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Abstract

In this contribution we analyze the influence of adsorption cycling, crystal size, and temperature on the switching behavior of the
flexible Zr-based metal-organic framework DUT-98. We observe a shift in the gate-opening pressure upon cycling of adsorption
experiments for micrometer-sized crystals and assign this to a fragmentation of the crystals. In a series of samples, the average
crystal size of DUT-98 crystals was varied from 120 pm to 50 nm and the obtained solids were characterized by X-ray diffraction,
infrared spectroscopy, as well as scanning and transmission electron microscopy. We analyzed the adsorption behavior by nitrogen
and water adsorption at 77 K and 298 K, respectively, and show that adsorption-induced flexibility is only observed for microme-
ter-sized crystals. Nanometer-sized crystals were found to exhibit reversible type I adsorption behavior upon adsorption of nitrogen
and exhibit a crystal-size-dependent steep water uptake of up to 20 mmol g~! at 0.5 p/p( with potential for water harvesting and
heat pump applications. We furthermore investigate the temperature-induced structural transition by in situ powder X-ray diffrac-
tion. At temperatures beyond 110 °C, the open-pore state of the nanometer-sized DUT-98 crystals is found to irreversibly trans-
form to a closed-pore state. The connection of crystal fragmentation upon adsorption cycling and the crystal size dependence of the
adsorption-induced flexibility is an important finding for evaluation of these materials in future adsorption-based applications. This
work thus extends the limited amount of studies on crystal size effects in flexible MOFs and hopefully motivates further investiga-

tions in this field.
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Introduction

In the past 20 years, research in the area of metal-organic
frameworks (MOFs) has delivered various record-holding mate-
rials in terms of surface area [1] and gas storage [2] and has also
given rise to unprecedented adsorption phenomena [3] often as-
sociated with structural transitions. An increasing number of the
so-called flexible MOFs are being reported and their use in the
areas of storage [4], separation [5] and sensing [6] of gases is
being evaluated; their structural flexibility and adsorption be-
havior can be manipulated by applying chemical functionaliza-
tion to the ligand [7] and metal cluster [8]. However, recent ex-
amples progressively illustrate the manipulation of the adsorp-
tion properties of switching adsorbents by variation of size
[9-13] and morphology [14] of the crystals, without changing
the composition of the MOF. The reports on the MOF MIL-53
indicate an impact of crystal morphology and size on the struc-
tural contraction upon solvent removal [15,16]. In a recent
report, we demonstrated the suppression of adsorption-induced
contraction in the MOF DUT-49 (where the name DUT is
derived from Dresden University of Technology) upon down-
sizing of the crystals below 1 pm [9] and loss of flexibility upon
downsizing of DUT-8(Ni) crystals [17,18]. In a similar fashion,
the suppression of gate opening in ZIF-8 upon crystal down-
sizing was previously reported [10-13] and Kitagawa and
co-workers reported on a shape—-memory effect of the gate-
opening transition upon crystal downsizing in a pillared-layer
MOF [19]. Although these reports demonstrate the influence of
crystal size on the structural behavior of flexible MOFs, the ma-
terials for which this phenomenon was reported differ in terms
of topology, the nature of the structural transitions and the re-
sulting adsorption behavior. In fact, it appears to be possible
that some reported nonflexible MOFs can exhibit flexibility if
their crystals are synthesized at a specific size or with a specif-
ic morphology. It is thus of crucial importance to extend inves-
tigations on the crystal size effects in flexible and nonflexible
MOFs to further define these phenomena and potentially postu-
late a global mechanism.
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Results and Discussion

In this contribution we report on the impact of crystal size on
adsorption- and temperature-induced structural transitions of
DUT-98, a flexible Zr-based MOF. The structure of DUT-98 is
comprised of 1D supramolecular building blocks (SBBs), which
consist of Zrg clusters interconnected by 3,6-carbazole dicar-
boxylate ligands [20]. An additional benzoate functionality of
the ligand connects the SBB into a 3D framework with a struc-
ture (Figure 1) similar to MIL-53 [21,22].

Upon removal of the solvent molecules from the pore channels
by supercritical activation, the wine-rack-type channels of
DUT-98 are contracted almost completely, reducing the gas-
accessible pore volume by 98%. By adsorption of various guest
molecules, including N, (at 77 K), CO, (at 195 K), n-butane (at
273 K), and various alcohols (at 298 K), the pores of the DUT-
98cp (cp = closed pore) MOF reopen at a defined gate-opening
pressure (pgo), giving rise to an isotherm with distinct steps that
are typical for gate-opening MOFs. Upon cyclic adsorption/de-
sorption, the structural transition and the structure of the corre-
sponding op and cp phase remains (Supporting Information
File 1, Figure S3); however, a shift of pg, towards a lower pres-
sure is observed, indicating that the material properties change
upon adsorption and desorption of various gases and vapors
(Figure 2).

Only few reports on the cycling behavior of flexible MOFs can
be found in the literature. Shi et al. reported on a shift of the
gate pressure towards higher pressures upon cycling of the
nitrogen adsorption/desorption at 77 K in Zn,(tdc),(pvq)
(Hotdc = 2,5-thiophenedicarboxylic acid, pvq = 5-(2-(pyridin-4-
yl)vinyl)quinoline) [24]. Similar results are reported by Su et al.
on a redox-active flexible MOF [25]. Nitrogen isotherms at
77 K of both materials show a pronounced pressure reduction
upon structural opening referred to by the authors as “negative
gas pressure”. Such artificial pressure reduction upon structural

DUT-98

closed pore (cp)

open pore (op)

Figure 1: a) Zr-oxo cluster (green) and organic ligand CPCDC (9-(4-carboxyphenyl)-9H-carbazole-3,6-dicarboxylate) applied in the construction of
DUT-98; b) crystal structure transformation of DUT-98 open pore (op) to closed pore (cp) configuration.
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Figure 2: Nitrogen adsorption isotherms at 77 K (a,d) and SEM images (scale bars 1 um) (b,c) of DUT-98(1) before (a,b) and after (c,d) adsorption
experiments with nitrogen, COo, n-butane, and vapors of alcohols and hydrocarbons (for details on the adsorption experiments see [23]). Closed

symbols: adsorption, open symbols: desorption.

expansion is also observed in DUT-98 and a few other exam-
ples in the literature [23,25-27] and is a clear indication of a
metastable adsorption state, as previously described by Kita-
gawa and co-workers [28].

In a previous work, we addressed changes in the adsorption be-
havior in flexible MOFs upon cycled n-butane adsorption ex-
periments on a series of flexible MOFs with predominantly one-
dimensional channels [29]. In that investigation, the Pgo in
DUT-8(Ni) and SNU-9 isotherms was found to be shifted to
higher pressures upon cycling. In contrast, the cycling of MIL-
53 and ELM-11 was found to only slightly impact the adsorp-
tion behavior. The analysis of the SNU-9 and DUT-8(Ni) crys-
tals before and after cycling showed deformation and fragmen-
tation of the relatively large crystals compared to the microcrys-
tals of MIL-53 and ELM-11, which were not affected by the
cycling. This indicates that larger crystals are more prone to
undergo deformation and fragmentation upon repeated contrac-
tion/expansion due to the higher number of unit cells merged in
a single crystal that have to collectively switch upon structural
transition. However, in all reported cases, pg, was shifted to
higher pressures upon cycling in contrast to DUT-98, for which
the gate pressure is found to be shifted to lower pressures. The
SEM images of the DUT-98 crystals before and after cycling
(Supporting Information File 1, Figures S1,S2, Figure 2) show
that the rod-shaped crystals of DUT-98¢cp are fragmented into
smaller needle-like pieces. Structurally, this indicates a frag-
mentation along the pore channels, which run along the rods
and crystallographic b-axis in DUT-98¢p. Thus, bond cleavage
upon fragmentation is expected to occur at the edges of the SBB
in DUT-98, which runs in parallel to the pore channels. This
fragmentation is likely caused by the stress upon structural
reopening during adsorption and contraction during desorption
in which the unit cell volume changes by over 140%. The
change in the adsorption isotherm as well as the crystal mor-

phology and fragmentation indicate that the adsorption behav-

ior depends on the size of the crystal domains. The question is
whether this behavior can also be observed if the crystals were
initially synthesized smaller in size?

Recently it has been shown that the crystal size of Zr-based
MOFs can easily be controlled by adding acidic modulators
[30,31] or water [32,33] to the reaction mixture in the solvo-
thermal synthesis, which increase or decreases the crystal size,
respectively. By changing the solvent, reaction time, concentra-
tion of acetic acid, and water content of the reaction mixture,
four DUT-98 samples containing particles of different size,
namely DUT-98(1)-(4) could be obtained (Figure 3).

All solvated samples were analyzed by powder X-ray diffrac-
tion (PXRD), illustrating the phase purity of the desired DUT-
98op (open pore) phase (Figure 4). A significant peak broad-
ening is observed for samples 3 and 4, which is indicative of the
presence of nanometer-sized crystals. Quantitative analysis of
the mean crystal size by applying the Debye—Scherrer method
was unsuccessful due to peak overlap and coexistence of
multiple phases as described later. The samples were further
activated according to the procedure previously reported for
DUT-98(1) [20]. Solvent-free white powders, and in the case of
DUT-98(4), low-density monolithic structures (similar to aero-
gels recently reported for gel-like Zr MOFs [34,35]), were ob-
tained. The SEM analysis shows a rod-like crystal morphology
with crystal length in the range of 120 um for DUT-98(1),
10 um for DUT-98(2), 500 nm for DUT-98(3), and 50 nm for
DUT-98(4) (Supporting Information File 1, Figures S4-S7).
Thermogravimetric analysis (TGA) of activated DUT-98 sam-
ples shows a decrease in the decomposition temperature from
440-420 °C with decreasing crystal size (Supporting Informa-
tion File 1, Figure S11). However, the general shape of the
TGA curves is very similar, indicating the phase purity of the
powders. PXRD analysis of the supercritically activated sam-

ples shows again peak broadening upon downsizing. However,
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Figure 3: a—d) SEM images and e-h) nitrogen adsorption—desorption isotherms at 77 K for samples DUT-98(1) (a,e), DUT-98(2) (b,f),
DUT-98(3) (c,g), and DUT-98(4) (d,h). Scale bars: a) 200 um, b) 50 pm, c) 1 pm, and d) 500 nm. Closed symbols: adsorption, open symbols: desorp-

tion.
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Figure 4: Powder XRD patterns of DUT-98 with varying crystal size
a) as-synthesized and b) activated by supercritical solvent removal.

for DUT-98(1)—(3) samples, a shift in the reflection positions
and appearance of new peaks, different from that of the op
phase, are observed (Figure 4), which was previously assigned
to the contraction of DUT-980p into DUT-98¢p.

Interestingly, only DUT-98(1) exhibits complete contraction of
the whole bulk, while the other three samples only exhibit peaks
of low intensity of the DUT-98cp phase and primarily
remaining peaks of the op phase. Consequently, in the samples
with smaller crystals, the majority of crystals or crystal domains
remain in the op phase and only part of the sample undergoes
contraction upon solvent removal by supercritical activation. A
quantitative phase analysis of the op—cp mixture by Rietveld
refinement was not possible due to the anisotropy of the crys-
tals and the large peak broadening, leading to an overlap of the
reflections of the two phases. To further analyze the nature of
the phase mixture, we performed high-resolution transmission
electron microscopy (HRTEM) analysis on DUT-98(4).
HRTEM was previously applied for the microscopic analysis of
defects in Zr-MOFs [36]. Unfortunately, the nanocrystals of
DUT-98(3) decomposed during the measurement. By repro-
ducing the synthesis using Hf instead of Zr we obtained DUT-
98(Hf) with a crystal length of 130 nm, which demonstrated the
same structure as shown by PXRD (Supporting Information
File 1, Figure S9). Interestingly, DUT-98(Hf) showed en-
hanced stability towards the electron beam allowing for detailed

microscopic analysis of the nanocrystals and their structure.
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HRTEM analysis shows uniform pore channels along the rod-
shaped nanocrystals with a spacing of the Hf cluster of 1.5 nm,
which is in good agreement with the lattice parameter and the
inter-cluster distance of the DUT-980p crystal structure (Sup-
porting Information File 1, Figure S8). The regular arrange-
ment of the clusters indicates a high symmetry that matches the
tetragonal symmetry in DUT-980p. In contrast, the DUT-98cp
phase would exhibit a different microscopic structure due to the
lower, monoclinic symmetry. In addition, no missing cluster or
linker defects could be detected that are well-known for
Zr-MOFs [36,37], demonstrating that the observed behavior
does not depend on increasing concentration of lattice defects.
Thus, all investigated DUT-98(Hf) crystals exhibited a struc-
ture expected for the open phase, which supports the results ob-
tained from PXRD and nitrogen adsorption at 77 K in which the
op phase is the dominant phase. We thus assume that the pres-
ence of the cp phase is based on a physical mixture of crystals
exhibiting either op or cp phase and that these phases do not
co-exist as domains within a single crystal. This supports the
assumption that structural contraction is a cooperative phenom-
enon that propagates through the whole crystal. To further
analyze the porosity and adsorption-induced flexibility, N,
adsorption—desorption isotherms at 77 K were recorded on
DUT-98(2)—(4) and compared to the initial isotherm of DUT-
98(1) (Figure 3e-h).

Interestingly, only DUT-98(1) exhibits a flexible behavior
evident by the stepped isotherm and wide hysteresis. DUT-
98(2) exhibits type I isotherm, reflecting the microporosity of
the MOF. DUT-98(3) and (4) show type I behavior at lower
relative pressures and type IV behavior at higher relative pres-
sures, reflecting the microporous nature of the MOF and addi-
tional interparticle mesoporosity, respectively. This assumption
is supported by comparing the specific micropore volume and
specific BET surface area (Supporting Information File 1,
Table S2) of DUT-98(2)—(4), which exhibit comparable values
with DUT-98(3), showing the highest values of 0.53 cm3 g™!
and 1303 m? g1, respectively. Interestingly, neither of the ma-
terials reach the pore volume value calculated theoretically
from the crystal structure of DUT-980p, indicating that the cp
fraction observed in the PXRD pattern does not reopen upon
adsorption of nitrogen at 77 K. In this regard, DUT-98(HI) is
found to exhibit similar adsorption properties (Supporting Infor-
mation File 1, Figure S10) compared to DUT-98(3), which
further supports the observations made by PXRD and HRTEM.
In fact, neither of the isotherms of DUT-98(Hf) nor DUT-
98(2)—(4) show any indication of adsorption-induced flexible
behavior, evident by steps or hysteresis in the isotherm. Thus,
nitrogen, known to be a rather weakly interacting adsorbate,
cannot initiate a structural contraction in downsized crystals of
DUT-98.

Beilstein J. Nanotechnol. 2019, 10, 1737-1744.

The contraction mechanism in DUT-98(1) was previously
shown to depend on pore shrinkage along a reorganization of
water molecules within the structure close to the Zr cluster [23].
The diffuse reflectance Fourier transform (DRIFT) spectrosco-
py results show typical vibrations corresponding to the linker
and OH groups of the MOFs in all materials (Supporting Infor-
mation File 1, Figure S12). To analyze whether adsorption of
water can promote contraction in small crystals of DUT-980p,
water adsorption experiments were conducted at 298 K for
DUT-98(2)—(4) (Figure 5a).

In DUT-98(1), no significant adsorption of water can be ob-
served, indicating that structural opening cannot be induced via
water adsorption. On the other hand, in DUT-98(2), an increase
in uptake is observed around a relative pressure of 0.5, indicat-
ing increased adsorption ability. In contrast to other Zr-based
MOFs [38], this is a rather high relative pressure for water
adsorption, indicating a hydrophobic character of the pore inner
surface. In DUT-98(3), a steep increase in water adsorption is
observed again at around a relative pressure of 0.5, however the
uptake is found to be almost three times higher compared to
DUT-98(2). DUT-98(4) exhibits the same steep increase but a
wide hysteresis at higher pressure, indicating the dominant
contribution of interparticle mesoporosity over the microporosi-
ty of the pore channels. Repeated water adsorption experiments
on DUT-98(3) show near identical isotherms, supporting the
absence of structural transitions and cycling stability under
these conditions. The high cycling stability and steep uptake at
arelative pressure around 0.5 might make this material an inter-
esting candidate for water capture applications [39-41].

In the original report on DUT-98, an irreversible contraction of
the pores upon thermal activation at 80 °C in vacuum was de-
scribed. An unknown structural transition, different from the
contraction to DUT-98¢p, takes place, and the formation of a
high-temperature (DUT-98A¢) phase was proposed. Although
the structure of this phase could not be refined from PXRD and
single crystal diffraction data, the obtained PXRD patterns were
found to be very similar to the cp phase. In addition, DRIFT
analysis indicates that the transition is supported by the loss of
lattice water molecules [23]. Because the crystal downsizing
allows for the preservation of the desolvated DUT-980p phase,
we investigated the impact of elevated temperature on the struc-
tural transition in DUT-980p via in situ variable-temperature
PXRD. The experiments were conducted under vacuum on
supercritically activated DUT-98(2) in the temperature range of
30-350 °C. These conditions are often used for the thermal acti-
vation of MOFs and were previously applied in the analysis of
DUT-98(1) [23]. In the range of 30-75 °C, no change in the
PXRD patterns could be observed and the material could be

heated and cooled down within this rage without any indication
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Figure 5: Water physisorption experiments at 298 K on: a) DUT-98(1)—(4) and c) DUT-98(3) after cycling and after thermal treatment. (Filled symbols:
adsorption, open symbols: desorption). In situ temperature-variable PXRD of: b) DUT-98(2) and d) DUt-98(2) cycled at lower temperature.

of structural changes (Figure 5). However, upon further heating,
a clear increase in the peak intensity assigned to reflections of
DUT-98Aht is observed. At around 100 °C, the peaks of the op
phase disappear and a phase-pure ht-phase is obtained. At tem-
peratures beyond 150 °C, the peaks at 8.5 and 11.5° exhibit a
gradual shift towards a higher diffraction angle, indicating a
reduction of the lateral intercluster distance. This would support
the proposed enhanced contraction upon heating that is poten-
tially supported by the loss of lattice water not evident in the
DRIFT spectra after heating (Supporting Information File 1,
Figure S13). Such a ht-phase has also been observed for MIL-
53, which corresponds to the loss of water from the structure.
Attempts to index the obtained patterns failed potentially due to
a change in symmetry and the high crystal anisotropy. Never-
theless, the variable-temperature PXRD analysis clearly shows
that elevated temperatures initiate a temperature-irreversible
structural transition in DUT-98(2), which was also previously
observed for DUT-98(1) [20]. This is well reflected in water
adsorption experiments carried out on DUT-98(3) in which the
uptake is found to decrease upon heating of the powder at 80 °C
in dynamic vacuum (Figure 5¢). Although no adsorption-in-
duced transitions could be observed in downsized DUT-98
crystals, the samples showed a high sensitivity towards elevated
temperature in vacuum — conditions found to initiate an irre-
versible structural contraction. This finding implicates that
guest-free DUT-980p is a metastable phase and DUT-98cp or ht

phase is the thermodynamic stable phase observed upon sol-
vent removal in DUT-98(1) and partially in DUT-98(2)—(4).
Thus, smaller crystal sizes seem to stabilize the presence of a
metastable op phase by impacting the activation barrier,
presumably due to the contribution of the surface energy and
other factors. This observation was previously made for DUT-8
for which the guest-free metastable op phase was also found to
be stabilized upon crystal downsizing. The reports on
shape-memory effects [19,42] in flexible MOFs found to be
intrinsically connected to the formation of metastable states in-
dicate that crystal size and morphology are in fact parameters
that significantly alter the free energy landscape of bistable

adsorbents and therefore also impact the adsorption behavior.

Conclusion

In conclusion we demonstrated that the adsorption behavior and
structural transition of the flexible Zr-MOF DUT-98 strongly
depends on the size of the crystals. In addition, we demonstrate
that cycled adsorption experiments can have a large impact on
the properties of flexible MOFs by altering the crystal morphol-
ogy, size and mosaicity. In many regards, DUT-98 is found to
behave similar to DUT-8(Ni) and the applied methods indicate
changes in the activation energy upon crystal downsizing to be
responsible for the observed behavior. The lack of adsorption-
induced structural transition for nanometer-sized crystals was
previously described also for ZIF-8 [13] and DUT-49 [9]. How-
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ever, the mechanism and structural transition in these flexible
MOFs are of a different nature and therefore cannot be directly
compared with DUT-98. After all, there might not be a single
theory for explaining the effects of crystal size variation on the
adsorption behavior of flexible MOFs. Only further crystal-
size-dependence analysis of novel flexible MOFs with different
transition and structures can solidify the presented observations
and help to postulate a detailed mechanism. Furthermore, the
effect of microscopic defects upon changes in the synthesis pro-
cedure should not be neglected as an increasing number of
defects has been demonstrated to strongly alter the mechanical
stability of MOFs [43-45]. In accordance, novel experimental
investigations on flexible MOFs should consider crystal size
and cycling effects and include these in experiments and discus-
sion. In addition, we would like to motivate computational
chemists to extend recent efforts [46] in developing strategies to
analyze these phenomena in silico.

Supporting Information

Supporting Information File 1

Synthetic procedures and additional characterization of the
discussed compounds.

[https://www .beilstein-journals.org/bjnano/content/
supplementary/2190-4286-10-169-S1.pdf]
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Rigid network structures of nanoporous organic polymers provide high porosity, which is beneficial for applications such as gas

sorption, gas separation, heterogeneous (photo)catalysis, sensing, and (opto)electronics. However, the network structures are practi-

cally insoluble. Thus, the processing of nanoporous polymers into nanoparticles or films remains challenging. Herein, we report

that nanoporous polymers made via a Knoevenagel-like condensation can be easily processed into nanoparticles (115.7 = 40.8 nm)

or a flawless film by using liquid amines as a solvent at elevated temperatures. FTIR spectra revealed that the carboxyl groups in

the nanoporous polymers act as reactive sites for amines, forming new functionalities and spacing the polymeric chains to be dis-

solved in the liquid amines. The processed film was found to be CO,-philic despite the low surface area, and further able to be

transformed into a fine carbon film by thermal treatment.

Introduction

Nanoporous polymers offer permanent porosity along with
robust and light-weight frameworks. The building-block ap-
proach for nanoporous polymers allows for a nearly infinite
variety of architectures by changing chemistry and geometry of
the monomers [1]. New discoveries on nanoporous polymers
have been made based on different combinations of monomers
yielding unique properties to the polymer structures. In particu-
lar, the high porosity of nanoporous polymers has gained signif-
icant attention in various applications such as gas adsorption

and storage [2], water purification [3], energy storage [4], and

catalysis [5], where the large and permanent voids in nanopo-
rous polymers provide room to accommodate target substrates
and guest molecules. A series of nanoporous polymers have
been reported, namely covalent organic frameworks [6], conju-
gated microporous polymers [7], covalent triazine frameworks
[8], porous aromatic frameworks [9], porous polymer networks
[10], and polymers of intrinsic microporosity [11]. We have
been working on nanoporous covalent organic polymers (COP),
focusing on structural durability and economic sustainability for

gas capture [12] and water treatment applications [13].
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Nanoporous polymers are classified as network polymers, and
such network polymers do not dissolve in common organic sol-
vents but rather swell. Despite the advantages of network struc-
tures, the nanoporous polymers can be hardly processed into the
desired morphologies such as small particulates, films, and
membranes because of the insolubility. So far, the generation of
nanoparticles and films made out of nanoporous polymers have
been mostly done through initial synthetic controls such as
miniemulsion polymerization [14], ionic complexation [15],
and electrochemical polymerization [16], which require sophis-
ticated techniques. There are only a few reports that show the
processing of nanoporous polymers into the desired morpholo-
gies, for instance, the nanoporous polymers were directly
processed into nanoparticles with different sizes [17]. However,
extremely harsh conditions (piranha solution, 160 °C) were
necessary to break the polymeric chains, indicating that the pro-
cessing of nanoporous polymers is still challenging. Obviously,
more applications were possible, if the nanoporous polymers
could be fabricated into nanoparticles and films.

In this work, nanoporous polymers built via Knoevenagel-like
condensations are made to be soluble in liquid amines and show
structural processibility. At elevated temperatures (ca. 100 °C),
the condensate nanoporous polymers were completely dis-
solved in neat liquid amines in a few seconds, and the resulting
polymer solution was able to be transformed into either nano-
particles or flawless films. This new feature of processibility
was underpinned by FTIR, in which the formation of amide
groups between the carbonyl units on nanoporous polymers
and the alkylamines was responsible for the dissolution
of polymers. The obtained polymer film exhibited high CO,-
philicity by having nitrogen-rich surfaces. The film could be
also turned into a fine carbon film by heat treatment in inert

atmosphere.

Results and Discussion
Processing COP-100 in liquid amines

COP-100 is a network polymer that can be synthesized in one
step from 1,3,5-benzenetriacetonitrile and terephthaldehyde via
Knoevenagel-like condensation [18] (synthesis details can be
found in Supporting Information File 1). The reaction

100 °C

COP-100

Beilstein J. Nanotechnol. 2019, 10, 1844—1850.

proceeded smoothly at room temperature in the presence of
potassium tert-butoxide with short reaction time (less than 3 h)
and almost quantitative yield (>95%). A typical Knoevenagel
reaction is known to form fully conjugated structures by two
steps, where the nucleophilic addition of carbonyl takes place
on the deprotonated a-CN position, further followed by the de-
protonation of second a-CN proton and the successive dehydra-
tion [19,20]. COP-100, however, was intended to have a
hydroxylated structure by using a bulky base (--BuOK) and an
aprotic solvent (THF), where the second deprotonation and the
concomitant dehydration does not occur as the bulky base
cannot easily access inside the polymer network. From our
previous findings, the hydroxylated COP-100 exhibited the
highest surface area of 82.3 m2.g~! among all the tested combi-
nations of base and solvent [18]. The mild reaction conditions
of COP-100 further left carbonyl units in the structure to be
reactive sites for further processing. These reactive sites could
be unreacted aldehyde or carboxylic acid generated by dispro-
portionation of aldehyde units [21], which can quickly react
with amines to form imine or amide bonds, respectively. When
ethylenediamine (EDA) was added to COP-100 under elevated
temperatures, the short amine chains penetrated into COP-100
and formed the new functionalities with carbonyl units, creating
room between the polymeric backbones to be dissolved in
liquid amines. The amine-induced solubility of COP-100 facili-
tated the formation of small nanoparticles or polymeric film
layers to give COP-100-NP and COP-100-Film, respectively
(Figure 1).

COP-100 is sparingly soluble in common polar aprotic solvents
including DMF, DMSO, DMAc, and NMP (Figure 2a). Intrigu-
ingly, when COP-100 was treated with EDA, there was an
instant color change from light yellow to deep red (Figure 2b).
Under thermal treatment at 100 °C, the whole powder dis-
solved in the amine within a few seconds, forming a red solu-
tion (Figure 2¢). The solution was further turned into a film
within a few minutes under elevated temperatures (Figure 2d).
The polymer solution in EDA was highly polar, and it was
miscible with common polar solvents but not with non-polar
solvents. The COP-100-Film, on the other hand, was not
soluble in any solvents despite its brittle nature.

COP-100-NP COP-100-Film

Figure 1: Schematic illustration of processible COP-100 in EDA to form either nanoparticles (COP-100-NP) or films (COP-100-Film) at 100 °C. The
terminal groups of carboxylic acids and unreacted aldehydes are responsible for interparticle connections.

1845



Beilstein J. Nanotechnol. 2019, 10, 1844—1850.

Figure 2: (a) Low solubility of COP-100 in polar aprotic solvents. (b) Instant color change of COP-100 by the addition of EDA dropwise at r.t.,
(c) dissolution of COP-100 in EDA at 100 °C in a few seconds, and (d) formation of COP-100 film at 100 °C in a few minutes (less than 5 min). SEM
image of (e) pristine COP-100 powder, and EDA-treated COP-100 at 100 °C for (f) 1 min, (g) 3 min, and (h) 5 min (scale bar = 10 pm).

COP-100 in EDA was monitored using microscopic tools to
understand its rapid phase change. As shown in Figure 2e, the
original COP-100 consists of large polymeric granules aggre-
gated with each other, and the size of each granule ranged from
100 to 300 nm. A TEM image of the COP-100 solution in EDA
treated for a few seconds at 100 °C (Supporting Information
File 1, Figure S1) shows that COP-100 granules were torn apart
and separated from each other. In addition, the granules were
covered with organic layers, presumably excess EDA. The solu-
tion was transferred on a silicon wafer to analyze the morpholo-
gy changes by SEM as function of the heating time. When
treated at high temperature for a short period of time
(ca. 1 min), the granules were combined in a heap to form a
cracked film surface (Figure 2f). The boundary layers between
the granules were not demarcated as the heat treatment went on
for 3 min (Figure 2g). After 5 min, as all the pieces were
combined and covered with excess EDA, the surface became
very clean, leading to a flawless film (Figure 2h). Since the film
itself was thin and brittle, it was easily cracked, but the film did
not show any polymeric granules exposed on the surface. The
dissolution of polymer chains in a solvent is known to involve
two transport processes; (i) solvent diffusion and (ii) chain
disentanglement [22]. When the COP-100 was reacted with
EDA, there was a color change of the COP, indicating the for-
mation of an infiltration layer of EDA on the polymeric surface.
As the treatment time progressed, further penetration of the
EDA made the surface layer swollen so that bulk polymer
cracked into smaller units that can behave like liquids.

During processing COP-100, the amount of EDA varied accord-
ing to the molar ratio between the nitrogen content of COP-100
and the molecular weight of EDA. Interestingly, even a tiny
amount of EDA can dissolve COP-100, showing significant
solubility COP-100 in liquid amines. The amount of EDA, how-

ever, mattered when the further process went on. For instance,
when only a little amount of EDA was added to COP-100, the
mixture became a red polymeric solution, but the COP-100
polymer precipitated (COP-100-Precip.) if a polar solvent, i.e.,
ethanol, was added (Figure 3a). It may be attributed that the

Figure 3: Effect of amine equivalence in solubilizing COP-100.

(a) COP-100 dissolved in 8 equivalent EDA which precipitated by the
addition of ethanol, (b) COP-100 dissolved in 50 equivalent EDA, and
(c) diluted solution of (b) in ethanol. (d) TEM image of COP-100-NP
obtained from the solution (b). SEM image of COP-100 precipitates
after the addition of (e) 5 equivalent EDA and (f) 8 equivalent EDA.
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amount of EDA was not enough to react with all COP-100.
Thus, the unreacted COP-100, which is technically insoluble in
any solvent, precipitated. When the amount of EDA was in
large excess, the COP-100-Film became partially soluble in
polar solvents. In order to make a stable polymer solution that
does not form a polymer precipitate after the addition of polar
solvents, the molar ratio between EDA and nitrogen content of
COP-100 needs to be at least 10:1. At the same time, the criti-
cal molar ratio for the formation of an insoluble film in polar
solvents was thus about 50:1 or less for EDA/COP-100.

