein J. Nanotechnol. 2019, 10, 262—-273.

n
=3

-
<
T

(7]
=]
T

(%]
=]
T

Adsorption capacity (mg-g™')
<

cd (I Cu (Il)

Zn (Il)

Pb (Il)

Figure 11: Effect of metal ions on the extraction of Zn(ll) with SiNL.
(shaking time: 25 min, pH 6, T = 25 °C. Adsorption dose: V = 10 mL,
m =10 mg of SiNL at optimum concentrations: 100 ppm of each
studied metal, Pb(Il), Cu(ll), Zn(ll), and Cd(Il).

Table 4: Adsorption/regeneration of hybrid material towards Zn(ll).

Cycle number Zn(ll) (mg-g™")

90.48
90.16
90.06
89.76
89.12

a b~ WN -

Extraction of heavy metal in natural real water samples.
The mesoporous SiNL adsorbent was also used for in-field
metal ion removal. Two samples were selected from Morocco
rivers: (i) Ghiss (Al Hoceima), (ii) Touissit-bou-bekker (Jerada-
Oujda). All samples were collected with a polyethylene bottle
and used without storage. The river water was filtered through a
0.45 um nylon membrane. The ability of SiNL for the sorption
of heavy metal was studied by using the batch method by a mix-
ture of 10 mg of adsorbent with 10 mL of river water and

0.5 mL of 1% HNOj3 at room temperature for 60 min.

The removal efficiency was investigated under optimal condi-
tions. As shown in Table 5, Zn(II) and Cd(II) were successfully
removed from environmental water samples using this adsor-
bent. Of particular interest, is the Touissit River near Oujda,
which crosses a mining site of the oriental region of Morocco.
This site is well known to be polluted by As, Zn, Pb, Cu and Cd
[72]. As a matter of fact, this heavily polluted water was better
purified by our hybrid solid (Table 5) compared to Ghiss water.

Comparison with alternative materials. Table 6 shows the
adsorption efficiency of SINL towards Zn(II), Pb(II), Cd(II) and

270



Table 5: Extraction of heavy metal in natural real water samples.

Water samples Metal ion

Ghiss river Zn(ll)

(Al Hoceima-Morocco) cd(l
Cu(ll)
Pb(ll)

Touissit-Boubeker river Zn(ll)

(Jerada-Morocco) cd(l
Cu(ll)
Pb(Il)

Beilstein J. Nanotechnol. 2019, 10, 262-273.

Cound (Mg-L™") Adsorption capacity (mg-g~")

1.15 0.43
1.45 0.52
not detectable -
not detectable -
12.05 6.89
2.25 0.53

not detectable -
not detectable —

Table 6: Comparison of adsorption capacity of SiNL with selected reported sorbents.

Support: silica gel/ligand Ref.

Zn(Il)
this work - 90.48
bipyrazole [58] 86.51
gallic acid [73] -
1,2,4-triazol-2-ylaminopropyl [74] 09.15
C,N-pyridylpyrazole [75] 0.0
resacetophenone [76] 12.49
acid red 88 [77] 0.79
dithizone [78] 02.32
1,8-dihydroxyanthraquinone [79,80] 11.79

Cu(Il), compared to literature results. Considering the adsorbed
mass quantity, the adsorption capacity values and the affinity
for effective adsorption of metal cations under study, our mate-

rial shows better performance.

Conclusion

A novel hybrid material based on a silica surface covalently
anchored to a new highly chelating B-ketoenol-pyridine—furan
receptor was prepared. Interestingly, the best adsorption proper-
ties were identified for Zn(II), presumably due to the higher
stability of the formed Zn-ligand complex compared to other
complexes formed with other metal ions. The SiINL adsorbent
could remove Zn(II) (90.48 mg-g™!) and, to a lesser extent,
Pb(Il) (67.18 mg-g™!) and Cd(II) (43.10 mg-g™!) ions, in addi-
tion to a relatively small amount of Cu(II) (43.10 mg-g™!) ions.
This material showed the strongest selectivity for Zn(Il)
(40.8 mg-g™!), followed by Pb(Il) (21.28 mg-g™!), Cd(II)
(14.4 mg-g™1), and Cu(II) (8.12 mg-g™") at optimum adsorption
conditions. The hybrid material has a high tolerance limit in
natural water. The regeneration of the material was studied for
several cycles of adsorption—desorption and showed very low
loss of its extraction capacity (—=1.36 mg-g~!). All of these
results suggest that SINL, which showed superior performance

for Zn(Il), is a suitable material for the removal of heavy metals

Metal ion (mg-g™")

Pb(ll) cd(ln) cu(lly
67.18 43.10 30.91
35.26 26.96 20.24
12.63 6.09 15.38
- - 13.34
95 1.4 1.8
13.79 06.49 11.80
03.35 01.31 0.76
08.28 03.93 06.07
15.83 07.89 14.39

from real aqueous solutions — a topic which bears enormous
importance in environmental remediation.
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Mesoporous TiO,—octylphosphonate hybrid materials were prepared in one step by a nonhydrolytic sol-gel method involving the

reaction of Ti(OiPr)y, acetophenone (2 equiv) and diethyl octylphosphonate (from 0 to 0.2 equiv) at 200 °C for 12 hours, in toluene.

The different samples were characterized by 3!P magic angle spinning nuclear magnetic resonance, Fourier transform infrared spec-

troscopy, Raman spectroscopy, X-ray diffraction, and nitrogen physisorption. For P/Ti ratios up to 0.1, the hybrid materials can be

described as aggregated, roughly spherical, crystalline anatase nanoparticles grafted by octylphosphonate groups via Ti—-O—P bonds.

The crystallite size decreases with the P/Ti ratio, leading to an increase of the specific surface area and a decrease of the pore size of

the hybrid samples. For a P/Ti ratio of 0.2, the volume fraction of organic octyl groups exceeds 50%. The hybrid material becomes

nonporous and can be described as amorphous TiO, clusters modified by octylphosphonate units, where the octyl chains form an

organic continuous matrix.

Introduction

The development of porous hybrid organic—inorganic materials
has been a major goal for materials scientists for more than
25 years [1-3]. Combining inorganic and organic moieties at the
nanoscale allows the design of tailor-made functional materials
with enhanced or new properties, adapted to a wide range of ad-
vanced applications [4-7]. In Class I hybrid materials, the inor-
ganic and organic parts are linked through weak bonds (e.g.,
van der Waals or hydrogen bonds), while in Class II hybrid ma-

terials, they are linked by stronger ionocovalent or covalent
bonds [8].

The majority of Class II hybrid materials utilize the stability of
the Si—C bond and are based on organosilsesquioxane
(R-Si0 5) or bridged organosilsesquioxane (O; 5Si—R-O s).
These hybrids are usually prepared by conventional sol-gel pro-

cessing, i.e., by hydrolysis and condensation of alkoxysilane
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precursors, which offers an excellent control over composition
and homogeneity, while texture can be tuned using various

templating approaches [9].

In the case of metals, as M—C bonds are (in most cases) quite
unstable, the organic groups can be linked to the metal oxide
network via carboxylate or B-diketonate ligands [5,10,11].
Organophosphorus ligands such as phosphonates appear quite
promising as they form strong ionocovalent M—O-P bonds with
many metals, as shown by the numerous examples of metal
phosphonates reported in the literature [12-14]. However, in the
case of monophosphonate groups, metal phosphonates usually
form semicrystalline layered materials with no interlayer
porosity. A way to avoid the formation of a layered material is
to use an excess of metal precursor in order to form a metal
oxide—phosphonate hybrid material. There are very few exam-
ples of the preparation of such materials by sol-gel methods
[15,16], and the texture of these materials has not been reported.
Actually, most metal oxide—phosphonate-based porous hybrids
are obtained in two steps, by surface modification of a porous

metal oxide support [17-19].

Nonhydrolytic (or nonaqueous) sol-gel (NHSG) chemistry has
provided simple and powerful routes to synthesize oxides or
mixed oxides with different morphologies (e.g., nanoparticles)
or textures (e.g., mesoporous materials) [20-24]. Several NHSG
routes have also been used to prepare Class II hybrids. For
instance the alkyl elimination route was applied to the synthesis
of organosilsesquioxanes, organosilsesquioxane—metal oxide
hybrids [25-27], silica—titania modified by organosilicon groups
[28,29], and metal phosphonates [30]. More recently, hybrid
silicophosphate xerogels have been produced by reaction of
acetoxysilanes with trimethylsilyl esters of phosphoric or phos-
phonic acids [31], and porous organosilicate covalent polymers
have been synthesized by reaction of silicon acetate with 1,3,5-
trihydroxybenzene [32].

Beilstein J. Nanotechnol. 2019, 10, 356-362.

The reaction of alkoxides in acetophenone (used as a solvent
and an oxygen donor) has already been described for the syn-
thesis of TiO, [33] and BaTiO3 [34] nanoparticles, but it has
never been used to prepare mesoporous oxides or hybrid materi-
als.

In the present work, we present an original one-step NHSG syn-
thesis of mesoporous TiO,—octylphosphonate hybrid materials,
using a nonhydrolytic sol-gel method involving the reaction of
titanium tetraisopropoxide and diethyl octylphosphonate precur-
sors at 200 °C in the presence of acetophenone as an oxygen
donor.

Results

A series of TiOp—octylphosphonate hybrids was synthesized by
reaction of Ti(OiPr)4 (1 equiv) with different amounts of diethyl
octylphosphonate (0.02, 0.05, 0.1 and 0.2 equiv) and aceto-
phenone (2 equiv) at 200 °C. It must be mentioned that, in the
absence of acetophenone, diethyl octylphosphonate did not
react with titanium tetraisopropoxide under the same conditions.
All four materials are referred to as TiP, where x is the P/Ti
ratio. For comparison, a TiO, sample was prepared under the
exact same conditions but without diethyl octylphosphonate.

Elemental analysis by energy dispersive X-ray spectroscopy
(EDX) of these materials showed that in all cases the measured
P/Ti ratios were close to the nominal ones, indicating that all the
octylphosphonate units were incorporated in the materials
(Table 1).

The 3!'P solid-state NMR spectra of the hybrid materials
(Figure 1) display a very broad signal in the 10 to 35 ppm
range. Similar broad resonances have been reported for
TiO,—phenylphosphonate hybrid materials prepared in a two-
step sol—gel process from Ti(OiPr)4 and PhPO3H; [15], where-
as the hybrid materials obtained by surface modification of ana-

Table 1: Elemental analysis, crystallite size and textural data for TiO,—octylphosphonate hybrids and TiO».

Sample P/Ti ratio® Cryst. sizeP (nm)
TiOy NA 9

TiPo.02 0.023 16

TiPo.05 0.054 11

TiPg 1 0.096 6

TiPo.2 0.192 NA

Sget® (M2 g™") Vod cm® g™") Dy (nm)
120 0.35 9.7
120 0.29 8.0
160 0.23 4.5
240 0.17 3.1
<10 <0.01 NA

ap/Ti ratio determined by EDX; Pcrystallite size determined by the Scherrer equation for the (101) reflection; ®specific surface area,
Brunauer—Emmett—Teller (BET) method; %total pore volume at P/Py = 0.990; ®Barrett—Joyner—Halenda (BJH) average pore diameter calculated from
the desorption branch. NA: not applicable. 3'P solid-state nuclear magnetic resonance (NMR) spectroscopy is a useful tool for studying phosphonate-
based hybrid materials: it gives information on the presence of phosphonate units bonded to the oxide nework, on the presence of a metal phos-
phonate phase or of "free" phosphonate precursor (e.g., excess precursor, physisorbed or trapped molecules), but it is not possible to ascribe the dif-
ferent components found in the 3'P NMR spectrum to the different bonding modes (mono-, bi-, and tridentate phosphonate units) [35].
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Figure 1: 3P CP magic angle spinning solid-state NMR spectra of the
hybrid materials produced by the reaction of octylphosphonate,
Ti(OiPr)4 and acetophenone (TiO2-octylphosphonate hybrids).

tase supports usually show narrower resonances [36]. These
spectra confirm the presence of phosphonate species linked to
the TiO; network through Ti—-O-P bonds, and show the absence
of a layered titanium octylphosphonate phase, which would lead
to a sharp resonance at 7 ppm. In the case of the TiPy, sample,
the shoulder at 31 ppm suggests the presence of a small amount
of noncondensed diethyl octylphosphonate precursor, possibly
molecules trapped in the network of this nonporous sample (see
below).

The attenuated total reflection (ATR)-Fourier transform infra-
red (FTIR) spectra of the TiO,—octylphosphonate hybrid mate-
rials (Figure 2) showed a single broad vibration between 900
and 1200 cm ™! arising from vibration modes of the CPO3 tetra-
hedra. The intensity of this band increases with the P/Ti ratio.
The absence of bands at 1220 cm™! (P=0 stretching vibration)
and ~950 cm ™! (P-OC stretching vibrations) [36] suggests that
most of the phosphonate groups are in the same tridentate envi-
ronment as in layered titanium phosphonates, that is, bonded to
three Ti atoms in CP(OTi); sites, as previously reported for
sol—gel TiO,—phenylphosphonate hybrid materials [15]. The
vibrations in the 1400—1500 cm™! range can be ascribed to CHj
and CH, deformations of groups in residual surface moieties
(e.g., Ti-O'Pr, Ti—O—-CMePhOiPr), and to CH3, CH, and
P—CH, deformations in the octylphosphonate groups. The three
bands between 2800 and 3000 cm™! are ascribed to the C—H
symmetric and asymmetric stretching vibrations of bonds in
CH, and CH3, mostly in the octyl groups, as shown by the in-
tensity of these bands which is directly related to the P/Ti ratio.
The weak, broad band between 3000 and 3800 cm™! is charac-
teristic of O—H stretching vibrations. This band indicates the

presence of a low amount of adsorbed water (confirmed by the
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Figure 2: ATR-FTIR spectra of the TiOo—octylphosphonate hybrid ma-
terials.

vibration at 1620 cm™!

assigned to a deformation mode of
adsorbed water), and also of surface hydroxyl groups resulting
from the hydrolysis of residual surface groups during washing

or manipulation under air.

The X-ray diffraction (XRD) patterns of TiO; and of the hybrid
samples are presented in Figure 3. The patterns of TiP ¢, and
TiPg o5 showed the presence of well-crystallized anatase nano-
crystals (JCPDS 21-1272), as in the TiO; sample. There was no
evidence of rutile. The TiPg ; sample appeared partially crystal-
lized, while the TiP(, sample was amorphous in XRD experi-
ments. The crystallite size (Table 1) of the hybrid samples de-
creased with the P/Ti ratio from 16 to 6 nm. The lower intensi-
ty of the (004) reflection compared to the (200) reflection indi-

intensity (a.u.)

T T T T T T T T T T T T T T T T T

15 20 25 30 35 40 45 50 55 60 65
20 ()

Figure 3: Powder XRD patterns of the TiO,—octylphosphonate hybrid
materials.
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cated that the crystallites are not elongated and have a roughly
spherical morphology.

Raman spectroscopy (Figure 4) confirmed the XRD results. For
P/Ti ratios between 0 and 0.05, the spectra showed a strong
peak at 145 cm™! and smaller peaks at 195, 400, 515 and
640 cm™! indicating the presence of anatase. The spectrum of
TiP( ; showed broader and weaker bands, and the first band was
shifted to 148 cm™!. Under the same conditions, no bands could
be observed in the spectrum of TiP 5, indicating highly disor-
dered TiO, domains.

0.2eq
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0.02 eq
L TiO,

T
300
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Intensity / arbitrary
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Figure 4: Raman spectra of TiOo—octylphosphonate hybrid materials
and TiOo.

5-4800 x100k

Figure 5: SEM images of TiOy—octylphosphonate hybrid materials and TiO,.
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Scanning electron microscopy (SEM) images of the TiO, sam-
ple and of the TiO,—octylphosphonate hybrid materials are
displayed in Figure 5. The morphology of the samples did not
significantly depend on the P/Ti ratio: all samples appeared to
be formed of densely aggregated, roughly spherical, nanoparti-
cles. For P/Ti ratios of 0.1 and 0.2, the particles were smaller
and formed denser aggregates than for lower P/Ti ratios.

The nitrogen adsorption—desorption isotherms of the different
samples are displayed in Figure 6, except for the TiP(, sample
which was nonporous with a negligible specific surface area.
All other samples showed significant porosity. Their specific
surface area increased with the P/Ti ratio, from 120 m? g~! for
TiPg o5 to 240 m? g1 for TiPy ;, while their pore volume de-
creased, from 0.29 to 0.17 cm? g~! (Table 1). Interestingly, the
Brunauer—-Emmett—Teller (BET) C constant, which is related to
the adsorption enthalpy, decreased with the P/Ti ratio (42 for
TiPg. o2, 36 for TiPg o5, 28 for TiPg 1), as previously reported for
nanoparticles grafted by octylphosphonic acid [37]. According
to the recent IUPAC classification, the isotherms of TiO, and of
the hybrid samples are mainly of type [Va, characteristic of
mesoporous adsorbents, with an H2 hysteresis loop indicating
complex pore structures [38]. The TiP( ¢, and TiP s iso-
therms also showed Type II features (lack of plateau at high
relative pressure) suggesting the presence of some macropores.
As SEM images do not show the presence of macropores in
TiPg o5 and TiPg g, samples, these macropores likely corre-
spond to pores between relatively small aggregates resulting
from the grinding of the samples. The pore size distribution
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Figure 6: N, physisorption isotherms at 77 K (left) and Barrett—-Joyner—Ha
TiO,—octylphosphonate hybrid materials and TiO,. Open and filled symbol

results confirmed the presence of mesopores in all samples
(except the nonporous TiP( » sample). The sharp peak found in
the distribution for TiPy ; at =4 nm is a well-known artefact
related to the instability of the meniscus at relative pressures
lower than 0.42; it simply indicates the presence of small pores
of diameter <4 nm. The average mesopore diameter decreased
when the P/Ti ratio increased, from 8.0 nm for TiP o, to 3.1 nm
for TiPg | (Table 1).

Discussion and Conclusion
The reaction at 200 °C of diethyl octylphosphonate and
Ti(OiPr)4 in the presence of acetophenone provides a simple

Beilstein J. Nanotechnol. 2019, 10, 356-362.
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s in the isotherms refer to adsorption and desorption, respectively.

and original method to prepare TiO,—octylphosphonate hybrid

materials in one step (Scheme 1).

The different characterization methods allow us to better under-
stand the structure of these hybrid materials. The presence of
even a relatively small amount of phosphonate units strongly
influences the size and crystallinity of the TiO, domains.

For P/Ti ratios up to 0.1, the hybrid materials can be described
as rounded anatase nanoparticles grafted by octylphosphonate
groups via Ti—O-P bonds. This is a major advantage of the
present nonhydrolytic sol-gel method: previous attempts to

2 PhCOMe
200 °C
12 h
TI(OIPI’)4 + X CgH17PO3Et2 > TiOZ_X(CgHWPOg)X
Toluene
O Q cococo B
OO M
Q Q cooco [
Il <
O Q lolalaalaly .
P/Ti=0.02 P/Ti=0.05 P/Ti=0.1 P/Ti=
Cryst. size: 16 nm Cryst. size: 11 nm Cryst. size: 6 nm Amorphous TiO,
SgeT = 122 m?/g SgeT = 161 m2/g SgeT =236 m?/g Non-porous

Dp =9.5nm Dp =5.7 nm

Scheme 1: Ideal reaction scheme and hypothetical structures of the obta

Dp =2.9nm

ined hybrid materials.
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prepare such TiO,—phosphonate hybrids by hydrolytic sol-gel
routes led to amorphous TiO, domains [15,39].

The low values found for the BET C constant (from 42 for
TiPg g2 to 28 for TiPy 1) confirm that the surface of the anatase
nanoparticles is capped by apolar octyl groups. C values of 47
and 34 have been reported for oxide nanoparticles post-modi-
fied by octylphosphonic acid with grafting densities of 1.4 and
4.1 P/nm?, respectively [37]. In our hybrid materials, the ana-
tase particle size decreases with the P/Ti ratio, leading to an
increase of the specific surface area of the crystallites. The den-
sity of grafting, estimated from the composition and from the
diameter of the crystallites (assuming a spherical shape and a
density of 3.8), increases with the P/Ti ratio from 1.5 P/nm? for
TiPg 5 to 2.9 P/nm? for TiPy ;. These values suggest the forma-
tion of monolayers with low to moderate density (grafting
densities of up to 4 to 5 P/nm? have been reported for well-
ordered self-assembled monolayers). The mesoporosity of the
hybrid materials with P/Ti ratios up to 0.1 stems from the aggre-
gation of the grafted nanoparticles (interparticle porosity). The
smaller the size of the particles, the higher the specific surface
area and the lower the pore volume (Scheme 1).

For a P/Ti ratio of 0.2, the TiO, domains are completely amor-
phous, probably because they involve very few Ti atoms. In this
case the volume fraction of the octyl groups exceeds 50%. The
diameter of the TiO; domains and the length of octyl chains are
in the same order of magnitude, and the lack of porosity of this
sample likely results from the interdigitation or mixing of the
alkyl chains.

These mesoporous metal oxide—phosphonate materials can be
seen as a low-cost alternative to periodic mesoporous organosil-
icas (PMOs) and metal-organic frameworks (MOFs) for appli-
cations in the field of heterogeneous catalysis or selective
adsorption. Their high hydrolytic stability over a wide range of
pH [15] and the possibility to functionalize them with a variety
of functional groups makes them particularly promising for ap-
plications in aqueous phase catalysis (e.g., for biomass conver-

sion) and in aqueous wastewater treatment.

Experimental

Titanium(IV) isopropoxide (Ti(OiPr)4, 97 %), and aceto-
phenone (99%) were obtained from Sigma-Aldrich. Diethyl
1-octylphosphonate (CgH7PO3Et,, 98%) was purchased from
Sikémia. Toluene was dried over a Pure-Solve MDS5 solvent
purification system (H,O <10 ppm, controlled with a Karl
Fischer coulometer). All other chemicals were used without
further purification. All manipulations were carried out in a

glove box under argon atmosphere (<5 ppm of water and O,).

Beilstein J. Nanotechnol. 2019, 10, 356-362.

Synthesis of TiOy—octylphosphonate hybrids
In a typical preparation, Ti(OiPr)4 (1.72 g, 6.00 mmol), aceto-
phenone (1.44 g, 12.00 mmol), CgH{7PO3Et; (0 mmol,
0.24 mmol, 0.60 mmol, 1.20 mmol, or 2.40 mmol) and toluene
(8.0 mL) were mixed in a stainless steel digestion vessel with a
PTFE lining (23 mL). The sealed autoclave was heated in an
oven at 200 °C for 12 h under autogenous pressure. After reac-
tion, the resulting monoliths were thoroughly washed with ace-
tone (5 times, 30 mL). Then, they were dried under reduced
pressure (5.1072 mbar) at room temperature and ground into a
fine powder.

Characterization

FTIR spectra were collected in ATR mode on a Spectrum II
spectrometer (Perkin-Elmer). The powder XRD patterns were
collected with a PANalytical X’Pert Pro MPD diffractometer
(Cu Ka; = 0.1540598 nm). The SEM images were obtained
with a Hitachi S-4800 electron microscope. EDX was done on
an Oxford Instruments X-MaxN SDD instrument. Nitrogen
adsorption and desorption isotherms were measured at 77 K
with a Micrometrics TriStar 3000 apparatus; the specific sur-
face area was determined by the BET method in the
0.05-0.25 P/Py range. The mesopore volume and pore size dis-
tribution were obtained by the Barrett—Joyner—Halenda (BJH)
method from the desorption branch.

Solid-state 3!P magic angle spinning (MAS) NMR experiments
were performed on a Varian VNMRS 400 MHz (9.4 T) spec-
trometer using a 3.2 mm Varian T3 HXY MAS probe. Single
pulse experiments were carried out with a spinning rate of
20 kHz, a 90° excitation pulse of 3 s, a recycle delay of 30 s
and 100 kHz spinal-64 'H decoupling. 200 transients were re-
corded. The 3!'P chemical shift was determined using
an external reference, hydroxyapatite Ca;((POy4)g(OH),, at
2.8 ppm (with respect to H3POy4, 85 wt % in water).
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Abstract

Nanocomposite—parylene C (NCPC) thin films were deposited with a new technique based on the combination of chemical vapor
deposition (CVD) for parylene C deposition and RF-magnetron sputtering for silver deposition. This method yields good disper-
sion of Ag-containing nanoparticles inside the parylene C polymer matrix. Film composition and structure were studied by using
several techniques. It was found that the plasma generated by the RF-magnetron reactor modifies the film density as well as the
degree of crystallinity and the size of parylene C crystallites. Moreover, silver is incorporated in the parylene matrix as an oxide
phase. The average size of the Ag oxide nanoparticles is lower than 20 nm and influences the roughness of the NCPC films. Sam-
ples with various contents and sizes of silver-oxide nanoparticles were investigated by broadband dielectric spectroscopy (BDS) in
view of their final application. It was found that both the content and the size of the nanoparticles influence the value of the dielec-
tric constant and the frequency-dependence of the permittivity. In particular, B-relaxation is affected by the addition of nanoparti-
cles as well as the dissipation factor, which is even improved. A dielectric constant of 5 & 1 with a dissipation factor of less than
0.045 in the range from 0.1 Hz to 1 MHz is obtained for a 2.7 pm thick NCPC with 3.8% Ag content. This study provides guidance
for future NCPC materials for insulating gates in organic field-effect transistors (OFETs) and advanced electronic applications.

Introduction
Increasing the dielectric constant of gate dielectrics for oxide trics and various approaches were tested over time. Among
thin-film transistors (TFTs) improves the performance of such  them, low-cost and innovative methods were recently proposed

devices. Challenges are in the processing of these high-k dielec-  for low operating voltages of TFTs [1,2]. By using water-in-
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ducement, scandium oxide was succesfully integrated as gate
dielectric in both InZnO and CuO TFTs [1]. Using a sol—gel ap-
proach, high-k ink hybrid AIOOH nanocomposites demon-
strated low leakage currents suitable for low operating voltages
of TFTs [2]. Unfortunately these approaches can not be used
when parylene C (PPXC) is chosen as gate dielectric as the only
proven process for producing high-quality PPXC layers is
chemical vapor deposition (CVD). Parylene C has emerged as a
particularly interesting material for organic electronic devices as
a gate dielectric, coating insulator film, or flexible substrate
[3-5] due to its numerous advantageous properties. PPXC films
are biocompatible and environmentally friendly [6-9]. Its depo-
sition process makes it accessible as a coating for many semi-
conductor polymers [10] for organic field-effect transistors
(OFETs) [11], organic light-emitting diodes (OLEDs) [12,13],
and flexible organic electronic devices (FEDs) [14,15]. It
presents an easy deposition process at low temperatures with a
conformal and uniform layer [16]. Parylene C is a well-con-
trolled material when used as gate dielectric, which is a crucial
requirement for the performance of the OFETs and for the
device reliability. Charge-carrier mobility is improved in the
presence of this polymer [17]. PPXC is also an appropriate
hydroxyl-free gate dielectric and prevents trapping of electrons
at the semiconductor—dielectric interface in contrast to poly-
mers containing hydroxyl groups such as poly(vinyl phenol)
and polyimides (due to residual COOH groups) [18-20]. The
stability of the devices, which is impacted by this charge trap-
ping at the interfaces, is improved when parylene C is inte-
grated in the device [21,22]. Parylene C is highly corrosion
resistant on metallic surfaces and possesses outstanding elec-
trical insulation with high tensile strength, moderate dielectric
losses [16,23] and low permeability to gases [24,25]. Hydro-
phobicity [26] and physical stability [27] of parylene C make it
a good candidate as a coating dielectric material to protect the
sensitive organic layer from oxygen and water vapor [28],
which are among the greatest degradation mechanisms contrib-
uting to the electrical instability of OFETs [29-32] and oxide
TFTs [33].

It is inferred that parylene C presents a broad applicability and a
versatile role in the technology of OFETs and organic com-
pounds [3]. However, parylene C, as the vast majority of poly-
mers, exhibits a low dielectric constant (3.15 at 1 kHz [34]) thus
limiting its performance in specific applications in OFETs and

electronic devices.