A typical COP-100 solution with 50 equiv EDA, showing a
clear red color (Figure 3b), could be easily mixed and diluted
with ethanol (Figure 3c). When the diluted polymer solution
was analyzed with TEM, separated polymer nanoparticles were
observed showing an average size of 115.7 = 40.8 nm
(Figure 3d). The spherical shape of the polymer nanoparticles
resulted from the split COP-100 granules covered with EDA.
COP-100 precipitates with a lower amount of EDA, on the
other hand, exhibited the aggregated form similarly to the orig-
inal COP-100 (Figure 3e). After the addition of 8 equiv EDA,
the COP-100 granules were fully covered with EDA layers,
which is in the middle of a transformation into a film
(Figure 3f).

Possible mechanism of the processibility

The instant color change of COP-100 with EDA indicated a
chemical reaction between COP-100 and EDA. Our initial
hypothesis was the addition of EDA on the nitrile groups by a
nucleophilic attack [23], so that the alkylamine chain connected
to the nitrile functionality can increase the polarity of the poly-
meric chains, making COP-100 soluble. However, as shown in
Figure 4, FTIR spectra of COP-100, COP-100-Film, and COP-
100-Precip. showed no drastic change in the nitrile region
(2200 cm™!). Moreover, the addition of an amine on a nitrile
group cannot be achieved in a few seconds without catalyst
despite the high temperature. The existence of carbonyl units at
around 1700 cm™! in COP-100 drew our attention. The carbon-
yl groups could originate either from unreacted terephthalde-
hyde or from the carboxylic acid generated during the work-up
process with acid through the disproportionation of two adja-
cent aldehydes [21]. Aldehyde groups are known to generate
imine bonds by the reaction with amines, however, a fast imine
formation is most likely when an acid catalyst is present [24].
Alternatively, carboxylic acid could react with amines to form
amide linkages at high temperatures [25], which corresponds to
new peaks shown on the FTIR spectra of both COP-100-Film
and COP-100-Precip. at 3300 cm™!, 1660 cm™!, and 1560 cm™!
for amide N-H, C=0, and C-N-H stretching vibrations, respec-
tively [26]. The strong peak at 1365 cm™! in both COP-100-
Film and COP-100-Precip. spectra were attributed to the ethyl-
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Figure 4: FTIR spectra of COP-100, COP-100-Film, and COP-100-
Precip. COP-100 exhibited two peaks at 3400 cm~! and 1375 cm™! of
O-H and C-O stretching vibrations of the hydroxylated structure, re-
spectively.

ene C—H stretching vibration of EDA. The direct formation of
the amide functionality could be possibly due to the easy con-
densation with the hydrophobic nanoporous polymer at high
temperature [27]. The COP-100-Film was formed much slower
when the temperature was below 80 °C, supporting that the
amide formation by the condensation reaction was crucial for
processing the nanoporous polymer. The quick amide forma-
tion made the COP-100 granules torn apart through the inter-
penetration of EDA molecules into the polymeric chains.
Consequently, as the EDA layers covered the COP-100 parti-
cles, a film could be generated with a clean surface.

The amine-induced solubility was not restricted to only COP-
100. COP-600 (Figure 5a), produced by the Knoevenagel-like
condensation of 1,3,5-benzenetriacetonitrile and 1,3,5-tris(4-
formylphenyl)benzene, was also solubilized in EDA at elevated
temperatures. COP-600 was not soluble in organic solvents
even at high temperatures but it was in the presence of EDA.
COP-600 has an almost pore-free structure, thus the dissolution
in the liquid amine took much longer compared to COP-100
due to the slower penetration of EDA. The rigid backbone of
COP-600 with the triphenylbenzene core also contributed to the
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COP-600

Figure 5: (a) Structure of COP-600 synthesized by Knoevenagel-like condensation. Solubility of COP-600 in EDA compared to COP-100; (b) addition

of EDA at r.t., (c) heat treatment at 100 °C for 1 min and (d) for 1 h.

slower dissolution of polymer in EDA. As shown in Figure 5b,
a red polymer solution of COP-600 could be obtained after 1 h
of thermal treatment at 100 °C. The type of liquid amines could
also be varied for solubilizing polymer structures (Supporting
Information File 1, Figure S2). Among a series of common
liquid amines, alkylamines, i.e., benzylamine and triethylenete-
tramine (TETA), were able to solubilize COP-100 at 100 °C.
Allylamine, despite the amine structure, has a low boiling point
(ca. 53 °C), which was not suitable for the high-temperature
processing. Tertiary amines, i.e., triethylamine, did not solubi-
lize COP-100 under the given conditions, confirming that the
formation of the amide group was responsible for the polymer
dissolution. The two control experiments with COP-600 and
different liquid amines implied that nanoporous polymers made
by Knoevenagel(-like) condensations can be easily processed in
alkylamines, showing the wide applicability of the amine-in-
duced processing method in terms of the structural variety of
nanoporous polymers and amines.

Properties of COP-100-Film

Once COP-100-Film formed, it did not dissolve in any common
organic solvents as long as the amount of EDA was within the
threshold range, from 10 to 50 equiv of COP-100. The amount
of nitrogen in COP-100-Film varied as the EDA amount
changed. Typically, after addition of 10 equiv EDA, the COP-
100-Film exhibited a nitrogen content of 20% by elemental
analysis, indicating about an increase of nitrogen content by
about 76% compared to the original COP-100. The COP-100-
Film with higher nitrogen content might be eligible for CO,
adsorption [28]. In a customized gravimetric analysis setup
(Supporting Information File 1, Figure S3), COP-100 and COP-
100-Film were tested for CO, uptake, where 9% and 2.4% of
CO;, sorption were observed in 3 h at 40 °C, respectively
(Figure 6a). Despite the far worse CO, adsorption performance
compared to COP-100, COP-100-Film exhibited a moderate
CO; capture behavior even with the non-porous structure,

owing to the nitrogen-rich surface.

10
d —— COP-100
g/~ COP-100-Film F %
X (2.05 mmol/g)
e
2 ~2.4%
8 4
Q (0.55 mmol/g)
-
5] "
O T T T T T
0 30 60 90 120 150 180
Time (min)
—— COP-100
—— COP-100-Film

50

100 200 300 400 500 600 700 800
Temperature (°C)

Figure 6: (a) Gravimetric CO, adsorption isotherm of COP-100 and
COP-100-Film at 40 °C. (b) Thermogravimetric analysis of COP-100
and COP-100-Film under No atmosphere. Inset displays a photograph
of the carbonized COP-100-Film.

Thermogravimetric analysis of COP-100-Film (Figure 6b)
showed that there was an initial mass loss at around 165 °C,
possibly due to the evaporation of unassociated EDA residue in-
corporated within the film. The final mass of the film at 800 °C
was about 63%, which corresponds to the 5% mass gain com-
pared to that of COP-100 at 800 °C (58%), indicating that the
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actual amount of EDA reacted with COP-100 was about 5% in
mass. The film treated at 800 °C under inert conditions main-
tained its original shape, and the rigid texture of the annealed
COP-100-Film indicated its high potential for fabricating a flat
carbon surface on a variety of substrates (Figure 6b, inset) [29].

Conclusion

In this study, a new phenomenon is discovered to nanoporous
polymer networks. The nanoporous covalent organic polymer
(COP-100) was dissolved in liquid amines via simple heat treat-
ment, and the polymer solution could be processed into either
nanoparticles or films. FTIR revealed that the carbonyl groups
in the polymers were reactive sites that helped to solubilize the
structures in liquid amines by forming amide functionality. The
control experiment with COP-600 further confirmed that amine-
induced processing method can be widely applied to nanopo-
rous network polymers having carbonyl units, especially for
structures produced via a Knoevenagel-like condensation.
Future research will be focused on the in-depth characterization
of porosity and chemical functionalities of the processed poly-
mers. Nanosized porous polymers would yield a better surface
area, and size control would be of interest for applications in
which size matters such as heterogeneous catalysis [30]. The
films and membranes processed from nanoporous polymers
should be tested for gas/liquid adsorption applications [31], as
the functionalities of nanoporous polymers remain intact even
after the processing. The remaining amines and newly formed
amide functionalities in the nanoporous polymers would
provide an additional advantage for favorable interaction
toward target sorbate molecules. A control in thickness and
composition of the film should also be achieved when varying
the type and the concentration of nanoporous polymers, which
will affect the permeability and selectivity of polymer films for

adsorption applications.

Supporting Information

Synthetic details and methods. A TEM image and a
photograph of dissolved polymers in liquid amines. A

schematic illustration of gravimetric gas adsorption set-up.

Supporting Information File 1

Additional experimental details.
[https://www.beilstein-journals.org/bjnano/content/
supplementary/2190-4286-10-179-S1.pdf]
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In this work, a metal-organic framework (MOF), namely MFU-4, which is comprised of zinc cations and benzotriazolate ligands,

was used to entrap SFg gas molecules inside its pores, and thus a new scheme for long-term leakproof storage of dangerous gasses

is demonstrated. The SFg gas was introduced into the pores at an elevated gas pressure and temperature. Upon cooling down and

release of the gas pressure, we discovered that the gas was well-trapped inside the pores and did not leak out — not even after two

months of exposure to air at room temperature. The material was thoroughly analyzed before and after the loading as well as after

given periods of time (1, 3, 7, 14 or 60 days) after the loading. The studies included powder X-ray diffraction measurements, ther-

mogravimetric analysis, Fourier-transform infrared spectroscopy, scanning electron microscopy, '°F nuclear magnetic resonance

spectroscopy and computational simulations. In addition, the possibility to release the gas guest by applying elevated temperature,

vacuum and acid-induced framework decomposition was also investigated. The controlled gas release using elevated temperature

has the additional benefit that the host MOF can be reused for further gas capture cycles.

Introduction

Metal-organic frameworks (MOFs) are coordination polymers
with organic ligands containing (potential) voids [1]. Their
porosity and high surface area make them attractive materials

for adsorption-based applications [2-5]. MOFs have been sug-

gested as promising materials for gas storage of attractive fuel
gases such as hydrogen [6-8] or methane [9-11]. In these appli-
cations the gas is adsorbed inside the pores. To enhance the

guest adsorption in MOFs, several different approaches have
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been introduced over the last few years. These include tuning
the pore properties, such as polarity, or introducing open metal
sides for a better interaction between the guest and host materi-
al [5,7,11]. Recently, we reported on an alternative approach
which dealt with kinetic trapping of gas molecules in MOFs
[12]. This approach is based on using MOFs with ultranarrow
pore apertures. Under elevated pressure and temperature, the
gas molecules enter the pores, but they are not released immedi-
ately when normal conditions are re-established. This is due to
the activation energy barrier for gas diffusion of the entrapped
sorbate within the pores connected via ultranarrow pore aper-

tures.

As a proof-of-principle study, we used a MOF called MFU-4
(where MFU-4 stands for Metal-Organic Framework Ulm
University-4) to trap xenon gas inside the pores [12]. MFU-4 is
comprised of zinc cations and benzotriazolate ions (Scheme 1)
[13]. It crystallizes in the cubic crystal system and contains two
types of cavities with diameters of 3.88 and 11.94 A, which are
connected by narrow (only 2.52 A) pore apertures. This made
the MOF a promising candidate for kinetic trapping of gases. In
our recent work we were able to show that it was possible to
trap over 40 wt % of xenon (kinetic diameter: 3.96 A) [14]
inside the pores despite its diameter being larger than the pore
aperture [12]. Upon exposure of the sample to air under normal
conditions, we observed that the gas was slowly released. For
instance, after three days approximately 20% of the guest gas
was released and after one month more than 67% was lost.
Keeping these results in mind we were curious if it was possible
to permanently trap (i.e., imprison) gas inside the MOF without
observing any leaking at normal conditions, thus enabling the

use of MOFs as a gas storage container for dangerous gases.

In this work we selected sulfur hexafluoride (kinetic diameter:
5.50 A) [14] as a guest, which has a much larger kinetic diame-
ter than the previously reported entrapment of xenon gas
(kinetic diameter: 3.96 A) [14]. Additionally, its presence inside
the pores can be easily followed by Fourier-transform infrared

(FTIR) and 19F nuclear magnetic resonance (NMR) spectrosco-

+Zn(Il)

Scheme 1: Synthesis of MFU-4.

Beilstein J. Nanotechnol. 2019, 10, 1851-1859.

py- SFg is an inert, nonflammable and nontoxic gas, which is
known to be an excellent dielectric gas for high-voltage applica-
tions [15,16]. At the same time, it is also known as one of the
most severe greenhouse gases [17,18]. Therefore, there is cur-
rently much interest in finding effective materials to allow its
capture that provide safe storage as well as re-use. Various
porous materials have been tested for this purpose including
carbons [19,20], zeolites [21-23], MOFs [24-27] and porous
organic cages [28,29]. Herein we present a study applying the
approach of kinetic trapping of gases in MOFs and characterize
the loading of SFg into MFU-4 and its release from the MOF at
normal conditions over a period of two months.

Results and Discussion

Materials synthesis

The MOF MFU-4 (Scheme 1) was synthetized according to the
procedure reported previously [12]. By carrying out the re-
ported microwave-assisted synthesis, ~2—10 um cubic crystals
were obtained (Figure S1 in Supporting Information File 1).
Prior to guest loading, the sample was kept under vacuum at
320 °C overnight to make sure that there were no solvent mole-
cules left in the pores, thus ensuring that the whole pore volume
was available for trapping the SFg guest. The bulk sample was
analyzed before and after the gas loading by conventional ana-
lytical methods, including FTIR, powder X-ray diffraction
(XRD) and thermogravimetric analysis (TGA).

SFg-loading experiments

The SF¢-loading was carried out at elevated pressure and tem-
perature. To incorporate the highest amount of the guest mole-
cules inside the pores, we tested various loading conditions. We
used a pressure of 20 bar and varied the loading temperature
and time. From all tested conditions (Table 1), the highest
loading was achieved after 18 hours at 250 °C (sample 3).
Prolonging the loading time did not lead to a higher loading.
Therefore, sample 3 was used in the following studies.

To estimate the amount of the guest loaded into the MOF, we

used TGA (Figure 1 and Figure S2 in Supporting Information
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Table 1: SFg-loading into MFU-4 under various conditions.

Sample SFg pressure (bar) Temp. (°C) Time (h)
1 20 150 18
2 20 200 18
3a 20 250 18
3b 20 250 18
3c 20 250 18
4 20 250 48

Beilstein J. Nanotechnol. 2019, 10, 1851-1859.

SFg loaded (wt %)@ Calc. no. of SFg molecules per unit

cell/void of MFU-4b

2.16 1.14/0.29
2.37 1.25/0.31
3.09 1.65/0.41
3.07 1.63/0.41
3.13 1.67/0.42
3.04 1.62/0.40

aMass loss in the temperature range from 150 to 390 °C determined from TGA data (see Supporting Information File 1, Figure S2). PAssuming all SFg
molecules are located in the larger void (with four larger voids per unit cell of MFU-4).

100+

90+

80+

70+

Mass loss / %

60

50

100 200 300 400 500 600
Temperature / °C
Figure 1: Thermogravimetric analysis of MFU-4 before (black) and

after (Sample 3a, blue) the loading of SFg measured under a nitrogen
atmosphere at a heating rate of 10 K min~".

File 1). The analysis revealed a gradual mass loss between
150-500 °C. When heated above 500 °C, a second mass loss
was observed which corresponded to the framework decompo-
sition. By utilizing mass spectrometry, we analyzed the gaseous
products that were released during sample heating. We re-
corded that SFg was gradually released from 150 to 390 °C
(Figure S3 in Supporting Information File 1). Therefore, this
temperature range was used to quantify the amount of loaded
SF¢ from the TGA data (Table 1).

The activation energy for the guest release was estimated by
temperature-modulated TGA to be as high as approximately
+135 kJ-mol™! (Figure S4 in Supporting Information File 1).
Modulated TGA (MTGA™ by TA instruments) is an analyti-
cal technique used for obtaining continuous kinetic information
for decomposition and volatilization reactions. The method
makes use of an oscillation temperature program to obtain
kinetic parameters during a mass loss [30,31]. Until now it has
been mainly used to study organic polymers (e.g., poly(ethyl-
ene) and poly(styrene)) and simple inorganic compounds (e.g.,

calcium carbonate and calcium oxalate) [31]. Here we used the

method to estimate the activation energy of a guest released
from a porous material. The determined value of the activation
energy was further compared to the results obtained from
computational simulations (see the dedicated section later in the
text).

To qualify the guest, we used FTIR spectroscopy (Figure 2 and
Figure S5 in Supporting Information File 1). The FTIR spec-
trum revealed, beside the bands originating from MFU-4, three
additional bands at 610.8, 935.4 and 991.6 cm™!. These bands
can be assigned to the v, (liquid: 610.8 cm™!; gas: 614.5 cm™),
v3 (liquid: 914.9 cm™; gas: 948.0 cm™!) and v, + vg (liquid:
~990 cm™!; gas: 984.2 cm™!) vibrational modes in SF¢ [32].

Transmittance
*

1200 800
Wavenumber / cm™

1600 400

Figure 2: FTIR spectra of MFU-4 before (black) and after (Sample 3a,
blue) the loading of SFg. Bands attributed to SFg are marked with an
asterisk.

To check that the sample crystallinity was preserved, we
measured powder XRD patterns before and after the loading
(Figure 3). The recorded powder XRD patterns did not reveal
any changes in the diffraction peak positions, but there were
differences in the peak intensities. Similar variations in the peak

intensities of MOF samples have been previously described and
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Figure 3: Powder X-ray diffraction analysis of MFU-4 before (black)
and after (Sample 3a, blue) the loading of SFg.

assigned to the presence of solvent molecules inside the pores
[33]. Therefore, here the changes in intensities can be seen as a
sign of SFg molecules being successfully included into the
pores. Last but not least, scanning electron microscopy (SEM)
images of the sample (taken before and after the guest loading)
did not reveal any detectable changes in the crystal surface and
morphology, confirming that the MOF crystals remained intact
during the loading (Supporting Information File 1, Figure S1).

The presence of SF¢ could be further confirmed by NMR mea-
surements. The 1F MAS NMR spectrum, obtained at a MAS
frequency of 8 kHz, revealed one singlet signal at 52.7 ppm,
which can be assigned to the '9F nuclei of the SFg guest
(Figure 4). The line position is approximately 5 ppm upfield
from the resonance of gaseous SFg (57.42 ppm) [34]. Addition-
ally, small signals (marked by asterisks in Figure 4) to the left
and right side of the main singlet represent spinning sidebands,

S S

T

70 60 50 40 30 20 10

90 80
d/ppm

Figure 4: '9F MAS NMR spectrum of MFU-4 (Sample 3b) loaded with
SFg recorded at room temperature. The spectrum was referenced
against CFCl3.
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which illustrates that the SFg molecule is not completely freely
rotating and that there is an interaction with the MOF host

lattice.

Computational simulations

Theoretical calculations were performed in order to determine
the activation energy parameters from atomistic simulation
data. Briefly, the approach previously described for scanning
the minimum energy path of xenon atoms crossing the small
pore in MFU-4 [13] was adapted and further refined in order to
account for the multiatomic nature of the diffusant, i.e., SFg.
The linear transition path of SF¢ passing through a single unit
cell of MFU-4 is shown in Figure 5a, which shows the start and

250 T T T T T
(b) 1S _6_ BE:?D (PBE, TS)
O DFT+D (PBE, MBP*)
200 - 4
— 150 1 4
o
€
2,
W 100 9 -
4
50 - E
0 start centre end-
0 50 100 150 200
7 [¢/200 A]

Figure 5: (a) MFU-4 unit cell showing the linear transition scan path for
SFg crossing a single small pore. (b) Black curve and filled circles:
differences of UFF total energy values of 200 configurations of
SFe@MFU-4 scanned along the linear path displayed in (a). Open
circles: differences of DFT total energy values for selected configura-
tions and different dispersion correction methods (for explanations see
text).
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end position of a SFg molecule, serving as a probe for scanning
the potential energy of the system along the displayed path. To
obtain a rough estimate for the energy changes along the path,
molecular mechanics calculations were performed, employing
the universal force field (UFF) [35] parameters as included in
the GULP code [36]. In order to prevent an origin shift of the
framework during transition path sampling, the fractional atom
coordinates of four framework hydrogen atoms were fixed. In
addition, the geometry of the linear F-S—F group (as part of
SFg) parallel to the transition path was restrained to the UFF
equilibrium bond distance values. During transition path
sampling all unit cell parameters were held constant. All other
atom positions were allowed to relax freely during the simula-
tion. An example input file is provided as part of the Support-

ing Information File 1.

The change of the total energy of all 200 configurations
sampled during the linear transition of SFg through the unit cell
of MFU-4 is shown as the black curve in Figure 5b. The poten-
tial energy curve is symmetric, showing two pronounced energy
maxima at the transition path scan coordinates ¢/80 (marked by
“TS”) and ¢/120, respectively. At these coordinates the SFgq
molecule experiences the highest repulsive interaction energy,
thus leading to a strong geometric distortion of the small pores
of MFU-4. The energy minima are located at ¢/47 (marked by
“min”) and ¢/152; According to force field calculations, another
(local) energy minimum is found in the middle of the pore (c/
100, “centre”), which is surprising in light of the close-packed
arrangement of coordinated chloride ligands in the framework
structure. According to the potential energy curve, an activa-
tion energy of approximately +218 kJ-mol™! can be estimated,
which is significantly higher than the experimental value of
+135 kJ-mol~!, as gleaned from the temperature-modulated

thermogravimetric analysis.

In order to obtain more realistic energy values, constrained ge-
ometry plane wave DFT+D calculations were performed for
four different configurations (“min”, “TS”, “centre” and “start/
end”) as marked in Figure 5a. For this, the starting configura-
tions were extracted from the previous force field scan trajec-
tory and all atomic positions were allowed to relax during
subsequent optimization steps, except for the position of the
sulfur atom of SFg, which was fixed at the corresponding ¢/N
coordinate of the transition path. The PW-DFT+D calculations
were performed with the CASTEP code [37] employing the
PBE functional [38] and on-the-fly generated ultrasoft
pseudopotentials (energy cutoff: 570 eV). Two different correc-
tion methods were included in all DFT calculations in order to
account for dispersion interactions. The total energy values of
these are shown in Figure 5b as blue (TS dispersion correction
[39]) and red circles (MBD* dispersion correction [40]). The

Beilstein J. Nanotechnol. 2019, 10, 1851-1859.

latter dispersion correction scheme leads to an approximate
DFT-calculated activation energy of +156 kJ-mol~!, which is in
good agreement with the experimentally determined value,
taking into account the fact that all calculated values formally
correspond to a temperature of zero Kelvin. In the future, meta-
dynamic MD simulation studies might be performed, which
should take into account both the effects of different gas
loading conditions as well as temperature-dependent lattice
vibrations and distortions. For this purpose, a well-parame-
trized force field for the MFU-4 host lattice and the diffusant
will have to be developed.

SFg-release experiments

The SF¢-loaded MFU-4 sample was stored in air at room tem-
perature. After a certain period (0, 1, 3, 7, 14 and 60 days) the
sample was analyzed by TGA (to quantify the amount of the
guest in MFU-4, Figure 6), powder XRD measurements (Figure
S6 in Supporting Information File 1) and FTIR spectroscopy
(Figure 7 and Figure S7 in Supporting Information File 1).
Based on the results of these measurements, it can be con-
cluded that there was no leaking of the guest. Both TGA
(Figure 6 and Table 2) and FTIR spectroscopy (Figure 7, and
Figure S8 and Table S1 in Supporting Information File 1)
showed that SFg remained inside the pores over the entire in-
vestigated period. The analyses also revealed that upon expo-
sure of the sample to air, a small amount of water was adsorbed
onto the surface of the MFU-4 crystals.

100 -
= 90 i
3 801
o Day 0
% 701 Day 1
S Day 3
Day 7
604 —— Day 14
Day 60
Before loading
50 T t T T ‘I T
100 200 300 400 500 600

Temperature / °C

Figure 6: Thermogravimetric analysis of MFU-4 loaded with SFg
(Sample 3a) after 0, 1, 3, 7, 14, and 60 days measured under a
nitrogen atmosphere at a heating rate of 10 K min~".

As indicated by the results of the thermogravimetric analysis
(Figure 1), if needed, the guest gas can be released in a con-
trolled manner by heating the sample without decomposing the

framework. This was proven by a variable temperature powder
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Figure 7: FTIR spectra of MFU-4 loaded with SFg (Sample 3a) after 0,
1, 3, 7, 14, and 60 days. Bands attributed to SFg are marked with
dotted vertical lines.

XRD measurement (Figure S9 in Supporting Information
File 1), which confirmed that MFU-4 was stable up to 500 °C.
This temperature is higher than that needed for the SFg release,
enabling the host material to be reused for further guest storage.
To show that SF¢ can be released without its decomposition, a
study of temperature-induced gas release followed by mass
spectrometry was carried out. In this measurement only signals
corresponding to the SF¢ fragments (such as SFs™ and SFy") [41]
and no signals of its thermal decomposition products [42] could
be detected, confirming that the gas release from the host mate-
rial was possible (for details see Figure S3 in Supporting Infor-
mation File 1).

In another experiment, we examined if it was possible to release
the gas guest at room temperature by applying vacuum. We
kept a sample of MFU-4 loaded with SF¢ (Sample 3c) under
vacuum at 25 °C for a certain period of time and then analyzed
it by FTIR and TGA (Figure S10 and S11 in Supporting Infor-
mation File 1). Even after 24 h of applying high vacuum
(p = 2.8 x 1077 mbar), we could still detect a substantial amount

of SFg which corresponded to approximately 90% of the origi-

Beilstein J. Nanotechnol. 2019, 10, 1851-1859.

nally loaded amount (determined by TGA; see Figure S11 in
Supporting Information File 1). Furthermore, we studied the
possibility to release SF¢ from the pores of MFU-4 by decom-
posing the framework. To do so, we treated a sample of the
MOF loaded with SFg with an acid, namely concentrated
sulfuric acid, and analyzed the gas phase by mass spectrometry
(Figure S12 in Supporting Information File 1). As expected,
upon adding the acid to the reaction vessel, the framework
decomposed and an immediate evolution of gas bubbles was
observed. The SFq release could be followed by mass spectrom-
etry; however, a precise quantification was not possible with
the experimental set-up used. SFg is a heavy gas (MW:
146.06 g-mol™), and thus some of the gas remained in the
bottom of the reaction vessel and possibly also dispersed as

bubbles in the viscous reaction solution.

Conclusion

In this study we were able to show that it was possible to trap
SF¢ gas in a MOF and that the gas guest remained inside the
MOF upon exposing the sample at room temperature to air.
Even after two months we did not observe any measurable
leaking of the guest gas from the host. Furthermore, even under
high-vacuum conditions, most (90%) of the gas remained
entrapped in the pores. This finding could lead to a new gas
storage method for dangerous gasses. We also showed that it
was possible to release the gas guest in a controlled manner by
applying elevated temperature or by decomposing the material
by acid digestion. For gas release by elevated temperature, the
host MOF can be recycled for further gas-capture cycles. In the
future we plan to study the influence of the material crystal size
on the loading capacity and focus on engineering structural
properties of MFU-4 in order to prepare its analogues with dif-
ferent pore aperture sizes. We believe that such materials could

find potential application in gas storage and separation.

Experimental
Benzobistriazole was synthetized according to the previously
reported procedure [43]. Anhydrous ZnCl, and DMF were of

analytical grade and used as-received from commercial

Table 2: SFg release from MFU-4 (Sample 3a) stored in air at room temperature for 0-60 days as evaluated by thermogravimetric analysis (Figure 6).

Time (days) H>0 adsorbed (wt %)2
(25-150 °C)

0 0.53 3.09
1 0.67 3.08
3 0.75 3.03
7 0.91 3.10
14 0.95 3.00
60 1.22 3.29

SFg loaded (wt %)2
(150-390 °C)

Calc. no. of SFg molecules per unit
cell/void of MFU-4°

1.65/0.41
1.64/0.41
1.61/0.40
1.65/0.41
1.60/0.40
1.76/0.44

aDetermined by TGA (Figure 6). PAssuming all SFg molecules are located in the larger void (with four larger voids per unit cell of MFU-4).
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suppliers. SFg (299.995+%) was also used as-received from a
commercial supplier (Linde). FTIR spectra were recorded in the
range of 400-4000 cm™! on a Bruker Equinox 55 FTIR spec-
trometer equipped with an ATR unit. Thermogravimetric analy-
sis (TGA) was measured on a TA Instruments Q500 device
over a temperature range of 25-600 °C under a nitrogen atmo-
sphere at a heating rate of 10 K min~!. Temperature-modulated
TGA was measured on a TA Instruments Q500 device in the
temperature range of 25-550 °C under helium atmosphere at a
heating rate of 1.5 K min~!, amplitude of +5 °C and period of
200 s. The temperature-induced gas release was followed by a
BelCat-B catalyst analyzer (Bel Japan, Inc.) coupled with a
mass spectrometer (OmniStar GSD 320, Pfeiffer Vacuum). The
sample was placed between two plugs of quartz wool in a
quartz glass reactor and heated up to 500 °C (10 K-min~!) under
a flow of helium (30 mL-min~!). The composition of the
exhaust gas was analyzed by a mass spectrometer. The acid-in-
duced gas release was carried out in a round-bottom flask
purged with a flow of argon (100 mL-min~') and connected to a
BelCat-B catalyst analyzer (Bel Japan, Inc.) attached to a mass
spectrometer (OmniStar GSD 320, Pfeiffer Vacuum). To a solid
sample (20 mg), 1 mL of concentrated sulfuric acid
(95-98 wt %) was added and the gas phase was analyzed by the
mass spectrometer. Powder XRD data were collected in the
5-50° 20 range using a Seifert XRD 3003 TT powder diffrac-
tometer with a Meteor1D detector operating at room tempera-
ture using Cu Koy radiation (A = 1.54187 A). Variable-tempera-
ture powder XRD data were measured in the 5-50° 20 range
under nitrogen atmosphere with an Empyrean (PANalytical)
diffractometer equipped with a Bragg—Brentano HD mirror and
a PICcel3D 2x2 detector. The temperature program was carried
out at 50 °C steps up 600 °C at a heating rate of 0.5 °C s~! and
held for 10 min between the measurements. SEM micrographs
were recorded on a Zeiss Gemini 2 (Crossbeam 550) instru-
ment operating at 30 kV. The °F MAS NMR spectrum was re-
corded at a frequency of 282.5 MHz employing a Bruker
Avance III spectrometer at a field of 7 T equipped with a 4 mm
Bruker MAS probe. The MAS frequency was set to 8 kHz, and
a repetition rate of 2 s (77 = 0.37 s at room temperature) was
used to collect the signal. The spectrum was referenced against
CFCl;.

MFU-4 synthesis

MFU-4 was prepared by a microwave-assisted synthesis
following the previously reported procedure [13]. Briefly, a
mixture of benzobistriazole (100 mg, 0.624 mmol) and an-
hydrous ZnCl, (340 mg, 2.495 mmol) in DMF (5 mL) was
placed in a pyrex tube (30 mL). The reaction mixture was
heated in a microwave synthesizer (CEM, Discover S) to
155 °C at 300 W and kept under these conditions for 10 min

and then cooled to room temperature. The formed precipitate

Beilstein J. Nanotechnol. 2019, 10, 1851-1859.

was isolated by centrifugation, washed well with DMF
(3 x5 mL) and dried in air at ambient conditions to give an off-
white crystalline material (166 mg). Prior to the SFg-loading ex-
periments, the material was kept under vacuum at 320 °C
overnight to remove any solvent molecules from the voids.

SFg-loading experiments

Analogous as described in [12], in each experiment, 50—100 mg
of MFU-4 was placed in a steel vessel constructed from metal
tubing attached to a manometer. The vessel was filled with SFg
gas and kept at the desired pressure and temperature for a
desired period of time. Upon cooling, the gas pressure was re-
leased, and the sample was immediately analyzed with TGA,
FTIR and XRPD methods.

SFg-release experiments

In a similar manner as described in [12], the SF¢-loaded sample
was stored in a container opened to air, and after a certain
period of time (0, 1, 3, 7, 14 or 60 days) a small amount
(=10 mg) was taken and analyzed by TGA, FTIR and XRPD
methods.

Computational simulations

To obtain a rough estimate of the energy changes along the
linear transition path of SFg passing through a single unit cell of
MFU-4 (Figure 5a), molecular mechanics calculations were
performed, employing the universal force field (UFF) [35] pa-
rameters as included in the GULP code [36]. Force field atom
types were assigned automatically within Material Studio’s
Visualizer GUI [37]. The cell parameters for the cubic unit cell
of MFU-4 were taken from the published single crystal struc-
tural data, with @ = 21.697 A [13], which was kept at the experi-
mental value in all subsequent calculations. The electrostatic-
potential-derived partial (ESP) charges for the lattice atoms of
MFU-4 and for SFg were obtained from discrete cluster DFT
calculations, as described previously [44]. ESP values for the
symmetry unique atoms of MFU-4 and SFg are displayed in the
Supporting Information File 1 in Figure S13.

Prior to the potential energy scan, all atomic positions of the
MFU-4 unit cell were fully relaxed at tight convergence
settings. Next, a single SFg molecule was added to the unit cell,
centered at a fractional atomic position 0.5a, 0.5b, 0.0c. The
transition path of SF¢ was set to the length of one unit cell and a
complete translation of SF¢ was performed in 200 steps, ending
at fractional atomic positions 0.5a, 0.5b, 1.0c. The “translation”
directive included in GULP was employed for automatizing the
SFg linear transition task in a single run (setting: translate 0.0
0.0 1.0 200 noise 0.05), during which a geometry-constrained
linear F-S-F fragment placed along the transition path (as part
of SFg) was moved in steps of ¢/200 A in the <001> direction.
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The lattice constants and some hydrogen atoms were fixed
during the run, the latter constraints being required to avoid
translation of the whole framework when approaching the tran-
sition state of the scan path. An example input file is provided
as part of Supporting Information File 1. PW-DFT+D calcula-
tions were performed with the CASTEP code [37], employing
the PBE functional [38] and on-the-fly generated ultrasoft
pseudopotentials (energy cut-off: 570 eV). Geometry optimiza-
tions were performed in different symmetry-constrained unit
cells of MFU-4 (tetragonal space group P4mm (no. 99) for
those cells corresponding to “min”, “TS”, and “centre”; cubic
space group Pm—3m for the “start/end” configuration). Again,
the experimental lattice parameter @ = 21.697 A was retained
during all calculations. The two different correction methods
were included in all DFT calculations in order to account for

dispersion interactions.

Supporting Information

Supporting Information File 1

Additional results of SFg-loading and SFg-release
experiments (TGA, FTIR and powder XRD
measurements), and an example of an input file for the
computation simulations.
[https://www.beilstein-journals.org/bjnano/content/
supplementary/2190-4286-10-180-S1.pdf]
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The design of metal-organic frameworks (MOFs) incorporating electroactive guest molecules in the pores has become a subject of

great interest in order to obtain additional electrical functionalities within the framework while maintaining porosity. Under-

standing the charge-transfer (CT) process between the framework and the guest molecules is a crucial step towards the design of

new electroactive MOFs. Herein, we present the encapsulation of fullerenes (Cgg) in a mesoporous tetrathiafulvalene (TTF)-based

MOF. The CT process between the electron-acceptor Cg guest and the electron-donor TTF ligand is studied in detail by means of

different spectroscopic techniques and density functional theory (DFT) calculations. Importantly, gas sorption measurements

demonstrate that sorption capacity is maintained after encapsulation of fullerenes, whereas the electrical conductivity is increased

by two orders of magnitude due to the CT interactions between Cgg and the TTF-based framework.

Introduction

Metal-organic frameworks (MOFs), which are crystalline
porous materials constructed from metallic nodes and organic
linkers, have been a major breakthrough in chemistry in the last
decades [1,2]. Because of their immense structural and func-
tional possibilities, this class of hybrid materials finds several

applications in, for example, gas storage and separation, sensing

or catalysis [3-5]. In addition, electroactive MOFs combining
porosity and electrical conductivity [6-8] have also attracted
much attention during the last years in view of their potential
application, for example as chemiresistive sensors [9], field-
effect transistors [10] or supercapacitors [11]. Whereas most

MOFs are electrical insulators, some have shown to exhibit
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excellent electrical conductivity and high charge mobility. This
was achieved either by an appropriate choice of the building
units to form electronically delocalised frameworks, or by in-
corporating electroactive guest molecules in the pores [6,12-
14]. In this direction, the incorporation of redox-active moieties
[15-18] as well as the understanding of charge-transfer (CT)
processes in MOFs [19-24], are excellent pathways for the
rational design of new electroactive frameworks exhibiting

electrical conductivity and porosity at the same time.

Fullerenes (Cgp) [25] have found numerous applications in dif-
ferent fields, ranging from molecular electronics and nanotech-
nology to biomedical applications, due to their exceptional elec-

trochemical and photophysical properties [26,27]. In particular,

understanding the CT processes between the electron-acceptor
Cgp and the electron-donor molecules is fundamental in order to
optimise photovoltaics and develop efficient solar cells [28].
The encapsulation of Cgo in MOFs [29] has become a very
interesting strategy for the purification of fullerenes [30-32], or
to incorporate additional functionalities within the MOF [33-
35]. Very recently, Farha and co-workers have demonstrated
that encapsulation of Cgg in a zirconium-based MOF can lead to
an enhancement of electrical conductivity due to
donor—acceptor interactions between the pyrene-based ligand
(donor) and fullerene (acceptor) without a significant decrease
in the porosity [36].

Tetrathiafulvalene (TTF) and its numerous derivatives are
redox-active electron-donor molecules with unique electronic
properties that have been widely used as important building

units in the field of molecular electronics as conductors,

switches, sensors or rectifiers [37,38]. Several studies have also

been devoted to the development of TTF-based macrocyclic

Beilstein J. Nanotechnol. 2019, 10, 1883—-1893.

systems for their use as molecular machines or for supramolec-
ular host—guest recognition [39-41]. In this context,
donor—acceptor interactions between Cg and discrete m-extend-
ed TTF molecules have been extensively studied in solution
during the last years [42-47]. In contrast, much less is known
about their supramolecular interactions in solid-state polymeric
structures such as metal-organic frameworks.

MOFs using TTF as ligands have become an interesting new
class of functional porous systems since they can incorporate
additional electronic features to prepare new electrically
conductive and redox-active MOFs [48-51]. Very recently, we
have reported a hierarchical and highly stable TTF-based MOF,
named MUV-2, which is based on the 6-connected trimeric
cluster [Fe3(u30)(COO)g] as secondary building unit (SBU)
and tetratopic tetrathiafulvalene-tetrabenzoate (TTETB4")
ligands. This MOF shows a hierarchical structure with meso-
porous channels of ~3 nm and orthogonal microporous chan-
nels of #1 nm. In addition, it exhibits an enhanced catalytic ac-
tivity for the aerobic oxidation of dibenzothiophene in diesel
[52], and a reversible continuous breathing upon adsorption of
different solvents [53]. Importantly, the planarity of the TTF
ligands can be modulated by the breathing behaviour, which
directly impacts on its electrochemical properties [53,54]. In
view of the remarkable electron-donor character of the TTF-
based ligands, herein we present the encapsulation of Cgg in
MUYV-2 (C4@MUV-2) (Figure 1). A detailed study on the CT
interactions between the electron-donor TTF ligands from the
framework and the electron-acceptor fullerenes has been carried
out by different spectroscopic techniques and theoretical calcu-
lations. Gas sorption measurements demonstrate that perma-
nent porosity is retained, whereas electrical measurements show

that conductivity is enhanced after Cgg encapsulation.

Ceo@MUV-2

TTF-based ligand (D)

Figure 1: Schematic representation of the encapsulation of the electron-acceptor (A) Cgg in the electron-donor (D) TTF-based MUV-2. Grey, yellow,

orange and red spheres represent C, S, Fe and O atoms, respectively.

1884



Results and Discussion

Synthesis and characterisation of
Ceo@MUV-2

Synthesis and encapsulation of Cgg into MUV-2
MUV-2 was synthesised as previously described based on the
solvothermal reaction of tetrathiafulvalene tetrabenzoic acid
(H4TTFTB), the preformed cluster [Fe30(CH3COO)s]C104 and
acetic acid as a modulator in dimethylformamide (DMF) [52].
In order to activate the material, MUV-2 was exhaustively
washed with DMF, methanol and heated at 150 °C for 2 h. En-
capsulation of Cgy was achieved adapting a reported procedure
[36] by immersing the activated microcrystalline powder of
MUYV-2 in a saturated solution of Cg( in o-dichlorobenzene for
three days at 60 °C. Then, the material was exhaustively
washed with o-dichlorobenzene in order to remove the physi-
sorbed Cgg on the MOF surface, washed with methanol and
dried at 150 °C for 2 h. The powder X-ray diffraction (PXRD)
pattern of Cqo@MUV-2 shows that the principal peak remains
at 3.4° confirming that crystallinity is maintained after encapsu-
lation of Cg( and removal of the solvent (Figure 2). It is impor-
tant to note that the principal peak is slightly shifted when
comparing the experimental and simulated PXRD patterns. This
can be explained by the breathing behaviour of MUV-2 [53].
The needle-like morphology of C4o@MUV-2 also remained
similar to the one of MUV-2 as confirmed by scanning electron
microscopy (SEM) (Figure S1, Supporting Information File 1).

Raman and UV-vis spectroscopy

Raman spectra of Cgg, MUV-2 and C4o@MUV-2 crystals were
measured using a Raman excitation wavelength of 785 nm
(Figure 3a). The presence of Raman bands at 218, 284 and
490 cm™! evidences the encapsulation of Cgg in MUV-2,

whereas the broadening and shifting of the bands towards
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Figure 2: Powder X-ray diffraction (PXRD) patterns of simulated and
experimental desolvated MUV-2 and Cgo@MUV-2.

higher frequencies are indicative of the charge-transfer (CT)
interactions between the electron-acceptor Cgg and the electron-
donor TTF ligands of the framework [36,55]. On the other
hand, the UV-vis spectrum of Cgo@MUYV-2 crystals dispersed
in KBr pellets (Figure 3b) shows the presence of two new bands
around 260 and 350 nm, which can be assigned to Cg, whereas
a broad band from 450 to 800 nm can be designated to an inter-
molecular CT excitation between the Cgg and TTF ligands, as
supported by theoretical calculations (see below). The experi-
mental optical bandgap calculated from the onset is near 1.4 eV
(885 nm), which is in agreement with the calculated electro-
chemical bandgap (1.43 eV) since the redox potential of TTF
linkers was found to be 1.1 V (vs Ag/AgCl) [53] and the redox
potential of Cgq is —0.33 V (vs Ag/AgCl).
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Figure 3: a) Raman spectra of Cgg, MUV-2 and Cgo@MUV-2. b) Solid-state UV—vis spectra of MUV-2 and Cgo@MUV-2. The spectra were recorded

by dispersing the samples in KBr pellets.
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Figure 4: a) Nitrogen adsorption isotherms at 77 K and b) high-pressure CO» adsorption isotherms at 298 K, on MUV-2 (black) and Cge@MUV-2

(red).

Gas sorption measurements

The porosity of Ceo@MUV-2 was studied by means of N, and
CO, adsorption isotherm measurements (Figure 4). The mea-
surement of nitrogen at 77 K yielded a combination of type-I
and type-1V isotherms (Figure 4a), as in the case of MUV-2, in-
dicating the presence of micropores and mesopores in the
framework. C4o@MUV-2 has a Brunauer—-Emmett-Teller
(BET) surface area of 1040 m%/g, which is slightly lower than
that of MUV-2 (1190 m?/g). Thus, porosity is retained after en-
capsulation of Cg, in agreement with other reported examples
[36,56]. The pore volume decreased from 0.53 cm3/g to
0.44 cm?/g after encapsulation of Cgo in MUV-2, whereas the
average pore diameter calculated by means of the
Barret—Joyner—Halenda (BJH) method was found to be similar
in both cases (=35 A). The quantity of fullerene encapsulated in
MUYV-2 was estimated from the decrease in pore volume, ob-
taining a value of around 0.7 Cgq per 3 TTF ligands, almost
1 fullerene per section of the void. This low encapsulation rate
can be explained by diffusion issues or by weak interactions be-
tween the Cg( and the framework, which are not strong enough
to keep the Cg( retained during the washing procedure. The
CO, isotherm on Cgo@MUYV-2 at 298 K also showed a small
decrease in the gas sorption capacity (Figure 4b), especially at
high pressures (7.7 and 5.3 mmol CO,/g at 18 bar for MUV-2
and Cgo@MUV-2, respectively).

Theoretical calculations

In order to get further insight into the donor—acceptor interac-
tions between Cg and the TTF-based MOF, theoretical calcula-
tions were performed under the density functional theory
(DFT). The MUV-2 framework was modelled as previously de-
scribed [53], with a high-spin Fe(III) configuration and one ful-
lerene Cg( guest molecule per pore (according to the experi-

mental encapsulation efficiency). The host—guest system

Ceo@MUV-2 was fully optimized under periodic boundary
conditions using the PBEsol functional with dispersion correc-
tions (see the Experimental section for details). We initially
modelled the fullerene Cg( guest in the middle of the MUV-2
mesopore. After several relaxation steps, the Cgy was able to
accommodate in one of the three cavities to interact favourably
with the TTF-based ligand. We explored two possible confor-
mations for the host—guest C4@MUV-2 system (A and B;
Figure 5a, Supporting Information File 2). In conformer A, the
fullerene ball remains in the void between two TTFTB ligands,
approaching one of them with short C(Cgg)"S(TTFTB) and
C(Cgp)-'benzene(TTFTB) contacts calculated at 3.4 and 3.5 A,
respectively (Figure 5b). In conformer B, fullerene remains
over the TTFTB ligand, promoting an efficient concave—convex
complementarity with a large amount of noncovalent
interactions between the Cgg ball and the TTF core
(C(Cgo)"S(TTFTB) distances of 3.6-3.8 A), and stabilizing
CH:'m contacts between the benzene rings of TTFTB and the
fullerene (2.5 A, Figure 5). Analysis of the NCI index allows
for the visualization of the noncovalent interactions between the
TTFTB ligand and the Cg( guest, showing a significantly larger
NCI surface for conformer B compared to conformer A
(Figure 5b).

Accurate hybrid DFT molecular calculations including disper-
sion corrections were performed to quantify the total stabiliza-
tion gained when Cg interacts with MUV-2 in arrangements A
and B. Interaction energies (Ej,¢) were calculated for the cluster
Ceo@TTFTB at the B3BLYP-D3/6-31G** level of theory with
counterpoise correction, using the minimum-energy geometry
previously obtained under periodic boundary conditions (see
Experimental section). Theoretical calculations indicate that
Cgo favourably interacts with the TTFTB ligand, with large

Ejn¢ < =20 kcal/mol in both arrangements. Conformer B, in
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Conformation A
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Conformation B

Conformation B

Figure 5: a) Minimum-energy crystal structure calculated for conformations A and B of host—guest Cgo@MUV-2 at the PBEsol level under periodic
boundary conditions (PBC). b) Supramolecular assemblies of Co@TTFTB extracted from the PBC-optimized Cgo@MUV-2 system in arrangements A
and B. Intermolecular short contacts (in A) and NCI surfaces (reduced density gradient isovalue = 0.3 a. u. (atomic units)) are displayed. Interaction
energies (Ejn) of —20.01 and —23.74 kcal/mol are calculated for Cgo@TTFTB in conformer A and B, respectively. Fullerene Cg is coloured in blue for

better viewing.

which the fullerene is placed over the TTF moiety promoting an
efficient concave—convex complementarity (Figure 5), is pre-
dicted the most stable arrangement, with an Ej,; value of
—23.74 kcal/mol (=4 kcal/mol more stable than conformer A).
Henceforth, we focus the subsequent analysis on conformation
B.

Electronic structure calculations indicate that Cqo@MUV-2
presents a small bandgap calculated to be 0.90 eV in spin-up or
a-channel, and 0.72 eV in spin-down or f-channel (Figure 6),
slightly smaller than that predicted for pristine MUV-2
(0.86 eV in B-channel) [53]. Analysis of the projected density of
states (PDoS) indicates that the valence band maximum (VBM)
in C4o@MUV-2 corresponds to the electron-rich TTF unit
(Figure 6a). The highest occupied crystal orbital (HOCO)
displays the typical shape of the TTF HOMO and confirms the
TTF-nature of the VBM (Figure 6b). In the a-channel, the
conduction band minimum (CBM) is described by the fullerene

moiety, being the lowest unoccupied crystal orbital (LUCO)

completely localized on the Cg( ball. Otherwise, the CBM in
the B-channel is best described by the unoccupied Fe d-orbitals
of the inorganic cluster of the MOF, the eigenstates correspond-
ing to the fullerene being only 0.2 eV above in energy
(Figure 6). Due to the relatively low bandgap, the nature of the
frontier crystal orbitals and the close proximity between the
electroactive donor TTF and acceptor Cgy moieties, CT pro-

cesses are expected upon light irradiation.

Donor-acceptor interactions in Cgo@MUV-2 were first
assessed at the ground state electronic configuration. The elec-
tron density difference between the framework interacting with
Ceo (C6o@MUV-2) and the individual moieties (Cgo + MUV-
2) suggests a partial charge transfer from the TTF to the fuller-
ene ball. Blue regions in Figure 7 indicate that the electron den-
sity is depleted from the TTF unit, especially from the S lone
pairs, and is accumulated (yellow volumes) in the fullerene
regions close to the TTFTB ligand. The partial charge transfer
from the donor TTFTB ligand to the acceptor fullerene moiety
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Figure 6: a) Projected density of states (PDoS) for the host—guest Cgg@MUV-2 system, with contributions from the TTF core, the secondary building
unit (SBU), and the fullerene Cgp. The Fermi level (EF) is indicated, and the energy reference is set to vacuum. b) Highest occupied (HOCO) and
lowest unoccupied (LUCO) crystal orbitals in the two spin channels for Cgg@MUV-2.

Figure 7: Electron density difference between host—guest Cgo@MUV-2 and the constituting moieties (Cgg + MUV-2). Blue and yellow regions indicate
charge depletion and accumulation, respectively.
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in the ground state is calculated to be as small as 0.02e (and
probably assigned to electronic polarization), with an exponen-
tial decay as a function of the Cgo"TTF intermolecular dis-

tance (Table S2, Supporting Information File 1).

Time-dependent DFT molecular calculations were performed at
the CAM-B3LYP/6-31G** level (see the Experimental section)
to shed light onto the photoinduced CT process of
Co@MUV-2. Figure 8 displays the simulated absorption spec-
tra predicted for the cluster C4o@TTFTB system in the most
stable arrangement B, the TTFTB ligand, and the fullerene
guest (the triplet excitation energies are indicated). The high-
energy region (below 400 nm) of the experimental UV-vis
absorption spectrum of Cgo@MUYV-2 is dominated by the
MUYV-2 framework (Figure 3b). Theoretical calculations predict
several intense transitions in the region below 300 nm for the
TTFTB ligand (Table S3, Supporting Information File 1) that
explain the experimental wide band with maximum at ~230 nm
recorded for MUV-2 and Cgy@MUV-2. These transitions are
described by m—* electronic promotions involving the TTF and
the peripheral carboxybenzene groups in the TTFTB ligand
(Table S3, Supporting Information File 1). Singlet excited states
S1 and Sj are predicted with less intensity (oscillator strength
f£<0.2) and are described by TTF—benzene and TTF-centred
monoexcitations, respectively, and give rise to the shoulder ex-
perimentally recorded at 350 nm for C4o@MUV-2 (Table S3,
Supporting Information File 1). On the other hand, the pre-
dicted singlet excited states of fullerene S37-S39 (f = 0.2) and
S50—Ss4 (f = 0.1) in the region of 280 and 260 nm (Table S3,
Supporting Information File 1), respectively, correlate with the
experimental features that appear at 325 and 275 nm in
host—guest Cgo@MUV-2 (Figure 3b).

Importantly, a new singlet excitation is computed for
Ceo@TTFTB (S;) at 578 nm, which is not predicted either for
the TTFTB ligand or the fullerene Cg (Figure 8). This transi-

Beilstein J. Nanotechnol. 2019, 10, 1883—-1893.

tion has relatively small intensity (f = 0.018), and can be de-
scribed by one-electron promotion from TTF to Cgy, i.e., it has
a CT nature (Figure 8b). The position of this CT excitation
(578 nm) nicely agrees with the low-energy broad band that
appears in the experimental absorption spectrum of
Ceo@MUYV-2, centred at 550 nm and expanding up to 800 nm.
In fact, theoretical calculations indicate that the intensity and
energy of the S; CT transition in Cgo@TTFTB is significantly
affected by the intermolecular TTF--Cg distance and the char-
acteristic TTF boat dihedral angle (Table S4, Supporting Infor-
mation File 1). The charge transfer from the TTF to the fuller-
ene ball in the S| CT excitation of Cqo@TTFTB is calculated
to be of nearly le (0.94e at the minimum-energy geometry,
Table S2, Supporting Information File 1).

Electrical measurements

In order to analyse the possible enhancement of electrical
conductivity after encapsulation of Cgp in MUV-2, transport
measurements for MUV-2 and Cgo@MUV-2 were performed
using two-contact probe pressed-pellet devices measured at
room temperature (300 K) (Figure 9). Interestingly, the pellet of
Ceo@MUV-2 shows an increase of around two orders of mag-
nitude (0 = 4.7-107° S/cm) compared to the very resistive
MUV-2 (0 = 3.7-10"!'! S/cm, Table 1). This enhancement of the
electrical conductivity can be explained by the donor—acceptor
charge transfer from the TTF linkers to Cg( since the fullerene
is acting as a dopant introducing charge carriers within the
framework. However, this enhancement in conductivity is lower
in comparison to other reported systems [14,35] probably due to
the low ratio between Cgy and TTF (1:4) and the long distances
between the TTF moieties (9.6 A along the c-axis), which could

prevent the charge delocalisation along the framework.

Conclusion
In summary, we have reported for the first time the encapsula-
tion of Cgp in a mesoporous TTF-based MOF (MUV-2).
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Figure 8: a) TDDFT absorption spectra calculated at the CAM-B3LYP/6-31G** level for host—guest Cgo@TTFTB (including vertical excitation ener-
gies), TTFTB ligand, and fullerene Cgq (singlets and triplet energies). b) Monoelectronic excitation that describes the nature of the lowest-lying singlet

excited state S1 of Cgg@TTFTB.
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Table 1: Geometrical factors (length /, width w, and thickness t), resistance obtained by the linear fit of the ohmic regime of the I~V curves and

conductivity for MUV-2 and Cgo@MUV-2, at 300 K.

sample I (um) w (Um)
MUV-2 110 480
Ceo@MUV-2 325 540
5
] —r—Muv-2 o
+—C,@MUV-2 o
34 o
2 ,.-""..f
14
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Figure 9: Current (/)-Voltage (V) plot for pressed pellets of MUV-2
(black) and Cgo@MUV-2 (red) at 300 K.

Charge-transfer interactions between Cgg and TTF ligands from
the framework in C4o@MUV-2 were confirmed by different
spectroscopic techniques and theoretical calculations. Interest-
ingly, after encapsulation of fullerenes, gas sorption measure-
ments demonstrated that the mesoporosity of the MOF is main-
tained, and electrical measurements revealed an increase of
around two orders of magnitude in conductivity, which can be
explained by CT donor—acceptor (TTF— Cg) interactions. Cur-
rent research is focused on the improvement of the electrical
conductivity in MUV-2 and the photophysical characterisation
of the charge transfer process in Cao@MUV-2.

Experimental

General methods and materials: All reagents and solvents
employed for the syntheses were of high purity and were pur-
chased from Sigma-Aldrich Co., and TCI. Powder X-ray
diffraction patterns were recorded using 0.7 mm borosilicate
capillaries that were aligned on an Empyrean PANalytical
powder diffractometer, using Cu Ka radiation (A = 1.54056 A).
Raman spectra were acquired with a micro-Raman (model
XploRA ONE from Horiba, Kyoto, Japan) with a grating of
1200 gr/mm and a wavelength of 785 nm. UV-vis absorption
spectra were recorded on a Jasco V-670 spectrophotometer in
baseline mode from 400 to 800 nm range. The absorption

spectra were measured on the solid state by dispersing the crys-

t (um) R (Q) at 300 K o (S/cm) at 300 K
65 (9.5 +0.6)-10" 3.7-10~ "
150 (8.510 + 0.015)-10° 4.7107°

tals in KBr pellets. Nitrogen adsorption isotherms were
measured using a TriStar II PLUS apparatus (Micromeritics) at
77 K. The BET surface area was calculated by using the
Brunauer—Emmett-Teller equation. The high-pressure CO,
adsorption isotherms were measured in a IGA-100 gravimetric
sorption analyzer (Hiden Isochema) and the sample was
degassed for 2 h at 150 °C in vacuum.

Synthesis of MUV-2 and encapsulation of Cgy: MUV-2 was
synthesised and characterised as previously reported [52]. Then,
30 mg of fullerene (Cgp) was dissolved in 2 mL of o-dichloro-
benzene and activated MUV-2 (10 mg) was added to it. The
vial was heated at 60 °C for 3 days and the MOF was then
exhaustively washed with o-dichlorobenzene to remove any
physisorbed Cgg on the MOF surface, washed with methanol
and finally dried at 150 °C for 2 h.

Computational details: Theoretical calculations were per-
formed under the density functional theory framework. Peri-
odic boundary conditions (PBC) calculations were carried out
with the FHI-AIMS (Version 171221) software [57]. MUV-2
was modelled as previously described, with Fe(III) ions in a
high-spin d°-configuration. The guest Cgo molecule was ratio-
nally inserted into the bigger mesoporous channel of MUV-2 in
the most plausible sites, and the geometry of the host—guest
Ceo@MUV-2 system was fully relaxed at the PBEsol func-
tional [58] with tier-1 basis set. Dispersion corrections were
added according to the Hirshfeld partitioning of the electron
density (Tkatchenko—Scheffler method) [59]. Electronic struc-
ture calculations were performed for band structure analysis
using the hybrid HSE06 functional [60] and tier-1 basis set.
Energy reference was set to vacuum according to the protocol
reported by Butler and co-workers [61]. Crystal structures,
crystal orbitals and electron density differences were plotted by
means of VESTA (version 3.4.6) software [62]. NonCovalent
Index (NCI) calculations were performed under the NCIPLOT-
3.0 software [63,64] using the default PROMOLECULAR
atomic densities, and density and gradient thresholds. The inter-
molecular contribution to the NCI surfaces was calculated by
means of the INTERMOLECULAR keyword, and the VMD-
1.9.3 software [65] was employed for graphical display. Molec-
ular DFT calculations were performed for the C4o@TTFTB
system using the Gaussian-16.A03 suite of packages [66].
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Hydrogen atoms were added in the terminal carboxylate groups
for charge neutrality. Interaction energies were calculated for
the previously PBC-optimized crystal structures as the energy
difference between the dimer and the constituting monomers.
The hybrid B3LYP [67] with the Grimme’s D3 dispersion
correction [68] (B3LYP-D3) was employed along with the
6-31G** basis set and half of the counterpoise correction (CP)
[69]. The consistency of the interaction energy trends at the
B3LYP-D3/6-31G**+%2CP level was confirmed by using other
basis set or CP weights (Table S1, Supporting Information
File 1). Time-dependent DFT (TDDFT) calculations were per-
formed using the coulomb-attenuating CAM-B3LYP approach
[70] with the 6-31G** basis set for the lowest-lying excited
states. The B3LYP functional was also tested, but the character-
istic charge-transfer excitation was largely underestimated
(Figure S4, Supporting Information File 1). Excitation energies
were convoluted with Gaussian functions with full-width-at-
half-maximum (FWHM) of 0.2 eV. Charge transfer was evalu-
ated as the accumulated natural population analysis (NPA) [71]
charges on each moiety. Molecular orbitals were represented by
means of the Chemcraft 1.7 software [72].

Electrical measurements: Pressed pellets (F' = 5 US tons) were
cut in rectangular shapes and contacted with silver conductive
paint (RS 123-9911) and platinum wires (Goodfellow, 99.99%,
25 um of diameter) in a four-probe configuration (Figure S2
and Figure S3, Supporting Information File 1). The geometrical
factors (thickness, width and length were measured using an
optical microscope (width and length were determined from the
top view, Figure S2a and Figure S3a, and the thickness from the
lateral view, Figure S2b and Figure S3b). [-V curves were
measured with a Keithley 6517B electrometer for ultra-high
resistance/ultra-low current measurements in a two-probe con-
figuration, i.e., applying a voltage bias between two leads and
measuring the current between them.

Supporting Information

Supporting Information File 1

Additional figures and tables.

[https://www .beilstein-journals.org/bjnano/content/
supplementary/2190-4286-10-183-S1.pdf]

Supporting Information File 2

CIF files of simulated structures of Cqo@MUV-2.
The ZIP archive contains CIF files of the simulated
structures of C60@MUV-2 in conformation A and in
conformation B.

[https://www .beilstein-journals.org/bjnano/content/
supplementary/2190-4286-10-183-S2.zip]
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In this work we explore the deposition of gold onto a silicoaluminophosphate, using a variety of known nanoparticle deposition

techniques. By comparing the gold particles deposited on a traditional microporous aluminophosphate, with an analogous hierar-

chical species, containing both micropores and mesopores, we explore the influence of this dual porosity on nanoparticle deposi-

tion. We show that the presence of mesopores has limited influence on the nanoparticle properties, but allows the system to main-

tain porosity after nanoparticle deposition. This will aid diffusion of reagents through the system, allowing continued access to the

active sites in hierarchical systems, which offers significant potential in catalytic oxidation/reduction reactions.

Findings

The controlled synthetic design of metallic nanoparticles has
generated significant interest in recent decades due to their
implementation in a range of fields, including medicine [1],
optics [2] and catalysis [3]. Given the wide range of control-
lable properties, such as size, shape and charge, nanoparticle
design is non-trivial, as specific procedures are constantly being

developed to promote targeted features and behaviours [4].