Using nanocomposite polymers as gate dielectrics presents
several advantages for the improvement of the electronic device
properties such as higher dielectric constant [35] and dielectric
strength [36], reduced threshold voltage [37], increased charge
mobility and reduced leakage current [38]. Compared to pure
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parylene C and other pure materials such as SiO,, polyimide,
polyethylene, alumina (Al,03), benzocyclobutenes (BCB) and
SiO,/poly(methyl methacrylate) (PMMA), nanocomposite pary-
lene C (NCPC) exhibits some interesting properties [39-47]. As
an example, parylene C/Silica nanocomposites show greatly im-
proved mechanical properties and thermal stability in compari-
son to pure PPXC films [48]. In a recent study, these properties,
and especially thermal and UV stability, were further improved
by combining nanosilica/titania particles with parylene C [49].
As shown in other works [50,51], parylene C/Al,O3 bilayers
applied to medical devices exhibit a longer-term reliability in
comparison to pure PPXC.

The goal of this study is to improve the electrical properties of
parylene C used in advanced electronic devices [52-54] as a
gate dielectric or an insulation coating. The challenge is to
increase the dielectric constant of NCPC without degrading its
dielectric losses. In this context, this work presents a new
strategy to synthesize nanocomposite parylene C materials by a
combination of two processes, CVD and RF-magnetron sput-
tering. The NCPC properties are analyzed in detail by different
experimental techniques. Particularly, in order to evaluate the
effect of the Ag-containing nanofiller charges regarding a
possible integration as gate insulating material for OFETs,
broadband dielectric spectroscopy (BDS) is carried out on
NCPCs with different content of silver-containing nanoparti-
cles. As a final result, a gain in the gate insulation capacitance is
expected for OFETs with the addition of conductive particles
inside the native parylene C insulating gate.

Results and Discussion
Silver-PPXC co-deposition: film composition

and structure

Table 1 gives the experimental parameters of deposited pure
parylene C and NCPCs. Apart from sample O, which was pro-
duced by keeping the sputtering source off, all the samples were
deposited with the plasma switched on but with different
numbers of rotations with the shutter open (i.e., changing the
amount of Ag atoms incorporated inside the film). Therefore,
the number of rotations increases from 0 (sample K) to 6 (sam-
ple F). Samples from A to F are multilayers (three layers),
consisting of a pure parylene C layer (PPXC, Ist layer) fol-
lowed by an Ag-containing parylene C layer (PPXC+Ag,
2nd layer) and then by another pure parylene C layer (PPXC,
3rd layer). The thickness of each single layer (either with or
without Ag) was measured by RBS in monomeric units-cm™2,
As highlighted in the Experimental section (see below), the
parylene C amount deposited on the substrate (in monomeric
units-em™2) is directly obtained from the C1 RBS atomic dose,
since each monomeric unit contains one Cl atom. In the case of
three-layered samples (from A to F), the SIM simulation
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Table 1: Experimental parameters of pure parylene C and NCPCs deposited by combined CVD and RF sputtering at room temperature. The layer se-
quence starts from the sample surface. The single layer thickness is measured in 107 monomeric units-cm™2. The total Ag content has been calcu-
lated by dividing the Ag dose (in atoms-cm~2) by the total parylene amount (in monomeric units-cm™2). The total thickness (in um, last column) was

measured by a mechanical profilometer.

sample RF power to Ag layer sequence from thickness of each single layer total Ag content total thickness
target (W) surface: (10"7 monomeric units-cm=2) (%) (um)

1. 1st layer
2. 2nd layer
3. 3rd layer

o} NO PPXC 4.4 — 0.75+0.05

K 60 PPXC 6.4 — 1.32+0.06
1. PPXC 1.34

A 120 2. PPXC+Ag (1 rotation) 2. 0.75 1.0 1.72£0.03
3. PPXC 3.4.3
1. PPXC 1.44

B 120 2. PPXC+Ag (1 rotation)  2.0.75 1.8 1.76 £ 0.04
3. PPXC 3.36
1. PPXC 1.46

C 120 2. PPXC+Ag (2 rotations) 2.2.2 3.8 2.68+0.14
3. PPXC 3.5.0
1. PPXC 1.5.2

D 120 2. PPXC+Ag (3 rotations) 2.2.8 2.6 2.07 £0.07
3. PPXC 3.2.7
1. PPXC 1.4.0

E 120 2. PPXC+Ag (4 rotations) 2.4.8 2.5 2.49+0.05
3. PPXC 3.33
1. PPXC 1.55

F 120 2. PPXC+Ag (6 rotations) 2.6.0 4.45 2.30 £ 0.04
3. PPXC 3.0.20

package in the RUMP software [55] was used to simulate the
experimental spectra and to determine the thickness of each

layer (in monomeric units-cm™2).

Figure 1 (left) shows the corresponding Ag dose incorporated in
these samples as a function of the number of rotations. If the
samples B and C are neglected, one finds that the dose in-
creases almost linearly as could be expected. Ag dose incorpo-
rated during a single rotation is 8.3 x 1015 atoms-cm 2. The

60 ———————F———1————————————

50 +

N w N
o o o
1 1 1

Ag dose (1e15 atoms cm‘z)
S
1

0 1 2 3
Rotations

Figure 1: Ag dose (left) and film thickness (right) versus rotations.

reason of the anomalous behavior of samples B and C, the dose
of which is higher than expected, is not completely clear, but it
is thought to lie mainly in the very peculiar nature of the pary-
lene deposition process, which is controlled by setting the pres-
sure inside the chamber. This control method gives rise to
hysteresis loops in the chamber pressure and then in the crucible
temperature, which can last for several minutes. The loops can
then produce an oscillation in the parylene sublimation rate
during the film deposition. If the Ag deposition coincides with a
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low parylene deposition rate, the parylene deposition on the Ag
target surface will be lower and then the Ag sputtering yield
will increase together with the Ag content incorporated in the
film. The Ag incorporation will be further enhanced, if one
considers that the lower the parylene deposition rate, the lower
the pressure in the chamber, the higher the number of Ag atoms
reaching the substrates. The anomalous behavior of samples B
and C highlights the complexity of this new deposition method,
which arises from coupling two different processes (CVD and
sputtering) for the first time. This process complexity is also re-
sponsible for the very different thickness of 1st and 3rd layers
in some of the NCPCs (see, e.g., samples F and D). In order to
solve this problem, a process control based on setting a direct
parameter (such as, e.g., parylene deposition rate) instead of the

total pressure in the chamber would be more effective.

Figure 1 (right) shows the film thickness measured in mono-
meric units-cm™2 (by RBS) of the samples O, K and from A to F
as a function of the number of rotations. The first important fea-
ture to be noted is the effect of plasma on the deposition rate of
parylene. When the plasma is switched on (sample K), we
observe an increase of the amount of parylene deposited on the
substrate compared to when the plasma is switched off (sample
0). This increase is thought to be due to an increase of the
turbulent motions inside the chamber, which perturb the flow of
monomer molecules, resulting in an increase of the parylene
residence time, as already observed in the case of co-deposition
of UV absorber and parylene [56]. When the shutter is open,
the deposition rate further increases (samples A, B and C)
showing that the plasma effect on the monomer flow is more
pronounced. The deposition rate reaches a plateau for the

remaining samples (see samples C to F).

T T T T T T T T T T T T T
801 = This work Cc 7
= Data without UV absorber + ]
254 = Data with UV absorber E B
E 204 -
=
(2}
]
O 154 g
X
Q
£
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T T T T T T T T T T T
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RBS thickness (1e15 monomeric units cm’)

Figure 2: Film thickness versus RBS thickness (see text for details).
Blue and red squares data are drawn from [56]. The two lines are
guides for the eye.
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The plasma-induced increase of the deposition rate affects the
film density, as shown by the data in Figure 2, where the film
thickness measured in micrometers (by the profilometer) is
plotted as a function of the thickness measured in monomeric
units'cm ™2 (by RBS). In Figure 2 the data for our set of sam-
ples (black squares) are compared with those of parylene sam-
ples deposited without plasma (blue squares, from [56]) and
those without plasma but with co-deposition of UV-absorber
(red squares, from [56]). Figure 2 highlights the good linear
correlation between film thickness measured by profilometer
and RBS for both sets of samples with and without plasma
(black and blue squares, respectively) up to a value of about
1.0 x 10'® monomeric units-cm™2, as highlighted by the two
straight lines. Moreover, the different slopes for these two data
sets imply that, for the same RBS thickness, the samples
deposited with plasma have a higher physical thickness. This
means that the plasma gives rise to a decrease of the film densi-
ty, as already found in the case of samples obtained by co-depo-
sition of parylene and UV-absorber (red squares), the thickness

of which is closer to that of plasma-deposited samples.

The decrease of film density matches the change of structural
order in the film matrix, as shown by GIXRD results (Figure 3).
Spectrum of film deposited when plasma is off (sample O)
shows only the characteristic reflection at 26 = 13.85° ((020)
plane of a monoclinic unit cell with dimensions: @ = 5.96 A,
b=12.69 A, c=6.66 A, B =135.28° [57]), thus highlighting the
strong preferred orientation of the parylene nanocrystalline
domains in this sample. When the plasma is switched on, we
observe that the (020) peak becomes less intense in spite of the
higher parylene amount and shifts to 20 = 14.00-14.05°. The
average parylene nanocrystallite size, as determined through the
Scherrer equation [58] applied to this peak, slightly increases
from around 9 nm for sample O to 12—-16 nm for the plasma-
deposited samples (see Table 2 for the FWHM values of the
(020) peak used for the calculation of the average size). More-
over, another peak at 20 = 22.33°, assigned to the (110) pary-
lene reflection, appears, even if very weakly in samples C to F.
All these features hint at a different structural arrangement of
the parylene matrix in the plasma-deposited samples, consisting
in a lower preferred orientation and a higher amount of
randomly oriented nanocrystalline domains. It is inferred that
this evolution is mainly an effect of the plasma, while Ag incor-

poration plays only a minor role.

When silver deposition is enabled (open shutter), peaks of
Ag-containing nanocrystallites appear and are clearly visible in
the spectrum of sample C at 20 = 27.8°, 32.3°, 46.3°, 54.9° and
57.6°. All these peaks can be referred to silver-oxide phases,
i.e., AgryO [59], Ag304 [60], AgO [61], AgrO, [62] and Agy03
[63]. It is noteworthy that there is no peak that can be ascribed
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Figure 3: GIXRD spectra of pure and NCPC samples: left) the 26 region of the main parylene peak; right) the entire 26 range, which shows the effect
of Ag incorporation on the structure of the films. The spectrum of sample F at 1° incidence angle is also shown. Asterisks indicate the peaks of Ag

oxides. Si peaks coming from the substrate are also highlighted.

to metal Ag phases. Taking into account that Ag is sputtered
from the target surface as metal atoms, it is thought that the
silver oxidation occurs mostly during the film growth owing to
the relatively high residual pressure (2—3 Pa) in the deposition
chamber, which promotes the adsorption and incorporation of
oxygen-containing species (such as oxygen and water vapor
molecules) in the growing film. On the other hand, post-deposi-
tion silver oxidation in the external environment can not be
completely ruled out, because the lower density of plasma-
deposited films can decrease the well-known gas barrier proper-
ties of parylene C and then promote the diffusion of oxygen-
containing species inside the films. In order to decrease the oxi-
dation, the residual pressure in the chamber should be drastical-
ly reduced (e.g., using a high-vacuum pump). Concerning the
silver-oxide peaks, the reason why they are much more visible
in the spectrum of sample C than in the spectra of the other
samples can be easily understood if one considers the proper-
ties of these samples. In sample C, the Ag dose is very high (see
Figure 1, left) and concentrated in a thin parylene layer
(2.2 x 10'7 monomeric units-cm™2, see Table 1). Hence, the for-
mation of nanocrystallites with higher average size is promoted
(the size is around 13-14 nm, as determined through the

Scherrer equation applied to the most intense peak at 32.3°; see
Table 2 for the FWHM values used in the size calculation). On
the other hand, weaker peaks are visible in samples D and E
because Ag dose is lower than that of sample C and is distribut-
ed in a thicker layer (2.8 x 10'7 and 4.8 x 10!7 monomeric
2

units.cm” <, respectively) so that smaller nanocrystallites grow

(average sizes of 6—7 nm and 10-11 nm, respectively).

For samples A and B, which do not show any peaks, we had to
increase the acquisition time due to the low total Ag dose in
these samples and then an average size of 6—7 nm was found for
both samples. In the case of sample F, which has the highest Ag
dose, the Ag-containing layer is buried below a thick parylene
layer (see Table 1) so that we had to increase the X-ray inci-
dence angle to 1.0° in order to probe all the film thickness and
highlight the Ag oxides crystalline peaks (see Figure 3 right).
The broadness of these peaks indicates that the average nano-
crystallite size is small (<5 nm), as could be expected taking
into account that silver is distributed in an even thicker layer
(6.0 x 10'7 monomeric units-cm™2) as compared to the other
samples. As a general remark, the small average size of Ag-con-
taining nanoparticles (less than 20 nm for all the samples)

Table 2: XRD data and AFM roughness of NCPC samples: effect of Ag incorporation on the peak width (FWHM) and roughness (Ra, Rq) of the films.

sample (0] K A
FWHM of parylene peak 0.89 0.67 0.52
FWHM of AgOy peak — — 1.35
Ra (nm) 10 10 20
Rq (nm) 14 13 30

B C D E F
0.51 0.64 0.53 0.57 0.57
1.20 0.61 1.30 0.77 1.9
24 161 25 84 58
36 201 35 106 75
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confirms their fine dispersion in the parylene matrix, already
highlighted in a previous work [64].

The roughness of different NCPC samples was measured by
AFM and displayed in Table 2. In the case of pure parylene
films (samples K and O), the surface is relatively smooth and
the roughness is around 10 nm. It has to be noted that the
plasma-induced increase of the deposition rate does not change
the film roughness. When Ag is incorporated in the parylene
matrix, the films become increasingly rough with increasing Ag
amount, the roughness increasing from 20-25 nm for samples
A, B and D to more than 50 nm for samples C, E and F. Even if
it has been previously shown that an increase in parylene C
thickness produces an increase in roughness [65], the increase
for the pure parylene C samples in [65] is much less pro-
nounced as compared to our samples, as can be appreciated in
Figure 4, which shows the trend of the two sets of data. There-
fore, the thickness does not appear to be the main criterion
explaining the roughness in our NCPC samples. It is inferred
that maybe there is also an effect of nanoparticle size because
the highest roughness is found in samples E and C, which have
also the greatest average nanoparticle size (10-11 nm and
13—14 nm, respectively).

1000
= °
€
£ 100 o C
& o E
g s
c @ [ ]
< ° D
2 0,K A
e 10 °
data from [65]
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1 2 3 4

thickness (um)

Figure 4: Roughness (Ra) as a function of the thickness. The red
curve is the trend for pure parylene C films obtained in [65].

The total Ag content appears to play a minor role as compared
to the nanoparticle size, as shown by the samples F and E. The
former has the highest Ag content and the lowest nanoparticle
size and ultimately exhibits a lower roughness than the samples
E and C. The latter, with an Ag content equivalent to that of
sample D, has a greater roughness than sample D maybe due to

a larger nanoparticle size. To summarize, film thickness, AgO,
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nanoparticle size and, to a lesser extent, Ag content concur to
affect the roughness of the NCPC samples.

FTIR analysis

According to the FTIR analysis (Figure 5), the main spectral
features of parylene C appear in all NCPC samples regardless of
Ag content and AgO, nanoparticle size. Compared to sample O
(pure PPXC), neither shift or disappearance of the most intense
parylene C peaks nor appearance of new peaks is found in the
spectra of sample K and of all the NCPC samples. Only a slight
broadening of some specific peaks occurs, especially of the
peaks at 3020 cm™! (aromatic C—H stretching), 2950, 2926 and
2861 cm™! (C—H aliphatic stretching of methylene groups
—CH,), 1452 em™! (C-H bending), 877 cm™! (one adjacent
C-H bending on benzene ring) and 825 cm™! (two adjacent
C-H bending on benzene ring) [60]. Moreover, the intensity of
some minor peaks slightly changes. It increases for peaks at
1608 cm™! (aromatic C—C ring stretching [57]) and 455 cm™!
(out-of-plane ring bending [66]), whereas it decreases for the
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Figure 5: FTIR spectra of pure parylene C (samples O and K) and
NCPCs (samples A to F).
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peaks at 1157, 1106, 908, and 758 em L It is noteworthy that
all these changes are already visible in the spectrum of sample
K (no Ag, plasma on), thus indicating that they are mostly due
to the plasma effect and that the incorporation of AgO, nano-
particles plays a less important role. The persistence of the main
spectral features and the limited changes of the abovemen-
tioned peaks lead to rule out a damaging effect of both plasma
and nanoparticle incorporation on the parylene chains, with the
formation of molecular fragments during the deposition process.
Instead, it is inferred that they can be related to the change of
the crystalline structure of the parylene matrix in the plasma-
deposited samples, as already pointed out by the XRD analysis,
consisting in a decrease of the preferred orientation of parylene
nanocrystallites. As a matter of fact, the surrounding chemical
environment of any molecule affects the IR activity of its vibra-
tional modes (i.e., the changes of the dipole moment as induced
by IR radiation absorption). Therefore, the different proximity
of parylene chains with nearby chains and AgO, nanoparticles
due to different structural arrangements can give rise to the
effects observed in our samples. A similar behavior was also
found in parylene C samples doped with an UV-absorbing com-
pound [56].

Dielectric analysis: motivation for OFETs

For OFET applications, parylene C is often selected due to its
numerous advantages, as clearly highlighted in a recent paper
on the subject [3]. As discussed in the Introduction, one motiva-
tion here to develop NCPCs is the integration as gate insulating
layer in such applications. A sufficiently high capacitance C; of
the gate insulating material is required for optimizing perfor-
mances in OFETs [3]. Cj is given by:

Dielectric constant &'

2 1 | 1 Il Il
0.1 1 10 100 1000 10* 10°  10°

Frequency (Hz)
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Ci :751, (1)

where g is the vacuum permittivity (8.85 x 10712 F-m™!), ¢ the
thickness of the dielectric, S the surface of electrodes and ¢’
(often named £ in the industry of microelectronics) is the dielec-
tric constant (more rigorously called relative permittivity). As
seen by this equation, the insulating gate capacitance Cj is
directly proportional to €’. Typically, for parylene C &’ = 3.15
(at 1 kHz and room temperature [34]) and an increase of this
value will have a direct positive repercussion on the efficiency
of the field effect.

We have developed our parylene stacks with a view to propose
a new approach and a compromise to the solutions provided so
far. The parylene layer doped with AgO, nanoparticles in-
creases the dielectric constant and responds to the increase in
performance given in Equation 1. In order to maintain the good
insulator/semiconducting interface and for keeping good band
structures at the gate—insulator interface, the AgO,-containing
parylene C is encapsulated by undoped parylene C (samples A
to F). In order to avoid an increase of the gate voltage to control
the channel, we had the concern to keep a total thickness of our
stack of the same order of magnitude as a single layer of pary-
lene commonly encountered in applications. Thus, as reported

in Table 1, thicknesses are in the range of 2 £ 1 pm.

Figure 6a reports the frequency dependence of the dielectric
constant for pure parylene (samples O and K) and NCPC films
(samples A to F).

Normalized dielectric constant ¢'/¢'(@1MHz)

1000 10° 10°  10°

0.1 1 10 100
Frequency (Hz)

Figure 6: a) Dielectric constant €” as a function of the frequency; b) normalized dielectric constant €'/¢’yr (@1 MHz).
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The general observation of an increase in the dielectric constant
¢’ with a decrease in frequency was clearly explained by the
dipolar relaxation of the C—ClI bond (B-relaxation) [34]. Com-
pared to the pure parylene sample (O) all other samples present
a higher dielectric constant over the whole frequency range.
Many factors could explain this result:

1. An increase in polymer thickness sometimes leads to an
increase in the dielectric constant. This was observed for
example in polyimide [67] and parylene C [65] films. It is
attributed to the interaction between the polymer chains
and the substrate and also to the orientation of polymer
chains along this substrate. In our case, the change in the value
of the dielectric constant is too big to consider such mecha-

nisms.

2. The influence of the plasma must be taken into account as a
significant effect. When comparing samples O and K, the
plasma induces a mean ¢’ increase of 0.98 + 0.12 over the
whole frequency range. Referred to GIXRD analyses, sample K
presents a higher degree of crystallinity than sample O, as high-
lighted by the shift of the (020) peak to a larger 20 angle
(Figure 3, left) and by the larger nanocrystallite size (reduction
in the FWHM, see Table 2). Typically, when comparing two
similar polymers with just a change in the degree of crys-
tallinity, the most important parameter modifying the
frequency trend of the B-relaxation is the dielectric strength
Ae =€’ g — €’yF [62], where €[ f is the low-frequency dielec-
tric constant (measured at 0.1 Hz in our case) and €’y is the
high-frequency dielectric constant (measured at 1 MHz in our
case). Ag is associated to the number of dipoles participating in
the B-relaxation process: the higher the degree of crystallinity
for a given polymer, the lower the number of dipoles involved
in the relaxation mechanism (as these dipoles are ‘frozen’ in the
semi-crystalline state). Consequently, Ae decreases at increas-
ing degrees of crystallinity [68]. For our results, Aggample 0 = 2
and Aggample kK = 2.2. Moreover, as mentioned above,
& sample K > € sample 0 Over the whole frequency range. Both
results do not agree with the previous statement and another ex-
planation must be explored.

As shown by RBS investigation, a decrease of film density and
a larger amount of parylene are obtained when the plasma is
switched on. The larger amount of parylene is accompanied by
a larger amount of C—Cl bonds, which will then concur to
increase both ¢’ and Ag. The B-relaxation is a local phenome-
non and is expected to be little affected by the density of the
film. Hence, we conclude that a greater amount of parylene
explains the difference in €’ behavior between samples O and
K. If one normalizes €’ to €’yf (Figure 6b), one can see that

A&normalized = Ag/e’yr is lower for sample K. The higher degree
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of crystallinity makes less C—Cl dipoles (in percentage) partici-

pate in B-relaxation.

3. Comparing all samples subjected to plasma, GIXRD reveals
that the degree of crystallinity and the parylene crystallite size
are not very different in the NCPC samples. Therefore, the
origin of the difference in the dielectric behavior between all
these samples has to be found in the presence of AgO, nanopar-
ticles in the parylene matrix. The incorporation of conductive
particles into a dielectric matrix can lead to a consequent
increase in the dielectric constant due to the high polarizability
of these conductive particles [69]. A moderate amount of
Ag-containing nanoparticles and the fact that these particles are
in an oxide phase are the most likely cause of such a small
change in the value of the dielectric constant in our present
work. However, the values and frequency-dependence of €’ do
not seem to follow a coherent trend as a function of the Ag
content and, at first sight, irregular behavior appears.

To better clarify the influence of AgO, nanoparticles on the di-
electric response of NCPCs, let us first focus on the value of the
high-frequency dielectric constant &’yp. No strict correlation
appears between Ag content and ¢’. Indeed, the sample C with
Ag content of 3.8% presents the highest dielectric constant;
samples B, D, F with respective Ag contents of 1.8%, 2.6%,
4.45% have similar dielectric values. Consequently, another pa-
rameter influences the results. In order to help the analysis of
the results, we positioned the different samples on a graph in
x-coordinate representing the average size of the Ag oxide
nanoparticles and in y-coordinate representing the total amount
of silver (Figure 7).

In this graph, we show for each sample the value of the high-
frequency dielectric constant €’y (Figure 7a) and the dielectric
strength Ae (Figure 7b). As highlighted in Figure 7a, at a given
average size of Ag oxide particles, ¢’yp increases with higher
Ag content (comparison of samples A, B, D). A very low size
of Ag oxide particles (<5 nm) combined with a high Ag content
increases €’y very little (sample F compared to sample D).
However, a combination of high Ag content and high average
size of Ag oxide nanoparticles is expected to give rise to an im-
proved €’yr as shown by sample C. Intermediate values of both
Ag content and AgO, size are not beneficial to obtain high
values of €’gr (sample E).

Let us now focus on the frequency-dependence of the dielectric
constant €’. Using Figure 6b, we can clearly see that the pres-
ence of AgO, nanoparticles induces a weaker A€yormalized
(38 £ 5%) than in the samples without nanoparticles (60% for
sample K and 70% for sample O). This reflects that AgO, nano-
particles generate chain entanglement or crosslinking of the
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Figure 7: The amount of silver-oxide nanoparticles as a function of their average size. Additional information next to the sample symbol and in the
same color of sample symbol: a) the high-frequency dielectric constant €'y (value at 1 MHz); b) the dielectric strength Ae.

polymer chains thus decreasing the cooperative motion of
chains and causing a reduction in the dielectric strength of the
B-relaxation. An analogy to B-relaxation can be made by saying
that the addition of AgO, nanoparticles behaves as an overall
increase in material crystallinity (i.e., A€pormalized decreases).
This analogy is emphasized when one compares sample K
(absence of nanocomposites) to NCPCs (Figure 6b and
Figure 7b). Clearly, A is higher revealing a lower global ‘semi-
crystalline state’ for sample K. From Figure 7b, at a given aver-
age size of Ag oxide phase (samples A, B, D), Ae is reduced
with higher Ag content, which is in line with our argument that
adding nanoparticles effectively reduces the mobility of
polymer chains. Comparing samples E and F (Figure 7b), they
present a similar Ag, but the former has a lower amount of
silver-oxide nanoparticles with a larger average size. Sample C
stands out once again with a larger Ae than the other NCPCs.
This last result seems surprising and contrary to our hypothesis
of polymer chains restricted by the addition of nanoparticles
and their size. However, let us not forget that the sample C has
the greatest thickness (see Table 1) and therefore contains a
larger ‘reservoir’ of dipoles available to participate in -relaxa-
tion. TEM analysis should be carried out to assess the volume
occupied by nanoparticles and possible agglomerations of
AgO,. This characterization was beyond the scope of this study
but would deserve particular attention for future work.

It is well known that the addition of particles with a high
dielectric constant to a polymeric material causes (as generally
desired) an increase in the dielectric constant but is also
accompanied by an unwanted increase of dielectric losses
(imaginary part of the permittivity €” and the dissipation factor
tan 8 = €”/¢”), which limits their integration for the envisaged
application. We have evaluated these losses in our materials and
the results are shown in Figure 8.

Not surprisingly, the appearance of a broad peak over the entire

frequency range for sample O is representative of p-relaxation

0.07 T T T T T T

0.06

0.05

0.04

0.03

Dissipation factor tand

0.02

001 | | | | | ‘
0.1 1 10 100 1000 10* 10°  10°

Frequency (Hz)

Figure 8: Frequency dependence of the dissipation factor for pure
parylene C and NCPC samples.

[34]. The effect of plasma (sample K) results in a slight de-
crease in these losses over the entire frequency range. However,
there is a slight increase in these losses at the lowest frequen-
cies (less than 1 Hz) attributed to the manifestation of charge
conduction or a new polarization mechanism. A temperature

study would make it possible to decide on this rise.

It is worth noting that the addition of silver-oxide nanoparticles
leads to a reduction in tan 6. Sample C, which has the highest
dielectric constant, also shows a low tan 6. The increase in the
dissipation factor at the higher frequencies for this sample is
probably the consequence of a parasitic impedance at the elec-
trode—polymer interface. This observation is related to the fact
that this material has the highest roughness (see Table 2) and
the deposition of the upper electrode for the measurement is

probably impacted by the roughness.
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The most pronounced effect of a moderate addition of nanopar-
ticles appears to be an increase in the dielectric constant rather
than a degradation (increase) in the imaginary part of the
permittivity €”. These results indicate that silver oxide reduces
the dielectric strength as related to the p-relaxation without
bringing other inconveniences such as interfacial polarization
mechanism or a long-range electrical conductivity induced by
these nanoparticles. For this latter, we plotted the electrical

ac-conductivity ¢’ as a function of the frequency (Figure 9).
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Figure 9: Electrical conductivity of pure parylene C and NCPCs.

The behavior is representative of short-range conduction
(hopping) without significant effect of Ag nanoparticles besides
a weaker improvement in ¢’ (see inset in Figure 9). In the range
around 1 kHz, one observes a change in the slope of the
ac-conductivity for sample F. This specific effect is well high-
lighted in the tan 6 response (Figure 8) with the appearance of a
peak for this sample and also for the sample E. It has to be
remembered that these two samples have the weakest Ae (see
Figure 7b), hence B-relaxation will mask less any other mecha-
nism that may influence the dielectric response (or from another
point of view: The other phenomenon drives the mechanism of
B-relaxation much more, explaining the low Ag). The tan § peak
observed for the sample F could be justified by the large
amount of Ag nanoparticles, while the reason why sample E ex-
hibits similar behavior remains curious and would require addi-

tional work to be completely understood.