Commonly, in catalysis nanoparticles are immobilised onto a
solid support, preventing aggregation, leading to increased cata-
lyst lifetime and performance [5]. Yet, immobilisation further
complicates nanoparticle design by introducing surface—nano-
particle interactions, which have been shown to have a signifi-
cant influence on the catalytic efficacy [6]. Commonly, the

supports used are porous, which allows the nanoparticle to be

1952


https://www.beilstein-journals.org/bjnano/about/openAccess.htm
mailto:m.e.potter@soton.ac.uk
mailto:R.Raja@soton.ac.uk
https://doi.org/10.3762%2Fbjnano.10.191

deposited, and yet sufficiently isolated from other particles, to
hinder aggregation. Of the wide range of supports utilised in the
literature, micro- and meso-porous species are the most
common [7-10]. Microporous materials can achieve high levels
of control in catalytic reactions, resulting in targeted product
selectivity and hence are, in principle, excellent hosts for metal
nanoparticles [11]. Similarly, zeotype materials such as zeolites
and aluminophosphates (AIPOs) also possess a wide range of
secondary functionalities that could synergise with the nanopar-
ticles in a catalytic reaction [12]. However, due to the limited
pore aperture and channels of these systems, even sub-
nanometre particles can block the framework and hinder activi-
ty, thereby preventing reagents from accessing the internal
active sites. In contrast, mesoporous species (pores greater than
2 nm) maintain a large portion of their porosity when hosting
metal nanoparticles, although they lack the more subtle ability
to control the space around the active site [13]. In our previous
work we have shown that inclusion of a micellular agent, i.e.,
dimethyloctadecyl[3-(trimethoxysilyl)propylJammonium chlo-
ride (DMOD) in an AIPO synthesis, alongside a microporous
template, allows silanol-lined mesopores to form simultaneous-
ly with the microporous network, yielding a hierarchically
porous (HP) system [14]. In this work, we utilise both a HP sili-
coaluminophosphate (SAPO) system and a traditional microp-
orous SAPO-5 species, to demonstrate the advantages of hierar-
chical systems for nanoparticle deposition. We selected
SAPO-5 as our basic framework, as the AIPO-5 synthesis is
robust and forms one of the largest AIPO frameworks (pore size
7.3 A), which will aid nanoparticle deposition and maintain
porosity. Specifically, we compare three known methods for
nanoparticle preparation, incipient wetness (IW), wet impregna-
tion (WI) and ammonia evaporation (AE), on the typical micro-
porous (MP-SAPO-5) and corresponding hierarchically porous
system (HP-SAPO-5) [15,16].

MP-SAPO-5 was synthesised according to our previous work
[17], giving the expected phase-pure, crystalline, microporous
AIPO-5 framework (Figure 1A and Figures S1-S3 and Table
S2, Supporting Information File 1). Modifying the synthesis
procedure by adding a small quantity of DMOD (Table S1,
Supporting Information File 1) into the hydrothermal gel (HP-
SAPO-5) preserved the phase purity, as only AIPO-5 features
are present (Figure S1, Supporting Information File 1).
Nitrogen physisorption measurements show that while the type-
I isotherm of MP-SAPO-5 strongly indicates microporosity,
HP-SAPO-5 has a type-IV isotherm, indicating the hierarchical
nature of the sample (Figure S2, Supporting Information File 1),
but with a disordered mesoporous region. This is typical of hier-
archical materials prepared in this manner [12,14] as they
contain a broad range of mesopore sizes. Subsequent pore-dis-

tribution plots show no textural features for MP-SAPO-5 in the
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region of 20-350 A, but HP-SAPO-5 shows a discerning
hysteresis, indicating mesopores which are 60 A in size (Figure
S3, Supporting Information File 1). This is also highlighted as
both systems possess similar micropore pore volumes, though
HP-SAPO-5 has a much larger mesopore pore volume. The par-
ticles of HP-SAPO-5 were notably less crystalline than
MP-SAPO-5 (Figure 1). HP-SAPO-5 showed crystalline fea-
tures with smaller crystalline particles aggregating, forming part
of a platelet morphology. The features of HP-SAPO-5 are attri-
buted to the DMOD used in the synthesis. DMOD is believed to
modify the crystallisation rate, which allows mesopores to
form. In doing so, it also increases the disorder in the system,
leading to agglomeration and different crystalline phases.
Overall, we concluded that bare HP-SAPO-5 and MP-SAPO-5
systems were successfully synthesised. They were then used as
supports for gold deposition in order to explore the influence
that the microporous and hierarchical systems had on the nano-
particles characteristics.

Figure 1: SEM images of microporous MP-SAPO-5 (A) and hierar-
chical HP-SAPO-5 (B).

All three deposition methods (IW, WI and AE) were carried out
on both HP-SAPO-5 and MP-SAPO-5 with an intended theoret-
ical loading of 1 wt % Au. Metal analysis on the deposited
MP-SAPO-5 (Table S3, Supporting Information File 1) shows
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that the gold loadings vary significantly depending on the im-
mobilisation strategy used, with IW being the most effective
(0.66 wt % Au) and WI being the least (0.10 wt % Au). Likely
the minimal amount of solvent used in the IW method in-
creases support—metal interactions leading to more rapid depo-
sition. The minimal amount of solvent will also be readily
adsorbed into the internal pores of the material by capillary
action, encouraging the metal to deposit on the micropores and
mesopores and not just on the external surface. In contrast, the
excess solvent used in WI will promote deposition primarily on
the external surface. AE results in a reasonable deposition effi-
ciency (0.49 wt % Au). Likely the evaporation stage of this
process also encourages limited capillary action, similar to IW.
Excellent agreement is seen between analogous MP-SAPO-5
and HP-SAPO-5 systems (Table S3, Supporting Information
File 1), suggesting that the inclusion of silanol-lined mesopores
neither encourages nor hinders nanoparticle deposition.

Following nanoparticle deposition, all samples maintained a
phase-pure AIPO-5 framework, with the powder XRD patterns
showing no significant variation in crystallinity or signal width
(Figure 2 and Figure S4 and Figure S5, Supporting Information
File 1). Nanoparticle deposition was found to greatly reduce the
porosity of both the hierarchical and microporous supports. For
MP-SAPO-5 the surface area decreases from 254 m?/g to just
72 m?/g, on depositing 0.10 wt % of Au through WI (Figure S6
and Table S4, Supporting Information File 1). This is accompa-
nied by a significant decrease in pore volume (Table S4, Sup-
porting Information File 1). Given that the framework integrity
is maintained (Figure S4 and Figure S5, Supporting Informa-
tion File 1), the decrease in porosity suggests that the 1D chan-
nels are blocked, restricting access to the internal micropores.
As pore mouths are known to produce high-energy defect sites
[18], they are more likely to encourage nanoparticle deposition,
thus blocking the AIPO-5 channels. The IW and AE methods
decrease the surface area to a greater extent due to increased Au
deposition. The surface area follows a similar trend for
HP-SAPO-5, with bare support > WI > AE > IW, again in
agreement with the Au loadings (Figure 2B, Tables S3 and Ta-
ble S4, Supporting Information File 1). Notably, a higher
proportion of porosity is maintained in the hierarchical systems,
where equivalent loadings of gold give surface areas above 110
m?/g. The surface areas for the Au-doped MP systems were
difficult to estimate due to a loss of data at the very lowest pres-
sures. However, the measurements here provide a reasonable
estimate (Table S4, Supporting Information File 1). Further
qualitative comparison of the isotherms for the Au-doped MP
and HP at low pressure confirms the significantly lower surface
area in the MP systems. The total pore volume follows a simi-
lar trend, with higher Au loadings prompting lower pore

volumes. However, for the hierarchical system a higher propor-
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tion of the pore volume still remains on deposition (Table S4,
Supporting Information File 1). Thus the introduction of meso-
pores into the hierarchical system (Figure S7, Supporting Infor-
mation File 1) helps the systems maintain higher pore volumes
and surface areas after nanoparticle inclusion. In principle this
should translate into the hierarchical systems being improved
catalysts with better diffusion.
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Figure 2: Nitrogen physisorption isotherms of gold-deposited microp-
orous (A) and hierarchical (B) SAPO-5 systems showing that porosity
is maintained in hierarchical HP-SAPO-5, but not in microporous
MP-SAPO-5.

To probe the influence of the support on the deposited metal, a
range of characterisation techniques were used to explore the
nature of the Au species. UV—vis measurements show signals
attributed to localised surface plasmon resonance for both Au/
MP-SAPO-5 (Figure S8, Supporting Information File 1) and
Au/HP-SAPO-5 (Figure S9, Supporting Information File 1)
systems suggesting that nanoparticles have indeed formed via
the IW and AE procedures [19]. However, no signals are seen
for WI samples due to the low (0.10 wt %) Au loadings. The
peak positions are in good agreement for the Au/MP-SAPO-5
species between the two techniques IW 514 nm, AE 517 nm),
though the hierarchical system shows a greater disparity (IW
511 nm, AE 529 nm). This is likely due to the wider range of
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possible deposition sites and environments, though overall the
systems are in good agreement. X-ray adsorption spectroscopy
(XAS) was used to probe the gold species, but only subtle vari-
ations between the systems was observed (Figure 3 and Figures
S10-S15, Supporting Information File 1). There was good
agreement with the Au foil, suggesting the gold has been suc-
cessfully reduced to metallic gold particles. The Au/MP-
SAPO-5 systems show a lower-energy X-ray absorption near
edge structure (XANES), suggesting a higher average oxida-
tion state (Au®*, Figure S11, Supporting Information File 1)
than the Au foil (Au%) [20]. In all cases the data was satisfacto-
rily fit with a single Au—Au path, at a bond distance of
2.85-2.86 A (Figure 3 and Table 1). The Au coordination num-
ber for all Au/SAPO-5 systems was found to be lower than the
theoretical value of 12 for bulk Au foil, suggesting the forma-
tion of non-bulk Au systems. In both systems the coordination
number was found to vary as AE < IW < WI, indicating AE
produces smaller sized nanoparticles [21], despite WI having
significantly lower Au loading. This again emphasises the influ-

ence of synthesis protocols on active site design.

X-ray photoelectron spectroscopy (XPS) data (Figure 4) was in
good agreement with the XAS data, as Au/HP-SAPO-5 IW and
Au/HP-SAPO-5 AE systems were exclusively fit with Au® fea-
tures (Figure 4B). However, the corresponding microporous
systems required additional Au! features to be accurately fit, in
agreement with the Au®* species observed from XANES
(Figure 4A). As XPS has a limited penetration depth, it will
accentuate surface species, which are more likely to contain
Aul species, over the bulk [22]. In both cases the weak signal
from the low loading of the WI systems makes fitting infea-
sible. These measurements confirm that the different porosity of
the two systems has only a subtle influence on the nanoparticle
environment and coordination. A potential cause of this being
the lack of porosity in the Au/MP-SAPO-5 species, hindering

Table 1: XAS fitting paths of Au-doped SAPO systems and Au foil.2

sample abs—sc N
Au/MP-SAPO-5 IW Au-Au 10.0 (5)
Au/MP-SAPO-5 WI Au-Au 11.2 (3)
Au/MP-SAPO-5 AE Au-Au 10.1 (3)
Au/HP-SAPO-5 IW Au-Au 10.7 (4)
Au/HP-SAPO-5 WI Au-Au 10.8 (4)
Au/HP-SAPO-5 AE Au-Au 9.3 (4)
Au foil Au-Au 12 (fixed)
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Figure 3: The magnitude and imaginary component of the k3-weighted
Fourier transform for the XAS data of the Au-deposited microporous
MP-SAPO-5 (A) and hierarchical HP-SAPO-5 (B) compared to the Au
foil. Associated scattering paths, with a single Au—Au feature are
included.

the complete reduction of the Au species, during the activation
(calcination/reduction) process.

We have thus shown that pore blockage can be minimised by
immobilising metal nanoparticles onto hierarchical systems,
allowing tailored zeotype catalysts to act as hosts through the

RIA 202/A2 Ritactor
2.849 (5) 0.0088 (5) 0.019
2.850 (3) 0.0089 (4) 0.006
2.852 (3) 0.0083 (3) 0.007
2.855 (5) 0.0082 (4) 0.015
2.851 (4) 0.0087 (5) 0.012
2.854 (5) 0.0082 (3) 0.020
2.857 (2) 0.0077 (1) 0.004

aFitting parameters: So? value of 0.826, determined by Au foil standard; fit range 3.0 < k < 12.3 and 1.5 < R < 3.5, number of independent points =

11.7, abs—sc = absorbing atom-scattering atom.
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Figure 4: Stacked XPS data for Au-doped microporous MP-SAPO-5
(A) and hierarchical HP-SAPO-5 (B) showing the oxidation states
present in the samples.

inclusion of mesopores, with their inherent porosity aiding
nanoparticle reduction. Such materials have potential in catalyt-
ic oxidations/reductions, with Au/HP-SAPO-5 IW yielding a
turn over number (TON) of 35 (Table S5, Supporting Informa-
tion File 1) for the catalytic oxidation of toluene (preliminary
findings). These materials offer significant potential as cata-
lysts in their own right for C-H activation, but also as nanopar-
ticle hosts. The dual porosity opens up the possibility of selec-
tively isolating distinct active sites in specific-sized pores,
towards intelligently designed bifunctional and tandem cata-

lysts.

Supporting Information

Supporting Information File 1

Additional experimental data.
[https://www.beilstein-journals.org/bjnano/content/
supplementary/2190-4286-10-191-S1.pdf]
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Abstract

We report on the synthesis of highly oriented and nanostructured metal-organic framework (MOF) films featuring extreme surface
wetting properties. The Ni- and Co- derivatives of the metal-catecholate series (M-CAT-1) were synthesized as highly crystalline
bulk materials and thin films. Oriented pillar-like nanostructured M-CAT-1 films exhibiting pronounced needle-like morphology on
gold substrates were established by incorporating a crystallization promoter into the film synthesis. These nanostructured M-CAT-1
MOF films feature extreme wetting phenomena, specifically superhydrophilic and underwater superoleophobic properties with
water and underwater oil-contact angles of 0° and up to 174°, respectively. The self-cleaning capability of the nanostructured,
needle-like M-CAT-1 films was illustrated by measuring time-dependent oil droplet rolling-off a tilted surface. The deposition of
the nanostructured Ni-CAT-1 film on a large glass substrate allowed for the realization of an efficient, transparent, antifog coating,
enabling a clear view even at extreme temperature gaps up to ~120 °C. This work illustrates the strong link between MOF film
morphology and surface properties based on these framework materials.

Introduction

Over millions of years, plants and animals have evolved a spec-  cient photosynthesis, even in polluted environments [5-7]. In
trum of surface designs enabling specific wetting properties the realm of animals, mosquitos utilize an antifog coating
tailored for their survival in extreme conditions [1-4]. In plants, covering their eyes for clear vision in high humidity regions [8].
the unique surface architecture of the lotus leaf enables super-  The fogstand beetles employ an antifog coating for enhancing

hydrophobic and self-cleaning properties for sustaining effi-  water vapor harvesting abilities in dry climates [9]. In marine
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life, fish protect themselves from oil-polluted environments or
avoid biofouling due to oil-repellent designs and self-cleaning
capabilities of their skin [10-12]. These intriguing superhy-
drophilic or superoleophobic surface characteristics are ob-
tained by the combination of a precise chemical composition
and hierarchical microstructuring of the surface [13-16]. Nowa-
days, modern surface technologies such as antifog or
antifouling, oil-repellant coatings, self-cleaning surfaces and
water-harvesting systems are inspired by nature’s designs [17-
26]. The synthesis of artificial superhydrophilic surfaces can be
achieved by a variety of routes, for example, sol-gel synthesis,
electrochemical deposition, anodization, electrochemical poly-
merization, electrospinning, plasma treatment, chemical or
hydrothermal methods, vapor deposition, layer-by-layer
assembly or laser ablation [19,27-39]. However, the develop-
ment of a straightforward and versatile bottom-up synthesis
scheme enabling tunable surface morphologies for controlled
wetting properties is still challenging and highly desired.

Metal-organic frameworks (MOFs) are porous, crystalline ma-
terials featuring a great structural and chemical diversity [40-
45]. Thereby, they are attractive synthesis targets for a large
variety of applications, including gas storage and separation,
chemical sensing, thermoelectrics, capacitors, transistors or
photovoltaics [46-52]. Due to their exceptional variety of struc-
tural properties and functions, MOFs are intriguing candidates
for the design and synthesis of coatings combining a superhy-
drophilic, superhydrophobic, superoleophilic or superoleo-
phobic character with desired features such as light filtering,
hosting cavities, electrical conductivity, etc. In the literature, the
synthesis procedures of MOF powders with encoded wetting
properties have been reported [53-60]. Typically, the desired
wetting properties in MOFs were chemically induced by a post-
synthesis modification or by including building blocks deco-
rated with hydrocarbon side chains [58,61-64]. Very recently, a
copper mesh decorated with hybrid Cu(OH),/MOF-
nanobrushes showed underwater contact angles suggesting
superoleophobic properties [65]. However, the use of well-
defined MOF films for encoding on-surface wetting properties

is yet to be revealed.

Here we report the synthesis of highly oriented, nanostructured
MOF films that mimic architectures observed in nature, result-
ing in highly unusual, extreme surface wetting properties. For
the synthesis, the Ni- and Co-derivatives of the metal—cate-
cholate series (M-CAT-1) were selected [66]. First, these
M-CAT-1 derivatives were synthesized as highly crystalline
bulk materials. The M-CAT-1 surface energy was estimated by
contact angle measurements using pellet samples exposing
nonoriented crystallites on the surface. Next, oriented and

compact Co- and Ni-CAT-1 films were deposited on gold sur-
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faces by vapor-assisted conversion (VAC). These films showed
enhanced hydrophilic and underwater oleophobic properties

compared to the corresponding pressed pellet samples.

Oriented, nanostructured M-CAT-1 films exhibiting a pro-
nounced needle-like morphology on gold substrates were ob-
tained by adding a crystallization promotor into the VAC pre-
cursor solution. These nanostructured M-CAT-1 MOF films
feature extreme wetting phenomena, specifically superhy-
drophilic and underwater superoleophobic properties with water
and underwater oil-contact angles of 0° and up to 174°, respec-
tively. The self-cleaning capability of the nanostructured,
needle-like Ni- and Co-CAT-1 films was illustrated by
measuring time-dependent oil droplet rolling-off a tilted sur-
face. The deposition of the nanostructured Ni-CAT-1 film on
large glass substrates allowed for the realization of an efficient
antifog coating. These antifog coatings enabled clear vision,
even at large temperature differences of up to 120 °C.

Results and Discussion

The M-CAT-1 MOFs are crystalline, microporous structures
obtained by a solvothermal reaction of metal precursors and the
organic building block 2,3,6,7,10,11-hexahydroxytriphenylene
(HHTP) as a dark precipitate. The M-CAT-1 crystallites exhib-
it a hexagonally faceted, needle-like morphology with crystal
cross-sections of 30—40 nm and several micrometers in length
(Figure 1). In addition, the M-CAT-1 materials are electroac-
tive featuring electrical conductivity values of up to
1072-1073 S cm™ for pressed powder pellets and oriented thin
films, respectively [67]. However, the wetting properties of
these MOFs both as pristine powders and as films have not been

explored.

For our study, we focused on Ni- and the Co-CAT-1, since their
structure is well-characterized and elucidated by diffraction
methods, serving as a good basis for understanding their growth
behavior and morphology. To assess the wetting properties of
Ni- and Co-CAT-1, we investigated the interaction of the bulk
materials pressed as compact pellets with different polar and
apolar liquids. For this purpose, we synthesized M-CAT-1 bulk
materials following our recently reported solvothermal synthe-
sis procedure (for more details see Figure S3.1, Supporting
Information File 1) [67]. Subsequently, the obtained MOF
powders were collected, activated under dynamic vacuum and
pressed into crystalline pellet samples (1 cm diameter, thick-
ness 500 um; 100 mg activated MOF, roughness (RMS):
37 nm). Scanning electron microscope (SEM) micrographs
reveal densely packed and randomly oriented MOF crystallites
throughout the sample (see Figure S3.2, Supporting Informa-
tion File 1). For the contact angle (CA) measurements at the

solid/air interface we chose diiodomethane as a nonpolar
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Figure 1: A) Synthesis scheme of M-CAT-1 using 2,3,6,7,10,11-hexahydroxytriphenylene (HHTP) and the respective metal acetate under solvother-
mal conditions. B) Side view of the Co-CAT-1 crystal structure illustrating infinite layers of HHTP2Cog. C) View along the crystallographic c-axis high-
lighting the hexagonal pore channels. D) SEM micrograph showing the needle-like crystallite morphology, which is sketched in E) as elongated hexag-
onally shaped monoliths. F) Water contact angle (WCA) measured at the solid/air interface of a Co-CAT-1 pellet. G) Diiodomethane CA measured on

the same pellet. H) Underwater CA measured at the solid/water interface on the identical pelletized sample.

organic liquid, which exhibits a relatively high surface tension,
and water as a polar liquid (see Figure 1). CA measurements on
M-CAT-1 pellets reveal shallow angles of about 12° for
diiodomethane and WCA values of about 46°. This illustrates
that in air the M-CAT-1 materials feature an amphiphilic char-
acter, namely hydrophilic and superolephilic properties. This
amphiphilic wetting property can be attributed to the high sur-
face energy of the MOF materials. To estimate the correspond-
ing MOF surface energy, we applied Fowker’s theory, where
the observed CA between a liquid and a solid is related to the
sum of a polar and dispersive components of the liquid’s sur-
face tension [68]. Utilizing the measured CAs of diiodomethane
exhibiting solely a dispersive component and water, having a
dispersive and polar components, enabled the calculation of the
overall surface energy for Ni- and Co-CAT-1 (for detailed
discussion see Supporting Information File 1, Table S1). We
obtained a surface energy of 64.02 and 62.38 mN/m for the Ni-

and Co-CAT-1 pellet samples, respectively, as summarized in

Table 1. These values are higher than the surface energy re-
ported for oleophilic polymers which exhibit a surface energy in
the range of 20-50 mN/m. However, the estimated MOF sur-
face energy and WCAs are in good agreement with systems
such as modified carbonaceous layers, showing values of about
60 mN/m and WCAs of 50° [69]. Superoleophilic wetting prop-
erties were also detected for chlorinated oils such as dichloro-
methane on M-CAT-1 pellets (see Figure S3.3, Supporting
Information File 1). This further illustrates the amphiphilic

Table 1: Surface energy (os) and the respective dispersive (osP) and
polar (os”) components estimated for Ni- and Co-CAT-1 pellet sam-
ples.

M-CAT-1 og [mN/m] osP [mN/m]  ogP [mN/m]
Ni-CAT-1 64.02 49.69 14.06
Co-CAT-1 62.38 50.30 12.08
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nature of the M-CATs, showing hydrophilic as well as super-
oleophilic behavior towards several different oils. Interestingly,
the underwater oil contact angle (OCA) of diiodomethane on
these pellets reveals an inverse wetting phenomenon. Under
these conditions, the M-CAT-1 materials reject oil and turn
oleophobic with an OCA of 90° (Figure 1H).

Constructing nanostructured M-CAT-1

surfaces

According to Wenzel’s model, film topography has a strong
impact on the wetting properties of a surface [70]. Following
this line of thought, we aimed at constructing M-CAT-1 thin
films featuring distinct surface morphologies, allowing for the
desired surface wetting properties to be achieved. However,
on-surface control of MOF film morphology is a challenging
task due to the required growth conditions for maintaining key
features such as homogeneity, crystallinity and crystal orienta-
tion on the surface. In our previous reports, we have demon-
strated that the use of a modulator in combination with the
choice of a substrate play a crucial role in VAC synthesis and
the formation of a crystalline MOF film [71]. In the present
study, we introduce the use of a crystallization promoter in the
VAC process, solely for inducing distinct film morphology
while maintaining crystallinity and crystal orientation on a pres-
elected substrate.

Accordingly, we employed VAC methods for producing both
compact and nanostructured M-CAT-1 films (see Figure S5.1,
Supporting Information File 1). Briefly, oriented thin films of
Ni- and Co-CAT-1 were synthesized on gold substrates by
depositing a thin layer of a precursor solution onto a gold sub-
strate. Then, the gold substrate was placed on a glass platform
above a solvent bath inside a glass autoclave. Subsequently, the
reactor was sealed and placed at 85 °C in a preheated oven.
After 12 h of reaction time, the reactor was removed from the
oven and allowed to cool down to room temperature. The sub-
strates were recovered, washed and dried under a N, stream,
revealing a colored film on the gold substrate. These films typi-
cally exhibit thickness of about 150 nm, consisting of highly
intergrown oriented crystallites (see Figure S5.1, Supporting
Information File 1).

Next, nanostructured pillar-like M-CAT-1 films were synthe-
sized by including carboxylic acids, which served as crystalliza-
tion promotors in the drop-cast precursor solution layer. Specit-
ically, we introduced acetic acid in the Ni-CAT-1 and salicylic
acid in the Co-CAT-1 synthesis (see Figure 2A). Top-view
SEM images show a homogenous film and a long-range ordered
array of pillar-like structures with a cross-section of 20—30 nm
and evident gaps between the pillars of about 150 nm for both
samples (see Figure 2B,C).

Beilstein J. Nanotechnol. 2019, 10, 1994—2003.

Cross-section SEM micrographs clearly visualize an array of
vertically aligned MOF needles on the surface plane. In addi-
tion, a uniform film thickness of about 800 nm is observed
throughout the cross-section of both Ni- and Co-CAT-1 sam-
ples, indicating a self-terminating growth under the employed
conditions (Figure 3B and Figure S5.4, Supporting Information
File 1). To confirm that the defined nanostructured film is
indeed crystalline and the crystallites are well-aligned orthogo-
nal to the surface plane, X-ray grazing incidence wide-angle
scattering (GIWAXS) experiments were performed (see
Figure 2B,C). GIWAXS analysis of the obtained films con-
firmed the successful on-surface deposition of crystalline
M-CAT-1 materials. The collected out-of-plane reflections at
gy = 3.9 nm™! (100), gy = 7.1 nm™! (200) and gy = 9.2 nm™!
(210) near g, = 0 were indexed according to the powder X-ray
diffraction pattern of Co-CAT-1. The (004) reflection, referred
to as the in-plane reflection, is visible as a diffuse arc at
g, =19 nm™! (for further details see Supporting Information
File 1). The latter corresponds to an interlayer distance of 3.3 A.
This points toward the preferential orientation of the M-CAT-1
crystals on the surface, where the crystallographic c-axis is

positioned normal to the surface plane.

These data show that by employing the VAC synthesis ap-
proach in the presence of a specific crystallization promotor, the
fabrication of crystalline nanostructured and oriented M-CAT-1
films on gold substrates is feasible. Deviating from these
optimal conditions resulted in a poorly crystalline or inhomoge-
neous film (see Figure S5.10, Supporting Information File 1).

Superhydrophilic and underwater
superoleophobic MOF-based surfaces

Following Wenzels’ equation [70], an increased surface rough-
ness results in a decreased WCA and in an enhanced OCA. To
study the impact of roughness on the wetting properties of the
M-CAT-1 films, we performed WCA and underwater OCA
measurements for the compact and the nanostructured
M-CAT-1 films (see Figure 3 and S5.5, Supporting Informa-
tion File 1).

Oriented and compact films demonstrated CAs of 32° and 26°
for Ni- and Co-CAT-1, respectively, whereas oriented and
nanostructured films featured a drastic decrease in the WCA
(see Figures S5.5, S5.7, Supporting Information File 1). Strik-
ingly, we observed complete water spreading on the M-CAT-1
films and a WCA of 0° for both films, thus these surfaces can
be considered superhydrophilic (Figure 3D and S5.5, Support-
ing Information File 1). These observed surface properties were
further confirmed by measuring the underwater OCA with a
droplet of dichloromethane (DCM). The oriented and compact

films showed enhanced oleophobic properties with an under-
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Nanostructured MOF surface

Co-CAT-1

Figure 2: A) A scheme of the vapor-assisted conversion (VAC) set up and the resulting nanostructured films. B) SEM top view, 30° tilted cross-
section and the related GIWAXS pattern of the Co-CAT-1 film. C) SEM top view, 30° tilted cross-section momographs and the related GIWAXS

pattern of the Ni-CAT-1.

water OCA of about 130° and 133° for Ni-CAT-1 and Co-CAT-
1, respectively (see Figure 3 and S5.5, Supporting Information
File 1). Remarkably, for the oriented and nanostructured films,
we observed a strong increase in the OCA and extreme values
of 174° and 173° were determined for Ni-CAT-1 and Co-CAT-
1, respectively (see Figure S5.5, Supporting Information File 1).
On these films, a nearly perfect oil sphere was formed, which is
hardly in contact with the surface (see Figure S5.7, Supporting
Information File 1). These surface properties resemble those of
surface designs found in nature. For example, referring to
marine life, fish scales in air show an amphiphilic behavior due
to their high surface energy, but under water they turn super-
oleophobic, which is of great advantage for protection against
hazardous environments, for example, oil-polluted water.

The self-cleaning properties of these extremely oleophobic
M-CAT-1 nanostructured surfaces were demonstrated by

casting a DCM oil droplet on a marginally tilted substrate (e.g.,
by 1.4°). Subsequently, the motion of the droplet was recorded
by a high-speed camera with 3 frames per second (see
Figure 3G and S5.6, Supporting Information File 1). The ob-
tained image series reveals that the droplet crosses the substrate
and rolls out of the detection range of the high-speed camera in
about 1.3 s. According to the Cassi—Baxter theory, the combina-
tion of the very low tilt-angle that is required for the droplet to
roll off the substrate and the extreme underwater OCA angle
suggests that the DCM sphere is in contact only with the tips of
the crystalline needles, whereas the intercrystallite areas only
interact with water (Figure S7.1, Supporting Information File 1)
[72]. To exclude the contribution of the gold surface
to the wetting properties of the MOF films, we carried out
control experiments with blank gold substrates giving a WCA
of 94° and underwater OCA of 52° (see Figure S4.1, Support-

ing Information File 1). This confirms that the observed super-
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WCA = 26°
In air

OCA =130°
In water

WCA =0°
In air

OCA=173°
In water

Figure 3: Cross-section SEM micrographs of A) an oriented and compact Co-CAT-1 film and B) an oriented (pillar-like) nanostructured Co-CAT-1
film. WCA of the C) compact (WCA = 26°) and the D) nanostructured (WCA = 0°) films. Underwater OCA (dichloromethane (DCM)) of the

E) compact (CA = 130°) and the F) nanostructured films (CA = 173°). G) An image series of a self-cleaning surface experiment (3 frames per
second) with DCM as an oil droplet placed on the nanostructured Co-CAT-1 film performed at a substrate tilt angle of 1.4°.

hydrophilic and superoleophobic behavior arises from the MOF
film.

To illustrate the stability of the MOF under harsh conditions,
the films were subjected to an acidic environment (pH 5, 12 h),
a basic environment (pH 9, 12 h), high temperature (150 °C,
12 h), and mechanical impact (sonication in water, 20 min).
GIWAXS analysis in addition to WCA and OCA measure-
ments after the respective treatment confirmed that the crys-
tallinity, crystal orientation and extreme wetting properties were
preserved (see Figures S8.1, S8.2, Supporting Information
File 1).

To establish these MOF films as superoleophobic surfaces
applicable to a wide range of oils, we examined the interactions
of other high-density oils with the oriented and nanostructured
MOF surfaces. For this purpose, we determined the underwater
OCA for different chlorinated liquids, such as dichloromethane
(DCM), dichloroethane (DCE), chloroform (CHCI3) and
chlorobenzene (PhCl). The OCAs were recorded using the exact
same described procedure for DCM, and the results are plotted
as box and whisker plots in Figure 4. For all the measured oils,

superoleophobic behavior was observed with extreme OCAs

ranging from 155° (DCE) for Co-CAT-1 to 169° (PhCl) for
Ni-CAT-1 films. Specifically, the Ni-CAT-1 film exhibits the
following OCAs: 174° (DCM), 162° (DCE), 165° (CHCl3) and
169° (PhCl), whereas the Co-CAT-1 film exhibits 173° (DCM),

1BD~3—,’?

170 = % . 7 i
° 160 iy a0 - B2
= 1 77777 A 7 A
s @ T 27T 780
£ 1507 173° Q. = 169° 9
"G 140 ‘1620 - 165° g— 162°
8 158° 155°
S 130
8
= 120-
o

1104 /77 Ni-CATA1

{777 Co-CAT-1
100
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DCM DCM DCE DCE CHCl; CHCl, PhCl  PhCI

Figure 4: Box and whisker plot of the measured underwater OCAs for
the nanostructured Ni-CAT-1 and Co-CAT-1 films. The employed
liquids are dichloromethane (DCM), dichloroethane (DCE), chloroform
(CHCl3) and chlorobenzene (PhCI). For all the tested liquids,a super-
oleophobicity is observed with underwater OCAs > 150°.
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158° (DCE), 155° (CHCl3) and 162° (PhCl). These results
confirm that the MOF films efficiently repel a large variety of
oily liquids, hence constituting an intriguing platform for under-

water superoleophobic properties.

Since MOFs are crystalline materials featuring crystal facets
with distinct surface energies, the orientation of these crystal-
lites on a surface is expected to impact the wetting properties.
In the following, we discuss the case of Ni-CAT-1 as a model
for the M-CAT-1 series. In the context of crystal orientation on
the surface, we analyzed the Ni-CAT-1 WCAs measured for
pressed pellet samples and those of oriented and compact films.
Interestingly, pressed pellet samples consisting of randomly dis-
tributed crystallites on the surface exhibit greater WCAs than
oriented films, although the latter shows a slightly increased
surface roughness (see Figures S5.2, S5.3, S3.4, S3.5, Support-
ing Information File 1). We attribute this difference to the dif-
ferent surface character which directly impacts the surface
energy, and hence, the wetting properties (see Table S1, Sup-
porting Information File 1). We therefore conclude that the ob-
served wetting properties are due to a combination of two dif-
ferent significant contributions which can be controlled by the
VAC process, namely the surface roughness and the crystallite
orientation on the substrate.

Antifog coating with MOF films

Water condensation on surfaces is a known phenomenon occur-
ring at the dew point on substrates such as glass, which serves
as a favorable nucleation site for water droplets. This process
leads to a substantial reduction in the transparency of the glass
and the vision though the glass becomes extremely limited. To
avoid condensation, modifications of the glass surface with dif-
ferent classes of functional coatings are necessary. Motivated
by the superhydrophilic properties obtained by growing nano-
structured M-CAT-1 films on gold substrates, we investigated
the synthesis of such films as transparent coatings on glass sub-
strates, thereby altering their wetting character towards super-
hydrophilic properties. Through this approach, a thin water
layer decorating the textured MOF surface is expected to form,
hindering the nucleation of water droplets on the glass surface.
For this purpose, we employed the newly developed methodolo-
gy for the synthesis of nanostructured Ni-CAT-1 films on gold
substrates with a slightly modified synthesis procedure in order
to address larger substrate dimensions such as 2.5 cm X 2.5 cm.
The resulting MOF films on glass substrates reveal a blue-
tinted, yet transparent coating (see Figure SC,F). A top view
SEM micrograph revealed the typical orthogonally aligned
needle-like nanostructures on the surface, similar to the
M-CAT-1 films grown on gold surfaces. The preferential orien-
tation of the MOF crystals on the glass substrate was further
confirmed by GIWAXS measurements (see Figure S5.8, Sup-
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porting Information File 1). The WCA measurements showed
superhydrophilic properties similar to those observed for gold
substrates (Figure 5C). Further control experiments confirmed
that the superhydrophilic wetting properties originate from the
presence of the nanostructured MOF film. Blank glass sub-
strates showed WCA of 11° and OCA of 81° (see Figure S4.2,
Supporting Information File 1). Furthermore, the MOF films
endow the glass substrates with light-absorbing properties while
maintaining transparency (see Figure S5.9, Supporting Informa-
tion File 1). In addition, we found that these MOF films are
stable in acidic (pH 5, 12 h) and basic conditions and at high
temperature (150 °C, 12 h) (see Figure S8.3, Supporting Infor-
mation File 1).

To test the antifog properties of the Ni-CAT-1 film, a glass
vessel containing a reservoir of boiling water (=100 °C) was
placed above an LMU seal, and a non-modified glass substrate
was positioned on top of the open vessel (see Figure 5SD,F and
S6.1, Supporting Information File 1). Within seconds, the seal
was no longer visible, obscured by the water droplets generated
by the condensation of steam on the glass surface (Figure SE).
In contrast, using a MOF-coated glass substrate, high trans-
parency and clear visibility through the substrate were enabled,
and the seal was visible even after longer exposure times
(Figure SF,G). To examine the behavior of the antifog coating
under extreme temperature differences, the MOF-modified
glass substrates were cooled down to —20 °C and subsequently
placed on top of the hot water reservoir. Under all examined
conditions, clear vision through the glass was maintained and
water vapor nucleation was not observed (see Figure S6.2, Sup-
porting Information File 1). This striking effect is attributed to
the formation of a thin water layer on the MOF films which
spreads out completely on the surface. This thin water layer is
clearly visible by turning the substrate upside down
(Figure 5G). This set of experiments establishes the pillar-like
nanostructured Ni-CAT-1 films as highly efficient, antifog coat-
ings featuring additional desired properties such as light absor-
bance. Furthermore, it underlines the power of VAC in enabling
controlled bottom-up fabrication of MOF films with well-
defined nanoscale morphologies and associated functionality.

Conclusion

In this study, we demonstrated the controlled on-surface synthe-
sis of crystalline, highly oriented and nanostructured M-CAT-1
films by employing a crystallization promoter in a VAC synthe-
sis. First, the free surface energy of M-CAT-1 was calculated
for pressed pellet samples, shedding light on the amphiphilic
wetting properties (both hydrophilic and oleophilic) of the ma-
terials in air. Oriented and compact M-CAT-1 films exhibited
enhanced wetting properties where shallower contact angles

were deter-mined for water (about 32°) and a large underwater
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Superhydrophilic Ni-CAT-1 film as anti-fog coating

Figure 5: A) A 30° tilted SEM top view micrograph of Ni-CAT-1 film grown on glass. B) WCA on the superhydrophilic and nanostructured Ni-CAT-1
film. C) Macroscopic image of the Ni-CAT-1 on a glass substrate, showing a complete spreading of the water droplet. D) An antifog coating experi-
ment performed with a bare glass slide that is placed above a glass vessel containing a reservoir of hot water at boiling temperature. E) The LMU seal
obscured by water condensation on the bare glass. F) An antifog coating experiment performed with a MOF-coated glass above a glass vessel con-
taining a reservoir of hot water at boiling temperature. G) High transparency and visibility through the substrate and a visible LMU seal is demon-

strated.

OCA (130°), indicating oleophobic properties. The correspond-
ing oriented and nanostructured M-CAT-1 films exhibited
extreme wetting properties with a WCA of 0° and an under-
water OCA of 174°, and are thus demonstrated as being super-
hydrophilic and superoleophobic in water.

The underwater self-cleaning ability of these films was demon-
strated by depositing an oil droplet on a substrate tilted at a
shallow angle of 1.4°. The effective underwater oil-repelling
properties of the M-CAT-1 films were confirmed by employing
a variety of different chlorinated oily liquids. Under ambient at-

mosphere, the water wetting properties of these systems could
be drastically altered by changing the film morphology from
compact to pillar-like nanostructures. This effect was also trans-
ferred onto transparent substrates such as glass, resulting in an
efficient, transparent, MOF-based, antifog coating. Hence, we
demonstrate that on-surface alteration of the MOF film mor-
phology by versatile solution-based bottom-up methods such as
VAC is a powerful tool for realizing the potential of MOFs in
surface-based technologies such as oil-water separation
systems, antioil coatings, or self-cleaning surfaces. Further-
more, the use of a MOF allows for encoding further desired sur-
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face properties such as light absorption and electrical conduc-
tivity. This can be valuable for applications such as photo-elec-
trocatalysis water splitting where a high textural surface area,

water contact and light absorption are required.

Supporting Information

Supporting Information File 1

Additional experimental details.

[https://www beilstein-journals.org/bjnano/content/
supplementary/2190-4286-10-196-S1.pdf]
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Abstract

In this contribution, the preparation of hierarchically structured ETS-10-based catalysts exhibiting notably higher activity in the
conversion of triolein with methanol compared to microporous titanosilicate is presented. Triolein, together with its unsaturated
analog trilinolein, represent the most prevalent triglycerides in oils. The introduction of mesopores by post-synthetic treatment with
hydrogen peroxide and a subsequent calcination step results in the generation of an additional active surface with Brgnsted basic
sites becoming accessible for triolein and enhancing the rate of transesterification. The resulting catalyst exhibits a comparable
triolein conversion (=73%) after 4 h of reaction to CaO (=76%), which is reportedly known to be highly active in the transesterifi-
cation of triglycerides. In addition, while CaO showed a maximum conversion of 83% after 24 h, the ETS-10-based catalyst
reached 100% after 8 h, revealing its higher stability compared to CaO. The following characteristics of the catalysts were experi-
mentally addressed — crystal structure (X-ray diffraction, transmission electron microscopy), crystal shape and size (scanning elec-
tron microscopy, laser diffraction), textural properties (N, sorption, Hg porosimetry), presence of hydroxyl groups and active sites
(temperature-programmed desorption of NH3 and CO,, 29Si magic angle spinning nuclear magnetic resonance (NMR)), mesopore
accessibility and diffusion coefficient of adsorbed triolein (pulsed field gradient NMR), pore interconnectivity (variable tempera-
ture and exchange spectroscopy experiments using hyperpolarized 2Xe NMR) and oxidation state of Ti atoms (electron paramag-
netic resonance). The obtained results enabled the detailed understanding of the impact of the post-synthetic treatment applied to

the ETS-10 titanosilicate with respect to the catalytic activity in the heterogeneously catalyzed transesterification of triglycerides.
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Introduction

One of the available solutions to address the world’s increasing
energy consumption is the production of fatty acid methyl esters
(FAMES), also known as biodiesel, which are an alternative fuel
similar to conventional diesel. They are usually produced from
various triglycerides — components of vegetable or plant oils,
animal fats and tallows [1]. Keeping in mind the critical aspect
of food security (i.e., minimizing the use of edible feedstock
types for fuel production) and the need for sustainability in the
long run, recent developments in the use of algae as the feed-
stock have given the concepts of biofuel production renewed
attention [2]. After several decades since the first reports on the
usage of microalgae for biodiesel production [3,4], it has been
determined that microalgal biofuels are promising candidates

for the partial replacement of fossil fuels.

The production of microalgal biodiesel requires an efficient
catalyst for initiation of the transesterification process that
converts triglycerides into FAMEs. Other methods that do not
require a catalyst, such as pyrolysis and utilization of supercrit-
ical fluid technology, are considered to be highly energy-inten-
sive, inhibiting their practical implementation on the industrial
scale [5].

The preparation and application of different types of catalysts
for homogeneous, heterogeneous, and even enzymatic transes-
terification processes have been extensively investigated [6].
However, the most commonly used commercial process for
biodiesel production is the homogenous transesterification of
triglycerides with methanol in the presence of sodium hydrox-
ide (NaOH) or potassium hydroxide (KOH), which is still in use
on an industrial scale. Along with the obvious advantages of
being highly active and relatively inexpensive (depending how-
ever on the number of washing steps and possible need for neu-
tralization), the downsides of alkali hydroxides are long known
— difficulties in separation of the K*/Na™ traces from the prod-
uct, higher catalyst consumption compared to the solid ones and
low reusability [7]. On the other hand, the reported solid cata-
lysts can potentially resolve issues associated with catalysts
used in the homogeneous process, that is, they can be prepared
with a desired particle size for separation needs and can be
reused. The main drawbacks are their lower activity compared
to the catalysts used in homogeneous solutions (often associat-
ed with mass transfer issues [7]) and the leaching of the active

phase (if supported catalysts are used [8]).

Thus, the search continues for a new generation of catalysts that
ideally combine the advantages of both types of catalysts used
in the homo- and heterogeneously catalyzed reactions [9-12]. In
the context of biodiesel production via the transesterification of

triglycerides with methanol, the challenge is to prepare a cata-
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lyst possessing the following characteristics: i) large particle
size for convenient separation, ii) accessibility of the active
sites for reactants, iii) minimized diffusion limitations for
reaching effectiveness factors close to unity, iv) leaching resis-
tance, v) activity at moderate temperatures (e.g., at the boiling
point of methanol) being ideally comparable to KOH/NaOH
catalysts and vi) stability for multiple reuse. Our approach to
address this challenge is based on the preparation of bulk cata-
lysts that are reported to be active in the transesterification reac-
tion together with further (nano)structural modification aimed at
enhancing accessibility to the active sites and improving the
mass transfer characteristics for efficient reactant supply and

product removal [13].

Amongst the prospective solid catalysts designed for transes-
terification reactions, such as calcium [14] and other metal
oxides [15], metal-organic frameworks (MOFs) [10], silica-
supported catalysts [16], biochar [17] and other biomass-
derived catalysts [18], zeolites and molecular sieves [19,20]
offer a combination of the possibility for the pore network mod-
ification (e.g., as a result of a post-synthetic treatment) and high
stability (e.g., compared to MOFs) with active sites being part
of a framework.

The microporous, titanosilicate ETS-10 catalyst was found to be
one of the most active catalysts amongst the crystalline microp-
orous molecular sieves (such as, e.g., zeolites) reported for the
transesterification of triglycerides with methanol [20]. Its
crystal structure is built up from orthogonal TiOg octahedra and
SiOy4 tetrahedra sharing oxygen atoms and forming a three-
dimensional interconnected pore system [21] consisting of
channels with cross-sectional dimensions of 0.8 x 0.5 nm
[22,23] (Figure 1A). Each Ti atom in a six-coordinated state
bears two negative charges, which can be balanced by Na*
or K* cations according to the following stoichiometry
(Na,K),TiSisOq3 [22]. The high activity of ETS-10 in the trans-
esterification reactions compared to zeolites and other mo-
lecular sieves originates presumably from its pronounced
Brgnsted basicity of the shared oxygen atoms [20]. For exam-
ple, it has been reported that the parent ETS-10 catalyst is
approximately four times more basic than the NaX zeolite based
on acetone selectivity in the conversion of isopropanol to ace-
tone and propene [24]. However, due to its microporous nature,
to the best of our knowledge, in all reported studies on the
transesterification of triglycerides (single-component or in mix-
tures/oils) for biodiesel production, the reaction took place
solely on the outer crystal surface. The smallest triglyceride,
triacetin, used in these studies, has a reported critical diameter
of ~1 nm [25], which appears to be too large to diffuse into the

micropores.
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Figure 1: One of the polymorphs of the microporous ETS-10 consisting of TiOg octahedra and SiO4 tetrahedra sharing oxygen atoms (A). Possible
framework modification with present super-micropores and mesopores that might result from the post-synthetic treatment of ETS-10 with H,O»

aqueous solution according to [26] (B).

Several strategies have been attempted for a post-synthetic
modification of the ETS-10: an ion-exchange method [27],
acidic treatment [28,29], and treatment with hydrogen peroxide
(H70,) [26,30,31]. The latter approach resulted in a notable
pore network modification by introducing larger micropores
(*1-2 nm) and mesopores (*5-30 nm) in a controllable way,
for example, by using different concentrations of the H,O,
solution and treatment times (Figure 1B). Herewith, the crys-
tallinity and mechanical stability of the materials were well-
preserved despite the experienced desilication and detitanation.
This approach was followed in the present study to prepare
hierarchically structured ETS-10 crystals (i.e., containing inter-
connected micro- and mesopores). In general, the micropores of
the hierarchical catalysts mostly contribute to the catalytic
process, while the function of the larger mesopores is the
promotion of the reactant supply and product removal. Howev-
er, for bulky triglycerides, the micropores are not expected to be
accessible. In such a case, the mesopores will fulfil the task of
providing access to the catalytically active sites located within
them.

In the present contribution, we report the successful prepara-
tion of large crystallite (=30 um) ETS-10 titanosilicates with
improved active site accessibility (achieved by post-synthetic
treatment) for efficient transesterification of triglycerides into
biodiesel. A triolein has been selected as the triglyceride due to
its prevalence in, for example, microalgal oils typically used in
production of 3rd and 4th generation biodiesel. Additionally,
CaO catalysts, known to be highly active in the transesterifica-
tion process, were prepared as references for comparison of the
catalytic activity under identical reaction conditions. Prior to
catalytic tests, the prepared CaO- and titanosilicate catalysts
were characterized to obtain quantitative information on proper-
ties such as crystal structure by X-ray diffraction (XRD), crystal
size by laser diffraction, crystal morphology by scanning elec-

tron microscopy (SEM) and transmission electron microscopy

(TEM), pore width by N, sorption and Hg intrusion, acid and
basic site density by NH3 and CO, temperature-programmed
desorption (TPD), presence of hydroxyl groups by 2°Si magic
angle spinning nuclear magnetic resonance (MAS NMR), pore
interconnectivity by hyperpolarized (HP) '29Xe NMR, pore
accessibility for triolein by 'H pulsed field gradient (PFG)
NMR, state of the Ti atoms before and after the treatment of
titanosilicates by electron paramagnetic resonance (EPR) and
thermal stability of the crystals by differential thermal analysis
(DTA).

Results and Discussion
Structure characterization of an

as-synthesized ETS-10 titanosilicate
Figure 2 represents XRD data obtained on an as-synthesized
ETS-10 (Na,K-ETS-10) plotted together with reference diffrac-

tograms of the phases that can be formed as by-products during

—Na,K-ETS-10
[1ETS-10
1ETS4
1AM-1, x10

l [1Quartz, x10

Signal intensity / arb. u.

Jl 1
35 45 55 65
20/°

’ | N

5 15 25

Figure 2: X-ray diffractograms of the as-synthesized ETS-10 material
(Na,K-ETS-10, top) and of the reference reflections of ETS-10, ETS-4,
AM-1 and quartz according to [33-36]. Signals of AM-1 and quartz are
10-fold amplified for visibility.
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the synthesis of ETS-10 [30,32]. Thus, in addition to the preva-
lent reflections being characteristic for ETS-10, smaller quanti-
ties of ETS-4, AM-1 and quartz were detected (see also SEM
data in Figure 3). The corresponding reflections at angles of 20
are seen at, for example, 29.9° and 7.6° from ETS-4, 35.6° and
49.2° from AM-1, and 13.1° and 30.4° from quartz. The quan-
tification of the presence of each phase in the prepared batch,
as well as the results of the studies aimed at minimization of
the amount of quartz and alternative titanosilicate phases
employed during the synthesis of ETS-10 are described in
section S6 of Supporting Information File 1. The presence of
sharp peaks in the diffractogram (e.g., 0.15° FWHM for the
peak at 24.63°) reflects the high crystallinity of the prepared
ETS-10 material.

Data of the textural analysis by N, sorption into the
Na,K-ETS-10 sample is presented in Figure 4. The isotherms
exhibit the Type I shape [37] (revealing the presence of solely
micropores) and have a specific surface area of 257 m? g™! and
micropore volume of 0.110 cm? g~!. The pore width distribu-
tion calculated from the adsorption branches of the isotherm
using the NLDFT method is presented in the inset of Figure 4.
The same procedure was applied for the characterization of
other (treated) titanosilicates. The Hg intrusion data shown in
Figure 5 demonstrate the absence of pores in the range from
5 nm to ~1 pum, suggesting that the amount of possible defects
in the crystals is negligibly small. The textural data of all
titanosilicates prepared for catalytic studies are summarized in

Table 1.

The microporous nature and high crystallinity of Na,K-ETS-10
is further confirmed by TEM (Figure 6) demonstrating high

order of the titanosilicate framework with parallel Ti nanowires
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Figure 4: Nitrogen adsorption (solid circles) and desorption (open
circles) isotherms of the as-synthesized Na,K-ETS-10. The inset
shows the calculated pore width distribution according to the NLDFT.
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Figure 5: Hg intrusion data of the as-synthesized Na,K-ETS-10 materi-
al.

Figure 3: SEM micrographs of selected crystals representing different types of phases formed during the synthesis of titanosilicates. The assignment
of each crystal shape to the corresponding phase was done based on the Si/Ti (for titanosilicates) and Si/O (for quartz) ratios obtained from the EDX

analysis (see Table S8 in Supporting Information File 1). The scale bar in all images is 10 pm.
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Table 1: Textural characteristics of the titanosilicates from the results of the No sorption experiments.

Material BET specific surface Specific micropore Specific mesopore Specific total pore
area/m2g-! volume? / cm? g1 volume / cm3 g~ volumeb / cm3 g~!
Na,K-ETS-10 257 0.110 0.017 0.127
P-ETS-10/30 262 0.110 0.022 0.132
P-ETS-10/45 282 0.111 0.070 0.181
P-ETS-10/60 291 0.131 0.098 0.229
C-P-ETS-10/60 235 0.105 0.084 0.189

aMicropore volume was calculated by t-plot at a relative pressure range of P/Pg = 0.15-0.5; PTotal pore volume was calculated at P/Pg = 0.99 accord-
ing to the Gurvich rule, and the mesopore volume is calculated by subtracting the micropore volume from the total pore volume.

Figure 6: TEM micrographs for the Na,K-ETS-10 material obtained with different magnifications demonstrating a highly ordered ETS-10 crystal struc-
ture. Other images obtained with different ETS-10 crystals can be found in section S9 of Supporting Information File 1.

showing no visible defects on the length scale of hundreds of
nanometers. The spacing between adjacent nanowires showed
good agreement with literature data of 1.36 nm [38].

Impact of HoO» treatment on crystallinity,
textural characteristics, surface chemistry
and pore interconnectivity of ETS-10
titanosilicates

The XRD data of treated samples in Figure 7A demonstrate that
the treatment of titanosilicates with HyO, and subsequent calci-
nation does not notably affect the crystallinity, which is fully
restored after the calcination (see Table S10 of Supporting
Information File 1). However, partial removal of the frame-
work has led to the appearance of crack-looking defects on the
surface of ETS-10, less noticeable on the crystals treated for
30 min, but more pronounced for longer treatment times
(Figure 8). Despite these defects, the particle size distribution
probed by laser diffraction revealed minor changes suggesting
that treatment neither leads to dissolution of smaller particles,
nor to detectable fractioning of the larger ones (Figure 7B).

The N, sorption isotherms revealed an increasing impact of
treatment on the textural properties of the titanosilicates with
longer treatment time (Figure 9A) — the total pore volume in-
creased from 0.127 cm? g~! for Na,K-ETS-10 to 0.132, 0.181
and 0.229 cm? g~! after 30, 45 and 60 min of contact time with
H,0,, respectively. This change results from the contribution of
mesopores in the range of 5-40 nm formed during the treat-
ment (see Figure 9B and Table 1). This is consistent with the
TEM images of treated samples with clear identification of
mesopores presented in Figure 10. It is worth noting that the
appearance of mesopores after treatment has led to the change
of the isotherm shape from type I (typical for microporous
solids) to a combination of types I and IV, as is expected for
micro—mesoporous materials [37].

It was suggested that exposure of the ETS-10 framework to
H,0, solution leads to its partial removal either by the disrup-
tion of Ti—O-Ti chains and partial leaching of Ti atoms [26] or
by microexplosions if elevated temperatures are used [39]. At
the same time, the measured specific micropore volume either
does not change (for 30 and 45 min of treatment time) or
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Figure 7: (A) XRD data of post-synthetically treated titanosilicates.
The calculated crystallinity decreased to =70% for P-ETS-10/30,
P-ETS-10/45 and P-ETS-10/60, and was restored to 100% for
C-P-ETS-10/60 (assuming the parent material is 100%). (B) Particle
size distribution obtained by laser diffraction for Na,K-ETS-10 (red),
P-ETS-10/60 (blue) and C-P-ETS 10/60 (green).

slightly increases from 0.110 cm? g~! for the parent titanosili-
cate to 0.131 cm3 g~! after 60 min of treatment. The applica-
tion of calcination has led to a slightly lower mesopore volume
for P-ETS-10/60 (0.098 cm3 g') and C-P-ETS-10/60
(0.084 cm3 g1 and to micropore volumes of 0.131 cm? g~!
and 0.105 cm? g1, respectively. Referring to the XRD data,

which reveals that the structure of the ETS-10 material after

A

P-ETS-10/30 P-ETS-10/45
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Figure 9: (A) Nitrogen adsorption and desorption isotherms of titanosil-
icates treated with HoO» for 30 min (light blue), 45 min (blue) and

60 min (dark blue) and of the latter after calcination (green). The sorp-
tion isotherm of as-synthesized Na,K-ETS-10 (red) is shown for com-
parison. (B) Calculated pore width distributions using the NLDFT.

calcination remains intact (also preserving high crystallinity), it
is not expected that the micropore volume will notably de-
crease. This observation can be attributed to the different inter-
actions of the titanosilicate surface with the quadrupole
momentum of N, for P-ETS-10/60 and C-P-ETS-10/60. In such
a case, the precise analysis of the microporosity by N is diffi-

cult and the use of Ar instead is recommended [26,40].

P-ETS-10/60 C-P-ETS-10/60

Figure 8: SEM micrographs of the titanosilicates treated with HyO» for 30, 45 and 60 min (P-ETS-10/30, P-ETS-10/45, P-ETS-10/60). P-ETS-10/60
additionally underwent calcination at 873 K for 6 h. The scale bar in all images is 10 pm.
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C-P-ETS-10/60

Figure 10: TEM images of the selected crystals of P-ETS-10/60 and C-P-ETS 10/60 demonstrating the presence of mesopores that appeared after

treatment.

The calcination of P-ETS-10/60 has led to a visible decrease of
the adsorbed volume in the range of 5-15 nm and to a shift of
the maximum of the pore width distribution towards larger
values. One possible explanation of this observation is the ap-
pearance of additional structural defects (to those resulting from
the H,O, treatment) due to exposure of the material to high
temperatures (i.e., 873 K) for 6 h. Such thermal treatment might
cause cracks in part of the framework, for example, separating
two adjacent mesopores, leading to merging into a larger void.
It was reported that the ETS-10 framework can collapse at tem-
peratures above 920 K [41]. To determine this critical tempera-
ture, which might vary for titanosilicates prepared under differ-
ent conditions, DTA was conducted where a critical tempera-
ture of ~950 K was determined (Figure 11). This is only 77 K
higher than the calcination temperature employed, which might
be sufficient to introduce such cracks upon heating. On the
other hand, this temperature difference seems to be large
enough to prevent destruction of the framework during the
calcination. The low-temperature minimum (first weight loss) is
due to dehydration, while the exothermic part in the range
500-900 K can be attributed to the burning-out of the surface
hydroxyl groups [42,43].

Since it is expected that the active sites located inside the
micropores of the catalysts are not accessible for bulky triolein,
their contribution in the transesterification process is expected
to be negligibly small. Thus, further analysis of the textural
characteristics of the micropores by Ar was not conducted. The
60 min titanosilicate-treated P-ETS-10/60 and its calcined coun-
terpart C-P-ETS-10/60 were selected for further characteriza-
tion and catalytic studies as those exhibiting the highest meso-

pore volume.

Another limitation of using N, is the analysis of the macro-
pores (>50 nm) [37], for which the Hg porosimetry was consid-
ered. The obtained data show a significant fraction of voids in
the range of ~1-20 um (see Figure S11 of Supporting Informa-

DTA Intensity / mV

Na,K-ETS-10
—P-ETS-10/60

— C-P-ETS-10/60

6 1 1 1
300 400 500 600 700 800 900 1000
Temperature / K

Figure 11: Differential thermal analysis of the Na,K-ETS-10 (red),
P-ETS-10/60 (blue) and C-P-ETS-10/60 (green) materials. The dashed
line separates regions of exothermic (exo) and endothermic (endo)
processes.

tion File 1), which was assigned to the interparticle spaces that
can be filled by Hg after applying pressure. This is consistent
with the similar crystal sizes measured by laser diffraction
(Figure 7B). As expected, below 1 um no Hg intrusion can be
seen for the microporous Na,K-ETS-10, while for P-ETS-10/60
and C-P-ETS 10/60, a visible fraction in the range of meso-
pores and macropores is detected. The obtained specific meso-
pore volumes were 0.114 cm3 g=! and 0.069 cm? g~! for
P-ETS-10/60 and C-P-ETS 10/60, respectively. This appears to
be in good agreement with the corresponding values obtained
by N sorption (Table 1, column 3). The specific surface area
from the Hg intrusion was 0.1 m? g_1 for Na,K-ETS-10,
52.6 m? g~! for P-ETS-10/60, and 24.2 m? g~! for P-ETS-10/
60. In the conducted Hg porosimetry experiments, in contrast to
the N, sorption, the micropores were not reachable for Hg,
while the macropores did contribute to the measured surface

area.
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Characterization of acidity and basicity of the

ETS-10-based titanosilicates

NH3 and CO; were used as probe molecules in TPD studies to
determine the surface acid/basic site density of the prepared
titanosilicates. Desorption of NHj3 presented in Figure 12A
occurs in one (Na,K-ETS-10) or two (P-ETS-10/60,
C-P-ETS-10/60) distinguishable steps. According to [44], the
range ~380-600 K represents temperatures of NH3 desorption
from the weak Lewis acid sites, for example, Na* or K* cations,
being more pronounced in Na,K-ETS-10, which is partially due
to the higher amount of present cations compared to the treated
titanosilicates (Table 2, last column). In all materials this de-
sorption step extends over ~200 K, probably due to the pres-
ence of different cationic sites (I-V) near the titanate chains,
which are described in [45] in detail. NHj preferentially coordi-
nates near the type V cations located at the top of the 12 ring
pore near a titanate chain. After treatment, these vacancies are
partially removed due to the detitanation process. This can addi-
tionally contribute to the decrease in the observed intensities of
NHj3 desorption below 600 K for treated samples compared to
Na,K-ETS-10. At temperatures above 600 K, highly pro-
nounced NHj3 desorption, presumably from the surface
hydroxyl groups being strong Brgnsted acid sites, appeared as a
result of the HyO, treatment. The calcination process leads to
dehydroxylation of the surface [42], which notably reduces the
NHj; desorption for C-P-ETS-10/60 above 600 K as compared
to P-ETS-10/60. Table 2 summarizes the calculated values of
the surface acid/basic site density and intrinsic acid/basic
adsorption capacity of the titanosilicates, as calculated by

Surface acid (basic) site density [pumol g_l]

&)

Specific surface area [m2 g_l]

N
g 0.5

20
~ 1.5

J 10

0.0
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Figure 12: Temperature-programmed desorption of NH3 (A) and CO»
(B) in Na,K-ETS-10 (red), P-ETS-10/60 (blue) and C-P-ETS 10/60
(green) samples. For comparison, NH3 desorption from the H-ZSM-5
zeolite with Si/Al = 27 and a known acid site density used as a refer-
ence is presented by the grey line. The curve of MgO was used as a
reference in B.