This dielectric analysis showed that an increase in the dielectric
constant accompanied by a decrease of dissipation factor tan 6
is possible when silver-oxide particles are embedded in a pary-
lene C matrix. Thus, for OFET applications, NCPC thin films
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could constitute a new interesting route as insulating layer. Let
us take Equation 1 and Figure 6a. To evaluate the improvement
brought about by the addition of silver-oxide nanoparticles in
the performance of the grid oxide for OFETs, we standardized
(at each frequency) the curves in Figure 6a by the value of the
dielectric constant obtained from the sample O (this latter uses a
conventional deposition process for the growth of parylene C).
Results are reported in Figure 10. Compared to the sample K
(no Ag content), samples A and E have no advantages in terms
of performance for C;. Sample C has the highest insulating gate
capacitance. However, an improvement in the roughness for this
sample must be reached before integration for OFET as this
structural parameter is critical in the deposition of organic semi-

conductor layers and will affect the performance [70,71].

Gain in the capacitance C

1 L L L L 1 1

0.1 1 10 100 1000 10* 10°  10°
Frequency( Hz)

Figure 10: Gain in the gate insulation capacitance by replacing
conventionally processed parylene C (sample O) with plasma-
combined CVD process incorporating silver-oxide nanoparticles. Accu-
racy in the gain due to geometric dimensions of samples is in the
range 0.1 (sample F) to +0.18 (sample C).

Conclusion

Nanocomposite—parylene C (NCPC) were synthetized at room
temperature by chemical vapor deposition polymerization of
parylene C combined with RF-sputtering of silver. It was
demonstrated that the plasma itself induces changes in the den-
sity and semi-crystalline character of parylene C. A decrease in
the density, an increase in the degree of crystallinity and an
increase of about 60% in the size of parylene nanocrystallites
were observed. The addition of silver-containing nanoparticles
does not further modify the crystallinity of parylene C itself.
These nanocomposites consist of a silver-oxide phase embed-
ded inside the parylene C matrix. No trace of pure metal silver
is found in all the NCPC samples. The roughness and the di-
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electric properties of NCPC are significantly influenced by the
presence of silver-oxide nanoparticles. The roughness increases
from 10 nm (for undoped parylene C films) to values from 20 to
160 nm for NCPC, depending on the film thickness, size of
silver-oxide nanoparticles and, to a lesser extent, Ag content.
The dielectric performance appears suitable for the integration
of these NCPC as gate insulating materials for OFETs. Simulta-
neously, it is possible to increase the dielectric constant (by a
factor of 1.4) and to reduce (or to not degrade) the dissipation
factor (tan 8 < 0.05). Finally, the interest of NCPCs was proved
for applications such as integration in OFETSs, but improve-
ments in the deposition process should be pursued. The possi-
bility to tune the parameters of the CVD and plasma processes
will allow for better controlling the semi-crystalline character of
parylene C, the roughness, the thickness of the layers, the
amount and the size of nanoparticles. Concerning possible
aging effects on the properties of these NCPCs, the stability of
both parylene C and silver oxide is a good premise for the
achievement of a stable nanocomposite material. However, a

specific study of this aspect will be carried out in the future.

Experimental

Parylene C/Ag nanocomposite

deposition

To avoid the synthesis of the polymer nanocomposite in two
stages, we propose a new clean method to simultaneously
deposit both the organic compound (parylene C) and the inor-
ganic compond (silver-containing nanoparticles). This method
consists of two associated processes, i.¢., primary vacuum-CVD
and RF-magnetron sputtering.

Monomer

2

CVD

%w%%&?@m‘@ oy
H//__/
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The deposition process of NCPC involves three successive
operations. The process begins with the deposition of parylene
C. Some hundreds of nanometers of parylene C film are
deposited firstly as an electrical passivation layer onto the
metallic substrate (silicon, gold or aluminium). During this step,
the RF-magnetron sputtering source is turned on in order to
avoid the deposition of parylene C on the Ag target surface, but
a shutter is placed between target and substrates to avoiding
unwanted incorporation of Ag atoms in the deposited films.
Then, the shutter is opened and the parylene C and the silver
atoms are deposited at the same time in order to constitute
the nanocomposite films (Figure 11). As a final step, the shutter
is closed again leaving only the deposition of parylene C
as a capping layer between the nanocomposite and the top
metallic electrode or even as a coating layer for the nanocom-

posite.

Analogous to the description in [26], the parylene C deposition
consists of three steps. First, the cyclic dimer (dichlorinated
di-p-xylylene, 2.5 g, same amount for all the depositions) is
sublimated at a temperature between 120 and 160 °C and a
pressure of around 1-2 Pa in the first step. Then, the vapor of
the dimer is cleaved into a reactive vapor monomer (monochlo-
rinated p-xylylene) in a pyrolysis chamber at a temperature be-
tween 600 and 700 °C. Finally, the monomer molecules in the
gaseous state enter the deposition zone to get deposited on sub-
strates. When the RF sputtering process is enabled (open
shutter), the silver atoms condense onto the substrates together
with the monomer molecules and are then incorporated in the
polymer matrix. Under these conditions, we have prepared

~
LA

Polymer (ng) @
@ = @ |
() _ (& | |Sputtering
e
e

Nanocomposite-parylene C (NCPC)

Figure 11: Depostion of nanocomposite—parylene C (NCPC) by a combined CVD and RF sputtering technique.
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uniform nanocomposite thin films with thicknesses from 1 to
3 um, as measured by a Tencor AlphaStep 200 profilometer. In
order to obtain several, nominally identical samples for each
deposition run, the substrates were put on a rotating carousel,
with the rotation axis parallel to the Ag target surface and with a
rotation period of 90 s. The sample holder can accommodate up
to ten substrates so that at least two samples from each type
were used for the different measurements carried out in this
work. Different samples were produced by increasing the num-
ber of rotations from 0 to 6, as detailed above (see Results and
Discussion). The minimum distance between the Ag target and
the sample surface was fixed at 10.5 cm.

Parylene C/Ag nanocomposite

characterization

The silver and chlorine content in the nanocomposite samples
was quantified by Rutherford backscattering spectrometry
(RBS). Ion beam analyses of the deposited films were per-
formed using a 2.0 MeV *He™ beam at the Van de Graaf accel-
erator at the Laboratori Nazionali di Legnaro, with a scattering
angle of 160°. We have to highlight that the CI content
measured with RBS (in atoms-cm™2) is directly converted into
the amount of parylene (in monomeric units-cm™2), since each
monomeric unit contains one Cl atom. RBS analysis was per-
formed on coatings deposited on silicon substrates. Taking into
account the desorption of Cl-containing species from the film
occurring during ion beam analysis [72], RBS spectra were
acquired by irradiating different spots of the pristine samples
and collecting only 0.2 pC of charge on each spot until a total
collected charge of a few microcoulombs was reached. A stylus
profilometer (Tencor Instruments, model Alpha-Step 200) was
used to measure the film thickness. Grazing incidence X-ray
diffraction scans were carried out on a Philips diffractometer on
the as-grown samples, using Ni-filtered Cu Ko radiation at
40 kV and 40 mA. The incidence angle was fixed at 0.5° for all
the samples. Some spectra were also collected at 1° incidence in
order to probe deeper the film structure. The surface morpholo-
gy was analyzed using a non-contact mode AFM model C-21
(Danish Micro Engineering), mounting a DualScope Probe
Scanner 95-50. Capacitance areas were defined in the top
NCPC resulting in square 2 x 2 mm? contacts. In order to assure
a homogeneous distribution of the potential during the dielec-
tric measurements, top gold electrodes with a thickness of
100 nm were deposited by thermal evaporation with the sample
held at room temperature. Chemical composition of pure pary-
lene C films and NCPC thin films was investigated at room
temperature by Fourier transform infrared spectrometer (FTIR,
Nicolet 380) in reflectance mode at a resolution of 4 cm ™! in a
wave number range from 400 to 3200 cm™!. The spectra were
obtained after a previous background subtraction with 32 scans

for each sample to remove the contribution of H,O and CO,

Beilstein J. Nanotechnol. 2019, 10, 428-441.

molecules. Dielectric properties were measured using a Novo-
control broadband dielectric spectroscopy (BDS20) impedance
meter in the frequency range of 0.1-10% Hz at room tempera-

ture.
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We report the synthesis of high-performance organic—inorganic hybrid fluorescent nanocapsules comprising a polymer shell

armored with an inorganic layer and a liquid core containing a fluorophore. The polymeric capsules are synthesized by free radical

miniemulsion polymerization and contain covalently bound carboxylate surface functionalities that allow for the binding of metal

ions through electrostatic interaction. A cerium(IV) oxide nanoparticle layer, formed in situ at the surface of the hybrid nanocap-

sules, acts as oxygen scavenger and keeps external reactive molecular oxygen from entering into the capsules, eventually resulting

in a reduction of the photooxidation of encapsulated fluorescent molecules. This approach shows an increase in the fluorescence of

the model organic fluorophore terrylene diimide by avoiding the ground-state molecular oxygen to react with electronically excited

states of the fluorescent hydrocarbon molecule.

Introduction

Hybrid polymeric core—shell nanoparticles with encapsulated
fluorescent dye molecules are frequently employed for life-
science applications, such as cell labeling and drug delivery
[1-5]. In recent years, polymeric hybrid nanoparticles and
nanocapsules with tailored inorganic components on the
surface have attracted great interest because of the possibility

to tune size, composition, porosity, stability, surface function-
ality, and colloidal stability [6-12]. Generally, fluorescent
dye molecules are sensitive to the external environment,
which leads to unwanted chemical reactions [13]. Molecular
oxygen is a well-known quencher of fluorescence. Conse-

quently, the shell properties of the nanocontainers are often
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customized to protect the fluorophore encapsulated into a liquid

core.

Higher lying singlet states of a fluorophore are relatively short
living and quickly relax to the lowest excited singlet state,
relaxing further to the excited triplet state via an intersystem
crossing process. The ground state of the oxygen molecule is a
triplet state and the energy of the excited triplet state of the
fluorophore can be transferred to the oxygen molecule. Thus,
singlet oxygen is obtained through the process of fluorescence
quenching [13-16].

Photooxidation significantly changes the emission properties of
fluorophores because of an irreversible chemical reaction. In a
simple description, the longer the fluorescence lifetime and the
lower the fluorescence quantum yield of the fluorophore are, the
stronger is the sensitivity to the presence of oxygen quenching
[13]. The solubility of oxygen in organic solvents is also an im-
portant factor in the quenching process of a florescent molecule.
The solubility of oxygen in organic solvents decreases with in-
creasing alkyl chain length of the alkanes [17,18]. Furthermore,
the oxygen quenching is less efficient in high-viscosity media
[13]. In bulk fluorescent samples with a dye content between
107 and 1073 M, oxygen quenching does not play a significant
role. By applying standard degassing techniques such as
nitrogen or argon bubbling and/or freeze—pump—thaw cycles,
the oxygen content can be lowered. These techniques are effi-
cient enough to suppress the oxygen quenching of fluorescence
[13]. The case of fluorescent samples containing dyes encapsu-
lated in nanoconfined materials is more complicated. In general,
the encapsulation process of the dye leads to a drastic reduction
of the total dye concentration in the sample and increases the
amounts of dissolved molecular oxygen and encapsulated fluo-
rescent dye.

A variety of methods have been applied to encapsulate the fluo-
rescent materials into micro- and nanocapsules [19,20], with a
concentration of hydrophobic dye of the order of 107 M and a
total solid content of 1-5 wt %. In bulk fluorescent samples, the
oxygen/dye molar concentration ratio is typically about 10:1,
while for nanoconfined materials is of about 200:1. This huge
excess of oxygen affects the optical response of nanometric
systems not only by quenching dramatically the fluorescence
but also by photooxidation of the organic dye [21]. This effect
is an additional source of uncertainty for quantitative measure-

ments in life sciences [22,23].

Near-infrared (NIR) light undergoes less diffuse scattering than
visible light, causes less photodamage, and can penetrate deeper
into tissues. Hence, it is preferred for life-science applications.

Organic dyes that can be excited above 600 nm are highly
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favorable for live-cell imaging experiments, because the back-
ground signal obtained from the autofluorescence of living cells
is negligible in the near-infrared region [24,25]. In this work,
we have chosen a specific fluorescent dye molecule, i.e., terry-
lene diimide (TDI), which shows intense fluorescence in the
NIR spectral region of the electromagnetic spectrum, to be
encapsulated in polymeric nanocapsules [26,27]. TDI, which
than can be excited with red light (Aey. = 633 nm from a HeNe
laser, for instance) and shows bright fluorescence at
Amax = 670—690 nm, is a suitable organic dye for patterning or
imaging of biomaterials. This dye belongs to the rylene family
[28], which is formed by extending the m-conjugated core
system of highly fluorescent perylene-3,4:9,10-tetracar-
boxdimides. The rylene dyes have unique optical properties,
such as high extinction coefficients, high thermal, chemical and
photochemical stabilities, and exhibit brilliant colors [29,30].
Furthermore, in bulk samples, TDI demonstrates an excellent
fluorescence quantum yield (ca. 90%) [24], less affected by the
presence of molecular oxygen. Using the example of TDI, we
aim to demonstrate that in nanoconfined geometries, quenching
of the fluorescence of a dye becomes an important issue that
needs to be taken into account. To obtain sustainable and repro-
ducible results, the efficient protection against oxygen
quenching cannot be neglected because the fluorescent response
is used as a quantitative measure. Here, we focus on the devel-
opment of an oxygen-protection strategy that is applicable for a

broad range of encapsulated materials.

The core—shell structure of the hybrid organic—inorganic nano-
particles allows for the independent molecular design of each
part. For instance, the oxygen permeability of the shell material
can be lowered drastically by using semicrystalline nanocellu-
lose [31]. Furthermore, a bovine serum albumin film at the
oil-water interface [32] or rose bengal embedded in a microcap-
sule shell [33] can also be used to protect the encapsulated dye
from molecular oxygen. Incorporating oxygen-scavenging ma-
terials such as WOj3 photocatalysts loaded with Pt [34],
phosphonate coatings [35], organophosphates [36] or poly-
oxyethanyl a-tocopheryl sebacate [37] significantly reduces
oxygen quenching. Last but not least, another possibility is to
attach an oxygen scavenger (e.g., diphenylanthracene moieties)
to the emissive dye itself [38]. Decoration of the molecular
structure of cyanine dyes including a cyclodextrin complex,
acetyl modification, fluoro- and cyano-substitution leads to in-
creased photostability of the fluorophore [5]. However, unfortu-
nately, all these oxygen-protection strategies affect the proper-
ties of core and shell materials that are used to form nanocon-
fined materials.

Our main goal is to develop a strategy to reduce the impact of

reactive oxygen by applying an additional synthetic step, while
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keeping unchanged all parameters involved in the synthesis of
the initial nanoconfined materials. Exemplarily, polystyrene
nanocontainers with a liquid hydrophobic core of hexadecane
synthesized by using miniemulsion techniques will be pro-
tected by depositing metal-oxide particles on the surface, as
proposed in a previous minireview from our team [21]. Deposi-
tion of metal-oxide particles on the surface of polymer hybrid
nanoparticles via controlled surface crystallization was shown
in previous works of our group [10,12]. The regular arrange-
ment of functional groups on the nanocapsule surface can
provide nucleation and structure-directing centers for the con-
trolled crystallization of metal-oxide particles. We have chosen
cerium(IV) oxide nanoparticles to be deposited on the nanocap-
sule surface in order to combine biocompatibility with a high
oxygen-scavenging ability. Cerium oxide is a lanthanide metal
oxide with a redox potential behavior that can easily switch be-
tween cerium(IV) and cerium(IIl) and has the capability to
leave oxygen vacancies in the crystal lattice [39]. Cerium(IV)
oxide exhibits excellent antioxidant properties, ideal for appli-
cations such as water-gas shift catalysis [40], combustion catal-
ysis [41], oxygen ion conductors, and solid-oxide fuel cells
[42]. Due to the valence and oxygen defect properties of
cerium(IV) oxide, nanoparticles of this material are also used as
efficient free-radical scavengers in biomedical applications as a
potent therapeutic option for the treatment of disorders gener-
ated by reactive oxygen species, such as neurodegenerative

disorders, retinal disorders and cancer [43-45].

In this work, we report the process of armoring anionically
functionalized nanocontainers loaded with TDI by crystallizing
cerium(IV) oxide nanoparticles on the nanocontainer surface.
As a result, we obtain reproducible and sustained fluorescence
of the nanocapsules, independently from the oxygen content of

the external environment.

Experimental

Materials

Styrene (S, 299.0%) acrylic acid (AA, Sigma-Aldrich, 99%),
hexadecane (Sigma-Aldrich, 99.0%), tetrahydrofuran (THF,
Sigma-Aldrich, >99.9%), cerium(IIl) nitrate hexahydrate
(Sigma-Aldrich, 99.99%), sodium hydroxide (Sigma-Aldrich,
>97.0%), ammonia solution (28% aqueous solution, VWR), so-
dium dodecyl sulfate (SDS, Alfa Aesar, 99%), and 2,2'-
azobis(2-methylbutyronitrile) (V59, Wako) were used as
received. Styrene was passed over an aluminium oxide column

to remove the stabilizer before use.

Synthesis of the dye and preparation of its

stock solution
N,N’-(2,6-Diisopropylphenyl)-1,6,9,13-tetrakis[4-(1,1,3,3-tetra-
methylbutyl)phenoxy]terrylene-3,4,11,12-bis(dicarboximide)
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(TDI) was synthesized according to [26] (molecular structure
and absorption/fluorescence emission spectra are given in Sup-
porting Information File 1, Figures S1 and S2, respectively).
The prepared TDI was dissolved in sufficient amounts of THF
and transferred in hexadecane (4 g) to obtain a final concentra-
tion of 1 x 107* M. Afterwards, THF was completely removed
by rotary evaporation (1 h at 70 mbar and 50 °C).

Synthesis of carboxyl-functionalized

nanocapsules

Polystyrene nanocapsules were synthesized either under
ambient conditions (sample NC) or under argon atmosphere
[sample NC(Ar)] by free-radical miniemulsion polymerization
[46]. The continuous phase contains SDS (30 mg) and deminer-
alized water (30 g). The disperse phase contains styrene (1.8 g)
and acrylic acid (0.2 g) as monomers, hexadecane (4 g) with the
fluorescent dye TDI and the initiator V59 (100 mg). The two
phases were mixed and pre-emulsified by stirring at 1000 rpm
for 1 h. The emulsion was prepared by ultrasonication (Branson
Digital Sonifier 450-D; 1/2" tip, 90% intensity, 2 min) while
cooling in an ice-water bath to avoid polymerization due to
heating. The polymerization reaction was carried out in a closed
flask at 72 °C for 18 h under constant stirring. The capsule
content (polymer + hexadecane), determined gravimetrically by
weighing 0.500 g of suspension before and after freeze-drying,
was of ca. 15 wt %. The term “capsule content” is used as an
analogous to the term “solid content” for solid capsules to take
into account the fact that the hexadecane core is also weighted
and counted. Since hexadecane is not solid under the condi-
tions of measurement, the term “solid contend” would not be
appropriate.

Synthesized nanocapsules were further used for the cerium-
oxide crystallization experiments with specific concentration.
The surface charge density was determined at pH 10 to ensure
the complete deprotonation of the carboxylic groups.

Synthesis of CeOy/polymer hybrid

nanocapsules

The synthesized polymeric nanocapsules, NC and NC(Ar), were
used in the crystallization experiments to obtain the hybrid sam-
ples, NC-CeO, and NC(Ar)-CeO,, respectively. We apply an
analogous procedure to the one used for solid particles [10,12].
The experiment was carried out at 35 °C in a closed flask under
constant stirring while keeping the pH value constant during the
whole procedure. First, the pH value of the dispersion was
adjusted to pH 10 with a 28% ammonia solution. Then 5 mmol
of metal salt per gram of dispersion nanocapsules was added
and the dispersion was stirred for 2 h to allow for the binding of
cerium ions to the surface of the capsules. Cerium(III) nitrate

hexahydrate was dissolved in 2 mL of demineralized water and
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200 pL of the latex dispersion was added to the solution. After-
wards, the precipitation of the oxide was carried out by adding
dropwise 2 mL of aqueous NaOH solution (0.1 M) using a
syringe pump (dropping speed of 1 mL-h™!). The addition of the
base leads to the precipitation of Ce(OH)3, which is insoluble in
water. In an alkaline environment, Ce(OH)3 is spontaneously
oxidized to hydrated Ce(IV) ions by the oxygen of the environ-
ment, and then hydrolyzed to form hydroxocomplexes, which
eventually evolve to CeO; [47]. The mixture was further stirred
for 24 h to complete oxide formation. The loaded samples were
freeze-dried for subsequent characterizations.

Characterization of the materials

Particle sizes of the prepared nanocapsules were determined by
dynamic light scattering (DLS) using a Nicomp 380 PSS parti-
cle sizer (Santa Barbara, CA) at a fixed angle of 90°. Table 1
reports the different samples reported in this work with the cor-
responding particle sizes measured by DLS.

The surface charge density of the negatively charged latex
nanocapsules was determined by direct polyelectrolyte titration
with a roughly 0.001 N solution of poly(diallyldimethyl ammo-
nium chloride), detecting the end point with an automatic
streaming current detector with a particle-charge detector Miitek
PCD-03 in combination with a Metrohm Titrino automatic
titrator. The samples were diluted to a solid content of 0.1 wt %
for titration and the surface charge density of 1.6 carboxylic
groups per nm? was obtained for samples NC and NC(Ar).

Transmission electron microscopy (TEM) was carried out with
a Jeol 1400 microscope at an acceleration voltage of 200 kV.
Samples for TEM observation were prepared by dropping the
diluted dispersions on carbon-coated copper grids and dried.
Scanning electron microscopy (SEM) with a LEO Gemini 1530
field-emission microscope operated with an extractor voltage of
0.7 kV. Samples for SEM observation were prepared by drop-
ping the diluted dispersions on small silicon wafers that were
subsequently dried. EDX analysis combined with elemental
mapping was carried out in a Hitachi SUS000 SEM microscope
equipped with a Bruker AXS spectrometer with an operation
voltage of 5 kV.

Table 1: Characteristics of the samples reported in this work.

sample material

NC poly(styrene/acrylic acid)

NC(Ar) poly(styrene/acrylic acid)
NC-CeO, poly(styrene/acrylic acid) + CeO,

NC(Ar)-CeO,
@Determined by DLS.

poly(styrene/acrylic acid) + CeO»
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X-ray diffraction of the freeze dried sample was conducted on a
Philips PW 1820 diffractometer with monochromatic Cu Ka
radiation (A = 1.5418 A, 40 kV, 30 mA, 5 s, A® = 0.02).
Thermogravimetric analysis of the freeze-dried sample was
conducted using a Mettler Toledo TGA-851 at a heating rate of
10 °C-min~ L.

Fluorescence spectra were recorded for the dispersions contain-
ing 0.75 wt % capsule content by using in a custom-built setup
containing a diode laser with wavelength 635 nm (Roithner
Lasertechnik GmbH, ADL-63201TL) with an excitation intensi-
ty of 0.2 W-cm™2. It is important to note that all fluorescence
emission measurements were carried out by using the same
batch of nanocapsules at the same capsule content. A first batch
of nanocapsules was prepared under ambient conditions and an

analogous one in argon atmosphere.

Results and Discussion

The objective of this work was to design colloidally stable poly-
styrene-based hybrid nanocapsules containing the fluorescent
dye terrylene diimide (TDI) and being armored with metal-
oxide nanoparticles on the polymer shell surface. Polymeric
nanocapsules (labeled as sample NC) were prepared under
ambient conditions by free radical miniemulsion polymeriza-
tion of styrene and acrylic acid. The thickness of the shell of the
formed nanocapsules was ca. 20 nm in average, and the weight
ratio polymer/hexadecane was ca. 1:2. The fluorescent dye was
dissolved in the liquid hexadecane core before polymerization
of the shell. The nanocapsule formation takes place by phase
separation between the formed polymer and hexadecane [46].
The surface of the nanocapsules was negatively charged, as
proven by polyelectrolyte titration (surface charge density of
1.6 nm ™2 at pH 10), which is a result of the used anionic surfac-
tant (sodium dodecyl sulfate) and the hydrophilic co-monomer
(acrylic acid). Acrylic acid plays a crucial role in binding the
cerium ions to the surface of nanocapsules and is also helpful to
increase the hydrophilic nature of the system.

The crystallization of cerium(IV) oxide nanoparticles on the
surface of the polymer nanocapsules is depicted in Figure 1.
First, the cerium ions from the precursor are complexed by the

atmosphere during synthesis diameter (nm)2

air 140 (+23%)
argon 153 (¥29%)
air 146 (+30%)
argon 159 (x18%)
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Ceria nanoparticles

Figure 1: Schematic representation of the formation of cerium(1V) oxide on the surface of carboxylate functionalized fluorescent nanocapsules.

carboxylate functional groups and the crystallization occurs
upon addition of NaOH at a controlled rate. The SEM and TEM
images presented in Figure 2 demonstrate that the inorganic
ceria nanoparticles were efficiently crystallized on the surface
(Figure 2a,b shows the pristine sample NC and Figure 2¢,d
shows the hybrid sample, labeled as NC-CeO;). The X-ray
diffraction (XRD) pattern of the hybrid sample, shown in
Figure 3, was unambiguously assigned to crystalline CeO,

(ceria, JPCD card No. 34-0394). Elemental mapping by EDX
also confirmed the presence of cerium in the investigated areas
(see Supporting Information File 1, Figure S3). TEM images of
ceria hybrid nanocapsules in Figure 4 indicate a homogeneous
distribution of ceria nanocrystals on the surface of the capsules.
The presence of bright spots in the dark field images
(Figure 4b) confirms crystalline domains lying in the detection
plane [10]. A corresponding high-resolution image of the hybrid

Figure 2: Electron micrographs of the prepared capsules: a) SEM and b) TEM of carboxylate-functionalized polystyrene hybrid nanocapsules (sam-
ple NC); c) SEM and d) TEM of ceria/polymer hybrid samples (sample NC-CeOy) [21].
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Figure 3: XRD pattern of hybrid polystyrene nanocapsules with
cerium(IV) oxide on the surface (NC-CeOy). Vertical lines indicates the
position and relative intensity of cubic cerium(lV) oxide crystal phase
(ICDD card no. 34-0394).

sample NC-CeO; is shown in Figure 4c,d. The ceria content for
this sample was determined to be about 44 wt % by thermo-
gravimetric analysis (see Supporting Information File 1, Figure
S4).

Beilstein J. Nanotechnol. 2019, 10, 522-530.

The fluorescence spectrum measured under ambient conditions
for the pure polymer nanocapsules (sample NC) is shown in
Figure 5 (black line). An intense fluorescence emission from
TDI with A, = 685 nm is observed. An important factor influ-
encing the decrease of fluorescence efficiency is photooxida-
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Figure 5: Fluorescence spectra of terylene diimide encapsulated in
nanocapsules: NC (continuous black line, ambient conditions without
cerium oxide), NC(Ar) (dashed red line, argon conditions without
cerium oxide), NC-CeO, (dotted blue line, ambient conditions with
CeOy) and NC(Ar)-CeO, (dash-dotted green line, argon conditions
with CeOy).

Figure 4: TEM micrographs of CeOy/polystyrene hybrid nanocapsules (sample NC-CeOy): a) bright-field image (inset shows the electron diffraction of
the shown capsule); b) dark-field image; c, d) high-resolution images at different magnification.
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tion. This kind of photochemical reaction is observed as a result
of the interaction of the sample with singlet oxygen, which
converts a fluorescent molecule into a state in which no longer
absorbs and fluoresces. A possible explanation for the process
of photooxidation in aromatic hydrocarbons is the non-zero
probability for intersystem crossing. The excited triplet state is
relatively long-lived, even at room temperature, and can serve

as a source for generation of singlet oxygen.

In our case, during the encapsulation of TDI molecules the mo-
lecular oxygen present in the external environment (e.g., in the
water phase) can enter into already formed polymer nanocap-
sules due to the permeability of the thin polymer shell. Thus,
singlet oxygen is created by the process of interaction between
electronic excited state of TDI and ground-state molecular
oxygen within the encapsulated materials, which results in
photo-oxidation processes. To overcome the limitations caused
by oxygen influence, a sample named as NC(Ar) was prepared
in a closed flask in argon atmosphere. The sample from the
closed flask was transferred to a quartz cuvette under ambient
conditions for further fluorescence measurements. As observed
in Figure 5, the fluorescence efficiency of this sample is en-
hanced when compared to the sample prepared under ambient
conditions, which is explained by the decrease of the oxygen
concentration inside the capsules during polymerization. This
decrease of oxygen content resulted also in a decreased rate of

photodegradation of the TDI molecule.

To further minimize the effect of fluorescence quenching,
cerium(IV) oxide was crystallized on the surface of polymer
sample NC, which yielded the hybrid sample NC-CeO,. The
fluorescence intensity is higher than for nanocapsules synthe-
sized under ambient conditions without CeO,, but also even
higher than for the sample NC(Ar) prepared under argon atmo-
sphere. The oxygen vacancies present in the structure of
cerium(I'V) oxide nanoparticles are the most likely origin of the
enhancement of the fluorescence, since they can scavenge
oxygen molecules from the environment and prohibit molecu-

lar oxygen to enter into the nanocapsules.

Following these results, the deposition of cerium(IV) oxide was
also carried out on nanocapsule samples prepared in inert atmo-
sphere. The resulting sample was labeled as NC(Ar)-CeO,. The
corresponding fluorescence spectrum is shown by the green
curve in Figure 5. Control experiments were carried out to
confirm that the improvement of fluorescence efficiency origi-
nates from the formed cerium oxide and not from the
cerium(II) precursor itself or any of the precipitating agents
(see Supporting Information File 1, Figure S5). An enhance-
ment of the fluorescence intensity took place only in the pres-

ence of the crystallized cerium(IV) oxide.

Beilstein J. Nanotechnol. 2019, 10, 522-530.

To investigate the effect of external oxygen, we recorded again
the fluorescence emission spectra for all synthesized samples
after having sealed the samples with argon in the glove box (see
Supporting Information File 1, Figure S6). The spectra did not
show any significant difference to samples prepared in an
oxygen-free atmosphere.

Finally, photodegradation experiments were carried out in an
oxygen-rich environment to investigate the stability of the fluo-
rescence emission of pure polymer nanocapsules synthesized
under ambient conditions (NC) and in argon atmosphere
NC(Ar) in comparison to the analogous hybrid nanocapsules
with cerium(IV) oxide crystallized on the surface (NC-CeO»).
The recorded spectra are shown in Figure 6. The fluorescence
emission of NC(Ar) is less stable than that of NC-CeO,. Simul-
taneously, the fluorescence of sample NC-CeO; is significantly
more intense than the emission of the unprotected sample NC.
After a sufficient time of excitation, sample NC(Ar) reaches the
emission level of NC, while the CeO, protection layer prevents
effectively the oxygen penetration, leading to stable and effi-
cient fluorescence even under ambient conditions. All these ex-
perimental observations point out that the presence of oxygen
inside the nanocapsules is the most likely reason for the reduced
fluorescence stability and intensity.

3.25x10°

2.75x10° 8

2.50x10° .
NC(Ar)

5
2.25x10 NC

0 1000 2000 3000 4000 5000
Time /s

Fluorescence intensity / cps

Figure 6: Photodegradation measurements of nanocapsules synthe-
sized under different conditions without cerium oxide (sample NC at
ambient conditions and sample NC(Ar) under argon) and with cerium
oxide on the surface (sample NC-CeO, at ambient conditions).

Conclusion

In this work, we demonstrate that the armoring with CeO, of
polystyrene nanocapsules containing a model fluorophore mole-
cule results in a significant enhancement of the fluorescence.
The in situ crystallization of the metal oxide on the surface of
the nanocontainers suppresses the photobleaching of the fluo-

rescent molecule by molecular oxygen. Hybrid CeO,/polymer
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samples simply prepared under ambient conditions exhibit an
even fluorescence intensity than pure polymer nanocapsules
carefully prepared in an oxygen-free atmosphere. The enhance-
ment effect can be explained by the trapping of the quenching
oxygen molecules on the metal oxide surface, which results in a
reduction of the photo-oxidation.

Supporting Information

Supporting Information File 1

Chemical structure of TDI, absorption and emission spectra
of TDI, EDX spectra, TGA, and additional
photoluminescence emission spectra of samples.
[https://www.beilstein-journals.org/bjnano/content/
supplementary/2190-4286-10-53-S1.pdf]
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Abstract

Topochemical engineering of hybrid materials is an efficient way of synthesizing hydrophobic and highly tensile fiber composites
by utilizing the intermolecular hydrogen bonds in natural materials. These materials include wood pulp fibers, abietic acid (resin
acid) and inexpensive metal salts. In this work, a hybrid composite was created using bleached and unbleached kraft pulp fibers as
cellulose platform. In situ co-precipitation of layered double hydroxide (LDH) was performed to grow LDH crystals on the surface
of the cellulose fibers, followed by the immobilization of abietic acid (AA) on LDH-grafted cellulose. Here we aimed to benefit
from the hydrogen bonding between —OH groups of cellulose and LDH, and the -COOH groups of AA to obtain charge-directed
assembly of one material on the other material. Thus, composite hybrid fibers (C-HF) were produced and then characterized by
optical (CAM), spectroscopic (XRD, IR) and microscopic techniques (SEM) to determine their average length and distribution,
structure and purity, bonding, and morphology. These fibers further were tested for water contact angle (hydrophobicity), oil
absorption (lipophilicity), tensile strength and ISO brightness measurements. The performance of C-HF was compared with unmod-
ified reference fibers (REF), fibers composed with only AA (C-F) and LDH-hybridized fibers (HF). The results revealed a variety
of correlations between materials and their properties due to characteristic surface morphology, functional groups, hydrogen bond-
ing and natural co-materials such as lignin and hemicelluloses. Attractive and repulsive van der Waals forces between material enti-

ties play a crucial role in the resulting properties.
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Introduction

Renewable chemicals or materials and their value addition are
the current focus in the area of materials and applied chemistry,
which strive to develop new end-products with novel function-
alities via chemical bonds and physical interactions [1]. Wood
pulp is one of these renewable materials. It is obtained from
forest products industries and stands as a source of many poly-
meric materials such as cellulose, hemicelluloses, and lignin
[2]. Cellulose, being one of the most abundant natural polymers,
has been a target for basic and applied research [3]. It possesses
chemically reactive and physically interactive, primary and sec-
ondary —OH groups on its molecular skeleton. This carbon-
bonded —OH groups serve as the locations for any sort of modi-
fications [4] in cellulose to produce customized end-use materi-
als. They can be oxidized to —-C=0, —-CHO and —-COOH or
reduced to hydrocarbons depending on the aim of the applica-
tion [5-7]. Physically, these —OH groups make cellulose hydro-
philic [8]. In addition, these —OH groups facilitate binding be-
tween cellulose fibers strands in wood pulp via intermolecular
hydrogen bonding. Thus, they contribute to the moderate
inherent tensile strength of the fibers as well [9]. On the con-
trary, there has been always a research motivation to make
cellulose hydrophobic [10-12] with high tensile strength [13].

Topochemical engineering is a method of designing the frac-
tionation (disassembly) and fabrication (assembly) of highly
engineered functional materials using a combination of molecu-
lar and supramolecular techniques. Topochemical engineering
is inspired by bioassembly observed in natural systems such as
trees and microorganisms [14]. The present work utilizes the
approach of hydrogen bonding with external hydrophobic
moieties in order to bring water-repelling properties to the
cellulose fiber surface. In this work, abietic acid, a hydrophobic
renewable material was combined with cellulose via a structure-
directing agent, i.e., a layered double hydroxide (LDH). LDHs,
inorganic ceramic materials carry symmetrically distributed
charge centers/hydrogen bonds. This idea was the extrapolation
of our earlier reported work, where introducing hydrophobicity
was carried out by anchoring a hydrophobic moiety, namely
stearic acid (SA), on wood pulp via a bridging LDH molecule.
This led a new hybrid organic—inorganic—organic composite
(SA-LDH-CEL) [15].

There are two different methods to make cellulose hydrophobic:
(1) chemical methods such as esterification or etherification,
and (2) physical methods such as composite development using
hydrophobic moieties of silicones, fluorocarbons, or surfactants.
The physical methods employed to make cellulose hydrophobic
were applied only to regenerated cellulose and not to pristine
wet-state cellulose. Our earlier reported work directly utilized

the wet pulp fibers without any prior treatment. Moreover, an-
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ionic surfactants cause environmental pollution when the resul-
tant acidic materials are washed out. Therefore, the choice of
stearic acid was motivated by green-chemistry principles. This
method differed from previous reported methods where hydro-
phobic molecules were directly incorporated into pulp fibers,
insofar as it utilized the charge centers of LDH to make a conju-
gation with stearic acid on one side of the LDH molecules and
cellulose on the other side. This way the amount of adhesion of
hydrophobic molecules on pulp was carefully controlled as the
adhesion was steered by self-directed -COOH'--OH hydrogen
bonding. This SA-LDH-CEL hybrid material offered super-
hydrophobicity.

We have decided to extend this research using another environ-
mentally friendly natural fatty acid, namely abietic acid (AA).
Abietic acid is a resin acid, abundantly present in pinewood and
other coniferous plants [16]. Rosin, the colorful resin material
used as pigments in inks, varnishes and adhesives, largely
consists of abietic acid. It is highly hydrophobic and soluble
only in organic solvents such as acetone, ethanol and diethyl
ether. The reason for choosing AA was that it contains two
more carbon atoms (C,9H3(005) in its skeleton (19 C-chain)
with cyclic structure and unsaturated n-bonds. Moreover, com-
pared to stearic acid, abietic acid is less flammable, insoluble in
water and denser than water, and has a high melting tempera-
ture. These properties can yield improved hydrophobicity and
mechanical strength to the fibers.

Layered double hydroxides are hydroxylated mixed metal salts
(clay minerals) that have unique fascinating three-dimensional
structures in which positively and negatively charged ions are
stacked in a uniform fashion [17-19]. This makes the material
employable for charge-directed self-assembly of any molecule
of interest on its surface. The metals in this kind of inorganic
solids, such as Ni, Mg, Zn, Al, Fe, usually have oxidation states
of +2 and +3. The anions in these materials are commonly
CO03%7, CI7, NO3™. These interlayer anionic sites are highly
tunable, thus, they can be optimally replaced with anions of our
interest [20-25]. The hydroxyl groups present on the brucite
layers of LDHs are able to form hydrogen bonding with foreign
molecules to increase stability. The present work focuses on
stacking abietic acid and cellulose on each side of LDHs via
van der Waals forces of hydrogen bonding. Thus, LDH works

as an assembling agent.

The raw materials used in this study were bleached pine kraft
pulp and unbleached spruce kraft pulp. Bleaching is a process in
which pulp fibers are treated with strong oxidative chemicals
such as peroxides or perchloric acid. This process removes most
of the lignin and some hemicelluloses from the pulp, making it
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soft and flexible. These co-materials are detrimental to func-
tionalizing cellulose and its utilization as technical material.
Both bleached and unbleached pulps further undergo refining.
Refining is a process in which mechanical compression and
shear forces are applied to the intact wet fiber network in order
to increase the surface exposure and surface area. In addition, it
opens up fibrils on the surface, which increase the surface
roughness of the fibers and yield good adhesion properties.
Bleached and unbleached fibers, refined and unrefined, were
used as starting materials to synthesize direct composites
(AA + fiber), hybrid fibers (LDH + fiber) and composite hybrid
fibers (AA + LDH + fiber). We expect that these materials show
different properties with regard to water repellency, oil absorp-
tion, tensile strength, and optical brightness. Composing renew-
able materials such as cellulose and abietic acid for customized
product development is in the line of interests of circular-
economy initiatives implemented by governments and research

funding agencies all over the world.

The originality of this study is that it uses chemically
(bleached)/mechanically (mill-refined) treated fibers in their
pristine wet state. They are pine (bleached) and spruce
(unbleached) kraft pulp fibers, in contrast to our previous study
in which birch (unbleached) kraft pulp was used. The commer-
cially acquired pulp fibers were first disintegrated, and further
refined mechanically prior to LDH deposition. During LDH
preparation, sodium carbonate was used as CO32~ source
instead of urea. The AA-modified LDH-F hybrid material prep-
aration method was slightly modified due to solubility differ-
ence between AA and SA. Also, in our earlier work, stearic acid
treatment on HF was carried out for 24 h, whereas this work
needs only 15 min to modify the surface of HF. Thus, the time
spent on material development was drastically reduced. In the
present work, the degree of refinement of fibers, fiber length
distribution/average fiber length evidenced from optical micros-
copy and the optical brightness of the fibers were measured in a
first attempt.

Experimental

Materials

Bleached and unbleached kraft pulps (wood fibers) from pine
and spruce, respectively, were used as the platform materials for
inducing hydrophobic behavior and high tensile strength. Both
unrefined and refined pulps were investigated in the study.
Abietic acid (C19Hy9COOH, Fluka) and sodium hydroxide
(NaOH, 97%, VWR) were purchased. Metal nitrate salts
(magnesium nitrate hexahydrate Mg(NO3),-6H,0, aluminium
nitrate nonahydrate AI(NO3)3-9H,0, ethanol C,H5OH) and so-
dium carbonate were procured from Sigma-Aldrich. All these
chemicals were used as received without any further purifica-

tion.

Beilstein J. Nanotechnol. 2019, 10, 589-605.

Methods

The present work employed some protocols that were already
tried out in our earlier reported work. Those methods are
1) pulp disintegration, 2) LDH preparation in the presence of
pulp fibers, 3) water contact angle measurements, 4) oil absorp-
tion measurements, 5) tensile strength measurements, 6) fiber
handsheet making. The remainder of the protocols are reported

here for the first time.

Wet disintegration of cellulose pulp

30 g of dry pulp (bleached/unbleached) was soaked in 2 L of
water for 4 h followed by loading into a disintegrator with
30,000 revolutions (ISO 5263-1:2004) to break the intertwined
cellulose fiber networks and disassemble the fibers from each
other. The disintegrated pulp was dewatered by centrifugation
to yield the free unbound cellulose fibers. These cellulose fibers
were used for further grafting with LDH.

Refining of the pulps and Schopper—Riegler
analysis

Refining of bleached and unbleached pulps was performed at a
pulp concentration of 1.57% (w/w) according to ISO 5264-
1:2012 using a Valley laboratory beater. The bleached pine and
unbleached spruce pulps were refined for 60 min and 90 min,
respectively, after which the pulps were collected for further
analyses and treatment. In Table 1 the abbreviations used for

the pulp fibers throughout the report are given.

Table 1: The following abbreviations will be used to distinguish the dif-
ferent pulps.

Abbreviation Pulp sample

BKP bleached kraft pulp of pine, unrefined

BKPR bleached kraft pulp of pine, refined for 60 min
UBKP unbleached kraft pulp of spruce, unrefined
UBKPR unbleached kraft pulp of spruce, refined for

90 min

The water drainability of the refined pulps was determined ac-
cording to ISO 5267-1:1999, the Schopper—Riegler method, in
order to verify the refining degree of the pulps. The refining
results in compression, fibrillation and finally intertwinement of
the fibrils. Flattened well packed and stacked fibers that de-
crease the free path of water during filtration are obtained.
Thus, refining increases water retention of the wet fiber mat
during the Schopper—Riegler measurement, expressed as a

higher value of the refining degree in °SR.
Grafting of LDH on cellulose fibers

The unbound cellulose fibers as prepared above were

hybridized with Mg—Al LDH through in situ co-precipitation.
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Typically, 3.0 g of disintegrated fibers (oven dry mass) was
dispersed in a flask containing mixed metal-salt solutions (Mg
and Al nitrate, molar ratio 3:1) under gentle stirring until a
homogenous slurry was obtained. Aqueous solution of sodium
carbonate was added dropwise to the reaction flask under con-
stant magnetic stirring to ensure homogeneity of the reaction
medium. The reaction was performed at room temperature and
air atmosphere. The pH value of the co-precipitation medium
was kept constant (pH 8.3 + 0.3) by the simultaneous addition
of 2 M NaOH. Then, the resultant slurry was aged in a diges-
tion bomb at 120 °C for 24 h for the crystallization of LDH on
cellulose fibers. Thus, Mg—Al LDH was synthesized in the pres-
ence of cellulose fibers and subsequently grafted on these fibers
uniformly. The LDH-grafted cellulose fibers were filtered and
washed repeatedly to remove any unbound LDH particles until
a neutral pH value was attained. The recovered wet fibers were
conjugated with Mg—Al CO3 LDH. (Two more experiments
were conducted with varying ratios between metal salts and so-
dium carbonate). All the experiments were repeated to confirm
the reproducibility of the results.

Making of highly tensile hybrid fiber handsheets

The LDH-cellulose (LDH-F) inorganic—organic hybrid fibers
were made into handsheets of hybrid fibers (HF) of 120.0 gm™2
grammage as follows: The hybrid fibers suspension was diluted
to a total volume required to get a grammage of 120.0 g'm™2.
Aliquots of 2 L of suspension were filled in a handsheet maker
equipped with a 125 mesh size wire cloth. Water circulation
was not applied in the handsheet maker as the fibers were
already dispersed uniformly in the pulp solution. The
newly formed wet hybrid fiber handsheets were pressed
twice at a force of 400 + 10 kPa between couch blotters for in-
creased drying. Further, these handsheets were conditioned at
23 °C temperature in a room with 50% of relative humidity for
2 days.

Functionalization of LDH grafted cellulose fiber
handsheets by abietic acid (AA)

On the surface of the 120.0 g'm ™2 grammage hybrid fiber hand-
sheets (HF) abietic acid (AA) was immobilized to induce
hydrophobicity and increased tensile strength. The handsheets
were immersed in a tray containing an ethanolic solution of
abietic acid (0.1 M) for 15 min under ambient conditions to
allow for the grafting between LDH and AA. Then the hand-
sheets were gently taken out and allowed to dry at room temper-
ature.

Characterization

Optical microscopy analysis: An optical microscope Nikon
Eclipse E200 combined with a Nikon DS-Fi2 digital camera
was used to visually analyze the fibrillation level of the fibers.
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Fiber length distribution: The average fiber length and the
length distribution were determined in diluted aqueous solution
by using a Kajaani Fiber Lab fiber analyzer (Valmet Automa-
tion). The fiber length measurements were performed in dupli-
cates. The contour length of the fibers (LC), i.e., the real length
of a fiber, regardless of shape and the length weighted average
fiber length, L(/), were reported.

X-ray diffraction: Powder X-ray diffraction (PXRD) patterns
of the fiber samples were recorded with a Siemens D501
diffractometer with Cu Ko radiation (A = 0.15415 nm). Patterns
were recorded in the 26 range of 5-70° in steps of 0.04° with a
counting time per step of 8 s. The modified fibers were

analyzed by pressing them gently onto a copper sample holder.

ATR-FTIR analysis: Attenuated total reflectance Fourier
transform infrared (ATR-FTIR) spectra were recorded for sam-
ples in the range of 400-4000 cm™! in a Thermo Scientific
Nicolet iS50 instrument (Thermo Scientific, Madison, WI,
USA) equipped with a diamond crystal and a pressure gauge. A
total of 64 scans was recorded and corrected by the Omnic
spectral suite software that provided ambient background and
ATR correction for 45° incidence angle and one refraction
assuming a refractive index of 1.50 for all samples.

SEM analysis: A Leo Gemini 1530 field-emission scanning
electron microscope with in-Lens detector (LEO Electron
Microscopy, Oberkochen, Germany) was used for the character-
ization of fiber surfaces. The samples were coated with carbon
in a Temcarb TB500 sputter coater (Emscope Laboratories,
Ashford, UK), the optimum accelerating voltage was 2.70 kV.

Material testing

Water contact angle measurements

The hydrophobicity of reference and modified cellulose hand-
sheets was assessed by contact angle measurements (CA).
These were performed with an optical Contact Angle Meter,
CAM 200 (KSV Instruments Ltd, Finland), using deionized
water. A water droplet volume of 1.6 + 0.2 pLL was placed on a
1 x 10 cm? sample strip. Then the CA values were collected at
200 ms intervals in the beginning and subsequently at 1 s and
2 s intervals until either the water droplet was absorbed or no
changes during wetting occurred. The results were analyzed and
interpreted with Attention Theta software (Biolin Scientific,
Sweden) based on the Young-Laplace function for iterative CA
calculation.

Oil absorption capacity measurements
To investigate the hydrophobicity of the modified cellulose
fibers, pine oil was selected for sorption experiments. The sorp-

tion experiments were carried out at room temperature as
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follows: Small pieces of the pre-weighed cellulose handsheet
samples were dipped in oil (10 mL) for approximately 15 min,
and then hung in the air for 5 min to let the surface residual oil
drip off before being weighed. The oil removal was optimized
in such a way that after 5 min, there was no oil dripping from
the sheet as well as no surface wetness of stagnant oil observed.
Hence, the weight increase was purely by the immobilized oil
on the sheets due to hydrophobicity. The increment in oil
absorption was calculated as percentage value [(weight after oil
absorption — weight before oil absorption)/weight before oil
absorption] x 100.

Tensile strength measurements

The tensile strength measurements were conducted by using a
L&W tensile tester SE 060 according to ISO 1924-2:2008, with
a slight variation of elongation rate (12 mm-min~') and test
span (100 mm). The tensile tests were performed at 23 °C and
50% RH. Tensile strength tests were also performed with an
unmodified ISO standard (ISO 527-2 1BA) sample sheet for
comparison. The tensile strength index, calculated as tensile
strength divided by grammage, was defined as the inherent
strength of the fiber network.

Optical brightness measurements

An Elrepho spectrophotometer (Elrepho SE070R, Lorentzen &
Wettre) was used to determine the ISO brightness value of the
dry fiber materials made into sheets. Both reference and modi-
fied fiber sheets were analyzed. The ISO brightness tests were
performed at 23 °C and 50% RH.

Results and Discussion

Bleached (pine) and unbleached (spruce) kraft pulp fibers (F),
refined (BKPR, UBKPR) and unrefined (BKP, UBKP), were
modified to induce hydrophobicity and higher tensile strength
by linking abietic acid (AA) via layered double hydroxide
(LDH). The straightforward method to synthesize this compos-
ite hybrid fiber (CHF) would be to graft LDH on the fibers first
by co-precipitation and to add AA in the same the solution envi-

ronment under hydrothermal conditions afterwards. However,
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abietic acid is insoluble in the pre-formed LDH-F solution, and
also lacks the capability to spread evenly to form a homoge-
neous handsheet. Hence, the LDH-F hybrid fibers were first
pressed into handsheets (HF) and then modified by immersing it
in ethanolic solution of AA. This way, randomly formed clots
of AA on the surface of the HF sheets were avoided and the dis-
tribution of AA on the fiber surface was improved. Thus, com-
posite hybrid fiber (C-HF) handsheet with homogenous surface
and uniform appearance was obtained. Table 2 shows names of
series of pulp fibers (control samples and final products)
studied, with their abbreviations used throughout this section.

Macroscopic properties

Degree of refining of fibers

Schopper—Riegler (SR) analysis showed that refining the
bleached kraft pulp of pine (BKPR) resulted in a slightly higher
refining degree (higher Schopper—Riegler value) than refining
the unbleached Kraft pulp of spruce (UBKPR). BKPR had a SR
value of 26 °SR after 60 min refining, whereas the correspond-
ing value for UBKPR pulp (after 90 min of refining) was
21 °SR. The ratio between the degree of refining values of
BKPR and UBKPR was 1.24:1. Thus, the increase of refining
degree due to bleaching was 24%. The refining degrees of both
pulps were considered to be moderate. The refining time is of
lesser importance than the refining degree (°SR). Spruce UBKP
is a more durable material towards refining than pine BKP.
Hence, spruce UBKP needs a longer refining time to reach the
same treatment level as pine BKP. Consequently, similar
refining degrees (26 °SR and 21 °SR for BKPR and UBKPR,
respectively), were achieved. This enables us to exclude
refining as an additional parameter to further analysis of the

subsequent treatments of the refined fibers.

Fiber length

BKP, UBKP showed average fiber lengths of 2.18 mm and
3.00 mm, respectively (Figure 1a,b). As expected, the average
fiber lengths L(/) of BKPR and UBKPR were smaller (2.15 mm
and 2.81 mm, respectively) than those of BKP and UBKP, due
to the refinement. The magnitude of the refining effect was

Table 2: Samples studied in the present investigation. Note: Bleaching of the fibers was not done at the laboratory. They were obtained as such com-

mercially. Whereas refining was done at the laboratory.

Sample

BKP
reference fibers (unmodified fiber) REF
composite fibers (AA on fiber) C-F

hybrid fibers (LDH on fiber) HF

composite hybrid fibers AA on (LDH-Fiber) C-HF (0.15 M)
C-HF (0.30 M)
C-HF (0.45 M)

Pine Spruce
BKPR UBKP UBKPR
REF REF REF
C-F C-F C-F
HF HF HF
C-HF (0.15 M) C-HF (0.15 M) C-HF (0.15 M)
C-HF (0.30 M) C-HF (0.30 M) C-HF (0.30 M)
C-HF (0.45 M) C-HF (0.45 M) C-HF (0.45 M)
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Figure 1: Fiber length distribution of (a) BKP and BKPR and (b) UBKP and UBKPR. Optical microscopy images (10x magnification) of (c) BKPR after

60 min of refining and (d) UBKPR after 90 min of refining.

larger for unbleached fibers (ALyggp(/) = 0.19) than for
bleached fibers ALggp(/) = 0.03). This might be because
bleached fibers were already softened and shortened during the
chemical treatment.

The fiber length (LC) distribution and average fiber length L(/)
revealed that refining has shortened the average fiber length to
some extent for both pulps BKPR and UBKPR. Both refined
pulps showed a slight increase in the count of shorter fibers.
The increase of these short fibers (0—0.5 mm) was from 3% to
5% for UBKPR (Figure 1b) and from 6% to 7 % for BKPR.

Optical microscopy pictures (10x magnification) showed that
external fibrillation had occurred in both refined pulps, BKPR
and UBKPR (Figure 1c,d). External fibrillation is the phenome-
non in which fibrils stand out from the fiber surface but are still
attached to the fiber strands. External fibrillation increases the
specific surface area of the fibers and the number of sites for
functionalization/grafting/adsorption. In addition, external
fibrillation increases inter-fiber bonding which might lead to an
increase in tensile strength of the fiber networks. Small sepa-

rate pieces beaten out from fiber strands are also visible in the
microscopy images of both the refined pulps, verifying the pres-
ence of the fine fractions (0—0.5 mm), measured in the fiber
length investigations.

Spectroscopic studies

Structure and purity

X-ray diffraction patterns of the pulp fibers (REF, C-F, HF,
C-HF 15m, C-HF( 30Mm, and C-HF 45)) are shown in Figure 2.

The C-F and C-HF fibers exhibit characteristic peaks of AA at
15.51°. The presence of LDH in HF and C-HF was confirmed
by its characteristic diffractions corresponding to the (003),
(006), (012), (015), (018) planes [26]. These diffractions reveal
the formation of a crystalline layer structure in the hybrid fibers
(HF). The diffraction peaks at 14.5°, 16.5°, and 21.90° corre-
spond to the (110) and (200) crystallographic planes of crys-
talline cellulose fibers (F) [27,28]. Thus, the presence of AA,
LDH, and cellulose in C-F, HF, and C-HF materials, was con-
firmed by XRD. Out of these three components, AA and cellu-
lose (pulp) were commercially obtained ingredients, whereas
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Figure 2: XRD spectra of pulp fibers (filled circles: fibers, asterisks: LDH, filled diamonds: abietic acid).

LDH was synthesized in situ. XRD might be helpful for gath-
ering more information about formation, purity and grafting on
cellulose of LDH.

The characteristic dyg3 line spacing of 0.77 nm in LDH
disproves any undesirable anion exchange or chelation in the
interlayer galleries of LDH. Layered double hydroxides are
highly prone to ion displacement reactions at its interlayer an-
jonic sites (e.g., NO3~, CO327) when it is synthesized in the
presence of foreign molecules such as, in this case, cellulose. In
this present work, cellulose existed in the neutral form and not
as anion. In addition, abietic acid, which could form anions in
solution, was only introduced after the hybrid fibers were trans-
formed into sheets. Hence, abietate anions could not replace
CO032” in the LDH interlayers, causing contamination or reac-

tions with cellulosic —OH groups.