Table 2: NH3 TPD, CO, TPD, and ICP OES data for Na,K-ETS-10, P-ETS-10/60, and C-P-ETS-10/60. n.d. — no data.

Sample Surface acid site Surface basic  Specific
density / pmol g™1  site density surface area

/ ymol g~ /m2gt

Na,K-ETS-10 1324 136 257

P-ETS-10/60 3955 145 291

C-P-ETS-10/60 359 92 239

H-ZSM-5°¢ 1186 n.d. 366

MgO° n.d. 959 15

Intrinsic acid Intrinsic base wt % of
adsorption capacity® adsorption capacity? elemental Ti,
/ ymol m=2 / umol m=2 Na, and K°
5.15 0.52 9.7,

9.0,

0.7
13.59 0.49 11.0,

7.0,

0.9
1.50 0.38 9.8,

7.0

1.1
3.24 n.d. -
n.d. 63.9 —

aCalculated using Equation 1; PExperimental error in the ICP OES analysis is =1 wt %; °H-ZSM-5 and MgO were used as references with known sur-

face acid and basic site density.
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The results of the CO, TPD in the parent and treated titanosili-
cates are presented in Figure 12B. The TPD curve of
Na,K-ETS-10 reveals two distinct peaks in the range ~320-420
K and above 600 K. The desorption in the low-temperature
range is presumably due to Na* or K* cations and weakly basic
surface hydroxyl groups [46,47], i.e., the H-bridged Ti—~OH-Si
(see also Figure 3 of [31]). As a result of the post-synthetic
treatment by HyO,, a decrease of the desorption peak in this
temperature range for P-ETS-10/60 might be due to the partial
removal of the cations (decrease of the Na wt % from 9 to 7
after treatment with H,O,, see Table 2 (last column)) and of the
H-bridged surface hydroxyl groups, as is also evident from the
diffuse reflectance infrared Fourier transform (DRIFT) study in
[31]. After calcination, the peak below 600 K slightly increases
and becomes broad.

The high-temperature range for all three titanosilicates is char-
acterized by notable desorption from the strong Brgnsted basic
sites. For Na,K-ETS-10, these are the oxygen atoms shared be-
tween Si and Ti and bearing uncompensated negative charge
(07), and the isolated hydroxyl groups forming the hydrogen
carbonate species HO—CO,~ [48]. It is worth noting that proba-
bly only those O~ Brgnsted sites are sensed by CO, which are
located between the 12-membered ring pore and the Ti—O-Ti
nanorods. The treatment with H>O, leads to higher CO, desorp-
tion above 600 K, presumably due to the formation of addition-
al isolated hydroxyl groups, e.g., after extraction of Ti atoms
together with next-neighbor SiOy4 tetrahedra [26]. This is also
consistent with the observed decrease of this peak after calcina-
tion due to the expected surface dehydroxylation resulting from
the high-temperature treatment. The obtained surface basic site
density and corresponding intrinsic adsorption capacity are

presented in Table 2.

Surface characterization of the ETS-10-
based titanosilicates by 2°Si MAS NMR

For quantitative analysis of the surface groups present in the
titanosilicates before and after treatment, 29Si MAS NMR was
used. Figure 13A demonstrates the measured high-power
decoupled (HPDEC) spectra of the ETS-10-based samples. The
spectrum of the Na,K-ETS-10 exhibits three distinguishable
peaks at —95.1 ppm (A2), —96.8 ppm (A3) and at —103.8 ppm
(A4) with calculated relative peak areas after deconvolution of
40, 40 and 20%, respectively (see Table 3). This is consistent
with the structural data provided for ETS-10 in [23]. The two
resonances at —95.1 ppm and —96.8 ppm are assigned to the Si
bonded via O atoms to three Si atoms and one Ti atom, i.e.,
Si(3Si, 1Ti). The third peak at —103.8 ppm originates from the
Si coordinated through O atoms to other four Si atoms, i.e.,
Si(4Si, 0Ti). Due to the very low number of protons in the
Na,K-ETS-10 sample, the signal is not observable in the respec-
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tive cross-polarization (CP) spectrum presented in Figure 13B.
It is worth mentioning that the CP technique facilitates polariza-

tion transfer from protons to silicon to acquire spectra of the

latter.
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Figure 13: The HPDEC (A) and CP (B) 2°Si MAS NMR spectra ob-
tained for Na,K-ETS-10 (red), P-ETS-10/60 (blue) and C-P-ETS 10/60
(green) at 12 kHz and 298 K. The arrow in (A) indicates a detectable
signal centered at 90 ppm.

The HPDEC spectrum of the P-ETS-10/60 sample in
Figure 13A shows four peaks in the range between —85 and
—110 ppm, where the tetracoordinated Si might occur [49]. The
presence of an additional peak at —90 ppm (A1) and a relative
area of 6% was assigned to Si (2Si, 1Ti, 10H) resulting from
the intense surface hydroxylation after treatment of the
titanosilicate with H,O,. This hypothesis was confirmed by
efficient cross-polarization from the protons of the OH groups,
accompanied by a significant enhancement of the signal at
90.0 ppm (B1) in Figure 13B. The rest of the signals in the CP
spectrum of P-ETS-10/60 (B2) originate from the Si(3Si, 1Ti).
The peaks at =95.0 ppm and —97.4 ppm of the HPDEC spec-
trum are similar to those seen for Na,K-ETS-10, i.e., coordinat-
ed as Si(3Si, 1Ti). They show relative areas of 43% and 34%,

respectively. In comparison to the spectrum of Na,K-ETS-10,
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Table 3: Assignment and estimated relative peak areas of the 2°Si MAS NMR peaks presented in Figure 13A.

Titanosilicate Chemical shift / ppm Peak labelling Si coordination Relative peak area?
Na,K-ETS-10 -90.0 Al Si (2Si, 1Ti, 10H) 0.002
-95.0 A2 Si (3Si, 1Ti) 0.400
-97.1 A3 Si (3Si, 1Ti) 0.401
-103.9 Ad Si (4Si, 0Ti) 0.197
P-ETS-10/60 -90.0 A1 Si (2Si, 1Ti, 10H) 0.058
-95.0 A2 Si (3Si, 1Ti) 0.430
-97.3 A3 Si (3Si, 1Ti) 0.339
-104.2 Ad Si (4Si, OTi) 0.172
C-P-ETS-10/60 -90.0 Al Si (2Si, 1Ti, 10H) 0.023
-95.0 A2 Si (3Si, 1Ti) 0.486
-97.3 A3 Si (3Si, 1Ti) 0.307
-104.2 Ad Si (4Si, 0Ti) 0.184

8Calculated after peak deconvolution.

the intensity of the peak centered at —97.3 ppm is reduced
due to the partial hydroxylation of the silicon atoms after treat-
ment. In the CP spectrum, the hydroxylated species of Si(3Si,
0Ti, 10H) exhibit a broad peak at —96.4 ppm, while in the
HPDEC spectrum they are not visible, probably due to the low
intensity and the resonance overlap with the highly abundant
Si(3Si, 1Ti) species. The peak at —104.2 ppm is assigned to
Si(4Si, OTi) and has a slightly reduced relative area of 17%. The
loss in silicon atoms with this resonance comes mainly from the
hydroxylation that shifts the peak of the resulting species to
-96.4 ppm.

The HPDEC spectrum of the C-P-ETS-10/60 material in
Figure 13A clearly shows that the Si(2Si, 1Ti, 10H) species at
—90.0 ppm have vanished. In the CP spectrum in Figure 13B,
this is confirmed by the absence of the respective peak at
—90 ppm. Within the detection limit of the experiments, this
suggests that the OH groups have been removed during the
calcination for the case of Si(2Si, 1Ti, 10H). At the same time,
the signal at —95.0 ppm reached an area of 49%. This increase
after calcination presumably comes from the formation of
Si(3Si, 1Ti) at a chemical shift of —=95.0 ppm from the available
number of Si(2Si, 1Ti, 10H) species. The area of the peak at
—96.2 ppm is lower compared to the same one measured for
P-ETS-10/60 due to smaller overlapping signal of Si(3Si, 0Ti,
10H) seen after calcination. In the CP spectrum, the impact of
the polarization transfer to the species of Si(3Si, 0Ti, 10H)
from the OH groups is still seen, leading to a broad peak at
—95.5 ppm with lower intensity than prior to calcination. This
suggests that dehydroxylation of Si with adjacent Ti is more
effective than for the species surrounded by four Si atoms. In
the HPDEC spectrum, the peak at —104.2 ppm, which is
assigned to Si(4Si, OTi), has a slightly higher relative area of

18% after calcination. This increase might come from the addi-
tional formation of Si(4Si, OTi) from the previously hydroxylat-
ed species after calcination. For convenience, the assigned ele-
ments are illustrated in Figure S13 (A-C) of Supporting Infor-
mation File 1.

The state of Ti sites probed by EPR
spectroscopy

It has been demonstrated that application of post-synthetic treat-
ment to titanosilicates can change the state of titanium atoms
from Ti(IV) to catalytically active Ti(III) [50]. Such a reduc-
tion to paramagnetic Ti in ETS-10 titanosilicates can occur as a
result of high-temperature treatment under vacuum [51], treat-
ment with H, or CO at moderate to high temperatures [52], ion
exchange [53,54], UV [55] or y-irradiation [51]. To charac-
terize the state of Ti in the titanosilicates participating in cata-
lytic tests and the possible presence of impurities, the EPR
spectra of these samples were measured at 70 K (Figure 14).

The spectrum of the parent K,Na-ETS-10 expectedly showed no
signals of Ti(IIl) around 3500 G due to its oxidation state
Ti(IV), which is diamagnetic and thus EPR-silent. Both sam-
ples, C-P-ETS-10/60 and P-ETS-10/60, display a typical signal
of high spin Fe(IIl) of dispersed paramagnetic centers. Their
g-value of 4.3 is indicative of a large axial zero-field splitting
(ZFS) parameter (D >> 10 GHz) and a ratio between rhombic
and axial ZFS of 1/3. Such Fe(III) centers have been common-
ly observed in zeolite and silica materials and were assigned to
iron sites with a distorted tetrahedral coordination geometry
[56,57]. In addition, P-ETS-10/60 exhibits signals at g = 2.069
and g = 2.008, which can be assigned to peroxy radicals
Si—-0-0° (peak EPR-1) and non-bridging oxygen Si—O° (peak

EPR-2) resulting from the desilication process [58], respective-
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Figure 14: The EPR spectra measured with Na,K-ETS-10 (red),
P-ETS-10/60 (blue) and C-P-ETS-10/60 (green) at 70 K. The back-
ground spectrum taken on an empty sample tube is presented for com-
parison (black).

ly. It is worth noting that no EPR signals from Ti(IIl) species
with typical g values in the range of 1.89-1.97 were observed
for all investigated materials. This suggests that the presence of
the paramagnetic Ti(III) in the treated titanosilicates is negli-
gibly small.

Variable temperature and 2D-exchange
hyperpolarized 22Xe NMR experiments for
probing the interconnectivity between micro-,
meso- and macropores in titanosilicates

The introduction of mesopores after the post-synthetic treat-
ment into initially microporous material does not necessarily
lead to the organization of micro- and mesopores in a hierar-
chical manner. A prominent example is the dealumination of
the USY zeolite by steaming as reported in [59], which leads to
the appearance of separated domains of micropores and meso-
pores as large as several micrometers. In such a case, it is ex-
pected that a significant portion of the mesopores might be not
accessible for bulky reactants, such as triolein, being too large
to diffuse through the micropores. In the case of treatment of
ETS-10 titanosilicates with HyO, at elevated temperatures, if
accompanied by microexplosions [39], the appearance of such
domains is possible. To address this, a number of NMR experi-
ments with adsorbed Xe possessing a polarizability that is high
enough to distinguish between micro-, meso-, and macropores
were conducted [60]. The respective signals of Xe differing by
the chemical shift, under the assumption of a slow or moderate
chemical exchange between different types of pores, would
deliver quantitative information on their interconnectivity
[61,62].
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Figure 15 represents the spectra from variable temperature ex-
periments using the hyperpolarized 129Xe gas. The signals at
0 ppm are assigned to free Xe gas in the detectable part of the
space above the sample compartment and to Xe located be-
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Figure 15: Variable temperature HP '22Xe NMR spectra acquired on
Na,K-ETS-10 (A, red), P-ETS-10/60 (B, blue) and C-P-ETS-10/60 (C,
green). The chemical shift scale is referenced to the signal of free Xe
gas measured in an empty tube at 290 K.
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tween the crystals. Other signals at higher ppm values are
assigned to Xe adsorbed inside pores of titanosilicates. In the
case of Na,K-ETS-10 (Figure 15A), the chemical shift of
adsorbed Xe shifts monotonically from 125 ppm at 290 K to
169 ppm at 190 K due to growing Xe density with decreasing
temperature. The peak is assigned to Xe adsorbed in the
12-member rings, while the 7-member ring, according to [63],
is not accessible. For P-ETS-10/60, for all temperature ranges
studied, one peak with a chemical shift extending from 110 ppm
to 174 ppm is observed (Figure 15B). If the presence of meso-
pores can be confirmed by N, sorption and Hg porosimetry, this
result might originate solely from the rapid Xe exchange be-
tween micro- and mesopores highly interconnected to each
other. An alternative explanation that the appearance of meso-
pores with multiple surface hydroxyl groups are not accessible
for Xe due to too low hydrophobicity seems to be improbable.
A similar observation is seen for C-P-ETS-10/60 with a Xe
chemical shift variation from 108 ppm to 185 ppm, as presented
in Figure 15C. However, another signal with a very close chem-
ical shift value can be identified. This signal might originate
from Xe penetration into the 7-member ring pores, and the
amount of present OH groups of which might decrease after
calcination, thus enhancing their accessibility. Earlier, it was
demonstrated that Xe can squeeze into the pores with dimen-
sion as small as 0.37 nm [64]. Two-dimensional exchange spec-
troscopy (EXSY) experiments were conducted to probe the
exchange between the micro-/mesopores and of the space be-
tween the crystals. The aim here was to investigate the possible
presence of barriers on diffusion for molecules entering or
exiting the pore space of the titanosilicate crystals [65]. All
studied titanosilicates demonstrated detectable cross-peaks for
100 ms mixing time originating from the entering and exiting
Xe, suggesting sufficient exchange on this time scale (see

Figures S12 of Supporting Information File 1).

Probing the mesopore accessibility for triolein
using PFG NMR with ultrahigh gradients

Post-synthetic modification has resulted in the appearance of a
fraction of mesopores ranging from a few to a few tens of nano-
meters (see, e.g., Figure 9B). This size is large enough to
accommodate the long-chain triolein or methyl oleate with a
largest dimension of ~2.5 nm of a single aliphatic part and a
certain degree of chain flexibility [66]. However, the data of N,
sorption or CO,-/NH3-TPD do not guarantee that the meso-
pores will become accessible for these molecules in a reaction.
In our recent study [67], we demonstrated the applicability of
pulsed-field gradient (PFG) NMR spectroscopy for measuring
self-diffusion coefficients of the long-chain hydrocarbons (up to
C19) confined to the nanopores of a catalyst. Here, we attempt-
ed to use this approach for clarification of the mesopore acces-

sibility by the direct diffusion measurement using triolein. Due
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to the unique design of the probe (combination of the ultrahigh
field gradients with the possibility of temperature control up to
463 K), it became possible to probe diffusion of nanoscopically
confined triolein (Cs57H;040¢) at 403 K resembling temperature
used during the catalytic tests.

Figure 16 demonstrates the measured diffusion attenuation
curve for triolein in C-P-ETS-10/60, which could be satisfacto-
rily fitted using Equation 2 and a sum of three diffusion modes.
The result of the fitting procedure is presented in Table 4. In the
utilized oversaturated sample, that is, when the bulk excess was
present, one component (the fastest amongst all others
and labelled as “17) shall be assigned to the diffusion of
the bulk triolein. This value was also measured in a separate
experiment with triolein only, resulting in 2.0 x 10710 m? s~!
(see the dashed line in Figure 16) and was fixed during the
fitting procedure. The second mode “2” (with diffusivity
2.9 x 107!
between the ETS-10 crystals and the film diffusion on the sur-

m?2 s~1) presumably originates from the diffusion

face of the crystals. It is approximately one order of magnitude
lower than the bulk diffusivity. The mode revealing the slowest
diffusion (1.9 x 10712 m2 s71) was assigned to triolein located
within the mesopores of ETS-10 crystals. The root mean
squared displacement (RMSD) estimated using the Einstein
relation resulted in 0.5 um, which is much smaller than the av-
erage crystal size measured by laser diffraction (=30 pm). This
suggests that the mode “3” represents intrinsic intracrystalline
diffusivity with a negligibly small influence of the possible
diffusion exchange with the intercrystalline space during the
used diffusion time (20 ms). It is worth mentioning that in both
catalysts, microporous Na,K-ETS-10 and micro—mesoporous
P-ETS-10/60, the amount of triolein was below the detection

10° O Triolein with
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Figure 16: "H PFG NMR diffusion attenuation curves of bulk triolein
(dashed line) and triolein in oversaturated C-P-ETS-10/60 titanosili-
cate at 403 K. The solid line represents converged fitting using Equa-
tion 2 with i = 3. The ranges where the corresponding diffusion mode
dominates are shown by the arrows.
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limit. While for the microporous titanosilicate it was expected
that the too small pores prohibit accommodation of triolein mol-
ecules. For P-ETS-10/60 this might result from the decreased
surface hydrophobicity (as seen by the 29Si NMR and indi-
rectly by the NH3-TPD), preventing efficient diffusion into the
mesopores of the crystals. The discussed scenarios are illus-
trated in Figure 17 with representation of the respective diffu-
sion modes. To the best of our knowledge, this study represents
the first direct measurement of the self-diffusion coefficient of
(any) triglyceride or oil (as their mixture) confined to nanopores
of (any) catalyst.

Table 4: Result of the fitting of the data presented in Figure 16: the
self-diffusion coefficients and the resulting root mean squared dis-
placements (RMSDs).

Diffusion mode Self-diffusion coefficient / RMSD /
m2 s~ pm

1 (fast) 2.0x 10710 4.91

2 (intermediate) (2.9 +0.2) x 107" 1.9+0.12

3 (slow) (1.9+0.3) x 10712 0.5+0.12

aThe upper uncertainty limit of the RMSD is taken to be equal to the
lower one, which is larger.

Based on the results of NH3-TPD, CO,-TPD, 2°Si MAS NMR,
EPR and PFG NMR, the structures of the titanosilicates with
summarized significant elements (e.g., acid and basic sites as
seen by TPD, structural defects caused by post-synthetic treat-
ment, presence of hydroxyl groups, pore accessibility for
triolein) are presented in Figure S13 of Supporting Information
File 1.
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Transesterification of triolein to methyl oleate
over the CaO- and ETS-10-based catalysts

Prior to catalytic experiments with titanosilicates, the conver-
sion of triolein was tested over CaO as the reference and well-
studied for transesterification of various triglycerides with
methanol, mostly for biodiesel production [68-74]. Additional-
ly, the goal was to have the identical reaction conditions in ex-
periments with titanosilicates for the possibility of direct com-
parison. Depending on the activation (calcination) conditions,
the activity of the CaO-based catalysts was observed to depend
strongly on the calcination temperature. In [74], an increase in
the yield of FAME from 17 to 85% after 5.5 h of reaction time
was observed upon the change of the calcination temperature
from 773 to 1173 K. This trend was observed in multiple
reports in which CaO was used [73]. It is associated with the
minimization of Ca(OH), and CaCOj3 during calcination, which
have lower activity compared to CaO. However, after a certain
calcination temperature corresponding to the highest possible
activity, a decrease in the activity for the catalyst calcined at
even higher temperatures was reported [70,71]. This decrease is
attributed to the loss of accessible surface area resulting from
the partial sintering of CaO crystals at high calcination tempera-
tures (usually above 1100 K). A similar observation was found
for catalysts prepared and used in the present study. In
Figure 18A, the catalyst CaO-800 calcined at 1073 K exhibited
the highest conversion of triolein amongst those tested, that is,
79% after 4 h of reaction. This value is consistent with the re-
ported FAME yields in the transesterification of sunflower oil
with methanol at 393 K over the catalyst identically prepared
and calcined at 1173 K (presented by squares for comparison).
The Ca0-900 and Ca-1000 reached 57% and 51% of conver-

1 — bulk unrestricted diffusion
2 — diffusion between crystals

3 — diffusion inside pores

Figure 17: Schematic representation of the diffusion modes denoted as 1, 2 and 3 in the Figure 16 as observed by PFG NMR. The inset represents
part of the treated ETS-10 framework with triolein inside it. The sketched trajectories are not to scale — see Table 4 for measured RMSD values.

2051



sion after 4 h, respectively. The observed lower conversion with
increasing catalyst calcination temperature is consistent with the
SEM and N, sorption results, demonstrating a decrease in the
specific surface area (see Table S4 of Supporting Information
File 1).
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Figure 18: Conversion of triolein over CaO- (A) and ETS-10-based (B)
catalysts at 403 K measured for different reaction times. The dashed
lines in A represents an average conversion for each catalyst calcu-
lated from the values obtained for different times assuming no time de-
pendence. For comparison, the data obtained on the transesterifica-
tion of sunflower oil (*recalculated for conversion of oil) at 393 K over
CaO from [74] are presented. The dashed line in B was adapted from
A and represents the conversion over the most active CaO catalyst
(Ca0-800). Semitransparent lines and conversions in B at time 0 h are
used to guide the eye.

No further change in conversion was observed for reaction
times higher than 4 h. The transesterification is a reversible
process with possible back reactions to form mono-, di-, or
triglycerides. In [75], it was demonstrated that the biodiesel
yield over the CaO catalyst can be improved by introducing
excess amounts of methanol to force the reaction towards the
formation of biodiesel, that is, by increasing the methanol-to-
triglyceride molar ratio. When this ratio reached 9:1, the yield
reached the maximum value with no further increase. In the

present study, a 36:1 ratio was selected to assure negligible
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impact of the back reaction on the measured triolein conver-
sions. Thus, the observed catalyst deactivation was attributed to
the problem of catalyst leaching during the course of the reac-
tion [76].

The results of the catalytic studies with the prepared titanosili-
cates are presented in Figure 18B. The parent Na,K-ETS-10
showed 48% of conversion after 4 h of reaction. The conver-
sion continued to increase, reaching 100% after 20 h. This ac-
tivity seems to be slightly lower than those reported in the liter-
ature, in which ETS-10 catalysts were used in transesterifica-
tion reactions with various triglycerides at comparable tempera-
tures [20,77,78]. For example, in [20], 80% of the conversion
has been achieved after 2 h at 393 K. It should be mentioned,
however, that it was achieved under the permanent stirring
conditions and with the catalyst from the former Engelhard
Corporation (Iselin, NJ) having an average crystal size ranging
from a few hundred nanometers [50] to a few micrometers [79].
In the conducted catalytic tests, the tube was shaken only once
and left undisturbed for the entire reaction time. In addition, the
average crystal size of the prepared Na,K-ETS-10 was 30 pm,
reducing the accessible surface area outside the crystal per mass
of a catalyst compared to the commercial ones.

The introduction of mesopores by treatment with HyO, aimed
at increasing the total accessible surface area of the catalysts;
for P-ETS-10, it led to the lower activity compared to the
microporous Na,K-ETS-10. The maximum conversion of 57%
was reached only after 20 h of reaction. This observation, being
counterintuitive at a first glance, can be explained by the
reduced hydrophobicity of the surface after treatment, also on
the outer crystal surface. This is consistent with the absence of
detectable adsorbed triolein inside the pores of P-ETS-10. A
similar effect has been observed in [80] for the methyl oleate
epoxidation with HO, over the parent (microporous) and alka-
line treated (hierarchical) titanium silicalite-1. Despite the
mesopores present in the treated sample, the conversion of
methyl oleate decreased by ~50%, which has been attributed to
the decreased hydrophobicity after treatment. To address this
effect directly, further studies including the measurement of
water sorption isotherms to obtain the “hydrophilicity index”
according to Thommes et al. [81] are planned.

In the case of the calcined hierarchical titanosilicate
C-P-ETS-10, a dramatic increase in activity is observed, as
compared to Na,K-ETS-10 and P-ETS-10/60, showing full
conversion already after 8 h. After 4 h, the conversion of
triolein reaches ~73%, becoming comparable to that of CaO-
800 (=76%). The latter remains unchanged over the time, while
the C-P-ETS-10 exhibits a further increase up to 100%. The ob-

servation of such activity appeared despite the lowest surface
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basic site density and intrinsic base adsorption capacity
amongst the tested titanosilicates measured by CO,-TPD. It is
worth mentioning that CO,-TPD does not distinguish between
the surface of micro- and mesopores, while the active sites (the
Brgnsted strong basic sites) located only in mesopores can be
accessible during the reaction. Thus, the “effective” basicity
seen by the reactants might differ from the measured values. In
addition to this, as is evident from the results of DTA and 29Si
NMR, calcination leads to the partial surface dehydroxylation.
This might improve the accessibility of mesopores for triolein
via the increased surface hydrophobicity. Additionally, the
hydrophobicity of the outer crystal surface is expected to be
restored after calcination, adding to the resulting activity of the
C-P-ETS-10/60 catalyst.

Using the obtained self-diffusion coefficient of pure triolein
inside the mesopores of C-P-ETS-10 at 403 K, a simple esti-
mate results in 150 s for the upper time limit needed to cross a
crystal with 30 pm size. This value, which under the reaction
conditions might become lower due to the presence of methyl
oleate and methanol, is much smaller than the time needed to
reach full conversion (8 h). As it has been reported in [82], for
the hydrogenation of 1,3,5-triisopropylbenzene with a critical
diameter of ~0.95 nm over the Pt supported on controlled pore
glass with 80 nm pore width and particle size of 50-100 pm at
373 K, a clear indication of diffusion limitation was observed.
Thus, with the larger size of triolein and the smaller average
mesopore size (=30 nm) of C-P-ETS-10/60, it can be expected
that the reaction will be diffusion limited under the applied
conditions. However, in order to properly address this question,
further studies with a variation of the particle sizes and more
frequent sampling for obtaining the initial reaction rates are

needed.

Conclusion

The applied hydrothermal synthesis of the microporous ETS-10
titanosilicate (Na,K-ETS-10) resulted in crystals with an aver-
age size of #30 um without structural defects visible by SEM
and TEM, but with the presence of a small fraction (less than
5%) of alternative phases (such as ETS-4, AM-1, or quartz)
appearing as side products. This was confirmed by X-ray
diffractograms and TEM, revealing the high crystallinity of the
material.

Post-synthetic treatment with H,O, at 423 K led to the success-
ful introduction of mesopores in the range of 440 nm intercon-
nected with the micropores in a hierarchical manner. The latter
has been confirmed in the hyperpolarized 12Xe NMR experi-
ments by monitoring the fast Xe exchange between micro- and
mesopores on a timescale of microseconds. Along with this,

such a treatment is accompanied by the appearance of addition-
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al OH groups on the surface of the created mesopores origi-
nating from the partial removal of TiOg octahedra and SiOy4
tetrahedra from the framework and subsequent protonation of
the oxygen radicals. The quantitative information of the surface
modification was obtained from the 2°Si MAS NMR experi-
ments. This step led to a 2.6-fold increase of the intrinsic acid
adsorption capacity of the treated catalyst (P-ETS-10/60) com-
pared to the Na,K-ETS-10 as probed by NH3-TPD, presumably
due to intense surface hydroxylation, and therefore, reduction in
hydrophobicity. The latter has led to an even lower activity
compared to the parent titanosilicate. The basicity probed by
CO,-TPD exhibited two peaks for Na,K-ETS-10 that were
assigned to the Na,K-cations as weak Lewis bases in the low-
temperature region and to the strong Brgnsted basic oxygen
atoms coordinated as Si—-O-Ti in the framework. The applica-
tion of the H,O, treatment only slightly affected the intrinsic
base adsorption capacity, while shifting the CO, desorption to
temperatures above 600 K.

The subsequent calcination of the H,O, treated titanosilicate
has led to notable surface dehydroxylation while preserving me-
chanical stability, high material crystallinity and a hierarchical
pore network. The surface basicity after calcination as probed
by CO,-TPD was found to be the lowest amongst other
titanosilicates. Despite this, the activity of the catalyst in the
triolein transesterification was observed to be higher than that
of the Na,K-ETS-10 and P-ETS-10/60. This result was assigned
to the drastically improved accessibility of the active sites on
the surface of the mesopores for reactants, which was also con-
firmed by the direct diffusion measurements using PFG NMR
with ultrahigh gradients. Further comparison of the triolein
conversion with CaO-based catalysts tested under the same
conditions revealed comparable values after 4 h of the reaction
course, i.e., 73% and 76% for the calcined hierarchical ETS-10
and CaO catalysts, respectively. Remarkably, while the conver-
sion over the latter did not further change due to stability issues,
an ETS-10-based catalyst revealed achievement of 100%
already after 8 h. This observation suggests that the ETS-10
titanosilicates, when appropriately treated, exhibit comparable
behavior to the CaO catalysts activity in the heterogeneously
catalyzed transesterification of triglycerides, but may outper-
form them in terms of stability and ability for regeneration.

Experimental
Materials and chemicals used in the
preparation of CaO- and ETS-10-based

catalysts
Calcium oxide of technical grade (Centrochem Co., Serbia) was
used as a precursor in the preparation of CaO-based catalysts.

For the preparation of ETS-10, sodium silicate (Na,;SiO3,
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34.5-36.0 wt % SiO,, 17-19 wt % Na,O, donated by PQ corpo-
ration), titanium isopropoxide (TIP, 97 wt %, Sigma-Aldrich),
hydrochloric acid (HCI, 35-37 wt %, VWR Chemicals), sodi-
um chloride (high-purity grade, VWR Chemicals), and potas-
sium fluoride (KF, 299 wt %, Fluka, Sigma-Aldrich) were used.
In the post-synthetic treatment of ETS-10, hydrogen peroxide
(H,O», 30 wt %, Merck Millipore) and distilled deionized water
(DDW, 0.055 uS conductivity, PureLab flex 3 & 4 water purifi-

cation systems) were used.

Chemicals used in the transesterification

reaction and gas chromatography

Triolein (>99 wt %, Sigma-Aldrich) and methanol (99 wt %,
VWR corporation) were used in the transesterification reaction.
Methyl oleate (>99 wt %, Sigma-Aldrich), 1,3-diolein
(>99 wt %, Sigma-Aldrich), 1-oleoyl-rac-glycerol (299 wt %
monolein, Sigma-Aldrich), and glycerol (99 wt %, Sigma-
Aldrich) were used for calibration of analytes. All mentioned
materials and chemicals were used without further purification.

Preparation of the CaO-based catalysts

The CaO precursors were activated at temperatures of 1073 K,
1173 K, and 1273 K for 3 h under static air conditions in the
Elektron Co. furnace. After calcination, the catalysts were kept
in a desiccator. The obtained catalysts were denoted according
to the applied calcination temperatures as CaO-800, Ca0-900,
and CaO-1000, respectively.

The CaO-based catalysts were then shaped into pellets by using
a hydraulic press (Womax Co.) at a pressure of 5 t. Afterwards,
the pellets were ground and sieved in order to obtain fractions
between 1.0 and 1.5 pym.

Preparation of ETS-10-based catalysts

ETS-10 molecular sieves were prepared by hydrothermal syn-
thesis following a reported procedure [32]. Initially, a visually
transparent silica-containing solution was prepared by dilution
of the 9.8 mL aqueous solution of 51-55 wt % Na;SiO3 with
45.2 mL of DDW in a 250 mL flask. An aqueous solution of
NaCl (3.4 g of NaCl dissolved in 10.0 mL of DDW) was subse-
quently added into the flask with the silica-containing solution
in it. A titania-containing solution was prepared by dissolving
5.4 mL TIP and 3.0 mL HCl in 12.6 mL DDW in a 100 mL
flask. Both the silica- and titania-containing solutions were pre-

pared under vigorous stirring for 2 h at room temperature.

The prepared titania-containing solution was then added drop-
wise using a pipette into the silica-containing solution while
stirring, resulting in the appearance of an opaque mixture. After
this, the mixture was stirred for 1 h at room temperature. A

KF-solution was prepared by dissolution of 0.1 g of KF in
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2.5 mL of DDW, resulting in a 0.0011 g mL~! concentration.
The prepared amount of a KF solution was further added into
87.5 mL of the titania/silica-containing solution. The resulting
molar composition of the obtained 90 mL solution is
the following SiO,/TiO,/HC1/Na,O/NaCl/KF/H,0 =
5.56:1:1.94:2.64:3.22:0.09:216.

The solution was then further aged for 16 h in a flask at room
temperature for polymerization to obtain —[-Ti-O-Ti-]-,
—[-Si-O-Si-]-, and —[-Ti-O-Si—]- containing seeds. After
aging, the 90 mL solution was divided into two 45 mL parts,
each of which was placed into the 70 mL polytetrafluoroeth-
ylene (PTFE) reactor. The reactor was closed with a PTFE cap
and inserted into a homemade stainless steel autoclave. The
design of the autoclave is similar to a standard acid digestion
vessel. The autoclave was then closed with a stainless steel
screw-tightened cap. Both autoclaves were placed simulta-
neously into a preheated (473 K) VWR dry air convection oven
and kept inside for 96 h at this temperature. Afterwards, the
autoclaves were removed from the oven and quenched in cold
water down to room temperature. A white powder was ob-
served at the bottom of the reactor. The solutions from the
reactor containers were transferred to 50 mL centrifuge tubes
for further centrifugation for 10 min at 3000 rpm in a Thermo-
scientifc Heraeus Megafuge 8 centrifuge. Three washing steps
with DDW and a subsequent centrifugation step were taken for
the removal of residual components remaining after synthesis.
In a final step, the powder was dried in a convection oven at
423 K for 24 h. Then, the pre-dried powder was placed into the
vacuum oven and kept inside at 1 kPa pressure and 373 K for
24 h to remove residual moisture, which might be present inside
the pores. The obtained titanosilicate was denoted as
Na,K-ETS-10.

A graphical sketch of the synthesis procedure and calculations
of the mixture volumes are provided in section S1 of Support-
ing Information File 1.

Variation of KF- and HCI during synthesis

The ETS-4 phases were minimized in the as-synthesized ETS-
10 by varying the HCI concentration from 0.033, 0.044, 0.047
t0 0.05 g mL7! (3, 4, 4.2, 4.6 mL) in the solution (see section
S6 of Supporting Information File 1). This implies that four
90 mL solutions were prepared with four different HCI concen-
trations. The procedure followed was reported by Lv et al. [29].
The addition of a HCI step was carried out similar as men-
tioned in the section before. After preparing the 90 mL solution,
the pH value was determined using a Mettler-Toledo Seven Go
DuoPro with a Mettler Toledo InLab Expert Pro ISM IP67
sensor probe. The remaining steps for the preparation were sim-

ilar as mentioned in the section before.
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Another investigation was also carried out to minimize
AM-1 along with ETS-4 in the Na,K-ETS-10 (see section S7 of
Supporting Information File 1). The crystallization of
different titanosilicate phases were observed by varying
the concentration of KF and HCI in the different synthesis
solutions. The concentration for HCl was varied from
0.026 ¢ mL™! to 0.068 g mL™! in the 90 mL solution while
keeping the KF concentration constant. Similarly, the concen-
tration of KF was varied from 0.007 g mL™! to 0.026 g mL™" in
the 90 mL solution while keeping HCI constant. Table 5
summarizes the concentrations of KF and HCI and correspond-
ing pH values.

Procedure of the post-synthetic treatment
with HoOo

Post-synthetic treatment by H,O, was performed following the
procedure reported in [26]. 200 mg of predried as-synthesized
ETS-10 powder and 20 mL of 30 wt % aqueous H,O, solution
were loaded into a 90 mL PTFE reactor, which was inserted
into a stainless steel autoclave and closed. The autoclave was
put into the preheated to 423 K oven. The treatment was carried
out in three autoclaves separately over 30 min, 45 min and
60 min. After the required duration, each autoclave was
quenched with cold water down to room temperature and
opened. The mixture in the reactor had a yellow color. Each
sample was transferred to the centrifuge tube, washed with
DDW and centrifuged at 3000 rpm three times. The centrifuged
powders were finally dried in a convection oven at 423 K for
24 h. Afterwards, they were placed in a vacuum oven and
further dried at 1 kPa and 373 K for 24 h to remove possible
residual moisture. The post-synthetically treated samples
were denoted as P-ETS-10/30, P-ETS-10/45, P-ETS-10/60
(where “P” stands for post-synthetically treated) according
to corresponding treatment times of 30, 45 and 60 min, respec-
tively.
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Calcination procedure

The catalyst P-ETS-10/60 underwent calcination (=1 g) in a
ceramic crucible. The calcination took place inside a
NaberTherm® P 300 muffle oven. The catalyst was not exposed
to any thermal treatment prior to calcination. The calcination
temperature of 873 K was reached with a ramp rate of
10 K min~!, after which the target temperature was held for 6 h.
After this, the ramp rate for cooling was set at 10 K min~!.
After room temperature was reached, the crucible was taken out
of the muffle oven. The resulting material was labelled as
C-P-ETS-10/60.

Catalytic experiments

The catalytic reaction procedure was identical for all catalysts
used in the transesterification reaction (CaO-800, Ca0O-900,
Ca0-1000, Na,K-ETS-10, P-ETS-10/60 and C-P-ETS-10/60).
The reaction was carried out in sealed glass cylindrical tubes
with a 7 mm inner diameter and 70 mm length resulting in
2.4 mL of available volume. A similar procedure was used in
[20] to prevent methanol from evaporating during the course of
reaction. The constituents of the reaction were added, after
which the tube was quickly (<30 s) flame-sealed. 54 mg of a
solid predried catalyst, 0.54 mL of triolein and 0.85 mL of
methanol (measured at room temperature), resulting in a metha-
nol/triolein molar ratio of 36:1, were used in all catalytic experi-
ments.

After the glass tube was sealed, it was hand-shaken once during
15 s and loaded by ~50 mm into the silicone oil bath preheated
to 403 K; from this moment, the timing starts. The homoge-
neous heating of an oil bath (270 mL, 136 mm in diameter,
70 mm height) is provided by the 30 mm magnetic rod stirred
using the IKA RCT basic magnetic stirrer at 600 rpm. An IKA
ETS-DS5 thermometer was used to control the temperature of the
oil bath. After the desired reaction time, the tube was taken out

Table 5: Concentration of KF and HCI and the resulting pH values used for different batches (from A to T).

Batch  KFconc./gmL™" HClconc./gmL™" pH (£0.2)
A 0.027 0.027 11.65
B 0.027 0.037 11.60
C 0.027 0.048 11.26
D 0.027 0.058 11.07
E 0.026 0.068 10.15
F 0.021 0.027 11.67
G 0.020 0.038 11.37
H 0.020 0.048 11.27
| 0.020 0.058 10.80
J 0.020 0.068 10.05

Batch  KFconc./gmL™' HClconc./gmL™" pH (x0.2)
K 0.014 0.027 11.67
L 0.014 0.038 11.50
M 0.014 0.048 11.26
N 0.013 0.058 11.00
(e} 0.013 0.068 10.24
P 0.007 0.027 11.63
Q 0.007 0.038 11.48
R 0.007 0.048 11.11
S 0.007 0.058 10.70
T 0.007 0.068 9.97
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of the bath, cooled down to room temperature and opened for
further chromatographic analysis. Due to the initially poor mis-
cibility of the triolein/methanol mixture, it is possible that after
stopping the reaction, the mixture might remain still partly sep-
arated. This effect is expected to be less pronounced with the
higher amount of methyl oleate formed. Thus, shortly before
taking samples for analysis, the tube was again intensively
shaken to minimize extraction of samples either from the
triolein- or methanol-rich phases. After this, 10 uL of the reac-
tion mixture was transferred to a centrifuge vial, preloaded with
3.2 mL of toluene and 0.013 mL dodecane. Toluene was used to
promote dissolution of the reaction components, while dode-
cane was added as an internal standard for GC analysis. The
solution, after the centrifugation for separation of the remaining
catalyst, was transferred to another vial and analyzed by GC. To
avoid the negative impact of sampling on the continuation of
the reaction, the separate tubes were prepared (under the same
contusions) for every reaction time studied.

Gas chromatographic analysis of the reaction mixtures used in
the catalytic experiments was performed using a Shimadzu
GC-2010 gas chromatograph equipped with a flame ionization
detector (FID). For the separation of triolein and methyl
oleate, an Rtx-Biodiesel TG capillary column (Restek, 10 m
long, 0.32 mm inner diameter, 0.1 pm film thickness) was
used. Nitrogen was used as the carrier gas at a flow rate of
2.14 mL min~! with a purge flow rate of 3 mL min~!. The cali-
bration procedure is described in section S2 of Supporting
Information File 1.

Powder X-ray diffraction

Powder X-ray diffraction (XRD) analysis of the CaO-based
catalysts was performed using a Philips APD-1700 diffrac-
tometer with a monochromator and Cu anticathode in an angle
diffraction span between 10 and 80° working at 55 mA and
40 kV. The crystallite sizes were calculated based on the data of
the full width at diffraction line half maximum by using

Scherrer's equation.

The XRD patterns of the titanosilicates were acquired on a
Siemens D5000 diffractometer operating with Cu Ka radiation
(A = 0.15418 nm). The data were recorded in the 20 range of
4-90° with a step of 0.05°. Approximately 100 mg of the solid
sample was used in each experiment. The Miller indices of
reflections obtained in the XRD patterns were analyzed using
the “Match!” software.

Scanning electron microscopy
Scanning electron microscopy (SEM) of the CaO-based
catalysts was performed on a JEOL JSM-6460LV microscope

at an accelerating voltage of 25 kV and different magnifica-
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tions up to 100,000%. The samples were prepared for measure-
ment by coating with gold nanolayers using the ion-sputtering
chamber.

The SEM images of the titanosilicates were acquired using a
LEO GEMINI 1530 device by Zeiss GmbH operating at an
acceleration voltage between 5 and 30 kV. Approximately 1 mg
of the solid samples was utilized for microscopy. The samples
were analyzed on a carbon film on top of an aluminum stub.
The samples were sputtered with a gold film using a BALZERS
CED 030 sputter coater. The “Image J” software was used to
analyze the microscopy images. SEM was carried out at the
IMKM, Universitit Leipzig.

Energy dispersive X-ray spectroscopy (EDX) was carried out
with an Oxford Instruments (Model No. 7426) device with an
energy resolution of 138 eV. The system utilizes the “INCA”
software for creating EDX energy maps. EDX was utilized to
determine the silicon (Si), titanium (Ti), oxygen (O), sodium
(Na) and potassium (K) amount in atomic percent (atom %).
Each determination of the atomic composition was based on
four measurements by calculating the average atom %. The
samples were sputtered with a carbon film.

Transmission electron microscopy

Transmission electron microscopy (TEM) was carried out using
a JEM-2100Plus instrument from JEOL operating at an acceler-
ating voltage of 200 kV. The images were taken with a 4K
CMOS camera from TVIPS. The TEM is equipped with a LaBg
cathode and high-resolution pole piece to achieve a point reso-
lution in the TEM mode of 0.23 nm. The sample preparation
was performed by grinding the sample in a mortar and pestle in
ethanol and the dispersed particles were supported on a TEM

lacey carbon grid.

Nitrogen sorption experiments

N, sorption isotherms were recorded at 77 K using a
Micromeritics ASAP 2000 instrument. Before the measure-
ments, the samples were degassed in vacuum (3 x 107! MPa)
at 623 K for 8 h. The pore width distribution (PWD) in the
mesopore range was calculated from the adsorption isotherms.
The non-local density functional theory (NLDFT) kernel on
silica (cylindrical pore, adsorption branch) in the “ASIQwin”
software from Quantachrome Instruments was used for this
purpose. In N, adsorption experiments, 51 points were
measured in the range of relative pressure between P/Pgy = 0.05
(40 Torr) and P/Py = 0.99 (760 Torr). The
Brunauer—Emmett-Teller (BET) method was applied to calcu-
late the specific surface area (Sggt) from the adsorption branch
of the isotherm in the relative pressure range of P/Py =

0.06-0.30. The specific micropore volume (Vyicro) Was deter-
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mined using the #-plot method according to De Boer et al. [83]
in the relative pressure range of P/Py = 0.15-0.50. The total
pore volume (Vo)) Was measured with the help of the Gurvich
rule [84] at P/Py = 0.99. The mesopore volume (Vies0) Was
calculated by subtracting the Vg1 by Viicro-

Mercury intrusion porosimetry

Mercury (Hg) intrusion porosimetry was carried out using a
PASCAL 440 instrument reaching a maximum pressure of
400 MPa. Approximately 100 mg of a solid sample was used
for characterization. The pore widths were calculated using the
Washburn equation [85].

Laser diffraction

Particle size analysis was carried out using the CILAS 1064
diffractometer. Approximately 200 mg were used for each mea-
surement. The obscurity level was maintained at three. The
measurement of a background signal was done prior to each ex-
periment. An intense rinsing of the suspension with water was
carried out after every measurement to remove residual parti-

cles from the previous measurements.

Temperature-programmed desorption

Temperature-programmed desorption (TPD) experiments were
carried out using an online Pfeiffer Vacuum quadrupole mass
spectrometer (MS). The surface acid site and basic site density
were determined using ammonia (NH3) and carbon dioxide
(CO;) as probe molecules, respectively. After switching
between probe gases, the instrument was flushed with the
required gas for 24 h. The samples were flushed with
40 mL min~! of (99 vol %) helium (He) from Air Liquide

throughout the measurement process.

Prior to the TPD studies, #50 mg of the solid was placed into
the reactor and pretreated at 573 K for 30 min. The sample was
cooled down to different temperatures after pretreatment — to
363 K and 303 K in the case of NH3 and CO,, respectively.
Loading with NH3/CO, was carried out by purging the sample
six times with doses of 1 mL min~! for 1 min and then pulsing
for 6 min. After purging, the samples were kept at that tempera-
tures for 1.5 h to remove physisorbed NH3/CO,. For measuring
the TPD profiles, the samples were heated at 10 K min™! to
830 K, held for 30 min at 830 K and cooled to 303 K.

The desorbing gases were detected by a Pfeiffer Vacuum QME
200 mass spectrometer. For the detection of NHj3, the mass
fragment with m/z = 15 was recorded. For the NH;3 oxidation
products, N,O and NO mass fragments with m/z = 44 and 30,
respectively, were recorded. The surface acid site densities were
calculated from the amounts of desorbed NH3, N,O and NO
under the assumption that desorbed N,O and NO were adsorbed
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as NHj in the catalyst before they were oxidized. For the detec-
tion of CO,, the mass fragment with m/z = 44 was recorded.
The surface basic site densities were calculated from the
amount of desorbed CO,. The accuracy of the TPD-NH3/CO,
method was estimated to be £5%.

Differential thermal analysis

Differential thermal analysis was performed with 50 mg of the
sample. The measurements were carried out on a Netzsch STA
409 TG/DTA cell coupled with a Balzers QMS 421 mass spec-
trometer equipped with a QMA 125 quadrupole analyzer
system. The samples were analyzed in the temperature range of
283-1173 K with a heating rate of 278 K min~! under an air
stream.

Optical emission spectrometry by inductively

coupled plasma spectroscopy

Inductively coupled plasma optical emission spectrometry
(ICP-OES) was used to determine elemental composition
(wt %) of Ti, Na and K in the samples. The PerkinElmer
OPTIMA 8000 ICP-OES instrument includes a CCD array
detector that captures the full wavelength range at a high speed
but does not allow simultaneous wavelength measurements.
The sample introduction system used was a Cross Flow / Scott
atomizer. Prior to analysis, the powdered samples (maximum
50 mg) were digested in a PTFE vessel in a mixture of 2 mL
hydrofluoric acid, 3 mL nitric acid and 3 mL hydrochloric acid.
The digestion occurred with the help of an Anton Parr Multi-
wave 3000 microwave oven having 8 XF100 rotors for chemi-
cal extraction. The microwave oven was kept at 1400 W, pro-
ducing an internal temperature in the PTFE reactor of 448 K for
70 min. After digestion, 12 mL of boric acid were added for the
complexation of hydrofluoric acid. The mixture was again
treated for 10 min at 448 K in the microwave oven. After
further microwave treatment, a clear solution was obtained and
diluted with distilled deionized water to reach 50 mL for the
ICP-OES analysis.

H pulsed field gradient NMR

The diffusion experiments were performed using 'H NMR on a
wide-bore 9.4 T Bruker BioSpin spectrometer. It was equipped
with a home-built gradient unit, producing ultrahigh z-gradients
of up to 35 T/m in a 7 mm (outer diameter) NMR sample com-

partment.

Around 180 mg of the material (C-P-ETS-10/60) was loaded
into the glass tube. The latter was then connected to a custom-
built vacuum system, and the samples were activated under
high vacuum (1073 Pa) at 400 K overnight. After cooling to
room temperature, the sample was saturated under vacuum by

injection of triolein (99 wt %, Sigma-Aldrich). The amount of
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liquid was chosen to be sufficient to cover the particles of the
samples completely, i.e., oversaturated. This was done to ensure
that all mesopores were completely filled. After loading, the
NMR tubes were detached from the vacuum system and flame-
sealed.

A 13-interval pulse sequence [86] was applied with the
following parameters of the pulse sequence: T = 2 ms, d =
0.8 ms, and A = 20 ms. Here, T is the spacing between the first
two (1/2) pulses, d is the effective duration of the gradient
pulses, and A is the gradient pulse separation. The diffusion
time 74 in this case is ~20 ms. The signal accumulation was per-
formed with a repetition of 5 times of Ty, where T is the
nuclear magnetic spin-lattice relaxation time of the component

having the longest relaxation in the system.

The decrease of the measured NMR signal (W) caused by diffu-
sion for a system containing molecular ensembles (p;) with dif-
ferent diffusion coefficients (Dj) and being in the slow (com-
pared to the time of the experiment) diffusion exchange can be

presented in the form [87]:

P (g8,4)= D piexp (—Dn’zgz’dz ) @

where y is the gyromagnetic ratio of the nucleus that is ob-
served, g and O are the amplitude and the duration of the
gradient pulses, respectively, ?4 is the effective diffusion time
(A—0/6—1/2 in the case of the 13-interval pulse sequence). Equa-
tion 2 gives a poly-exponential decay of the observed NMR
signal, if i > 1.

29Si solid-state magic angle spinning NMR
The 29Si NMR spectra were recorded on a Bruker DRX-400
WB spectrometer (Bruker Biospin, Karlsruhe, Germany) with a
4 mm MAS BB/1H probe at a Larmor frequency of 79.49 MHz
for 29Si and 400.15 MHz for protons, respectively. All of the
spectra were acquired at a spinning speed of 12 kHz and at a
temperature of 293 K. The spectra were referenced externally to
tetramethylsilane (TMS).

The /2 pulse was calibrated at a radio-frequency (rf) field
strength of 100 kHz for 'H and 42 kHz for 2%Si, respectively.
For the CP experiments, 1024 scans were accumulated using an
acquisition time of 25 ms. For the CP transfer, a linear rf field
of 42 kHz for 2Si and a linearly ramped rf field ranging from
43 kHz to 62 kHz for protons within a contact time of 8 ms
were applied. A recycle delay of 1 s was used. The spectral

width was set to 32 kHz and the offset was placed at =50 ppm.
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During the acquisition, heteronuclear decoupling was achieved
using a SW¢TPPM [88] at an rf frequency of 100 kHz.

For the HPDEC experiments, 256 scans were accumulated at an
rf field strength of 42 kHz as a 7/2 pulse on 2%Si during an
acquisition time of 25 ms. The spectra were obtained at a spin-
ning speed of 12 kHz and a recycle delay of 40 s at a tempera-
ture of 293 K. The spectral width was set to 32 kHz and the
offset was placed at —50 ppm. During the acquisition, heteronu-
clear decoupling was achieved using a SW¢-TPPM at an rf fre-
quency of 100 kHz.

Hyperpolarized 129Xe NMR

The hyperpolarized (HP) 129Xe NMR spectra were recorded on
a Bruker DRX-600 MHz spectrometer (Bruker Biospin,
Karlsruhe, Germany) with a 5 mm TBI probe at a Larmor fre-
quency of 166 MHz for 129Xe. The hyperpolarization of Xe
nuclei was achieved by spin-exchange optical pumping (SEOP)
using a home-built polarizer in continuous-flow mode as de-
scribed elsewhere [89]. The gas mixture consisted of 1.1% Xe
(natural isotopic portions, Air Liquide, purity: 99.998%), 27.5%
N, (Air Liquide, purity: 99.999%) and 71.4% He (Air Liquide,
purity: 99.999%). The optical pumping cell contained rubidium
(AlphaAesar, purity >99%). During the pumping process, the
temperature was set to 423 K. The samples were dried for 14 h
at 393 K and directly transferred to a standard 5 mm NMR tube
equipped with a home-built gas insertion cap for continuous gas

delivery.

For one-dimensional spectra, 32 scans were accumulated with
an acquisition time of 60 ms, employing an rf field strength of
11 kHz for the 129Xe /2 pulse and a recycle delay of 15 s. The
spectral width was set to 42 kHz and the offset was placed at
30 ppm. The temperature calibration for the variable-tempera-
ture (VT) experiments was performed based on the proton
chemical shift of a methanol calibration sample provided by
Bruker. The temperature points were set to 190 K, 210 K,
230 K, 250 K, 270 K and 290 K.

The EXSY experiments were recorded at a temperature of
293 K where 8 scans were acquired for each of the 32 points in
the F1 dimension. The mixing times were set to 1 ms and
100 ms, respectively. The rf field strength of the 90° pulse on
129X e was 11 kHz, while the recycle delay was set to 7 s. The
spectral width was set to 42 kHz and the offset was placed at
30 ppm in both dimensions.

For all spectra, the free gas signal was set to 0 ppm for refer-
encing the chemical shifts. Due to alterations in filling height,
packing density and polarization rate, the comparison of the

absolute signal intensities between the samples cannot be made.
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Electron paramagnetic resonance

CW EPR measurements were carried out using a Bruker
EMXmicro X-band spectrometer (=9.41 GHz) equipped with a
Bruker ER4119HS cylindrical cavity resonator. For low-tem-
perature measurements, an Oxford ESR 900 flow cryostat was
used. All spectra were recorded at 7 = 70 K with a modulation
amplitude of 0.4 mT and a microwave power of 2.0 mW.
Before and during the measurements, the samples were kept

under ambient atmosphere.

Supporting Information

Supporting Information File 1

Preparation and characterization of catalysts and
performance of catalytic tests.
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Abstract

Surface modifications of nanoporous metals have become a highly attractive research field as they exhibit great potential for
various applications, especially in biotechnology. Using self-assembled monolayers is one of the most promising approaches to
modify a gold surface. However, only few techniques are capable of characterizing the formation of these monolayers on porous
substrates. Here, we present a method to in situ monitor the adsorption and desorption of self-assembled monolayers on nanoporous
gold by resistometry, using cysteine as example. During the adsorption an overall relative change in resistance of 18% is detected,
which occurs in three distinct stages. First, the cysteine molecules are adsorbed on the outer surface. In the second stage, they are
adsorbed on the internal surfaces and in the last stage the reordering accompanied by additional adsorption takes place. The suc-
cessful binding of cysteine on the Au surface was confirmed by cyclic voltammetry, which showed a significant decrease of the
double-layer capacitance. Also, the electrochemically controlled desorption of cysteine was monitored by concomitant in situ resis-
tometry. From the desorption peak related to the (111) surface of the structure, which is associated with a resistance change of

4.8%, an initial surface coverage of 0.48 monolayers of cysteine could be estimated.

Findings
Nanoporous gold, produced by selective etching of the less  to its three-dimensional nanoporous structure. Among many
noble component of a AuAg master alloy (also known as de- other technological applications as sensing [1,2] and energy

alloying), is a very promising material in many applications due  storage [3], nanoporous metals exhibit great potential in
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biochemical applications [4]. In addition to their various useful
intrinsic characteristics, such as high surface-to-volume ratio
and tunable mechanical properties, some applications require a
modification of the surface, e.g., by using the well-known spon-
taneous formation of self-assembled monolayers (SAMs) on
gold substrates [5]. These layers usually consist of three groups:
a thiol as the head group, a carbon chain as the backbone and an
end group that can be chosen according to the requirements for
subsequent application. For planar Au surfaces, self-assembly
processes are known to occur in adsorption and ordering (also
known as “standing up”) stages [6]. The adsorption and
ordering of such monolayers has been subject to experimental
as well as theoretical investigation for many years, mostly
studying the deposition on single crystalline surfaces. Using
nanoporous substrates for modification with SAMs, however, is
more complicated, as the applicable techniques for characteriza-
tion are very limited, whereby electrochemical methods seem
most promising [7,8].

Here, we present a new method to monitor and characterize the
ad-/desorption of SAMs on nanoporous gold (npAu), based on
our experience on in situ resistometry as a highly sensitive diag-
nosis tool for ad-/desorption processes [9]. The selected SAM
material for this study is cysteine, due to its beneficial proper-
ties such as the short carbon backbone, the solubility in water
and the easy handling.

The npAu substrate material was fabricated by electrochemical-
ly assisted dealloying of Ag75Au,s. The alloy was prepared by
arc melting, homogenized at 800 °C for 12 h under argon atmo-
sphere, rolled to a sheet of 220 um in thickness, annealed again
at 600 °C for 1 h, and cut in rectangular pieces sized 10 x 5
mm. Two representative samples are presented here, referred to
as sample A (91 mg) and sample B (86 mg). Given weights
refer to the master alloy.

Each sample was contacted by five flattened Au wires, attached
in line. The mid-positioned wire served as connection to an
Autolab PGSTAT204 potentiostat, the others for four-point
resistance measurements with a Keithley 2400 Source Meter.
For a more detailed description of the resistometry setup, the
reader is referred to our previous work [9]. An electrochemical
cell was set up in three-electrode geometry, using a commercial
Ag/AgCl reference electrode (saturated KCl with a 3 M KNOj3
salt bridge), relative to which all potentials will be stated in the
following. Whenever the cell electrolyte was changed, the setup

was immersed in distilled water for several hours for rinsing.

Dealloying was performed in 0.1 M HCIO4 with a Pt-wire
counter electrode under chronoamperometric conditions at
Uag/agct = 1100 mV until the current had fallen below 50 pA.
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For all following procedures, a carbon fabric served as the
counter electrode. After dealloying, the sample was cleaned
from the primary oxide [10] by cyclic voltammetry (CV) in
0.1 M HCIlOy4 solution. The SAMs were deposited from a
20 mM cysteine solution (ROTH company, L-cysteine 298% in
ultrapure water). Sample A was immersed directly into 20 mL
of the cysteine solution, while sample B was first immersed in
10 mL ultrapure water, then 10 mL of 40 mM cysteine solution
was added. Both samples were transferred directly from the
rinsing solution, the different immersion procedures were
chosen for detailed comparison of the resistance behavior
caused by the cysteine molecules. The samples were exposed to
cysteine solution for a total timespan of approximately 95 h.

Figure 1 shows the in situ resistance measurement during SAM
formation, which yields a total resistance increase of approxi-
mately 18%. Both samples exhibit a similar trend, demon-
strating the high reproducibility. This overall resistance change
is well in line with ex situ studies on npAu in the literature,
reporting a relative change in resistance of 6% for propanethiol
and 22% for cysteamine monolayer assembly after 24 h [11]. In
Figure 1, we can distinguish between three regimes of different
slope (denoted as (I) to (III)). Regimes (I) and (III) can be
correlated to stages in the adsorption process on planar gold,
whereas regime (II) exhibits a behavior unique for nanoporous
gold. The steep regime (I) yields an increase of about 4% in
about 50 min, which is assigned to cysteine molecules being
chemisorbed on the easily accessible outer surfaces. This
chemisorption has been reported in the literature to take 30 min
for planar Au [7]. Regime (III) shows a very slow increase of
the resistance, assigned to reordering of the monolayer, which is
known to take several days [12]. After 72 h a total change

between 17% and 18% is observed with a fading slope, which

Sample A
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Figure 1: Relative change in electrical resistance measured in situ
during the exposure of npAu in 20 mM cysteine solution. Inset:
Enlarged first few hours of the resistance change of sample B. After

2 hin ultrapure water, cysteine was added (marked by the grey arrow).
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yet dropped to less than 1% in 2 days. In the intermediate
regime (II), which takes approximately 24 h, the resistance in-
creases by about 5% with a moderate slope. As, to the know-
ledge of the authors, there is no equivalent stage reported for
planar Au [6], we assume this stage to be specific for
nanoporosity, representing adsorption on internal surfaces.

In the inset of Figure 1, the first few hours of the resistance
change of sample B are shown enlarged. The sample was first
stored in water for 2 h prior to the addition of cysteine. Interest-
ingly, the resistance increase attributed to stage (I) starts with a
certain delay (about 600 s) after cysteine adding (grey arrow).
This delay is attributed to a physisorption step prior to
chemisorption (reported to take few minutes for planar Au
[13]), which does not significantly change the electronic struc-

ture and thus the resistance of the substrate.

Since SAMs are known to decrease the double-layer capaci-
tance of the substrate [14], Figure 2 compares CVs in 1 M KOH
of sample A under cysteine-free conditions (before SAM
assembly) and after different treatments. The SAMs can be
considered stable between —400 mV (SAM desorption) and
—50 mV (cysteine oxidation). At =300 mV, a double-layer ca-
pacitance of 48 uF/cm2 under cysteine-free conditions
(Figure 2a,b, black curve) and 8 puF/cm? after cysteine assembly
(Figure 2b, solid green curve) can be estimated. When the lower
limit of the CV is extended to —900 mV (limited by gas evolu-
tion that might cause sample damage), a desorption peak in the
first cathodic scan is observed at about —820 mV (Figure 2b,
dashed red curve), which does not reappear in the following
cycles (Figure 2b, dashed grey curve). For planar Au, several
distinct peaks occur during cysteine desorption, which can be
assigned to different low-index crystal planes. The weakest
bound cysteine molecules desorb at around =700 mV on planar
Au, which is attributed to the desorption from the (111) plane
[15,16]. It was shown that the desorption of any SAM shifts by
about —100 mV when using a nanoporous instead of a planar
sample [17]. Thus, based on literature, the cathodic peak at
—820 mV in Figure 2b can be attributed to cysteine desorption
from the (111) planes of our npAu sample, meaning that the
SAM was only partially desorbed. Desorption of stronger bound
cysteine was not possible to examine as scanning to even more
negative potential would have risked sample damage.