AA was only connected to the HF fibers through freely avail-
able brucite layers (cations on the top plane) of LDH through
hydrogen bonding between —OH groups of LDH and -COOH
groups of AA. The —OH groups present in the bottom plane of
LDH brucite layers were already utilized to graft cellulose
through cellulosic O—H polarization. Thus, LDH act as a perfect
structure-directing agent in C-HF materials. The XRD spectra
of C-HF show a convergence of diffraction peaks of cellulose
and AA at 14-16°, a shift from 14.77° to 15.20° and enhanced
intensity, which confirm the AA-modification of HF.

Structure and bonding

The infrared absorption measurements were studied for the
control samples (REF, C-F, HF) and the final material, hybrid
fiber composites (C-HF( ;5nv, C-HF( 30m, and C-HF( 450,
Figure 3. The control samples and composite hybrid fibers show
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Figure 3: FTIR spectra of pulp fibers (filled circles: fibers, asterisks: LDH, filled diamonds: abietic acid).

their characteristic peaks at 3500-3000 cm ™! and 1640 cm™!,
which are due to stretching and bending of —OH bonds in cellu-
losic —OH groups/intramolecular hydrogen bonds and in
adsorbed water, respectively. The peaks at 897 cm™!,
1117 ecm™! and 1163 cm™! were assigned to the C—-O—-C
stretching in B-glycosidic bonds, C—C stretching and the
C—-0O-C glycosidic ether band of cellulose, respectively. The
cyan portion in Figure 3 denotes the cellulose fingerprint
region.

HF and C-HF show a new vibration frequency at 1362 cm™!
that corresponds to asymmetric stretching of carbonate anions
in LDH interlayer galleries. The frequencies at 617 cm™!,
656 cm™! and 783 cm™! were attributed to M—O—M, M—OH,
and O-M-O bond vibrations of LDH. The characteristic peaks
of AA in C-HF are those at 2936 cm™!, 2650 cm™!, 1695 cm™.,

1670 cm™! and 1277 cm™!. The vibration at 2936 cm™! corre-

sponds to C—H stretching absorption bands of -CH3, -CH,—CH
and =CH. The band at 2650 cm™! is due to intermolecular
hydrogen bonding in —OH of dimeric -COOH groups. The
band at 1695 cm™! is the outcome of C=0 stretching
vibrations of acid groups, whereas 1670 cm™! is due to C=C
conjugated bonds and 1277 cm™! is from C-O deformation
vibrations of -COOH. Consequently, the presence of character-
istic vibrational frequencies of functional groups confirmed
the presence of cellulose, LDH and AA in the respective materi-

als.

Microscopic Studies

Morphology

Scanning electron microscopy (SEM) observations of the pulp
fibers (REF, C-F, HF, C'HFO,ISM, C'HF0,30M> and C-HFO.45M)
revealed how LDH is anchored on the fiber surface and the
resin acid AA modifies the surface of hybrid fibers (HF).
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Hybrid fibers (HF): The surface characterization of co-precipi-
tated LDH on pulp fibers (HF of BKP, BKPR, UBKP, and
UBKPR) revealed that LDH crystals had grown extensively on
the fiber surface covering the fibers completely (Figure 4). The
HF of bleached fibers (BKP, BKPR) show distinct fiber strand
morphologies with LDH particles deposited like a tight continu-
ous solid around the fibers (Figure 4a,b). Whereas HF of
unbleached fibers (UBKP, UBKPR) do not show any fiber
strands but only solid LDH grains (Figure 4c,d). The HF of
refined fibers (BKPR, UBKPR) show LDH crystals with clear
shapes like sand pebbles and hexagonal platelets on their sur-
face. The refined fibers have numerous fibrils protruding from
the pulp fiber strand. LDH grows around these fibrils and the
inter-fibril spaces remain empty. Hence, the LDH crystals are
slightly far apart and present in distinct shapes on the refined
fibers. Thus, pure hybrid fibers (HF) obtained from direct
co-precipitation of LDH on pulp fibers were confirmed by
SEM.

BKP: The low-magnification images (Figure 5) of the refer-
ence (REF) show a dense, complex web of thin and long cellu-
lose fibers. The surface of REF fibers directly modified by AA
(C-F) looks like wax-smeared gauze. Although AA was coated
directly on the fibers, it still reveals the complex web of fibers
(Figure 5b). The REF fibers hybridized by LDH (HF)
(Figure 5¢) look very similar to unmodified reference fibers
(REF). Figure 5d—f are images of AA-modified HFs, i.e., com-
posite hybrid fibers (C-HF) with varying concentrations of LDH
in increasing order (C-HFg sm, C-HF( 30Mm, and C-HF( 45m1)-
All these images clearly portray the complete coverage of AA

20 Mag= 2500KX  EHT= 270KV
LEOT WD 8mm  SignalA=inLens
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on hybrid fibers (C-HF), again like wax-smeared gauze. The
high-magnification images (Figure S1, Supporting Information
File 1) display a wrinkled surface of uncoated fibers (REF, HF,
Figure Sla,c in Supporting Information File 1) and a very thick,
smooth, and shiny layer of AA coating on C-F and C-HF fibers
(Figure S1b and Figure S1d—f, Supporting Information File 1).

BKPR: Upon refining, the reference fibers (REF) showed
fibrils protruding out from the surface (Figure 6a). It is sug-
gested that the mechanical force applied on the BKPR fibers
leads to dissociative fibrillation. This treatment is expected to
have increased the surface area of the fibers. The low-magnifi-
cation images of unmodified fibers (REF, HF, Figure 6a,c)
showed again a complex network of very fine cellulose fibers,
which are smudged by the AA layer upon modification either
directly or through LDH (C-F, C-HF) (Figure 6b and
Figure 6d—f). The microscopy images suggest that the refine-
ment has reduced the size of the fibers in length and thickness.
The high-magnification images (Figure S2, Supporting Infor-
mation File 1) of these samples show heavily wrinkled fiber
surfaces for REF, HF (Figure S2b,d in Supporting Information
File 1) compared to unrefined counterparts (Figure Sla,c in
Supporting Information File 1), and a very thick, smooth, and
shiny layer of AA on fibers directly modified with AA (C-F,
Figure S2b, Supporting Information File 1). In contrast, C-HF
they display a thin, transparent and shiny layer of AA coating
(Figure S2d—f, Supporting Information File 1). Thus, the differ-
ence in morphology between refined and unrefined bleached
kraft pulp fibers (BKP, BKPR) could play a role in inducing
hydrophobicity and tensile strength.

Figure 4: SEM images showing the hybridization of LDH particles on the fiber surfaces of (a) BKP, (b) BKPR, (c) UBKP and (d) UBKPR.
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Figure 6: SEM images of the BKPR fibers: (a) REF (b) C-F (c) HF (d) C-HF (0.15 M) () C-HF (0.30 M) (f) C-HF (0.45 M).

UBKP: The reference fibers (REF) appear as tightly packed
fiber bundles (Figure 7a). The HF show a web of thick fibers
with LDH particles spread on the surface (Figure 7c). C-F fibers
exhibit a thick covering of AA (Figure 7b). C-HF fibers reveal a
moderately thick coating of AA (Figure 7d—f). The high-magni-
fication images (Figure S3, Supporting Information File 1)
reveal wrinkled surfaces or gel-like structures for all samples
except C-F, which shows a very thick, smooth, and shiny
coating of AA (Figure S3b, Supporting Information File 1).

C-HF has a thick sticky glue-like coating of AA on the surface
(Figure S3d—f, Supporting Information File 1).

UBKPR: REF fibers show a dense complex web of longer and
thicker cellulose fibers having hairy projections on the surface
(Figure 8a). HF displays a similar appearance but with few
LDH crystals present on the surface (Figure 8c). C-F reveal a
very thick AA layer (Figure 8b), whereas C-HF fibers show
only a minimal AA coating (Figure 8d—f). At higher magnifica-
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Figure 7: SEM images of the UBKP fibers: (a) REF (b) C-F (c) HF (d) C-HF (0.15 M) (e) C-HF (0.30 M) (f) C-HF (0.45 M).
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Figure 8: SEM images of the UBKPR fibers: (a) REF (b) C-F (c) HF (d) C-HF (0.15 M) (e) C-HF (0.30 M) (f) C-HF (0.45 M).

tion (Figure S4, Supporting Information File 1), the fibril
projections of the refined fibers are clearly seen in all samples
except C-F, which shows a very thick surface covering of AA
wax (Figure S4b, Supporting Information File 1). C-HF fibers
display a very thin covering of AA, compared to C-HF fibers
from UBKP (Figure S4d—f, Supporting Information File 1).

The SEM characterization of materials suggests that unrefined
fibers (BKP, UBKP) yield a better uptake of AA with uniform

coating/adhesion than refined fibers (BKPR, UBKPR). SEM
images of C-HF 30y fibers from BKP, BKPR, UBKP, UBKPR
are compared in Figure S5 (Supporting Information File 1). All
these samples exhibited a wax-like coverage of abietic acid on
the fiber skeleton. The thickness of the AA coverage may not be
the same in all materials, quantitatively. Depending on the
thickness of the AA coverage and intrinsic hydrophobic content
such as hemicellulose and lignin, these materials showed differ-
ent performance in CAy,¢er and oil absorption studies.
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Material Testing

Water contact angle (CAwater)

The fibers REF, C-F, HF, C-HF( 15m, C-HF¢ 30Mm, and
C-HF( 450 of all pulps were investigated with regard to their
hydrophobicity in terms of water contact angle (Figure 9).

The REF fibers of BKPR, UBKPR exhibited higher CAyater
values (20°, 36°) than the unrefined (BKP, UBKP) counterparts
(19°, 19°, Figure 9). This suggests that the refining process
opens up new fibrils on the surface of fibers, which increases
the exposure of not only cellulosic —OH groups but also of
hydrophobic lignin and hemicellulose. The latter increase the
hydrophobicity of the fibers, and are removed during the
bleaching process. Hence, the hydrophobicity is only associat-

ed with the intrinsic nature of cellulose.

Cellulose fibers directly modified with abietic acid (C-F) were
also investigated. Refined C-F fibers (BKPR, UBKPR) showed
a lower value of CAyater (40°, 66°) than the unrefined C-F
fibers (BKP, UBKP) (65°, 86°). Refining caused a decrease in
CAyater because of the deep diffusion and adsorption of AA
inside the opened pores of the fibrillated surface. This leads to a
smaller concentration of AA on the surface of the refined fibers.
The same phenomenon occurs in bleached fibers. Hence, C-F
fibers of UBKP were more hydrophobic (86°) than C-F fibers
of BKP (65°). In contrast, unrefined unbleached fibers (UBKP)
had a high concentration of AA on the surface and, hence,
showed a higher value of CAyaer-

The LDH hybridized cellulose fibers (HF) showed similar

trends as the reference fibers (REF), with refined LDH-contain-
ing fibers of bleached and unbleached pulps (BKPR, UBKPR)
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exhibiting higher hydrophobicity (20°, 38°) than the unrefined
counterparts (BKP, UBKP, 19°, 20°) due to the increased expo-
sure of hydrophobic lignin and hemicellulose (Figure 9).
Refining increased the CAy,ter value by about 18° from
bleached to unbleached fibers. The reason for the identical trend
was that the LDH material was grafted on cellulose at the
hydrophilic sites because of its self-assembly on cellulosic -OH
groups via hydrogen bonding. Although the cellulosic -OH
groups were masked by —OH groups at the bottom planes of
LDH, the freely exposed —OH groups at the top planes of LDH
maintain the intrinsic hydrophilic character of cellulose fibers.
Hence, there was no much change in the balance of the intrinsic
hydrophobic character of the pulp fibers.

Composite hybrid fibers (C-HF) show higher water contact
angle values than the two-component fibers, C-F and HF
(Figure 9). The C-HF( 50, C-HF 30Mm, and C-HF 45 fibers
of BKP, UBKP have higher values of water contact angle (71°,
97°) (80°, 121°) (63°, 134°) than the refined counterparts
(BKPR, UBKPR) (70°, 80°) (65°, 93°) (60°, 85°). These results
were attributed to the fact that AA moieties diffuse deep inside
the opened pores of the refined fibers leading to lower hydro-
phobicity. The unrefined fibers (BKP, UBKP) have a high
amount of AA on the surface increasing hydrophobicity. Again,
unbleached fibers are not free from hemicellulose and lignin.
These hydrophobic moieties add up to the performance of the
materials in CAy,er measurements. Regarding the structure of
C-HF fibers, -COOH groups of AA have directed the AA mole-
cules towards the top-plane —OH groups of LDH through
hydrogen bonding (Figure 10). Hence, the AA modification on
pulp fibers via the linker material LDH (C-HF) is intact and
stronger than the direct AA modification on pulp fibers (C-F).
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Figure 9: Water contact angle for (a) BKP and BKPR, (b) UBKP and UBKPR.
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Figure 10: Hydrogen bonding directed assembly of AA on HF.

In C-F, there could be always repulsion between cyclic carbons
of cellulose and AA, which will also diminish the AA grafting
on pulp fibers.

Table 3: Water contact angle and oil absorption values of the pulp fibers.

Beilstein J. Nanotechnol. 2019, 10, 589-605.

Oil absorption capacity

The oil absorption experiments were carried out with the idea
that when the material is hydrophobic it should also be
lipophilic. The results show that the water contact angle is
proportional to the oil absorption (Table 3). Higher CAyater
values lead to a higher oil absorption. C-HF fibers have stood
out as best candidates for oil absorption. Among all, the C-HF
fibers of BKP and UBKP exhibited superior performance of
189% and 295% oil absorption, respectively (Table 3). These
hydrophobic cellulose materials can be utilized as water-proof
materials or oil sorbents [14].

Tensile strength

The reference and modified fibers was also studied with regard
to tensile strength (Figure 11). The refined REF fibers of
bleached and unbleached pulp (BKPR, UBKPR) show higher
values of the tensile strength index (tensile strength divided by
grammage) (50.18 and 72.10 kNm-kg™!) than the unrefined
counterparts (BKP, UBKP) (16.21 and 8.93 kNm-kgfl) (Table
S1, Supporting Information File 1). This observation was
directly opposite to the trend obtained in the water contact
angle/oil absorption measurements, where the unrefined fibers
showed high hydrophobicity. However, it was highly reason-
able that the refining process, which shortens the length of the
fibers and opens up new fibrils on the surface, makes the fiber
network very complex and tight binding. Moreover, the in-
creased hydrogen bonding (-CH,—~OH'-*OH-CH,—) between
newly exposed —OH groups in refined fibers caused improved
tensile strength. Further, the higher tensile strength index of the
refined fibers, compared to the unrefined fibers, was main-
tained even after the treatments, i.e., in C-F, HF, and C-HF.

Pulp fibers BKP BKPR
CAyater (°) Qil absorption (%) CAwater (°) Qil absorption (%)
REF 19 45 20 55
C-F 65 57 40 78
HF 19 55 20 63
C-HF (0.15 M) 71 154 70 147
C-HF (0.30 M) 80 189 65 97
C-HF (0.45 M) 63 145 60 92
Pulp fibers UBKP UBKPR
CAwater (°) Oil absorption (%) CAwater (°) Oil absorption (%)
REF 19 78 36 50
C-F 86 109 66 67
HF 20 90 38 54
C-HF (0.15 M) 97 128 80 102
C-HF (0.30 M) 121 184 93 153
C-HF (0.45 M) 134 295 85 132
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Figure 11: Tensile strength index for (a) BKP and BKP-R, (b) UBKP and UBKP-R.

Regarding a possible increased tensile strength, the treatments
(LDH hybridization and AA modification) have positive effects
only on unrefined fibers of bleached and unbleached pulp
(C-HF of BKP, UBKP). The interaction with refined fibers of
bleached and unbleached pulp (C-HF of BKPR, UBKPR) either
maintains or reduces the existing tensile strength (Table S1,
Supporting Information File 1). Hence, the refined fibers do not
need any chemical treatment to increase the tensile strength,
while the unrefined fibers need chemical functionalization.

In the case of fibers directly modified with AA (C-F), the AA
treatment improved the tensile strength only for BKPR, UBKP
but not for BKP, UBKPR pulps (Table S1, Supporting Informa-
tion File 1). This suggests that AA forms a constructive com-
posite only under the condition of low amounts of lignin or
hemicellulose. However, the improved tensile strength was ob-
tained only with BKPR and not with UBKP pulp. This revealed
that AA not only needed low amounts of lignin or hemicellu-
lose but also a high surface area. Although UBKPR has a high
surface area, it has also increased amounts of lignin of hemicel-
luloses. Hence, AA has a negative effect on it. The more lignin
or hemicelluloses are present, the higher the repulsion with AA,
due to the aromatic carbon rings. Hence, the AA coverage on
these fibers is smaller, which was evident from SEM as well.
Therefore, there is less AA on the fiber surface to bind the

fibers for improved tensile strength.

The sole LDH treatment of fibers and subsequent sheet forming
(HF) showed a decrease in tensile strength indices for most of
the pulps (Table S1, Supporting Information File 1) compared
to the respective unmodified reference fibers (REF). The LDH
particles are synthesized in the presence of disintegrated indi-
vidual fibers, leading to a homogenous distribution of LDH par-

ticles on the surface of the fibers. These LDH particles com-
pletely cover the underlying fiber (polysaccharide material),
which usually tend to form strong hydrogen bonds with other
fiber strands. This direct hydrogen bonding from fiber to fiber
(-CH,,—OH-OH-CH,,-) is different and stronger than hydro-
gen bonding between LDH —OH groups and cellulosic -OH
groups (M"*—OH*OH-CH,~) or —COOH groups of AA
(M"-OH'*OHOC-CH,,-), which plays a role in stacking AA
and cellulose fibers above and below LDH, respectively. Thus,
LDH hinders the inter-fiber bonding and reduces the tensile
strength. However, this weakening of inter-fiber bonding was
overcome by modifying hybrid fibers with AA. AA was self-
assembled on LDH binding sites via hydrogen bonding
(M"™—-QH-*OHOC-CH,,-). Then the adhesive action of AA on
the fiber surface increased the binding between separate strands
of fibers and improved the tensile strength. However, this type
of action proved to be advantageous only with unrefined fibers.
With refined fibers, the refining action itself was sufficient to
increase the tensile strength. The results show that refined pulp
fibers (REF of BKPR, UBKPR) and C-HF prepared from unre-
fined pulps (BKP and UBKP) can be utilized in reinforcement
applications.

ISO brightness

As expected, the ISO brightness was found to be higher with
bleached pulp compared to unbleached pulp (Figure 12).
Bleaching essentially removes lignin and hemicelluloses that
absorb light and cause the dark appearance of pulp. The refined
fibers of bleached and unbleached pulp (BKPR, UBKPR)
exhibited slightly less brightness (83.96%, 21.54%) than the
unrefined counterparts (BKP, UBKP) (84.80%, 27.15%) (Table
S2, Supporting Information File 1). This may be because the
refined fibers have more empty spaces and pores than unre-
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Figure 12: ISO Brightness of (a) BKP and BKP-R and (b) UBKP and UBKP-R.

fined fibers, which might reduce light scattering and reflec-
tance. The brightness of unbleached pulps (UBKP, UBKPR)
was markedly lower. UBKPR shows a very poor ISO bright-
ness which sometimes could not be determined due the very
weak reflectance (Table S2, Supporting Information File 1).

C-F fibers exhibit a lower brightness than the reference fibers
(REF, Table S2, Supporting Information File 1). Again, the
difference was huge with unbleached fibers for the reasons dis-
cussed above. AA, which is a resin acid with dull brown color,
absorbed light even more. The hybrid fibers (HF) showed
almost identical brightness values compared to reference fibers
(REF) because LDH (white in color) reflects light. The combi-
nation of AA and LDH (C-HF) reduced the ISO brightness
values (Table S2, Supporting Information File 1).

Comparing the data with our previous report

The use of abietic acid has significantly increased CAyater
values and oil absorption, which we aimed for. In the experi-
ments with stearic acid (SA) in our previous work, the compos-
ite material reach a maximum CA e value of 150° after 24 h
of treatment. In contrast, with abietic acid (AA) the HF materi-
al reach a CA e value of 134° after only 15 min of treatment.
The corresponding oil absorption percentage weight increases
were 155% and 295%, respectively. This means AA-modified
HF absorbs adsorb twice the amount of oil compared to
SA-modified HF fibers. Another important reason to pick
abietic acid was to improve the tensile strength, as the
SA-modified HF lost 84% of its tensile strength compared to
the reference fibers (REF). The tensile strength percentages
after modification with AA are 90% increase, 1% decrease,
172% increase and 39% decrease for BKP, BKPR, UBKP and

UBKPR, respectively. Thus, abietic acid has a better perfor-
mance with regard to tensile strength than stearic acid.

Conclusion

The abietic acid (AA)-induced hydrophobicity on bleached pine
kraft pulp and unbleached spruce kraft pulp fibers (F), refined
and unrefined, requires a linker material, i.e., a layered double
hydroxide (LDH). LDH, self-assembles on cellulose fiber sur-
face through hydrogen bonding on the bottom plane and further
directs AA to graft on it via hydrogen bonding but this time on
the top plane. Thus, a sandwich composite hybrid material
(C-HF) is formed. C-HF materials exhibit a better performance
in water-contact angle (CAyater) and oil absorption measure-
ments than unmodified/reference fibers, fibers modified with
only AA (C-F) or only LDH (HF). C-HF obtained from unre-
fined fibers showed higher CA,¢er values than refined fibers,
as the refined fibers have a reduced surface concentration of AA
due to diffusion of AA inside the pores. In contrast, refined
fibers exhibit higher tensile strength than unrefined fibers, due
to the newly opened fibrils and surface -OH groups available
for hydrogen bonding/inter-fiber binding. The refining is suffi-
cient to achieve improved tensile strength in pulp fibers. Thus,
treatment with LDH and AA is required only for improving the
tensile strength of unrefined fibers. As expected, the ISO bright-
ness of bleached fibers is higher than that of unbleached fibers
due to the smaller content of lignin and hemicellulose. In addi-
tion, the unrefined fibers are brighter than refined fibers, as
there are less empty space of pores that reduce the reflectance.
The present investigation of pulp fibers can be taken to the next
level at which the improved hydrophobicity and tensile strength
could be utilized for applications in the field of sorption or rein-

forcement.
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Supporting Information

Supporting Information contains additional SEM figures,
and tensile strength and ISO brightness data that are

relevant to the discussion part.

Supporting Information File 1

Additional experimental data.
[https://www.beilstein-journals.org/bjnano/content/
supplementary/2190-4286-10-60-S1.pdf]
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Abstract

Polybutylene succinate (PBS) nanocomposite materials were prepared using a melt compounding process. The MgyAl-based PBS
nanocomposites, dispersed with inorganic—organic hybrid materials (layered double hydroxides, LDHs), were functionalized with
the amino acids L-histidine (HIS) and L-phenylalanine (PHE). The rheological and anti-ultraviolet (anti-UV) properties were inves-
tigated and compared to filler-free PBS as well as LDH Mg,Al/nitrate as references. Both organo-modified LDHs exhibited a
remarkable chain-extension effect for PBS with an outstanding increase in the zero-shear viscosity ng for PBS-Mg,Al/PHE (two
order of magnitude increase as compared to filler-free PBS). These results were compared to data found in the literature. Moreover,
HIS and PHE anions embedded into the LDH structure can successfully prevent the chain scission reactions that usually occur
during photo-ageing of PBS under UV radiation exposure. This highlights the outstanding performance of the LDH hybrid materi-
als, and in particular, their application as a polymer chain extender and UV stabilizer for PBS, which can likely be extended to other

biodegradable polymers.
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Introduction

Polymer nanocomposite materials have been one of the leading
scientific topics over the past decades [1-4]. Because many
petrochemical sources are non-renewable and require raw mate-
rials for large-volume polymer production, many studies have
been focused on the development of their substitutes. One of the
most promising candidates to replace petroleum-based poly-
mers is polybutylene succinate (PBS) — a biodegradable aliphat-
ic polyester, obtained from the renewable sources succinic acid
and butane-1,4-diol via a polycondensation process. Indeed
PBS has mechanical characteristics similar to well-known poly-
olefins, such as low-density poly(ethylene) (LDPE). However,
the drastic drawback of PBS for possible use in everyday life
(e.g., packaging) is its rapid hydrolysis and UV degradation [5].

A classical approach to overcome these problems is to add a
stabilizing agent that may act as an anti-moisture and UV stabi-
lizer. The small organic molecules used [6-9] are typically
prone to migrate out of the polymer, thus creating some
porosity and subsequently causing potential disruption in the
polymer barrier integrity. In addition to this, the possible release
of the stabilizers is a key issue in terms of health since they may
come in contact with the nutrient product. It is of great impor-
tance to avoid the migration of such chemical additives.

Today inorganic containers are thought to play the dual role of
embedding a specific agent to avoid its ingress into a polymer
as well as providing the complementary properties as a gas
barrier and mechanical reinforcement for the polymer. Among
the candidates, layered double hydroxides (LDH) appear to be a
promising choice in endowing multiple properties to the
polymer. This due to their versatility in terms of chemical com-
position and the relatively straightforward preparation involv-
ing soft chemistry routes.

Layered double hydroxides can be obtained as naturally existing
materials or can be produced by synthetic routes (e.g.,
co-precipitation or ion exchange). They are also known as an-
ionic clays or hydrotalcite-like materials and are described by
the general formula [M',_ . M"L—(OH),](A"")y/,mH,0, where
MY and M™ are di- and trivalent cations respectively and A"~ is
an anion. The presence of trivalent cations results in a positive
charge on the layers, which has to be balanced by diverse inor-
ganic or organic anions intercalated between the layers [10,11].
LDHs are considered to be “green” and low environmental
impact fillers [12], biocompatible [13] and food compatible
[14].

Indeed the choice of organo-modified LDH using amino acids,
and among them the protein-building amino acids, has already

been demonstrated [15]. Having in mind that UV stabilization
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should require UV absorption properties for the organic mole-
cule, any proteinogenic amino acids presenting cycle in their
backbone will be preferentially considered. Tyrosine and trypto-
phan have been studied for their UV stabilizing properties;
however, histidine (HIS) and (PHE) are rarely reported. One
study reports the beneficial role of PHE interleaved into LDH as
a self-healing agent for polymer coating in corrosion inhibition
for aluminium substrates [16]. Due to the presence of benzene
(for PHE) or the heterocyclic imidazole ring (for HIS), both
organic molecules should absorb in the short to medium wave-
length range of the ultraviolet C (UVC) and ultraviolet B
(UVB) regions.

In the present work, Mgy Al LDH materials were first organo-
modified with histidine and phenylalanine using a co-precipita-
tion method and then characterized by X-ray diffraction (XRD),
Fourier transform infrared spectroscopy (FTIR) and thermo-
gravimetric analysis (TGA). As expected, the UV—vis spectra
showed absorbance in the UVC and UVB regions and the
potential role as UV stabilizers. In a second part, PBS compos-
ites were prepared with 5 wt % of LDH filler by melt blending
and once again fully characterized (XRD, TGA, DSC, DMTA
and melt rheology). Impressively a pronounced chain-extension
effect for PBS was observed with both organo-modified LDHs,
especially in the case of PBS-LDH/PHE, for which the
apparent molecular weight was almost 400 times higher than
the pristine PBS. Finally, PBS composites were subjected to a
photodegradation process, showing their resistance to UV irra-
diation.

Experimental

Materials and reagents

Aluminium nitrate A1(NO3)3-9H,0, magnesium nitrate
Mg(NO3);:6H,0, sodium nitrate NaNOj3, sodium hydroxide,
the amino acids L-histidine (HIS) and L-phenylalanine (PHE)
were purchased from Sigma-Aldrich. PBS (PBE003) was pur-
chased from NaturePlast. All the materials were reagent grade

and used as received.

Layered double hydroxide synthesis

The LDH hybrids with general formula Mg, AI(OH)g[amino
acid]-2H,O were prepared by a co-precipitation method accord-
ing to a similar procedure as described by Totaro et al. [17], for
possible comparison. The solution of Mg(NO3),-6H,0 and
Al(NO3)3-9H,0 (molar ratio 2/1) in milli-Q water (100 mL)
was added dropwise to the vigorously stirred water solution of
organic guest (50 mL) for 3.5 h and the pH was kept constant
(10.0 £ 0.1) with the addition of NaOH solution. When the ad-
dition of salts was finished, the reaction mixture was aged for

3.5 h at room temperature. Both the reaction and ageing pro-
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cesses were performed under nitrogen atmosphere to avoid con-
tamination by carbonate. The final products were centrifuged,
washed several times with deionized water and vacuum dried at
40 °C for 24 h. Next, the solid LDH fillers were ground using a
Retsch CryoMill machine and sieved to obtain a fraction with
particles of diameter less than 50 pm.

Melt blending and film making

The PBS-LDH nanocomposites were obtained using a twin
screw extruder Hakke MINILAB microcompounder (Thermo
Electron Corporation). The melt extrusion process was per-
formed at 120 °C with a roller speed of 100 rpm over 5 min. A
LDH mass loading of 5 wt % was used as it appeared to be the
right compromise to be detected by XRD, as formerly demon-
strated [15]. This was also shown to endow the polymer com-
posites with significantly improved properties as well as to
envision a master-batch considering the observed state of
dispersion.

PBS-LDH nanocomposite films with thickness of about
90-100 um were prepared by compression moulding between
two Teflon sheets under 100 bar at 120 °C for one minute.

Photodegradation

PBS and PBS-LDH nanocomposite films were placed on a
rotating carousel in a SEPAP 12/24 chamber from ATLAS
equipped with four 400 W mercury lamps with spectral rays
above 300 nm. The accelerated photodegradation was studied at
60 °C and under air atmosphere.

Characterization methods

FTIR spectra of the LDH fillers were recorded using a Nicolet
380 FTIR spectrometer (DTGS detector) equipped with an
attenuated total reflection single reflection diamond from

1

Specac, and 32 scans and at a resolution of 4 cm™* were

collected.

LDH fillers and PBS-LDH nanocomposites were characterized
by XRD using a Philips X-Pert Pro diffractometer with Cu Ka
radiation. Data were collected at room temperature from
26 = 2.0-70.0° with a step size of 0.03° and a counting time of
10 s per step.

UV-vis spectra of the LDH substances and polymer nanocom-
posites were obtained using a Shimadzu UV-2101 PC spec-
trophotometer. Kubelka—Munk theory was applied to the LDH
filler data to transform the diffuse reflectance spectra into
absorption spectra.

The fluorescence spectra of PBS—LDH nanocomposites were

recorded with a Perkin-Elmer LS-55 luminescence spectropho-
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tometer equipped with a front surface accessory and pulsed
xenon excitation source. The emission signal was collected
with the monochromater from 200 to 600 nm at scan rate of
600 nm min~! and excitation wavelength of 280 nm.

The thermal properties of the LDH fillers and polymer compos-
ites were characterized by differential scanning calorimetry
(DSC) using a Perkin-Elmer DSC6 apparatus. The analyses
were carried out under nitrogen, and firstly, the samples
(=10 mg) were heated from 40-150 °C at 20 °C min!, then
kept at high temperature for 2 min, and then cooled down to
—60 °C at 10 °C min~!. After that, the thermal history of the
samples was deleted and a second scan profile was performed
by heating from —60 °C to 150 °C at 10 °C min!. The glass
transition temperature (7), the melting temperature (7,) and
the enthalpy of fusion (AH,) were measured from the second
scan. T, was taken as the midpoint of the heat capacity incre-
ment associated with the glass-to-rubber transition. The crystal-
lization temperature (7;) and the enthalpy of crystallization

(AH.) were measured during the cooling scan.

Thermogravimetric analysis (TGA) of LDH fillers and compos-
ites was performed in air atmosphere (gas flow 30 mL min™!)
using a Perkin Elmer TGA7 apparatus. The temperature range
of 50-850 °C and heating rate 10 °C min~! was applied. The
onset degradation temperature (7 ,set) Was taken from the inter-
section of the tangent of the initial point and the inflection
points. The 10% mass loss temperature (7;oP) was also

measured.

The melt rheological properties of the polymer composites were
measured at 120 °C using a dynamic mechanical spectrometer
(ARES Rheometric Scientific T&A Instruments) equipped with
two parallel plate holders of 8 mm in diameter. The measure-
ments were performed in oscillatory frequency sweep mode
with the range of frequency sweeps from 0.1 to 100 rad s™!
and the gap between plates set at 1 mm. In all cases, the
oscillatory shear stress amplitude was checked to ensure that
measurements were performed inside the linear viscoelastic
domain. The storage modulus (G”), loss modulus (G”) and tan 6
(ratio of G” and G’) were monitored automatically against fre-
quency.

The dynamic mechanical thermal properties were measured
using a Rheometric Scientific DMTA IV dynamic mechanic
thermoanalysis (DMTA) instrument with a dual cantilever
testing geometry. Test samples were prepared by injection
moulding at 140 °C using a Minimix Molder, obtaining small-
sized bars (33 x 8 x 2 mm). Such samples were scanned from
—150 °C to 80 °C (heating rate 3 °C min~!, frequency 3 Hz,
strain 0.01%).
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Results and Discussion

Layered double hydroxide filler
characterization

The organo-modified MgyAl LDH hybrid materials containing
the levorotary form of amino acids: L-histidine (HIS) and
L-phenylalanine (PHE) intercalated between metal cation layers
were prepared by the co-precipitation method.

The synthesis and characterization of LDH—phenylalanine com-
pounds has already been reported by Aisawa et al. [18]. Howev-
er, we propose here a different interpretation of the XRD
patterns based on a more detailed analysis of the position of the
X-ray diffraction peaks and the matching between the surface
area per unit charge of LDH host and the organic guest.

Mg, Al/nitrate, as a reference sample, displays an X-ray diffrac-
tion pattern typical of lamellar compounds with a series of
strong basal 00/ reflections at low angles (Figure la). In the
present case, the reflections are indexed assuming a three-layer
3R polytype with thombohedral symmetry (space group R3m),
generally observed in LDH systems. The interlayer distance can
be determined in a straightforward way from the position of the
first (00/) reflection indexed as (003), leading here to a value of
~8.79 A as expected for a nitrate-containing LDH. The position
of the (110) reflection at high angles, near 20 = 60° for Cu Ka
radiation, allows the value of the lattice parameter a to be deter-
mined since a = 2dq . Its value reflects the radii of the cations
and the MZ"/M3" ratio within the hydroxide layers. The value
obtained here is ~3.03 A and suggests a MgZ"/AI>" molar ratio
slightly lower than 2 [19].

For the synthesis performed in the presence of histidine and
phenylalanine, we observed two series of (00/) reflections: one
attributed to the desired Mgy Al LDH hybrid phase and the other
to a LDH/nitrate phase. In Figure 1, the Miller indices (4k/)
were assigned to each reflection (assuming 3R polytypes) with
positions marked by ticks under the peaks. The presence of this
nitrate phase, also evidenced by FTIR analysis (see below), can
be explained by either the small excess of the organic anion
used during the synthesis or the large excess of nitrate anions in
the reaction medium introduced by the reactants in the form of
nitrate salts. The diffraction pattern obtained for LDH/HIS is
poorly defined with only one (00/) reflection visible, from
which the interlayer distance was estimated as =~12.2 A
(Figure 1b). In the case of LDH/PHE, additional (00/) reflec-
tions are observed and their positions are consistent with an
interlayer distance of ~18.4 A (Figure 1c). By subtracting both
the thickness of the LDH hydroxide layer =2.1 A and the hydro-
gen bond distances 2.7 A from these interlayer distances, one
can estimate the space available for the organic anion along the
c direction. A value of =4.7 A was thus obtained for LDH/HIS
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Figure 1: XRD patterns of MgoAl hybrids: a) LDH/nitrate, b) LDH/HIS
and c) LDH/PHE. The ticks under the peaks give the positions of the
Bragg reflections assuming 3R polytypes.

and =10.9 A for LDH/PHE. A comparison with the dimensions
of the organic anions (determined using ChemBio 3D ultra 13.0
suite software) leads us to propose a monolayer arrangement for
LDH/HIS where the main plane of the molecule is oriented
nearly parallel to the hydroxide layer (Figure 2). From the point
of charge density, Mg,Al hydroxide layers display an available
surface area per unit charge of ~24 A2, a value close to that re-
quired by histidine in a parallel orientation (%2629 A2/e").
This interlayer arrangement suggests an important confinement
of histidine molecules between LDH layers. This may explain
the presence of co-intercalated nitrate ions, which decreases the
constrained accommodation that would have resulted in the
close proximity of the HIS molecules to one other.

On the other hand, the interlayer distance in the case of LDH/
PHE must arise from a bilayer head-to-tail arrangement in the
direction perpendicular to the hydroxide layer (Figure 3). A
parallel orientation similar to histidine would require a surface
area per unit charge of ~35 A2, which is too high compared to
the charge density of MgyAl host layers, thus supporting the
perpendicular orientation. Actually, phenylalanine molecules
are likely to be oriented in an inclined manner and partially
interpenetrating at the aromatic rings, allowing for the struc-

turally beneficial n—r interaction.

FTIR spectroscopy was applied to confirm the intercalation of
HIS and PHE in the hybrid structures. The FTIR spectra of
LDH/HIS and LDH/PHE in comparison to pristine amino acids
are displayed in Figure 4. The large, broad bands with
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Figure 3: a) Structural model for Mg,Al/PHE, b) molecular structure of L-phenylalanine, dimensions and surface area per unit charge calculated by

considering a rectangular parallelepiped shape.

maximum around 3400 cm™! correspond to the O—H stretching
vibrations of the hydroxide layers and water molecules located
in the interlayered spaces or physically adsorbed on the surface
of hybrids. The typical signals from amide functional groups
(N-H, C=0, C-N) overlap in the range of 17001480 cm ™! and
the lattice vibration of M—O in the platelet structure can be
depicted at a low wavenumber (800650 cm™).

The experimental chemical composition of all synthesized
LDHs has been estimated based on TGA analysis and collected
in Table 1. All the thermogravimetric curves are shown in the
Supporting Information File 1, Figure S1. The thermal decom-
position of LDH occurs as a multiple step process. Firstly, the
interlayer and surface adsorbed water molecules are removed up

to around 200 °C. The weight change from 200-400 °C can be
attributed to the removal of hydroxyl group OH™ associated
with metal cations A3* and Mg2". Finally, the third weigh loss
at >400 °C can be observed for the decomposition of amino
acid or nitrate anions and the residual mass at 800 °C can be
considered as the mass residue of MgyAlO7/,. Evidently these
residual mass losses are not equal because of the difference in
molecular weight of the guest organic species as well as the dif-
ferent hydration rate.

The UV-absorbing properties of the LDH structure with amino
acids are presented in Figure 5. The nitrate—inorganic deriva-
tive, which is used as a reference, presents a typical quite low

absorption with a maximum at about 302 nm, coming from the
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Figure 4: FTIR spectra of organo-modified Mg,Al hybrids: (a) LDH/HIS, (c) LDH/PHE and pristine amino acids: (b) L-HIS, (d) L-PHE (left side), zoom

region on the right side.

Table 1: Experimental chemical compositions of Mg,Al LDHs.

Code Experimental chemical composition?
LDH/nitrate [MgoAI(OH)gl(NO37)1.0:0.75H,0

LDH/HIS [MgoAI(OH)g](HIS™)0.35(NO3™)p.65'1.14H20
LDH/PHE [Mg2AI(OH)g](PHE™)g.65(NO37)9.352.21H,0

@Anions and water molecule content determined by TGA under air
flow. Mass formulae are: 253.04 g mol~" for MgoAl/nitrate,

346.26 g mol~" for MgoAl/PHE and 292.4 g mol™" for MgoAI/HIS. The
procedure and detailed calculations are presented in Supporting Infor-
mation File 1 and the TGA traces are displayed in Figure S1.

presence of nitrate anions in the interlayer space [20]. When
PHE is inserted into the LDH inorganic structure, the absorp-
tion in the UV domain increases and a hypsochromic shift is ob-
served with a maximum at 262 nm. In the case of LDH/HIS, the
absorption is also more intense than for the nitrate reference,
but the maximum shifts to 298 nm. As surmised, both cyclic
amino acid organo-modified Mgy Al LDHs should be effective
as potential UV stabilizers.

PBS-LDH filler composites — characterization
PBS nanocomposites with 5 wt % of amino-acid-modified
Mg,Al LDHs and Mg;Al LDH nitrate were prepared by melt
extrusion. The XRD patterns are presented in Figure 6 together
with PBS without filler as a reference.

The diffraction peaks located at 20 = 18-30°, which are charac-
teristic for the crystallinity of PBS, seem to not be affected by
the addition of the LDH hybrid materials. There is no reflection
coming from pristine LDHs modified by amino acids. In
contrast, the PBS-LDH nitrate composite exhibits an initial
basal spacing of 0.84 nm. In the case of PBS composites with
LDH/PHE or LDH/HIS, the absence of harmonic peaks from
the layered filler structure can be explained by their lower crys-
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Figure 5: Diffuse reflectance UV-vis spectra (Kubelka—Munk func-
tions) of Mg,Al LDHs.
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Figure 6: XRD patterns of PBS nanocomposites with 5 wt % Mg,Al
LDH fillers.

tallinity or by a partial exfoliation occurring during thermal pro-
cessing. For PBS—-LDH/HIS, there is an additional peak at
20 = 18° that is difficult to assign. Its associated small full
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width at half maximum (FWHM) may be attributed to rather
structurally well ordered organic species. Tentatively it may be
ascribed to some degradative effect coming from the imidazole
cycle since there is no such effect for the other PBS composites.
It is well known that imidazole cycle is prone to coordinate to
metal ions as in metallo-proteins [21]. The temperature used
during the extrusion may have induced a reaction of HIS
weakly tethered onto the LDH platelets surface. Another possi-
bility could be some reaction with PBS chains. However, this
can be excluded since the calorimetric properties of PBS are
maintained (Table 2).

The introduction of LDH fillers into PBS does not improve the
thermal stability of the polymer and the decomposition process
proceeds mainly in the range 300—450 °C. The determined
Tonset and T (temperature at which the polymer loses
10 wt %) measured for all nanocomposites are consistently
lower than for PBS (Table 2). This trend has been previously
observed and described in the literature [22,23]. It can be ex-
plained by the catalytic effect of Mg and Al ions on the intra-
molecular and intermolecular transesterifications of PBS and its
hydrolysis due to water, which is released during the decompo-
sition of the brucite-type layers. The calculated residual masses
correspond with the filler loading. The addition of LDHs does
not affect the melting temperature 7, which is quite constant at
115-114 °C. A slight decrease can be observed in the crystalli-
zation temperature 7, for nanocomposites with LDH/amino
acids, from 85 °C (PBS) to 83 and 82 °C for PBS—-LDH/HIS
and PBS-LDH/PHE, respectively. Small differences are also
observed in T, but without a regular trend. However, Ty will be
discussed further in the next paragraph, because DMTA is a
more sensitive method to detect this. TGA and DSC traces for
all nanocomposites are shown in the Supporting Information
File 1, Figure S2 and Figure S3.

Chain-extending effect and dynamic
mechanical properties

The effect of synthesized amino acid LDH fillers on the chain
extending and molecular weight evolution was measured using

melt rheology. The rheological data were plotted in Cole—Cole
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plots — a model curve used to predict the variation in complex
viscosity components, where the imaginary viscosity (n”)
versus real viscosity (1’) is plotted as a circle arc in the com-
plex plane. This representation is very helpful in the analysis of
polymer and polymer composites [24-26]. By fitting and extrap-
olation of the Cole—Cole representation to the x-axis (' at
n" = 0), the Newtonian zero-shear viscosity 1 can be calcu-
lated using Equation 1, which reflects even small changes in

molecular mass.

Ny < M,° (1

The effect of 5 wt % Mgy Al LDH filler on the PBS chain exten-
sion is presented as 1”-n’ Cole—Cole plots in Figure 7. The ad-
dition of all LDH fillers causes the chain-extending effect asso-
ciated with the non-miscible structure. The calculated values of
the Newtonian zero-shear viscosity for PBS and nanocompos-
ites with LDH/nitrate and LDH/HIS are 90, 274 and 584 Pa s.
The best results were obtained for LDH/PHE with a calculated
value of ng of 7174 Pa s which is almost 80 times higher than
for PBS.

The role of layered double hydroxides modified with 3-(4-
hydroxyphenyl)propionic acid and amino acids such as tyrosine,
tryptophan as PBS chain-extenders has been known and de-
scribed previously, however the results were not so spectacular
[15,17,23]. The significant effect of LDH/PHE most likely
results from chemical interaction between tethered amino acid
molecules and PBS chains. Counterintuitively, the imidazole
ring is found to induce less chain extension ability than the non-
polar benzene ring. Indeed the NH functional group that can
conjugate is a capto-proton, therefore this function is not suit-
able to interact strongly with the carbonyl groups present along
the aliphatic polyester. The absence in both cases of chemical
affinity between the cyclic backbone and the polymer chains
suggests that the organic molecules tethered to LDH platelets
may have a more jammed effect as evidenced previously [27].
The powdered flake structure of LDH/PHE observed by scan-
ning electron microscopy (SEM) (Supporting Information

Table 2: Thermogravimetric and calorimetric data of PBS nanocomposites with 5 wt % of Mg,Al LDHs fillers.

Sample Tonset 710, Res mass
(cy ey (%)?

PBS 385 362 0.0

PBS—-LDH/nitrate 360 327 3.3

PBS-LDH/HIS 362 347 25

PBS—-LDH/PHE 366 345 1.9

Tc AHc Tg Tm AHp,
(ccpP (g P (°cYr (cyr (g
85 63 -31 115 47

85 58 -31 115 48

83 61 -29 115 53

82 55 -33 114 37

aDetermined by TGA at 10 °C min~" in air. PDetermined by DSC during the cooling scan from the melt at 10 °C min~". Determined by DSC during the

2nd heating scan at 10 °C min™".
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Figure 7: Cole—Cole plots of PBS and PBS nanocomposites with Mg,Al LDH (a), zoom region (b).

File 1, Figure S4) may also contribute to the strong interaction
with PBS chains.

With a value of @ = 3.4 in Equation 1, the ratio of apparent mo-
lecular weight between the composite with Mg, AI/PHE and
filler-free PBS is of about 400 times (M,,(PBS-Mg,Al/PHE)/
My (PBS) =397, resulting in a similar change in the average
repeat units under melt state polymer rheology), thus under-
lining once again the outstanding effect of the filler in
networking PBS chains. This occurs without a transition to a
gel-like structure, which would be deleterious for the PBS

processability.

Table 3 reports quasi-exhaustive data related to the effect of
organo-modified LDHs on the chain extension for PBS nano-
composites. Nano-hybrid fillers (based on MgyAl or ZnyAl
LDH cations and with different anions from carboxylic and
dicarboxylic acids, ascorbic acid and amino acids) were
incorporated to PBS polymer by both methods: in situ polymer-
ization and melt extrusion. Depending on the type of organic
molecules, chain extension or plasticizing effects were ob-
served.

In the case of in situ polymerization, an increase in the
Newtonian zero-shear viscosity of nearly 20-28 times was ob-
served when LDHs with embedded PBS oligomers were used,
whereas the smaller molecules increased 1 from 40-50 Pa s for
unmodified PBS 400, 430, 450 and 790 Pa s for Mg,Al/HPP,
Mg,Al/stearate, MgrAl/TRP and Zn, AI/HPP, respectively
(when used at 2.5-3 wt %).

The effectiveness of the LDHs was lower when they were
added to the PBS in the melt extrusion process, most likely
because LDH fillers were less dispersed in this case compared
to the in situ polymerization approach. The best results were ob-
tained for ZnyAl/TYR and ZnyAl/cinnamic LDHs (5 wt %),
from 115 to 245 and 360 Pa s respectively, while in other
cases the differences were smaller. Our present results are
here spectacular, since an increase of 80 times for g is
observed, from 90 Pa s (unmodified PBS) up to more than
7,000 Pa s for Mg AI/PHE LDH (5 wt %), respectively.
Moreover, the PBS nanocomposite composition displays the
desired UV-stabilizing effect (described below), which was
described previously but only for PBS composites with
ZnpAl/amino acid LDHs [15,31]. This work, however, used a
different LDH platelet composition (Zn,Al) that is known to
present some UV screening due to ZnZ" cations. However,
hydrotalcite-type Mg, Al (as used in this work) has yet to be in-
vestigated.

The temperature and frequency-dependent mechanical relaxa-
tion data for the composites were recorded via the storage
modulus (£") and tan 8, which is the ratio of the loss modulus to
the storage modulus (Figure 8). With respect to PBS, the com-
posites present moderate enhancement in the storage modulus
E’ over almost the entire temperature range, quantifiable as
6-12% and 17-26% from low temperature (—130 °C) up to RT,
respectively. More detailed, at room temperature, the increase in
E’ is 26% for PBS-LDH/PHE, 20% for PBS-LDH/HIS and
17% for PBS—LDH/nitrate. The larger storage modulus with
respect to PBS for such composites indicates a mechanical rein-
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Table 3: Polymer processing and Newtonian zero-shear viscosity ng for PBS-LDH nanocomposites.

Polymer processing LDH cations Interleaved anionsP Loading (wt %) no? (Pa s) Ref.
in situ polymerization MgoAl succinate 3.0 250 [22]
MgoAl sebacate 3.0 150
MgoAl adipate 3.0 -
MgoAl lauryl sulfate 3.0 -
MgoAl stearate 3.0 430
ZnoAl stearate 3.0 -
MgoAl citric 3.0 55
MgoAl ricinoleic 3.0 180
in situ polymerization MgoAl PBS oligomer 3.0 1400 [28]
ZnoAl PBS oligomer 3.0 1000
in situ polymerization MgoAl HPP 3.0 400 [23]
ZnyAl HPP 3.0 790
in situ polymerization MgoAl HPP 2.5 331 [17]
MgoAl ASA 25 255
MgoAl TRP 2.5 458
MgoAl TYR 2.5 243
extrusion ZnoAl TRP 5.0 110 [15]
ZnyAl TYR 5.0 245
extrusion ZnoAl cinnamic 5.0 360 [29]
ZnsAl p-hydroxycinnamic 5.0 120
ZnyAl ferulic 5.0 190
ZnoAl cafeic 5.0 170
extrusion ZnoAl CH3(CH2)g<pn<16CO0O~ 3.0 160 to 220 [30]
(C8to C18)
extrusion ZnoAl TYR 5.0 171* [31]
ZnyAl TRP 5.0 179*
ZnyAl HPP 5.0 138*
ZnyAl NO3 5.0 76*
extrusion MgoAl HIS 5.0 584* this article
MgoAl PHE 5.0 7174*
MgoAl NO3 5.0 274*

ano = 115 Pa s (*90 Pa s) for PBS by extrusion, ng = 40-50 Pa s for PBS by in situ polymerization. bHPP = 3-(4-hydroxyphenyl)propionic acid,

ASA = L-ascorbic; TRP = L-tryptophan, TYR = L-tyrosine, NO3 = nitrate, HIS = L-histidine, PHE = L-phenylalanine.

forcement of the matrix due to a better interfacial interaction
filler/polymer achieved. Such results are consistent with
rheology experiments. For all samples, the glass transition tem-
perature is recognized by the large decrease in the storage
modulus and by the corresponding peak maximum in tan 6. The
values extrapolated (—15 °C for PBS, —10 °C for PBS—-LDH/
PHE, -9 °C for PBS-LDH/nitrate and PBS-LDH/HIS) high-
light a slight increase with respect to the homopolymer, and
therefore, the filler can be assumed to affect the mobility of the

chains as a nucleating agent.

Photostability of PBS nanocomposites

Because all synthesized LDHs show absorption in the UV range
(Figure 5), they should be more or less efficient as UV stabi-
lizers. PBS and PBS nanocomposites with Mg,Al LDHs were
exposed to UV irradiation in an accelerated ageing chamber
under aerobic conditions at 60 °C for 100 h. The variation in
Newtonian viscosity 1g as a function of time is presented in
Figure 9. The filler-free PBS sample shows UV resistance for
the first 60 h, which then begins to degrade fairly quickly. All
three examined Mg,Al samples seem to act as UV stabilizers

692



1.0E+10 5
1.0E+09 4 r 0.1
—— 2 PBS-LDH/PHE
_ —— © PBS-LDH/HIS ©
< © PBS-LDH/nitrate c
Ny 1.0E+08 4 + PBS s
0.05
1.0E+07 o
1.0E+06 e e e N

-130 -110 -90 -70 -50 -30 -10 10 30 50 70
Temperature (°C)

Figure 8: E’ and tan d as a function of temperature for PBS and PBS
nanocomposites with MgoAl LDHs.

for the examined time period and the small fluctuations of com-
posites with LDH/nitrate and LDH/HIS can result from the
heterogeneity of the measured samples. In the case of the PBS
nanocomposite with LDH/PHE, which shows the highest
extending effect, a further increase in the Newtonian viscosity is
observed, probably due to crosslinking reactions. The cross-
linking phenomenon in the presence of LDH modified with
amino acids has been previously observed and is described in
the literature with reference to tryptophan [17].

100000 4
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10000 ;/
"';)\ 4
& 1000 4
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100 3 '\-
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10 . . . . ,
0 20 40 60 80 100
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Figure 9: Evolution of zero-shear viscosity (in logarithmic scale) vs
time for PBS and PBS nanocomposites with MgoAl LDH during photo-
degradation tests at 60 °C.

Up to now, no satisfactory proof was gathered to understand the
better characteristics of PHE. Indeed the low content of organic
molecules tethered to LDH (=2 wt % considering the LDH mass
loading and respective to LDH:PHE ration inside the hybrid
filler) and the overlap of PBS impede any classical spectroscop-
ic characterization. Nevertheless, considering the tethered mo-
lecular backbone of PHE as well as the Cole—Cole response in-
dicative of a chain-extension effect rather than a gel-like transi-

tion, this may indicate the presence of a jamming structure due

Beilstein J. Nanotechnol. 2019, 10, 684—695.

to mobility hindrance of PBS chains as observed for other
LDH composites with polystyrene [27] rather that a possible
covalent or hydrogen-type bonding between tethered PHE and
PBS.

The worst behaviour in terms of UV stability for Mgy AI/HIS
(even if the UV absorption is similar between the two fillers
(Figure 5)) may be explained by the strong networking of
Mg, Al/PHE and also to some degradative effects of Mg, AI/HIS
likely due to the presence of impurities (as evidenced by XRD),
which may be affected under UV radiation of the polymer
chains.

UV-vis transmittance spectra of PBS and the nanocomposites
with 5 wt % of Mgy Al LDHs are presented in Figure 10. The
largest decrease in transmittance is observed for PBS—LDH/
PHE, then for PBS—LDH/HIS. As mentioned for the hybrid
LDH materials, the absorption band can be caused by the cycle
phenyl or imidazole acting as a chromophore. Also, PBS with
Mg, Al/nitrate LDH shows lower transmittance, as described
above. The evolution of the UV—vis transmittance of PBS and
PBS nanocomposites was measured during photodegradation at
60 °C (Supporting Information File 1, Figure S5). The transmit-
tance spectra for PBS are not modified during the entire period
of irradiation. In the case of PBS nanocomposites with LDH/
nitrate and LDH/HIS, the transmittance decreases during the
first 20 h and then stabilizes. When the PBS nanocomposite
with LDH/PHE is irradiated, the transmittance decreases during
40 h and then increases. This phenomenon may be caused by
the transformation of amino acid molecules in the LDH struc-
ture or their interaction with the polymer matrix.

]
o o
L L

PBS-LDH/nitrate

b O
o o
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Figure 10: UV-vis transmittance spectra of PBS and PBS nanocom-
posites with MgoAl LDH fillers.

Similar trends have been also registered using fluorescence
spectroscopy (Figure 11). The intense emission band centred at
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Figure 11: Fluorescence spectra of PBS nanocomposites with MgoAl LDH fillers, during photodegradation tests at 60 °C; (a) PBS—-LDH/HIS and

(b) PBS-LDH/PHE. The excitation wavelength was 280 nm.

350 nm can be observed for interlayered HIS and PHE (the
small peak at 382 nm is instrumental noise). This band disap-
pears after 20—40 h, which is in agreement with the decrease in
the UV transmittance described above. In the case of the PBS
nanocomposite with LDH/PHE, the emission band shifts
towards lower wavelengths, at about 300 nm, which is charac-

teristic for pristine amino acid.

A similar phenomenon was observed for the PBS composite
with Zn, AI/TYR LDH and is described in the literature [15]. It
can be explained by the delamination of the LDH platelets and
the presence of LDH filler in a different environment after UV

irradiation.

Conclusion

Two amino acids, L-phenylalanine and L-histidine, have been
interleaved into Mg,Al layered double hydroxides and subse-
quently dispersed in PBS by melt blending. The XRD analysis
indicated the presence of nitrate phase in the LDH structure,
which can be explained by the large excess of nitrate anions in
the reaction medium during co-precipitation. For this reason,
the LDH framework with nitrate anions was also synthesized

and applied for PBS as a reference.

The best results were obtained in the case of the LDH/PHE
filler. By the use of melt rheology, an outstanding chain-
extending effect was observed, with an increase of the
Newtonian zero-shear viscosity of almost 90 times in compari-

son to filler-free PBS samples.

Moreover, the synthesized organo-modified LDHs were found
to be effective as UV-stabilizers since they successfully prevent
the chain scission reactions which usually occur during photo-
ageing of PBS. Especially in the case of LDH/PHE, the
UV-stabilizing effect is quite sustainable over time, thus

making such a filler composition a good alternative in the
design of polymer composites with these specific properties.
These properties are important from the point of view of
processability as well as for their prolonged shelf life and ex-

tended use.

Supporting Information

Supporting Information File 1

Additional experimental data and experimental schemes.
[https://www.beilstein-journals.org/bjnano/content/
supplementary/2190-4286-10-68-S1.pdf]
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A new luminescent composite film resulting from the dispersion of luminescent organic dyes in a single-layered hydroxide (SLH)-

type inorganic matrix has been developed. Two fluorescent organic dyes emitting visible light upon blue LED excitation were in-

vestigated in this study: dicyanomethylene (DCM) and pyranine (HPTS). These dyes exhibit broad emission bands that cover a

large part of the visible spectrum. The concept developed in our work consisted in keeping SLH in its wet form to ensure a good

dispersion of the fluorescent dyes prior to immobilizing the hybrid materials in a silicone polymer to achieve luminescent compos-

ite films. We demonstrate that these coatings stacked upon each other and placed above a blue LED lead to white-light emission

with suitable photometric parameters for applications in lighting or display devices: colour temperature of 5409 K and colour

rendering index (CRI) of 81.

Introduction

Light-emitting diode (LED) devices are the most developed
lighting systems today. 95% of LEDs found on the market
generate white light by combining the blue light of a semicon-
ductor diode (GaN or InGaN) with the broad yellow emission of
the Y3Al501,:Ce®" (YAG:Ce) phosphor. The use of a phos-
phor is essential since, to date, no semiconductor diode has been
found to emit directly into the white. The system YAG:Ce/blue

LED gives a low colour-rendering index (CRI < 80) and a high
correlated colour temperature (CCT > 5000 K), which requires
the addition of expensive and moisture-sensitive red phosphors
(fluoride or nitride) [1]. These phosphors involve rare-earth-
doped inorganic phosphors that are extensively used in high-
technology devices, LED lighting, mobile phones, flat panel
display and wind turbines.
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While a series of breakthroughs and advances have been made
for efficient blue LEDs, currently the research on white LEDs is
mainly focused on the development of rare-earth-free phos-
phors [2,3]. The worldwide demand for rare-earth elements
(REEs), especially within the sectors of renewable energy,
military, and consumer electronics, is projected to reach
200.000 tons per year by 2025 while the current annual supply
is estimated to be only 113.000 tons. The attempt to increase the
REE supply at a rate sufficiently high to meet the increase in
demand faces economic, political and environmental limita-
tions [4,5]. Over 95% of the global REE supply comes from
China, which also has the largest demand for REEs at 65% of
the total demand, even before the United States (15%). In 2010,
China announced a 40% reduction in exports of REEs as it
wants to reduce stress on its REE reserves. This led to a 600%
price increase [6]. Moreover, the cost of a white LED lamp is
strongly linked to the price of REEs as the latter represents 12%
of the total.

The explosion of demand combined with a monopolistic supply
source represents a real risk for the deployment of LED technol-
ogy in the years to come. Developing rare-earth-free phosphors
is therefore a major issue. In this context, it seems crucial to
identify new cheap and REE-free phosphors capable of deliv-
ering cost-effective light energy conversion.

Luminescent organic dyes are a relevant alternative to REEs.
Indeed, they are known to exhibit high luminous efficiency at
low cost and may be associated with commercial blue or UV
LEDs to generate coloured light and white light. However, most
of them exhibit luminescence properties only in liquid solution
when any aggregation-induced quenching is prevented. But we
have shown recently that the dyes can exhibit fluorescence in
the solid state when they are dispersed in an inorganic matrix
such as silica [7]. Studies have been carried out on materials ob-
tained by mixing a dye and a double-layered hydroxide solid
compound [8-11]. Unfortunately, the optical properties of these
materials, particularly their performance, are not yet satisfac-

tory.

For all these reasons, we have studied the development of a
rare-earth-free LED device by considering the use of stabilized
synthetic organic dyes in an inorganic solid matrix to form a
luminescent hybrid material. Some of these hybrid materials
consist of a layered inorganic matrix, the role of which is to trap
the organic molecules by intercalation so as to preserve their
optical properties [10,11]. In the solid matrix the molecule dyes
are arranged in the interlayer spaces by monolayer particle
assembly and a direct anion-exchange procedure in organic
media [12]. Depending on the nature of the layers, one can have

structures of one, two or three dimensions [13].

Beilstein J. Nanotechnol. 2019, 10, 760-770.

Single-layered hydroxides (SLH), prepared by the polyol
method [14,15], are part of the one-dimensional structures.
Their general formula is M(OH),—,X,-nH,0 in which M repre-
sents a cation of a divalent transition metal such as Zn?*, NiZ",
Co?" and Cu?" and X represents an interfoliary anion such as

acetate or nitrate.

Similar to zinc basic salts, zinc hydroxyacetate
Zn5(OH)g(CH3C0O0),2H,0 (Zn-SLH) is a white solid that is
suitable for our study. Thanks to its positive lamellar charge,
Zn-SLH can serve as a diluting solid allowing for the stabiliza-
tion of negatively charged molecules or molecules with elec-
tron donor sites, i.e., double bonds [11].

The luminescent organic dye is selected so as to ensure good
compatibility with the SLH compound and satisfy the synthesis
conditions of the latter. It must therefore (i) exhibit negative
charges or electron donor sites in order to interact with the posi-
tively charged SLH compound; (ii) be water-soluble in the reac-
tion medium (generally water, ethanol or polyol); and (iii) be
optically active at basic pH values, for which the formation of
the SLH compound is favoured.

Among the organic dyes that meet these criteria, there are
xanthene derivatives (fluorescein, rhodamine), acriflavines,
arylsulfonates, cyanines and pyrans. Only a few organic dyes
can be excited by a blue LED emission centred at 450 nm.
Among these dyes, mention can be made of dicyanomethylene
and pyranine (Figure 1).

N N
||
0 NF
N/
|
DCM HPTS

Figure 1: Dye molecules used for the preparation of the organic phos-
phor film.

Dicyanomethylene (4-(dicyanomethylene)-2-methyl-6-(4-
dimethylaminostyryl)-4H-pyran, DCM) belongs to the pyran
family (heterocycles in which five carbon atoms and one
oxygen atom are present in the ring structure) while pyranine
(trisodium 8-hydroxypyrene-1,3,6-trisulfonate, HPTS) belongs
to the family of arylsulfonates. The first one exhibits, in ethanol
solution, red emission with a maximum at 624 nm after excita-
tion at 450 nm and the second one is water-soluble and charac-

terized by a yellow-green emission with a maximum at 533 nm
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after excitation at 450 nm. These organic dyes can be combined

with the emission of a commercial blue LED (Figure 2a).

The emission spectrum of HPTS ranges from 465 to
625 nm, while that of DCM is wider and extends from 520 to
750 nm. By coupling their spectra with that of a blue LED
(Amax = 450 nm), we can expect a wider coverage of the visible
spectrum that can generate white light. The combination of
these two dyes is therefore of interest for the realization of
white LEDs (WLEDs) (Figure 2b).

The chemical bond between these organic dyes and the Zn-SLH
matrix should provide a good dispersion of the luminescent ma-
terial in the silicone matrix while preventing at the same time
the organic dyes from aggregation [16]. Indeed, the aggrega-
tion of organic molecules leading to the quenching of their fluo-
rescence occurs when the hybrid compound (SLH-Dye) is pre-
pared in the dry solid state. The originality of our preparation
process lies in the dispersion of the organic dyes in the SLH
matrix in its wet form. The resulting product consisting of
dispersed hybrid sheets is then immobilized and dried in a
polymer network such as silicone, so as to form a luminescent
composite film. Another method reported in the literature to
overcome the aggregation-induced quenching mechanism
consists in modifying the structure of the organic dyes with
units such as tetraphenylethene (TPE) in order to obtain aggre-
gation-induced emission (AIE) mechanism [17].

The structural and morphological properties of Zn-SLH have
been studied in order to highlight its lamellar structure. The
optical properties of the luminescent wet hybrid materials and
films were recorded. Finally, a down-conversion pseudo-white
LED was designed by simply associating, in remote-phosphor
configuration, silicone/SLH-dye composite film and a GaN
LED emitting at 450 nm. Composite films with a single dye,

O

Intensity (a.u.)

Wavelength (nm)
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HPTS or DCM, were tested as well as the combination of these
two materials. Finally, the photometric parameters of these

systems have been investigated under LED excitation.

Results and Discussion

Structural properties of Zn-SLH

The prepared Zn-SLH in the dry state is a white powder which,
in a suspension medium, has a filamentous appearance
reminding lamellar structures. Scanning electronic microscopy
(Figure 3a) reveals that Zn-SLH compounds are aggregated
sheets without any defined and regular shape.

Figure 3b shows the powder XRD pattern of the dried Zn-SLH,
similar to the one reported by Poul and co-workers [14]. The
most intense (001) peak at 20 = 6.61° corresponds to an inter-
layer d-spacing of 1.33 nm where the intercalation of acetate
anions occurs [1]. Such intense (001) reflections are character-
istic of a layered structure. The other reflections, 4kl with A or
k # 0, are much weaker and exhibit usual asymmetrical enlarge-
ment for disordered pillared compounds [18]. Second-order
(002) and third-order (003) peaks correspond to d-spacings of
0.68 nm and 0.44 nm, respectively. Moreover, the presence of
the (110) diffraction line at 20 = 59.3° is attributed to OH-edge-
sharing platelets based on Zinc cations [18]. The XRD data evi-
denced the presence of a single phase with the following lattice

parameters: @ = 0.312 nm, ¢ = 3.98 nm and 4 = 1.33 nm.

Structures of SLHs have been described by authors such as
Rogez and co-workers [18]. The structure derived from botal-
lackite or brucite consists of a quasi-planar triangular array of
octahedral divalent metal ions separated by anions, e.g., acetate.
Those anions coordinate the metal atoms and water molecules.
The intercalation of new guest molecules or ions that substitute
the acetate anions located in the interlayer space brings small

variations in the molecular area of each metal atom.

G

Intensity (a.u.)

400 450 500 550 600 650 700 750
Wavelength (nm)

Figure 2: (a) Normalized emission spectra of blue LED light and selected dyes in ethanol solution: DCM and HPTS and (b) their predicted combined

spectrum.
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Figure 3: (a) SEM image, (b) XRD pattern and (c) TGA/DTA of zinc hydroxyacetate single-layered hydroxide.

TG-DTA measurements (Figure 3¢) carried out on the dried
Zn-SLH showed mass losses of 39% upon heating to 800 °C
through the decomposition of zinc hydroxyacetate up to the
fully inorganic ZnO. The associated thermal events are well
documented [19] and correspond to the loss of two water mole-
cules below 100 °C and four additional molecules below
250 °C, together with acetone and CO, as well as acetic
anhydride to finally form ZnO. The TG-DTA data were
used to verify the chemical formula of the compound
Zn5(OH)g(CH3C0O0),-nH,0. The mass formula at room tem-
perature is related to M(RT) = 5-ZnO/(1 — 0.39) leading to
667.29 g'mol ™! (per 5-Zn) and corresponding to a hydration rate
of n = 4.79, much higher than the value of 2 that is usually re-
ported. It may be explained by a sample largely hydrated with
weakly bonded water molecules as can be inferred from the
mass loss between 50 and 100 °C. The theoretical mass loss of
4.79-H,0 represents 12.92% while the loss of two acetate
anions is 17.68%. These values are smaller than the measured
mass loss. The mass loss below 150 °C is not only due to the
evaporation of water molecules, some dehydroxylation may
also occur.

Photoluminescence properties of the

integrated dyes
Absolute quantum yield (QY ) is defined as the efficiency at

which a given material re-emits by fluorescence a certain num-

ber of photons absorbed at a given wavelength. The parameters
measured in a 3.3 inch integrating sphere provide information
on the internal conversion (QYj,¢) and the absorbance (Abs) of
the studied material. QY is defined as the ratio between
photons emitted and photons absorbed by the material
upon external excitation. The product of these two
parameters gives the absolute quantum yield in percentage
(QYap = QYint X Abs x 100%). Measuring the absolute quan-
tum yield (through the scan mode of the software system) as a
function of the excitation wavelength is used to plot the profile
[QYap = f(hex)] from which one can determine at which excita-
tion wavelength the maximum of QY ,;, occurs. QY,, has a
direct impact on the photoluminescence performance of the
studied material. A fraction of the excitation light will be
absorbed by the dye molecule, internally converted, transferred
and emitted at a longer wavelength.

Figure 4 illustrates the recording of the evolution of photolumi-
nescence QY as a function of excitation wavelength for each
wet luminescent hybrid material (WLHM) and white-emitting
hybrid phosphor film (WEHP).

Thus, we have the value of QY,}, for a given excitation wave-
length, in our case the one of the blue LED (450 nm). It can be
seen that the organic dyes begin to be excited significantly at an
excitation wavelength of 350 nm (near UV, see photographs of
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Figure 4: Photoluminescence excitation spectra. Absolute quantum yield (QY4p) as a function of the excitation wavelength for DCM and HPTS in the

wet hybrid compounds (WLHM) and in the silicon-based film (WEHP).

the fluorescent WEHP materials under UV light in Figure 5a,b).
Then, they reach their maximum QY ,p, in the region between
370 and 510 nm, mainly in the visible region.

The QY ,p of these dyes in both WLHM and WEHP films were
measured at the wavelength of interest and the values are given
in Table 1. The maximum values of QY,, were measured at
Aexc 470 nm and 500 nm for DCM (40.2%) and HPTS (16.2%)
dyes in their WLHM form, respectively. By moving from the
wet state to the film form, QYy, is reduced by more than 63%
and 45% for DCM and HPTS dyes, respectively.

(a) DCM

WHLM + silicone Film

T [

Under UV light

(b)
WHLM + silicone Film

L O

Under UV light

Under blue LED
illumination

Under blue LED
illumination

When excited, the organic dyes studied here exhibit strong fluo-
rescence in diluted solution. In our study, these dyes were em-
bedded in the inorganic Zn-SLH matrix in the wet state, before
being immobilized in a dried silicone-based film.

It should be noted that the WLHM samples can distort the inter-
pretation of QY ,y, insofar as a part of dye that is in solution (free
dyes existing in the wet compound) would dictate its photolu-
minescence properties (leading to higher QY values), there-
fore masking those intrinsic to the solid (dyes actually sup-
ported on Zn-SLH). The measurements of QY 4}, on the films are

HPTS/DCM superimposed
films under blue LED
illumination.

(c)

Figure 5: Photographs of (a) DCM- and (b) HPTS-based hybrid materials in the wet mixture containing pre-formed silicon film (with and without UV
irradiation) and in the form of the completely formed film (with and without blue-LED illumination). (c) Photo of the two films superimposed (HPTS on

DCM) under blue-LED illumination in the opened integrating sphere.

764



Table 1: Absolute quantum yield (QYgp) values of DCM and HPTS
dyes in the WLHMSs and in WEHP films, excited at 450 nm. The excita-
tion wavelength values corresponding to the highest values of QY 4, of
each compound are given.

DCM HPTS
QYgp in WLHM 40.0 15.0
(%)
QYgp max at A 40.2% @ 470 nm  16.2% @ 500 nm
(nm)
QY in silicon film 13.6 8.1
(%)
QYgp max at A 14.7% @ 500 nm 8.1 @ 450 nm
(nm)

more representative of the intrinsic properties of supported
dyes.

We focused our attention on the value of QY at the excitation
wavelength of 450 nm in order to assess the fluorescence of the
organic dyes when they are placed on the LED that emits at this
value. The films displayed QY ,p values of 13.6% and 8.1% for
DCM and HPTS dyes, respectively. These QY 4, values are rela-
tively weak but should be enough to convert a portion of the
blue light into white light.

The emission spectra of each WEHP film placed on a 450 nm
commercial LED in remote-phosphor configuration are shown
in Figure 6. Taken individually, DCM and HPTS dyes have

462 (O')
DCM

Watts/nm (10*-4)

360 400 450 500 550 600 650 700 750 800 830
Wavelength (nm)
5317 (c)
@
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2
£
E
5
£
]
=
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Wavelength (nm)
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each different profile. We first observed the dominant emission
band of the blue LED. Then, in the case of the DCM dye, the
emission band, of low intensity, covers a wide visible range
from 500 to 750 nm with a maximum at 600 nm (orange). In the
case of HPTS dye, the emission band is centred at 517 nm
(green).

When the films are stacked upon each other, the corresponding
emission spectra represent the emission/excitation/re-emission
phenomena between the films. Depending on the stacking order
of the films, HPTS above DCM (HPTS/DCM) or DCM above
HPTS (DCM/HPTYS), the final emission spectra are different.

In the HPTS/DCM/LED configuration, the resulting emission
spectrum resembles that of sole DCM but with an increase in
the intensity in the wavelength range between 500 and 750 nm.
In this configuration, the blue light will first excite the DCM
dye-based film. The resulting fluorescence, which covers a wide
visible range, will then excite the HPTS dye-based film. In this

configuration, all visible colours are emitted relatively evenly.

In the other configuration, DCM/HPTS/LED, the fluorescence
resulting from the interaction between the blue light of the LED
and the HPTS dye-based film (the emission spectrum of which
unevenly covers the visible region) will excite the DCM dye-
based film. The resulting emission spectrum strongly resembles
that of sole HPTS with a decrease in the contribution of green
light.

b
iy ) HPTS

Watts/nm (107 -4)

360 400 450 500 550 600 650 700 750 800 830
Wavelength (nm)
518y (d) DCM/HPTS
@x
:
=
£
c
B
£
©
=
360 400 450 500 550 600 650 700 750 800 830

Wavelength (nm)

Figure 6: Emission spectra of the silicon films containing: (a) DCM, (b) HPTS, (c) HPTS over DCM and (d) DCM over HPTS; measured under 450 nm
LED illumination (440 mA, 3 V). All films were placed in a remote-phosphor configuration at 0.3 cm from the LED chip.
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We can otherwise interpret these results by the difference of
QY between that of the DCM film (14.7%) and that of HPTS
(8.1%). It is therefore convenient to excite first the film that ex-
hibits the strongest QY ,p.

The normalized two-dimensional colour coordinate systems
(chromaticity) of the measured films are shown in Figure 7. The
colour points of each film and their superimposition were
defined according to the convention of the CIE (Commission
Internationale de "Eclairage, International Commission on Illu-
mination).

yF,1D

00 Q.1 0.2 03 04 0.5 0.6 0.7 08

X

HPTS/DCM

(c)

yF,1D

00 Q.1 0.2 03 04 0.5 0.6 0.7 08

X
F10
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The results showed that among all configurations, the HPTS/
DCM/LED configuration is the one that yields a satisfactory
emission in terms of CIE coordinates (0.33, 0.28). The corre-
sponding colour rendering index (CRI or CIE R,) rating map,
illustrated in Figure 8, showed that, with this configuration, the
LED device can render colours with a precision comparable to
that of a commercial YAG:Ce-based LED.

The CRI describes how truly the colour of an object is repre-
sented by a light source compared to a black-body source.
Fifteen standard colour swatches (termed R1 through R15) plus

(b)

F10

0.
0.0 0.1 0.2 03 04 0.5 0.6 07 0.8

X
F10

DCM/HPTS (d)

Q.0 0.1 0.2 03 04 Q.5 0.6 0.7 0.8

F10

Figure 7: CIE chromaticity diagrams of films containing (a) DCM, (b) HPTS, (c) HPTS over DCM and (d) DCM over HPTS; measured under 450 nm
LED illumination (440 mA, 3 V). All films were placed in a remote-phosphor configuration at 0.3 cm from the LED chip.
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Figure 8: R-values charts for films containing: (a) DCM, (b) HPTS, (c) HPTS over DCM and (d) DCM over HPTS; measured under 450 nm LED illumi-
nation (440 mA, 3 V). All the films were placed in a remote-phosphor configuration at 0.3 cm from the LED chip.

the international standard colour rendering index R, are repre-
sented in Figure 8. In the HPTS/DCM/LED configuration, all
the colour indices values scored above 70 except R9, R10 and
R12, which are assigned to strong saturated hues of red, yellow
and blue. In the case of DCM/HPTS/LED configuration, R4 and
R9 indices were comparatively low.

Red (R9) is a particularly difficult hue for YAG:Ce-based LEDs
to render well. Red light is on the edge of the visible spectrum,
where the human eye is less sensitive. A low R9 value leads
to a low CRI. In the HPTS/DCM/LED configuration, we
got a better CRI rating of 81. Note that a good daylight CRI
rating is framed between 60 and 80 and an incandescent light
bulb, considered a black-body radiator, exhibits a CRI of 100.
Therefore, the HPTS/DCM/LED configuration exhibits a good

CRI for lighting and display applications. The eyewitness
account of a bright white light emitted by this system, suitable
for indoor environments, is shown in the photograph in
Figure 5c. In order to be considered as iso-energetic white, a
LED device system needs to possess a correlated colour
temperature (CCT) in the range of 2700-6000 K and the chro-
maticity coordinates falling on the black-body curve [20]. The
apparent colour of the HPTS/DCM/LED configuration,
determined by the CCT, was found to be 5409 K. This is
assigned to a cool colour (bluish white) without infrared radia-
tion, comparable to “vertical daylight” or an electronic flash.
Table 2 reports all numeral values of photometric parameters
for the HPTS/DCM/LED configuration in comparison to the
DCM and HPTS films, as well as the DCM/HPTS/LED config-
uration.

Table 2: The luminous flux (Y2), colour rendering index (CRI), colour fidelity index R, colour temperature (CCT), CIE colour coordinates (x,y) and
optical efficacy of films based on DCM, HPTS; HPTS over DCM and DCM over HPTS; measured under 450 nm LED illumination (440 mA, 3 V). All
the films were placed in a remote-phosphor configuration at 0.3 cm from the LED chip.

DCM HPTS HPTS/DCM DCM/HPTS

luminous flux Y2 (Im) 3.1 41 1.5 1.0
CRI (Ry) [0-100] 33 7.60 81 44
R¢ 56 43 72 67
CCT (K) — — 5409 —
chromaticity X 0.25 0.18 0.33 0.23

y 0.14 0.28 0.28 0.26
optical efficacy (Im/W) 7.6 9.9 3.0 2.0
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In the HPTS/DCM/LED configuration, the optical efficiency
was measured at 3.0 Im/W, which is very low. It was found to
be 34.9 Im/W for the phosphor-free LED and for a LED
covered with a dye-free silicone film (silicone/LED). A value of
29.3 Im/W was measured for the LED covered with a silicone
film without dye but containing only Zn-SLH (Zn-SLH-sili-
cone/LED). Noted that, good phosphor-based converters have
values above 150 Im/W. The reason for the lower values ob-
tained was due to the configuration chosen for our measure-

ments, i.e., the use of a high-output LED.

To sum, except their weak optical efficacy, the HPTS/DCM/
LED configuration exhibited photometric parameters
comparable to the ones of commercial YAG:Ce white LEDs
[21].

Conclusion

We have successfully developed luminescent composite films
based on the mixture of a single-layered hydroxide and organic
luminescent dyes. The organic dyes dicyanomethylene and
pyranine were chosen according to their photoluminescent char-
acteristics, which are excitation with blue light and an emission
spectrum covering a wide range of the visible spectrum. The
molecules were each dispersed in an inorganic matrix based on
zinc hydroxyacetate single-layered hydroxide. In order to
ensure good dispersion and avoid aggregation of the organic
dyes, a composite preparation approach that kept the composite
in its wet form prior to embedding in silicon second matrix was
applied. The resulting films exhibit acceptable absolute quan-
tum yields usable in LED devices. These films were placed on a
450 nm commercial LED in a remote-phosphor configuration to
determine their photometric characteristics. The best results
were obtained with the superposition of the pyranine film over
that of dicyanomethylene. Both films were placed in a remote-
phosphor configuration on top of a blue LED chip. The photo-
metric parameters measured on this system [(CRI of 81, CCT of
5409 K, CIE coordinate of (0.33, 0.28)] were found to be very
interesting for display applications. A bright white emission
with cool colour temperature was obtained. Studies of the
robustness of these luminescent films are underway with the
aim to determine their mechanical and thermal stabilities.
Furthermore, the stability of their optical properties will be in-
vestigated upon thermal and photonic stresses to demonstrate

their ability for future applications.

Experimental

Materials

The hydrated zinc acetate Zn(CH3COO),-2H,0 (ZnAc;, 98%
purity) was purchased from Alfa Aesar, absolute ethanol
(EtOH, 100% purity), sodium hydroxide (NaOH), 4-(dicyano-
methylene)-2-methyl-6-(4-dimethylaminostyryl)-4 H-pyran
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(DCM, 98% purity) and trisodium 8-hydroxypyrene-1,3,6-
trisulfonate (HPTS, 97% purity) were purchased from Sigma-
Aldrich. The two-components Bluesil™ RTV 141 A&B as
silicon film precursors was purchased from Bluestar Silicones
(Elkem France).

Synthesis procedures

Preparation of the zinc single-layered hydroxide
(Zn-SLH)

The general procedure involves the dissolution of 50 mmol
ZnAc, in 0.5 L absolute EtOH at 85 °C. After 1 h of agitation,
the solution was cooled down to room temperature (RT) [14].
Then 12.22 mol of ultrapure milli-Q water was added to the
solution under vigorous agitation. Hydrolysis occurs immedi-
ately and a white precipitate is formed progressively. After 1 h
of ageing under magnetic stirring, the white product was
centrifuged and washed several times with EtOH and stored
after removing the supernatant solvent without drying.

A certain amount of the wet product was dried at 40 °C and
weighed in order to determine the proportion of the dry extract
(DE) to consider for the preparation of the luminescent hybrid
material. The dry extract of the prepared Zn-SLH was evalu-
ated at 16 wt %.

Preparation of wet luminescent hybrid materials
(WLHM)

DCM and HPTS-containing Zn-SLH were prepared separately
by impregnation before mixing the appropriate amount of each
compound in the silicon film precursor in order to obtain the
luminescent hybrid films.

In the impregnation procedure, each dye powder was previ-
ously dissolved in EtOH prior to mixing with the wet Zn-SLH.
The composition of each mixture is given in Table 3. 1 wt % of
dye in the DE-corresponding Zn-SLH was prepared in 15 mL of
EtOH. After 24 h of impregnation under magnetic stirring at
RT, the coloured wet mixture was recovered from the clear

supernatant by centrifugation.

Table 3: Composition of each WLHM preparation.

DCM HPTS
concentration in EtOH (mg/mL) 1 1
wt % in WLHM 1 1
amount of wet HSL-Zn (g) 1 0.5
amount of DE HSL-Zn (16 wt % DE, g)  0.16 0.08
amount of dye (mg) 1.6 0.8
volume of dye (uL) 1600 800
total suspension volume adjustment 15 15
(mL of EtOH)
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Preparation of the white-emitting hybrid phosphor
film (WEHP)

Each luminescent film was prepared by mixing the appropriate
amount of each WLHM with the silicon polymer precursors,
Bluesil™ RTV 141 part A (90 wt %) and part B (10 wt %),
with the consideration of their DE counterparts. Each mixture
(WLHM and liquid silicon precursors) was prepared in a 3.5 cm
diameter petri dish so as to obtain a film of 1.5 g weight and
3 mm thickness after drying in an oven overnight at 65 °C. The
composition of WEHP preparation is given in Table 4.

Table 4: Composition of the white-emitting hybrid phosphor film
(WEHP) preparation.

WLHM in the film
DCM/HSL-Zn HPTS/HSL-Zn

wt % of DE for 1.5 g film 10% 2%
mass of DE for 1.5 g film 150 30
(mg)
mass of WLHM to consider 1 0.2
(9)
dye in the film

DCM HPTS
wt % of Dye in the film 0.1 0.02
amount of dye in the film 0.15 0.03
(mg)

Characterization methods

The scanning electron microscopy (SEM) images of Zn-SLH
powder were taken using a ZEISS Supra 55 FEG-VP instru-
ment at 2MAtech (Clermont-Ferrand, France). The observa-
tions were carried out under high vacuum at 3 kV and using an
Everhart-Thornley secondary-electron detector. Prior to obser-
vation, the sample was attached to adhesive carbon and then
coated with Au.

The X-ray diffraction (XRD) pattern of Zn-SLH was recorded
with a Philips Xpert Pro diffractometer operating with Cu Ko
radiation (A = 1.5406 A) in the 2° < 20 < 70° range with a scan-
ning speed (20) of 0.03°/min.

Thermogravimetry and differential thermal analysis (TG-DTA)
experiments were carried out on a SETARAME TG-DTA92
thermogravimetric analyser. The dried Zn-SLH sample was
heated in air (25 mL/min) from 25 to 800 °C at a rate of
5 °C/min. The measurements were performed with ca. 15 mg of
the sample in an alumina crucible.

Quantum yields (QY) were measured using a C9920-02G
PL-QY measurement system from Hamamatsu. The setup con-
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sisted of a 150 W monochromatized Xe lamp, an integrating
sphere (Spectralon coating, ¢ = 3.3 inch) and a high-sensitivity
CCD camera. Photoluminescence excitation (PLE) spectra were
obtained by exciting the composite films from 250 to 500 nm
with 5 nm increment and measuring their absolute QY. The
absolute photoluminescence (PL) QYs were calculated by com-
bining the QY values with the absorption coefficient (also

measured by the apparatus) to plot the excitation spectra.

The main photometric parameters of silicone/HSL-Dye films
[photoluminescence (PL), luminous flux, correlated colour tem-
perature (CCT), International Commission on Illumination
(CIE) colour coordinates (x,y) and colour rendering Index
(CRI)] were measured at room temperature in an integrating
sphere with a diode array rapid analyser system (GL Optic inte-
grating sphere GLS 500). In order to carry out the measure-
ments, the film was placed on a 450 nm LED at a distance of
0.3 cm from the chip (OCC-X010S01A Optogan GmbH type,
1000 Im at 1 A, T: 3000-5300 K, Fwd current: 700-2100 mA)
so that it completely covers the circular aperture (¢ =2.9 cm) of
the cylindrical support of the LED. This set is then placed inside
the integrating sphere at the opposite part of the spectrometer.
Input current and voltage of 440 mA and 3 V respectively were
applied before the measurement.
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Abstract

Background: In extrinsically magnetoelectric materials made of two components, the direct magnetoelectric coupling arises from a
mechanical strain transmission at the interface due to the shape change of the magnetostrictive component under an external mag-
netic field. Here, the size of the interface between the two components plays a crucial role. Therefore, the development of nanoma-
terials exhibiting large surface-to-volume ratios can help to respond to such a requirement. However, the magnetic nanoparticles
(NPs) must be highly magnetostrictive and magnetically blocked at room temperature despite their nanometer-size. We describe
here the use of the polyol process to synthesize cobalt ferrite (Co,Fes—,04) nanoparticles with controlled size and composition and
the study of the relationship between size and composition and the magnetic behavior.

Methods: We used an improved synthesis of magnetostrictive Co,Fe3;—,O4 NPs based on the forced hydrolysis of metallic salts in a
polyol solvent, varying the fraction x. Stoichiometric NPs (x = 1) are expected to be highly magnetostrictive while the sub-stoichio-
metric NPs (particularly for x = 0.7) are expected to be less magnetostrictive but to present a higher magnetocrystalline anisotropy
constant, as previously observed in bulk cobalt ferrites. To control the size of the NPs, in order to overcome the superparamagnetic
limit, as well as their chemical composition, in order to get the desired magnetomechanic properties, we carried out the reactions for
two nominal precursor contents (x = 1 and 0.67), using two different solvents, i.e., triethylene glycol (TriEG) and tetraethylene
glycol (TetEG), and three different durations of refluxing (3, 6 and 15 h). The structure, microstructure and composition of the re-
sulting NPs were then investigated by using X-ray diffraction (XRD), transmission electron microscopy (TEM) and X-ray fluores-
cence spectroscopy (XRF), respectively. The magnetic properties were also evaluated using standard magnetometry. To measure
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the magnetostrictive response of the particles, the particles were sintered to dense pellets on which strain gauges were bonded,

measuring the size variation radially, as a function of a dc magnetic field.

Findings: We found two samples, the first one being stoichiometric and magnetostrictive, and the second one being sub-stoichio-

metric and presenting a higher magnetization, that are appropriate to be used as ferromagnetic building blocks in nanostructured

magnetoelectric materials, particularly materials based on polymers. We show that the polyol solvent and the reaction time are two

key parameters to control the size and the magnetic properties of the resulting nanoparticles. We believe that these results provide

relevant insights to the design of efficient magnetic and magnetostrictive nanoparticles that can be further functionalized by cou-

pling agents, to be contacted with piezoelectric polymers.

Introduction

Recently, extrinsically (or artificially) magnetoelectric (ME)
multiferroic (MF) materials have been seriously investigated for
many applications in nanoelectronics [1] and energy harvesting
[2,3]. They consist of two components, one being ferromag-
netic, and the other being ferroelectric. A wide range of inor-
ganic nanostructures, defined by their connectivity, have been
prepared using different synthetic approaches. Andrew et al.
published a critical viewpoint paper about the current limits of
such nanostructures [4]. In these materials, the ME coupling
arises from a mechanical transmission of strain originating from
the shape change of the magnetostrictive component under an
external magnetic field, or of the piezoelectric component under
an external electrical field. Thus, the geometry of the connec-
tivity has a huge impact on the ME efficiency and high ME
coefficients are expected for extrinsic multiferroics with opti-
mized interfaces. Despites these very enthusiastic theoretical
predictions, most of the experimentally measured ME coeffi-
cients appear to be significantly smaller. This discrepancy is
mainly due to the difficulties in producing hybrid materials with
large and perfect interfaces [5]. The use of nanomaterials exhib-
iting large surface-to-volume ratios instead of bulk materials
can help to overcome this limitation. To the best of our know-
ledge, the best improvements made in this sense were those
achieved by Zheng et al., who succeeded in designing self-
assembled ferromagnetic CoFe,O4 nanopillars embedded in a
ferroelectric BaTiO3 matrix [6], and by Acevedo et al. and Liu
et al., who prepared CoFe,0O4 and BaTiO3 nanoparticles (NPs)
separately and co-sintered them very quickly to avoid grain
growth and coarsening [7,8]. Andrew et al. also managed to op-
timize and maximize the hybrid interface in polymer-based
multiferroics, using 10 nm magnetic nanoparticles, prepared by
coprecipitation and further embedded in ferroelectric polymer
fibers, made by electrospinning [9]. Focusing on this latter class
of materials, the polymer exhibiting the most interesting ferro-
and piezoelectric properties is a semi-crystalline fluoropolymer:
poly(vinylidene fluoride) or PVDF. Mixing PVDF with magnet-
ic nanoparticles leads to a higher polymer crystallinity, with
NPs acting as nucleating points. Also, as established by Costa et
al., the presence of these NPs promotes the crystallization of

PVDF in its B-phase, the most electroactive one, instead of its

other allotropic forms [10].

Finally, another improvement consists in making the size of the
ferromagnetic component as small as possible, while main-
taining an efficient strain transmission (an amplitude of
ca. 30 ppm is enough for many applications [11]). Currently,
the size of such nanoparticles ranges above 30 nm in diameter.
Bulk single crystalline cobalt ferrite, for instance, exhibits a
magnetostriction amplitude of 590 ppm [12] while its nanoparti-
cle counterparts exhibit an amplitude between 90 and 215 ppm,
depending, e.g., on their synthesis conditions and their composi-
tion [13,14]. A few years ago, Nlebedim et al. demonstrated the
influence of the composition (x) on the magnetocrystalline
anisotropy of polycrystalline Co,Fe3—,O4. The anisotropy was
found to be the highest for x = 0.7 and 0.8 and the lowest for
x = 0.2. However, the most interesting magnetostriction effects
were found at the composition of x = 1. Therefore, the stoichi-
ometry appears to be a key-parameter to tailor the magnetostric-

tive properties of cobalt ferrite materials [15].

Among the several chemical techniques that can be used for
synthesizing magnetic metal-oxide NPs (such as thermal de-
composition [16], hydrothermal method [17], co-precipitation
of precursors [18], combustion reaction [19]), the polyol
process has emerged as promising and versatile chemical route
for the preparation of highly crystalline, monodisperse particles
that are isotropic in shape [20,21]. Polyols act not only of sol-
vents, but also as complexing ligands, avoiding the presence of
any surfactant. Hydrolysis ratio, nature of polyol, synthesis tem-
perature and precursor concentration are determining the final
products in composition, shape, and size. Cobalt ferrite nano-
particles (NPs) have already been produced by the polyol
process in one or in several steps. However, little research has
focused on the relationship between the NP size and the mag-
netic properties and there is no literature at all regarding non-
stoichiometric NPs. Artus et al. produced stoichiometric NPs of
various sizes (from 2.4 to 6.2 nm) depending on the hydrolysis

ratio, starting from iron chloride and cobalt acetate in 1,2-
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propane-diol [22]. The blocking temperature (7g) of the sam-
ples was found to be between 141 K (smallest NPs) and 315 K
(biggest NPs). Moreover, the biggest NPs exhibited a satura-
tion magnetization very close to that of the bulk (85 emu-g™! vs
90-95 emu-g™!) indicating a very high crystallinity despite the
small size of the NPs. Baldi et al. prepared stoichiometric NPs
of different sizes, between 5 and 7 nm, in diethylene glycol,
starting from iron and cobalt acetates, and using a seed-medi-
ated growth approach [23]. They obtained monodisperse and
stable particles, superparamagnetic at room temperature (RT),
with, once again, high saturation magnetization values for the
largest ones. Hyeon et al. succeeded to produce cobalt ferrite
NPs of 12 nm in diameter and evidenced a blocked ferromag-
netic behavior for these particles at RT (7 = 320 K) [24]. They
also used an etherdiol solvent as polyol during moderate
heating.

Based on these former studies, sizes larger than 10—-12 nm are
necessary if one wants to obtain blocked cobalt ferrite particles
at room temperature (7g > RT) [25]. At the same time, the size
must be as small as possible to extend the hybrid interface in the
further nanostructured hybrid ME materials and to optimize the
strain transmission as well as the ME coupling.

Here, we aim to control the size of the NPs through the choice
of the solvent, triethylene glycol (TriEG) and tetracthylene
glycol (TetEG) with different boiling temperatures (73, = 285
and 325 °C, respectively, for TriEG and TetEG) and through the
refluxing time (from 3 to 15 h), assuming that a higher reaction
temperature and longer reaction times will yield larger particles.
In addition, we will examine different chemical compositions of
the particles, i.e., the stoichiometric composition (x = 1) and the
non-stoichiometric composition (x = 0.67), expecting a higher
magnetostrictive coefficient for the former and a higher magne-
tocrystalline energy constant for the latter.

Beilstein J. Nanotechnol. 2019, 10, 1166-1176.

Results and Discussion
Structural characterization of the CoyFe3_,O4

nanoparticles

Nine samples have been prepared. They consist of Co,Fe;—,O4
nanoparticles distributed in two series: six of them are stoichio-
metric (x = 1) and the three others are sub-stoichiometric in
cobalt (x = 0.67). For the first series (x = 1), triethylene glycol
(TriEG) and tetraethylene glycol (TetEG) polyol have been
used as solvents and the reaction was carried out over three dif-
ferent periods of time (3, 6 and 15 h). For the second series
(x=0.67), two attempts have been made in TriEG for 3 and 6 h,
and only one in TetEG for 3 h. The main features of all pre-
pared compositions are collected in Table 1.

We have recorded the X-ray diffraction (XRD) patterns of all
cobalt ferrite samples (Figure 1). They are all matching very
well with the cubic spinel structure (ICDD no. 98-003-9131).
The crystal size of each sample has been estimated through
computational Rietveld refinements using MAUD software [26]
(Table 1). Then, the compositions have been checked by X-ray
fluorescence (XRF) experiments (Figure 2).

The crystal sizes estimated from the XRD patterns are in good
agreement with the mean diameters deduced from transmission
electron microscopy (TEM) images (Table 1), meaning that the
nanoparticles are monocrystalline. The micrographs given in
Figure 3 and Figure 4 present the two series of nanoparticles
(x=1 and x = 0.67) as a function of the polyol and as a func-
tion of the reaction time. All of them appear to be quite uniform
in size since the standard deviations do not exceed 20% of the
average diameters. The particle size histograms presented in
Figure 3 and Figure 4 have been made applying Sturges’ rule
[27]. They were then fitted using a log-normal function (Equa-
tion 1) and the median diameter D as well as the dispersion ¢
were determined (see Table 1).

Table 1: Main structural features of the CoyFe3-,O4 nanoparticles, prepared by the polyol process.

sample (x) polyol reaction time d (nm) d (nm) cell parameter
from XRD from TEM (A) from XRD
Co-1-TriEG-3 1 TriEG 3 56+0.2 8.404 £ 0.002
Co-1-TriEG-6 1 TriEG 6 + 6.7+0.2 8.401 £ 0.002
Co-1-TriEG-15 1 TriEG 15 9+1 84102 8.402 £ 0.002
Co-1-TetEG-3 1 TetEG 3 8+1 78%03 8.405 + 0.002
Co-1-TetEG-6 1 TetEG 6 1 9.6+0.2 8.404 + 0.002
Co-1-TetEG-152 1 TetEG 15 13+1 12.0+0.3 8.399 £ 0.002
Co-0.67-TriEG-3 0.67 TriEG 3 12+1 10.2+0.2 8.397 £ 0.002
Co-0.67-TriEG-6 0.67 TriEG 6 13+1 121+0.2 8.397 £ 0.002
Co-0.67-TetEG-3 0.67 TetEG 3 13+1 12.0+0.3 8.398 + 0.002

2Co-1-TetEG-15 shows traces of metallic Co.
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Figure 1: XRD patterns of all the produced Co,Fe3-,O4 powders.

— T 131 LI R B
2
_09F Fe %*1 —o— C0-0.67-TriEG-6 T
g Ka ) —O0— Co-1-TetEG-6
c 5 & Co -
3 067 it
5] R 27 Kau
3
N ¢ 4
= 3 4
£ 03} ¢l
5 ;o
5 b

7.5
Energy (keV)

65 7.0 8.0

Figure 2: X-ray fluorescence experiments performed on two represen-
tative samples, Co-1-TetEG-6 and Co-0.67-TriEG-6.
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\2noD )

Then, the mean diameter <D> and standard deviation oy were
calculated (Equation 2 and Equation 3).

(D) =D, xexp (%) 2)

1/2
3)

op = (D)x [exp((s2 —'I)J

Influence of the time of synthesis

The reactions were carried out for different periods of time: 3, 6
and 15 h. Table 1 shows unambiguously that the NP diameter is
increasing when the duration of the reaction increases, when the
other conditions are the same.

Influence of the solvent

We used two polyols: TriEG and TetEG (Figure 4). The former
presents a shorter backbone and a higher dielectric constant
(&x(TriEG) = 23.7 VS €x(TetEG) = 20.4) while the latter exhibits a
larger molecular weight and is assumed to be a little more polar
(Ureteg = 5.84 D vs purripg = 5.58 D) [28]. Regardless of reac-
tion time and composition, we observe that the NP diameter is
higher when tetraethylene glycol is used instead of triethylene
glycol. Dipolar moment and dielectric constant of the two mole-
cules are very similar and we can assume that they both exhibit
the same strength to dissolve the ionic precursors. TetEG has a
longer backbone than TriEG and can chelate bigger colloidal
species, which may promote the growth better than TriEG.
Another parameter may contribute to explain this size differ-
ence between the TriEG- and the TetEG-derived particles, i.e.,
the reaction temperature and the boiling points of the polyols.
Indeed, the refluxing temperature was observed to be lower for
TriEG but not so much regarding the boiling points of the two
polyols. Considering the very probable hypothesis that particle
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Figure 3: TEM images of CoFe;04 NPs as a function of the polyol nature and the reaction time, and the corresponding diameter distributions and log-
normal fits. Scale bar = 100 nm.

nucleation proceeds when the boiling temperature of the reac- reaction temperature was considerably lower than the boiling
tion medium is reached (leading to the lowest viscosity), one  point.

can expect the formation of much more nuclei when the reac-

tion temperature is close to the boiling point of the solvent [29]. Influence of the starting stoichiometry

This was the case when TriEG was used. Thus, the crystal Two chemical compositions of Co,Fe3—,O4 NPs have been pre-
growth by solute diffusion occurred on a larger number of pared: x =1 and x = 0.67. We observe that, for the same polyol
nuclei, leading to a smaller final particle size: In contrast, a used and the same time of reaction, the sub-stoichiometric
smaller number of nuclei was produced in TetEG, since the nanoparticles are always bigger by at least 5 nm than the stoi-
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Figure 4: TEM images of Cog g7Fe2.3304 NPs as a function of the polyol nature and the reaction time, and the corresponding diameter distributions
and log-normal fits. Scale bar = 100 nm. The formulas of the polyols are given in the insert.

chiometric ones. The dependence of the NP size on x is still
poorly understood, and it would be interesting to investigate it.
But at this stage of our study we only noticed it, with the aim of
elucidating it in further experiments.

almost spherical single crystals uniform in size. Moreover, from
TEM images, we can evaluate the morphology developed by the
NPs. In the stoichiometric samples, the nanoparticles obtained
after 15 h of reaction are clearly more aggregated than those ob-
tained after 6 h, most likely due to stronger van der Waals and/
or magnetostatic interactions between bigger nanoparticles
(promoted by the drying of the NPs during the sample prepara-
tion for TEM) resulting in the clustering of particles. This ob-

Aggregation
From the XRD and TEM measurements, we have deduced the
average diameter of the produced particles, assuming them to be
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servation has been made after syntheses with TetEG and TriEG,
and after drop casting the same quantity of NPs under the same
conditions. In the sub-stoichiometric series, Co-0.67-TriEG-3
NPs exhibit the highest degree of aggregation.

Magnetic properties

Standard magnetometry has been carried out on all Co,Fe3—,O4
NPs with a special emphasis on the biggest NPs, for which a
blocked ferromagnetic behavior is expected at RT (7 > RT).

The zero-field-cooled (ZFC) and field-cooled (FC) magnetiza-
tion as a function of the temperature is shown in Figure 5. In
general, the recorded magnetic behavior is that of ferrite parti-
cles in their single magnetic domain state. As it is summarized
in Table 2, quite all the samples showed very high Ty values
(>300 K). The only superparamagnetic nanoparticles at room
temperature are the stoichiometric particles synthesized in
TriEG for 6 h (Co-1-TriEG-6). In this case, Tg was found to be
equal to 275 K; although the saturation magnetization value is

)

A
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Figure 5: Thermal variation of the normalized DC magnetic magneti-
zation measured in ZFC and FC conditions.
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pretty good for this composition at the nanoscale level
(d = 8 nm), the superparamagnetic behavior observed at room
temperature is not suitable for the targeted applications. Inter-
estingly, such high Ty values confirm the high crystalline
quality of the produced NPs. We pursued our investigations by
plotting the variation of the magnetization of these particles as a
function of the magnetic field at RT, typically 7 = 300 K
(Figure 6). Low-temperature (7 = 10 K) hysteresis behavior is
not reported, as it is comparable to that at the RT; however, the
coercive fields that have been measured at this temperature are
summarized in Table 2, as well as those obtained at RT.

Higher values of coercivity have been observed for NPs synthe-
sized in TetEG. Again, extending the reaction time in TriEG up
to 6 h does not yield the high coercivity observed in TetEG at
300 and 10 K. Thus, for equal nanoparticle sizes, equal time of
reaction and equal composition, the TetEG solvent seems to op-
timize the magnetic behavior of the nanopowders in regard to
the targeted applications. Additionally, they present saturation
magnetization values among the highest that can be found in the

literature for this particle size [30,31].

Based on all these structural and magnetic results, we chose to
focus on the following two samples: Co-1-TetEG-6 and
Co-0.67-TriEG-6. As magnetostriction measurement requires
bulk samples, the samples were sintered by using spark plasma
sintering. We are aware that the measured magnetostrictive
coefficients on the prepared pellets do not correspond exactly to
those of the bare particles, but they are quite indicative of the
magnetostrictive behavior of the starting powders. Magne-
tostriction measurements were performed by applying an
in-plane external magnetic field (see the Experimental section).

The results are presented in Figure 7.

For the Co0-0.67-TriEG-6 consolidated derivative, a maximal
radial magnetostrictive deformation (L — Ly)/Ly of =76 ppm has
been observed for the demagnetized state, when the magnetic
field is applied for the first time (L¢ is the initial length of the
material with A = 0). After the in-plane saturation of the magne-

Table 2: Blocking temperature (Tg), saturation magnetization (Ms) and coercive field (Hg) of the CosFe3_4O4 nanoparticles.

sample Ts (K)

Co-1-TriEG-6 ca. 275 62
Co-1-TetEG-6 ca. 330 51
Co-1-TetEG-152 >350 67
Co-0.67-TriEG-3 >350 71
Co-0.67-TriEG-6 >350 77
Co-0.67-TetEG-3 >350 104

2Co-1-TetEG-15 shows traces of metallic Co.

Ms (emu-g~") at 300 K

Hc (Oe) at 300 K Hc (Oe) at 10 K

28 690
94 10041
220 13300
60 8000
220 780
300 13700
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Figure 6: Magnetisation curves of NPs measured at 300 K. Inset: zoom-in of the coercive behavior.
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Figure 7: Radial magnetostriction as a function of the applied magnetic field for a) Co-1-TetEG-6 and b) Co-0.67-TriEG-6 consolidated derivatives,
with measurements carried out from either the demagnetized (blue circles) or the in-plane saturated (red circles) state.

tization, a second measurement has been carried out showing a
AL/Lg coefficient strongly reduced to —23 ppm due to the rema-
nence effect of the magnetization. To recover the magnetostric-
tion measured during the first cycle, it is necessary to prelimi-
nary demagnetize the sample or to saturate the magnetization
along a transversal direction.

For the Co-1-TetEG-6 consolidated derivative, the highest
magnetostrictive coefficient of —106 ppm has been obtained

from the demagnetized state while the second cycle of measure-
ments indicated a deformation of —47 ppm. We therefore ob-
served that the magnetic history has similar effects on the
magnetostrictive response of both samples. Moreover, reducing
the Co amount in the initial powders by ca. 30% leads to
a loss of ca. 30% of the magnetostrictive response. Such a
result is quite reasonable since the magnetostriction of cobalt
ferrites is induced by Co%" ions in octahedral sites and the

spin—orbit—lattice interaction with the distorted cubic crystal
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field. The other striking conclusion is that the larger deforma-
tion of stoichiometric cobalt ferrites nanoparticles under mag-
netic field makes them more promising to enhance the ME

properties of nanomaterials.

Conclusion

We have described here the synthesis procedures of magne-
tostrictive Co,Fe3—,O4 (x =1 and x = 0.67) NPs, using the
polyol process. The produced NPs have been well character-
ized using X-ray techniques (diffraction and fluorescence) and
transmission electron microscopy. Most of the NPs are above
10 nm in size, magnetically stable and blocked at room temper-
ature (Tg > RT). Moreover, they exhibit saturation magnetiza-
tion values among the highest presented in literature for their
typical size. For the syntheses, we used two different polyol sol-
vents, TriEG and TetEG and carried out the reactions for three
different periods of time (3, 6 and 15 h). We could identify two
samples, the first one being stoichiometric and the second being
sub-stoichiometric, appropriate for the use as ferromagnetic
building blocks in nanostructured magnetoelectric materials,
particularly polymer-based hybrid materials. We hope this work
is providing some insight into the ability to design efficient
magnetic and magnetostrictive particles that can be further
functionalized by coupling agents such as phosphonic acids to
be introduced in polymers [32,33].

Experimental

Synthesis of the nanoparticles

The synthesis of the Co,Fe;—,04 nanoparticles (NPs) was
carried out using the polyol process [22], starting from iron and
cobalt acetates, Fe(CH3C0OO0), and Co(CH3C00),-4H,0
(Acros and Aldrich, respectively) in two nominal ratios (x = 1
or x = 0.67) [34]. We used two different polyols, TriEG and
TetEG. The reaction mixture was heated up to reflux (270 or
290 °C, depending on the solvent) and maintained under reflux
for 3, 6 or 15 h to obtain single-phase NPs of various sizes.
After being cooled to RT, the black nanoparticle powders were
recovered by several centrifugation cycles and washing with
acetone. At the end, they were dried overnight in air at 50 °C.
Table 1 is collecting all the main features of these samples.

Characterization of the nanoparticles

Structure

The XRD patterns of the recovered powders have been re-
corded on an X’Pert Pro PANanalytical diffractometer (Co Ka
radiation), in the range of 10-100° (26) with a scan step of
0.02°. The morphology of the NPs has been determined by
TEM observations, using a JEOL-100 CX II microscope oper-
ating at 100 kV. The mean diameter and standard deviation
were inferred from image analysis of ca. 350-400 particles

using ImagelJ software and correlated to the microstructural
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information (mainly crystal size and micro-strain-induced
lattice deformation) inferred from Rietveld analysis of the XRD
data using MAUD software [26]. The chemical analysis of the
particles was checked by XRF, using a Panalytical MINIPAL4
X-ray fluorescence spectrometer, equipped with a rhodium
X-ray tube operating at 30 kV and 87 pA current emission.
Quantification was determined from pre-plotted calibration

curves using standard Co and Fe solutions.

Magnetic properties

Direct-current magnetic measurements were performed using a
Quantum Design MPMS 3 superconducting quantum interfer-
ence device working as a vibrational standard magnetometer.
The thermal variation of the magnetic susceptibility x(7) were
recorded in both ZFC and FC modes, in the temperature range
of 10400 K under a magnetic field of 400 Oe. The magnetiza-
tion as a function of the magnetic field M(H) was also recorded
at low temperature (10 K) and room temperature (300 K)
cycling the magnetic field between —70 kOe and +70 kOe. A
sampling tube made from a specific pod from Quantum Design
has been used to mechanically block the analyzed powders (few

milligrams) during the measurements.

Magnetostriction

Selected particles have been first consolidated into dense pellets
by using spark plasma sintering, applying a uniaxial pressure of
100 MPa and heating the pressed powder up to 500 °C in a
graphite die (more details are given in [35]). Then, a resistive
strain gauge (EA-06-062TT-120, Micro-Measurements) was
glued (with epoxy resin) on the top face of each polished pellet,
to perform extensometry measurements in presence of a longi-
tudinally applied magnetic field H (Figure 8b). The in-plane
direction of A has been chosen to avoid demagnetizing field
effects occurring in the out-of-plane direction, which is known
to affect the ME response. Then, the relative strain (L — Lg)/Lg
of each pellet was deduced from the measurement of the resis-
tance relative variation (R — Rg)/R( of the gauge following:
(L — Lg)/L = (1/K). (R — Ro)/R¢, where K is the gauge factor
(K =2), Rp = 120 Q is the initial unstrained resistance of the
gauge, and L is the unstrained length of the active part of the
gauge. The sample has been placed into an electromagnet, and a
magnetic field varying from 0 up to 1 T has been applied. This
is sufficient to reach the Co,Fe3—,O4 saturation magnetization
(generally, poHgae < 0.5 T at RT). In our measurements,
(L — Lg)/L coincides with the magnetostriction coefficient A1
because the strain measurement is done along the direction of
the applied field H. For magnetoelectric applications, one
should note that the transverse magnetostrictive coefficient
(A21) is also of interest. In case of isotropic samples, the trans-
versal coefficient is expected to be half the longitudinal one and

opposite in sign [36].
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b)

Hin plane

Strain gauge

Figure 8: a) Representative scanning electron microscopy (SEM) image of the cobalt ferrite consolidated derivative and b) a schematic illustration of

the custom-made magnetostriction measurement setup.

Using this procedure, we have evaluated the magnetostrictive
properties of the two most interesting samples, i.e.,
Cog.g7Fe5.3304, known to exhibit the highest magnetocrys-
talline anisotropy (Co-0.67-TriEG-6), and CoFe,04, known to
present the highest magnetostriction (Co-1-TetEG-6).
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