After this desorption peak, significantly higher currents flow
near the upper potential limit (Figure 2b, dashed red and grey
curves), which are assigned to cysteine oxidation in the solu-
tion [18] as the desorbed cysteine is now dissolved in the
electrolyte. The double-layer capacitance now amounts to
20 uF/cm? (Figure 2b, solid blue curve), which is still signifi-

cantly lower than the initial value.
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Figure 2: Cyclic voltammetry of sample A. (a) Measurement of the
cysteine-free npAu between 600 and -900 mV, (b) CVs recorded after
modification with cysteine together with a part of the curve from (a) for
reference. In (b), the double layer CV (solid curves) were recorded be-
tween -50 and —400 mV and the electrochemical desorption (dashed
curves) between -50 and -900 mV. (*)The peak was correlated to the
desorption from the (111) plane based on [15]. The blue solid curve
was recorded after the dashed curves. All CVs were conducted in 1 M
KOH at a scan rate of 1 mV/s. Please note the change in x-axis scale
between (a) and (b).

The relative change in electrical resistance during cysteine de-
sorption from the (111) planes and subsequent cycling between
—900 and -50 mV was monitored in situ for sample B, as
shown in Figure 3. It demonstrates good reproducibility of the
desorption peak at =820 mV.

During desorption, the resistance (Figure 3b) strongly decreases
by about 7.2%. In subsequent cycles it varies in a range of 4%,
matching our earlier results for double-layer charging of npAu
[19]. A slight drift during repeated cycling is most likely caused
by sample degradation.

The charge transfer of 0.15 C during desorption is a superposi-
tion of actual cysteine desorption and double-layer charging
(with an increasing contribution as cysteine is desorbed). When

we assume the double-layer capacitance to increase roughly
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Figure 3: Cyclic voltammetry of sample B modified with cysteine (a)
and concomitantly measured change in relative electrical resistance
(b). The potential was varied between —900 and -50 mV with a scan
rate of 1 mV/sin 1 M KOH.

proportionally to the total charge transfer, this yields contribu-
tions of 0.06 C for the double layer and 0.09 C for the cysteine
desorption. This charge transfer can be associated with a resis-
tance variation of 2.4% (estimated from the variations upon
double-layer charging in following cycles) and 4.8%, respec-
tively. Assuming equal contributions of desorption from differ-
ent crystallographic planes to the resistance change and a
transfer of one electron per cysteine molecule, the total amount
of cysteine (3.5 x 107 mol) on the npAu can be deduced from
the initial resistance increase of 18% during the assembly. With
a specific surface area of 10 m?%/g (determined following [20]),
an initial surface coverage of 0.48 monolayers can be estimated.
This value agrees well with SAM surface coverages reported in
the literature [21-23].

The sensitivity of resistance measurements towards ad-/desorp-
tion can be expressed by the charge coefficient, which relates
the relative resistance variations to the imposed charge per
mole. Here, a value of 9.1 X 1075 mol/C is obtained for
cysteine, which is approximately twice as high as that obtained

for the ad-/desorption of oxygen on npAu [19], approving this

Beilstein J. Nanotechnol. 2019, 10, 2275-2279.

technique to be suitable for sensitively detecting even small
amounts of SAMs on npAu.

In conclusion, in situ resistometry proved to be a highly sensi-
tive tool for dynamically monitoring the formation process of
self-assembled monolayers, exemplarily using cysteine. The
assembly takes place with a total resistance increase of about
18% in three clearly distinguishable regimes. The three regimes
can be assigned to the adsorption on easily accessible outer sur-
faces, followed by adsorption on internal surfaces of the
nanoporous structure and finally a reordering stage, taking
several days. In cyclic voltammetry, a desorption of the SAM
could be achieved from the crystallographic (111) planes, along
with a resistance decrease of 4.8%, determined by in situ resis-
tometry. From this, an initial surface coverage of 0.48 cysteine
monolayers could be estimated. As an outlook, influencing pa-
rameters such as the cysteine concentration in solution, which
would affect the time period of the adsorption [24], and the
pH value of the solution, which would impact the stability of
the SAMs [25], could be examined further.

Acknowledgements

The authors thank Nadiia Mameka (Helmholtz-Zentrum
Geesthacht) and Egbert Zojer (Institute of Solid State Physics,
University of Technology Graz) for the fruitful discussion. The
work was financially supported by the Lead Project (LP-03)
Porous Materials @ Work at the University of Technology,
Graz. This work was performed in the framework of the inter-
university cooperation of TU Graz and Uni Graz on natural
sciences (NAWI Graz).

ORCID® iDs

Elisabeth Hengge - https://orcid.org/0000-0002-7954-008X
Eva-Maria Steyskal - https://orcid.org/0000-0003-0752-9997
Rupert Bachler - https://orcid.org/0000-0002-7953-4712
Alexander Dennig - https://orcid.org/0000-0003-4721-5095
Bernd Nidetzky - https://orcid.org/0000-0002-5030-2643
Roland Wirschum - https://orcid.org/0000-0003-4624-4433

References

1. Xiao, X.; Li, H.; Wang, M.; Zhang, K.; Si, P. Analyst 2014, 139,
488-494. doi:10.1039/c3an01670f

2. Meng, F.; Yan, X,; Liu, J.; Gu, J.; Zou, Z. Electrochim. Acta 2011, 56,
4657-4662. doi:10.1016/j.electacta.2011.02.105

3. Lang, X.Y.; Yuan, H. T.; lwasa, Y.; Chen, M. W. Scr. Mater. 2011, 64,
923-926. doi:10.1016/j.scriptamat.2011.01.038

4. Xiao, X.; Si, P.; Magner, E. Bioelectrochemistry 2016, 109, 117-126.
doi:10.1016/j.bioelechem.2015.12.008

5. Mameka, N.; Lihrs, L.; Heissler, S.; Gliemann, H.; Wall, C.
ACS Appl. Nano Mater. 2018, 1, 6613-6621.
doi:10.1021/acsanm.8b01368

2278


https://orcid.org/0000-0002-7954-008X
https://orcid.org/0000-0003-0752-9997
https://orcid.org/0000-0002-7953-4712
https://orcid.org/0000-0003-4721-5095
https://orcid.org/0000-0002-5030-2643
https://orcid.org/0000-0003-4624-4433
https://doi.org/10.1039%2Fc3an01670f
https://doi.org/10.1016%2Fj.electacta.2011.02.105
https://doi.org/10.1016%2Fj.scriptamat.2011.01.038
https://doi.org/10.1016%2Fj.bioelechem.2015.12.008
https://doi.org/10.1021%2Facsanm.8b01368

6. Vericat, C.; Vela, M. E.; Benitez, G.; Carro, P.; Salvarezza, R. C.
Chem. Soc. Rev. 2010, 39, 1805—1834. doi:10.1039/b907301a

7. Qingwen, L.; Hong, G.; Yiming, W.; Guoan, L.; Jie, M. Electroanalysis
2001, 73, 1342—-1346.
doi:10.1002/1521-4109(200111)13:16<1342::aid-elan1342>3.0.co;2-b

8. Hakamada, M.; Takahashi, M.; Furukawa, T.; Tajima, K.;
Yoshimura, K.; Chino, Y.; Mabuchi, M. Phys. Chem. Chem. Phys.
2011, 13, 12277-12284. doi:10.1039/c0cp02553d

9. Steyskal, E.-M.; Qi, Z.; Pélt, P.; Albu, M.; Weissmdiller, J.;
Wirschum, R. Langmuir 2016, 32, 7757-7764.
doi:10.1021/acs.langmuir.6b01734

10.din, H.-J.; Parida, S.; Kramer, D.; Weissmdiller, J. Surf. Sci. 2008, 602,
3588-3594. doi:10.1016/j.susc.2008.09.038

11.Hakamada, M.; Kato, N.; Mabuchi, M. Appl. Surf. Sci. 2016, 387,
1088-1092. doi:10.1016/j.apsusc.2016.07.059

12.Sumi, T.; Wano, H.; Uosaki, K. J. Electroanal. Chem. 2003, 550-551,
321-325. doi:10.1016/s0022-0728(03)00141-4

13. Torrelles, X.; Vericat, C.; Vela, M. E.; Fonticelli, M. H.;
Daza Millone, M. A.; Felici, R.; Lee, T.-L.; Zegenhagen, J.; Mufioz, G.;
Martin-Gago, J. A.; Salvarezza, R. C. J. Phys. Chem. B 2006, 110,
5586-5594. doi:10.1021/jp054879m

14.Campuzano, S.; Pedrero, M.; Montemayor, C.; Fatas, E.;
Pingarrén, J. M. J. Electroanal. Chem. 2006, 586, 112—121.
doi:10.1016/j.jelechem.2005.09.007

15. Arihara, K.; Ariga, T.; Takashima, N.; Arihara, K.; Okajima, T.;
Kitamura, F.; Tokuda, K.; Ohsaka, T. Phys. Chem. Chem. Phys. 2003,
5, 3758-3761. doi:10.1039/b305867k

16.Huang, J.-F.; Sun, |.-W. Adv. Funct. Mater. 2005, 15, 989-994.
doi:10.1002/adfm.200400382

17.Chu, Y.; Seo, B.-R.; Kim, J.-W. Bull. Korean Chem. Soc. 2010, 31,
3407-3410. doi:10.5012/bkcs.2010.31.11.3407

18. Fawcett, W. R.; Fedurco, M.; Kovacova, Z.; Borkowska, Z.
J. Electroanal. Chem. 1994, 368, 265-274.
doi:10.1016/0022-0728(93)03060-3

19.Wahl, P.; TrauBnig, T.; Landgraf, S.; Jin, H.-J.; Weissmdller, J.;
Wirschum, R. J. Appl. Phys. 2010, 108, 073706.
doi:10.1063/1.3490789

20.Lakshmanan, C.; Viswanath, R.; Polaki, S.; Rajaraman, R.
AIP Conf. Proc. 2015, 1665, 140033. doi:10.1063/1.4918242

21.Widrig, C. A.; Chung, C.; Porter, M. D.
J. Electroanal. Chem. Interfacial Electrochem. 1991, 310, 335-359.
doi:10.1016/0022-0728(91)85271-p

22.Love, J. C.; Estroff, L. A.; Kriebel, J. K.; Nuzzo, R. G.;
Whitesides, G. M. Chem. Rev. 2005, 105, 1103-1170.
doi:10.1021/cr0300789

23.Cortes, E.; Rubert, A. A.; Benitez, G.; Carro, P.; Vela, M. E.;
Salvarezza, R. C. Langmuir 2009, 25, 5661-5666.
doi:10.1021/1a804251a

24.Han, Y.; Uosaki, K. Electrochim. Acta 2008, 53, 6196-6201.
doi:10.1016/j.electacta.2008.04.016

25.Kong, B.-K.; Kim, Y.-S.; Choi, I. S. Bull. Korean Chem. Soc. 2008, 29,
1843-1846. doi:10.5012/bkcs.2008.29.9.1843

Beilstein J. Nanotechnol. 2019, 10, 2275-2279.

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.10.219

2279


https://doi.org/10.1039%2Fb907301a
https://doi.org/10.1002%2F1521-4109%28200111%2913%3A16%3C1342%3A%3Aaid-elan1342%3E3.0.co%3B2-b
https://doi.org/10.1039%2Fc0cp02553d
https://doi.org/10.1021%2Facs.langmuir.6b01734
https://doi.org/10.1016%2Fj.susc.2008.09.038
https://doi.org/10.1016%2Fj.apsusc.2016.07.059
https://doi.org/10.1016%2Fs0022-0728%2803%2900141-4
https://doi.org/10.1021%2Fjp054879m
https://doi.org/10.1016%2Fj.jelechem.2005.09.007
https://doi.org/10.1039%2Fb305867k
https://doi.org/10.1002%2Fadfm.200400382
https://doi.org/10.5012%2Fbkcs.2010.31.11.3407
https://doi.org/10.1016%2F0022-0728%2893%2903060-3
https://doi.org/10.1063%2F1.3490789
https://doi.org/10.1063%2F1.4918242
https://doi.org/10.1016%2F0022-0728%2891%2985271-p
https://doi.org/10.1021%2Fcr0300789
https://doi.org/10.1021%2Fla804251a
https://doi.org/10.1016%2Fj.electacta.2008.04.016
https://doi.org/10.5012%2Fbkcs.2008.29.9.1843
http://creativecommons.org/licenses/by/4.0
https://www.beilstein-journals.org/bjnano
https://doi.org/10.3762%2Fbjnano.10.219

( J BEILSTEIN JOURNAL OF NANOTECHNOLOGY

Air oxidation of sulfur mustard

gas simulants using a

pyrene-based metal-organic framework photocatalyst

Ghada Ayoub'-2, Mihails Arhangelskis', Xuan Zhang?, Florencia Son?, Timur Islamoglu?,

Tomislav Frigéi¢'! and Omar K. Farha™2:3

Full Research Paper

Address:

1Department of Chemistry, McGill University, Montreal, Quebec, H3A
0B8, Canada, 2International Institute of Nanotechnology, Department
of Chemistry, Northwestern University, 2145 Sheridan Rd, Evanston,
IL 60208, USA and 3Department of Chemical & Biological
Engineering, Northwestern University, 2145 Sheridan Rd, Evanston,
IL 60208, USA

Email:

Tomislav Friggié - tomislav.friscic@mcgill.ca; Omar K. Farha” -
o-farha@northwestern.edu

* Corresponding author

Keywords:

metal-organic frameworks; oxidation; photocatalysis; singlet oxygen;
sulfur mustard gas

Abstract

Beilstein J. Nanotechnol. 2019, 10, 2422—-2427.
doi:10.3762/bjnano.10.232

Received: 26 August 2019
Accepted: 03 December 2019
Published: 09 December 2019

This article is part of the thematic issue "New directions for nanoporous
materials”.

Guest Editor: C. T. Yavuz

© 2019 Ayoub et al.; licensee Beilstein-Institut.
License and terms: see end of document.

We demonstrate a microporous metal-organic framework NU-400 based on a 2,7-disubstituted pyrene linker as a highly efficient

photosensitizer for generating singlet oxygen and subsequent oxidative degradation of chemical warfare agents (CWAs). The high

activity of NU-400 permits photocatalytic conversion of the 2-chloroethyl ethyl sulfide (CEES) mustard gas simulant into a benign

sulfoxide derivative, in air, with less than 15 minutes’ half-life. This is a considerable improvement to NU-1000, based on a

1,3,6,8-tetrasubstituted pyrene unit, demonstrating how variation of the substitution pattern of a metal-organic framework linker

permits modification of its photoactive behavior.

Introduction

Sulfur mustard gas also known as mustard gas, HD, or Yperite
belongs to a class of chemical warfare agents (CWAs) known
as vesicants, which have detrimental effects on humans, includ-
ing the blistering of skin upon contact [1]. Even at a low dosage
[2], this chemical can be fatal. Although in 1993 at the Chemi-
cal Weapon Convention (CWC) 192 nations signed an agree-
ment to outlaw the production, stockpiling, and deployment of

chemical weapons, sulfur mustard gas has continuously been

used against civilians and soldiers over the past several decades
[3], including as recently as 2018 in Syria [4-7]. Therefore, it is
imperative to design and develop novel methods for the detoxi-
fication of sulfur mustard gas in stockpiles as well as in the
battle field.

There are several routes for the detoxification of sulfur mustard
gas, including: 1) hydrolysis [8,9], 2) oxidation, and 3) dehy-
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drohalogenation [10-12] (Scheme 1). The hydrolysis route is
limited to small scales because of the hydrophobicity of sulfur
mustard gas. The mechanism of degradation by dehydrohalo-
genation mechanism is still poorly understood and not efficient
enough for real-world applications. So far, the oxidative degra-
dation [13-19] route has been shown to be the most promising
but relies on the use of oxidants highly selective for the forma-
tion of sulfoxides, as further oxidation to a sulfone leads to a

product of toxicity comparable to sulfur mustard gas [20].

While oxidative detoxification of sulfur mustard gas has tradi-
tionally relied on bleaching powders, such reagents come with
significant drawbacks, including corrosiveness and loss of ac-
tivity over time [21,22]. Ideal candidates for the oxidation of
mustard gas should be mild oxidants that will selectively
produce the partially oxidized sulfoxide. In that context, a
promising approach is the use of singlet oxygen (10,) gener-
ated by photosensitization of ground-state molecular oxygen
(30,) via an electronically excited chromophore. The chro-
mophores can be compounds with significant quantum yields
and whose absorption wavelengths span the ultraviolet—visible
spectrum. Moreover, singlet oxygen could be generated from
homogenous [23] or heterogeneous catalysts, the latter of which
will allow for the ease of separation at the end of the reaction,
recyclability of the catalyst, wide selection of solvent choices
since solubility of the chromophore does not need to be consid-

ered, and lower probability of photobleaching [24,25].

Metal-organic frameworks (MOFs), porous crystalline materi-
als comprised of metal nodes and organic linkers, have at-
tracted tremendous attention in heterogeneous catalysis due to
their structural and chemical tunability [26-36]. In that context,
zirconium-based MOFs have demonstrated particularly high

stability under a range of conditions, enabling their application

Beilstein J. Nanotechnol. 2019, 10, 2422-2427.

for efficient, rapid hydrolytic or oxidative degradation of nerve
gas agents [37-42].

Here, we describe the preparation of NU-400 [43], a zirconium-
based MOF based on a judiciously chosen pyrene-based linker
and utilized it as a photosensitizer for the efficient production of
10, and hence photocatalytic conversion of the sulfur mustard
simulant 2-chloroethyl ethyl sulfide (CEES) into a benign sulf-
oxide product, using ambient air as the oxygen source. We
selected a Zrg-based MOF because of its outstanding stability
under a wide range of thermal and chemical conditions. As
pyrene has been known as an efficient photosensitizer that is
capable of producing singlet oxygen upon exposure to UV light
[44,45], we anticipated that a MOF with isolated pyrene linkers
would be a good candidate catalyst for the photocatalytic oxida-

tion of sulfur mustard.

The NU-400 material (Figure 1) was synthesized from the
pyrene-2,7-dicarboxylic acid (Py-DCA) linker, ZrCl4 metal salt,
and acetic acid as a modulator, in DMF at 120 °C (see section
S.3, Supporting Information File 1 for synthetic details). Differ-
ent from the reported synthesis of pyrene-2,7-dicarboxylic acid
linker [46], which required an organolithium reagent, a more
benign Pd-catalyzed carbonylation reaction was utilized with
2,7-dibromopyrene as the starting material [46]. Powder X-ray
diffraction (PXRD) analysis of the as-synthesized materials
revealed that NU-400 is isostructural to the related UiO-67
framework based on 4,4'-biphenyldicarboxylate linkers. Subse-
quently, the structure of NU-400 (see section S.2.1, Table S1 in
Supporting Information File 1 for crystal structure details) was
established from PXRD data, by Rietveld refinement (Figure
S1, Supporting Information File 1) of a model generated from
UiO-67 (CCDC code WIZMAVO03). The morphology of the

materials was confirmed by scanning electron microscopy

H,0 Cl\/\s/\/Cl
c ‘7@,5
S _g yo//‘
Hel &0\{9 3| o ot
‘(\* = 2 *9@/78
o 1‘/0/7
CI\/\S/\/OH CI\/\S/\/CI
6
Ifoxid
HO\/\S/\/OH sultoxiae /\S/\
O
CI\/\g/\/Cl
6
sulfone

Scheme 1: Detoxification routes of sulfur mustard gas: hydrolysis (green); oxidation to sulfoxide (blue) and dehydrohalogenation (red).
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NU-400

Figure 1: NU-400 constituents: a) the pyrene-based linker, pyrene-2,7-dicarboxylic acid and b) Zrg metal node. c) Fragment of the crystal structure of
NU-400, established from PXRD data. Hydrogen atoms and disorder of pyrene groups are not shown for clarity. Zr: green, O: red, and C: grey.

(SEM) images showing that bulk NU-400 material consists of
octahedral crystals ranging in sizes from 1 to 5 microns (Figure
S3, Supporting Information File 1). The microporous nature of
NU-400 was established by N, sorption measurements at 77 K,
which revealed a Brunauer-Emmet-Teller (BET) surface area
of 1325 m?/g (Figure S4, Supporting Information File 1) [44].
The pore size analysis using DFT model revealed pores of
approximately 11 A, which is suitable for diffusion of CEES
molecules into the pores of NU-400.

The solid-state UV—vis spectrum of NU-400 reveals that the
strongest absorption bands lie below 400 nm (see Figure S5,
Supporting Information File 1), leading us to use two commer-
cially available ultraviolet light emitting diodes (UV-LEDs)
with Apax = 390400 nm as a means to excite the MOF for 10,
production.

Results and Discussion

As our first entry into investigating the efficiency of NU-400 as
a photosensitizer for singlet oxygen generation, we used
1 mol % (2 umol, 4.75 mg) of the MOF under oxygen satura-
tion conditions and UV irradiation (see section S.3.3 in Sup-
porting Information File 1 for the detailed procedure). Aliquots
were taken at various time points, filtered using syringe filters
and, after dilution with dichloromethane, analyzed by GC-FID
to monitor the reaction kinetics. Oxidation products were
analyzed by NMR spectroscopy using deuterated methanol as a
solvent. Under these conditions, reaction monitoring revealed
that complete and selective conversion of CEES into CEESO

was achieved over a period of 50 minutes, with a half-life of

10.2 minutes (Figure 2). During control experiments designed
to evaluate the significance of each parameter in the process of
10, production, we unexpectedly found that conducting the
photocatalytic oxidation under the same conditions of irradia-
tion, and the same MOF content, but in the absence of O, satu-
ration step, also led to complete conversion of CEES into the
sulfoxide. Specifically, under such conditions the complete
conversion of CEES was observed after 2 hours, with a half-life
of 13.5 minutes (Figure 2). Achieving complete oxidation of
CEES without the O, saturation represents a milestone for the
potential deployment of MOFs as an active detoxification cata-
lyst and, consequently, we focused on detailed exploration of

the activity of NU-400 in air, without oxygen purging.

Given that NU-400 is an active photocatalyst, where the
pyrene-based linkers are expected to play the role of photosen-
sitizers responsible for singlet oxygen production under UV ir-
radiation, several control studies were performed to firmly
establish the role of the linker. We explored the ability of pure
linker precursor to act as the photosensitizer by performing the
oxidation in the presence of 1 mol % Py-DCA (3.4 mg,
11.5 umol) under air and in the presence of UV light, leading to
a 75% conversion of CEES to CEESO after 2 hours (Figure 2).
This observation implies that incorporation into the MOF struc-
ture enhanced the catalytic activity of Py-DCA, most likely due
to the heterogeneous nature of the MOF, which assembles the
pyrene linkers periodically within a robust three-dimensional
framework, preventing their deactivation through aggregation.
In all cases the 10, acted as a highly selective oxidant for the

formation of the target sulfoxide species, as no overoxidation to
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form a more toxic sulfone analogue was observed (Figure S6,
Supporting Information File 1). Finally, we explored the possi-
bility of the reaction occurring in the absence of UV light.
Under these conditions, in the presence of 1 mol % (12 umol,
3.4 mg) of the MOF, no conversion of CEES was detected
(Figure 2), confirming the role of NU-400 as a photocatalyst.

The photocatalytic activity of NU-400 in air, without oxygen
presaturation, is significantly higher compared to the previ-
ously explored mesoporous NU-1000 MOF, which is based on
a different, tetratopic pyrene-based linker 4,4°,4°°,4’"°-(pyrene-
1,3,6,8-tetrayl)tetrabenzoate (H4TBApy). Using 1 mol %
(5.2 mg) NU-1000 as a photocatalyst enabled the full conver-
sion of CEES into CEESO with a half-life of only 6.2 minutes
under conditions of O, saturation. However, the process was
significantly slower, with a half-life of 24.5 minutes (Figure 3),
when the reaction vessel was not saturated with oxygen. The su-
perior performance of NU-400 (half-life of 13.5 minutes) under
air can be attributed to the higher density of pyrene linkers in
NU-400 (0.101 g/cm?3) compared to NU-1000 (0.0506 g/cm?)
which is responsible for !0, generation.

(=]
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(=2}
o
1

—=— under air (NU-400)
—e— under air (NU-1000)

Conversion (%)
8
1

N
o
1

T T T T T T
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Time (minutes)

Figure 3: Selective oxidation of CEES to CEESO using 1 mol % cata-
lyst of NU-400 (black) versus NU-1000 (purple).

Finally, we investigated to recyclability of NU-400 by adding
multiple injections of CEES (0.2 umol) into the microwave vial
after one cycle of full conversion of CEES to CEESO. As the
reaction was carried out using the oxygen available in atmo-
sphere, without any additional O, purging, opening the micro-
wave vial upon the addition of CEES ensured the presence of
fresh air needed for the reaction. This recyclability test was
repeated three times, and the reaction progress was monitored
using GC-FID in order to calculate the conversion of the reac-
tion after each injection (Figure 4).
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Figure 4: The reusability of the catalyst NU-400 MOF over four
successive injections of CEES (0.2 mmol) into the same reaction vial.

The photocatalytic oxidation reaction takes place without
noticeable degradation of NU-400, as evidenced by PXRD anal-
ysis following four cycles of CEES to CEESO oxidation, which
reveals a high degree of crystallinity (see Figure S7, Support-
ing Information File 1). At the same time, no overoxidation of
CEES to 2-chloroethyl ethyl sulfone (CEESO,) was observed,
as demonstrated by 'H NMR spectroscopy (Figure S6, Support-
ing Information File 1).

Conclusion

In summary, we demonstrated NU-400, a microporous MOF
based on a pyrene-2,7-dicarboxylate linker as a highly effective
platform for singlet oxygen production and photocatalytic deg-
radation of mustard gas simulant. In contrast to previously re-
ported NU-1000, based on a 1,3,6,8-tetrasubstituted pyrene
unit, which required saturation with oxygen to achieve effec-
tive high singlet oxygen production, the herein reported
NU-400 is effective without oxygen saturation. The photocata-
Iytic activity of NU-400 enabled singlet oxygen-induced
conversion of CEES to CEESO with a half-life of 13.5 minutes
under air, a milestone in the development of MOFs as new,
highly efficient catalysts for mustard gas degradation.

Supporting Information

Supporting Information File 1

Methods and materials, ligand and MOF synthesis details
and additional characterization data.
[https://www.beilstein-journals.org/bjnano/content/
supplementary/2190-4286-10-232-S1.pdf]

Acknowledgements

O.K.F. gratefully acknowledges support from the Defense
Threat Reduction Agency (HDTRA1-19-1-0007 for synthesis
of fcu topology NU-400 and HDTRA1-18-1-0003 for catalysis

Beilstein J. Nanotechnol. 2019, 10, 2422-2427.

study). T. F. acknowledges financial support of the National
Science and Engineering Research Council (NSERC)
Discovery Grant (RGPIN-2017-06467), NSERC E.W.R.
Steacie Memorial Fellowship (SMFSU 507347-17) and McGill
University Graduate Student Mobility Award (for GA), and
Northwestern University.

ORCID® iDs

Ghada Ayoub - https://orcid.org/0000-0002-5864-8681
Mihails Arhangelskis - https://orcid.org/0000-0003-1150-3108
Xuan Zhang - https://orcid.org/0000-0001-8214-7265
Florencia Son - https://orcid.org/0000-0002-7524-3774
Timur Islamoglu - https://orcid.org/0000-0003-3688-9158
Tomislav Fri§¢i¢ - https://orcid.org/0000-0002-3921-7915
Omar K. Farha - https://orcid.org/0000-0002-9904-9845

Preprint
A non-peer-reviewed version of this article has been previously published
as a preprint https://doi.org/10.26434/chemrxiv.9717011.v1

References

1. Fitzgerald, G. J. Am. J. Public Health 2008, 98, 611-625.
doi:10.2105/ajph.2007.111930

2. Sidell, F. R.; Borak, J. Ann. Emerg. Med. 1992, 21, 865-871.
doi:10.1016/s0196-0644(05)81036-4

3. Organisation for the Prohibition of Chemical Weapons. Chemical
Weapons Convention.
https://www.opcw.org/chemical-weapons-convention (accessed Aug
19, 2016).

4. Hess, G. UN says Syria and Islamic State used chemical weapons,

Chemical and Engineering News, August 2016. (accessed Nov 3,
2019).
https://cen.acs.org/articles/94/web/2016/08/UN-says-Syria-Islamic-Stat
e.html

5. Fassihi, F. U. N. Report Finds Chemical Weapons Used by Syrian
Regime, Islamic State. The Wall Street Journal, 2016;

https://www.wsj.com/articles/u-n-report-finds-chemical-weapons-used-
by-syrian-regime-islamic-state-1472092954 (accessed Dec 4, 2019).
6. Sezigen, S.; Eyison, R. K.; Kenar, L. Gulhane Med. J. 2019, 61, 64—68.
doi:10.26657/gulhane.00056
7. lrvine, D. A.; Earley, J. P.; Cassidy, D. P.; Harvey, S. P.
Water Sci. Technol. 1997, 35, 67—74. doi:10.2166/wst.1997.0014
8. Wang, Q.-Q.; Begum, R. A,; Day, V. W.; Bowman-James, K.
Org. Biomol. Chem. 2012, 10, 8786—8793. doi:10.1039/c20b26482j
9. Wagner, G. W.; Bartram, P. W.; Koper, O.; Klabunde, K. J.

J. Phys. Chem. B 1999, 103, 3225-3228. doi:10.1021/jp984689u
10. Wagner, G. W.; Koper, O. B.; Lucas, E.; Decker, S.; Klabunde, K. J.
J. Phys. Chem. B 2000, 104, 5118-5123. doi:10.1021/jp000101j

11.Horcajada, P.; Surblé, S.; Serre, C.; Hong, D.-Y.; Seo, Y.-K;;
Chang, J.-S.; Grenéche, J.-M.; Margiolaki, |.; Férey, G.
Chem. Commun. 2007, 2820-2822. doi:10.1039/b704325b

12. Popiel, S.; Nawata, J. Enzyme Microb. Technol. 2013, 53, 295-301.
doi:10.1016/j.enzmictec.2013.06.002

13. Price, C. C.; Bullitt, O. H. J. Org. Chem. 1947, 12, 238-248.
doi:10.1021/jo01166a006

14.Gall, R. D.; Faraj, M.; Hill, C. L. Inorg. Chem. 1994, 33, 5015-5021.
doi:10.1021/ic00100a028

2426


https://www.beilstein-journals.org/bjnano/content/supplementary/2190-4286-10-232-S1.pdf
https://www.beilstein-journals.org/bjnano/content/supplementary/2190-4286-10-232-S1.pdf
https://orcid.org/0000-0002-5864-8681
https://orcid.org/0000-0003-1150-3108
https://orcid.org/0000-0001-8214-7265
https://orcid.org/0000-0002-7524-3774
https://orcid.org/0000-0003-3688-9158
https://orcid.org/0000-0002-3921-7915
https://orcid.org/0000-0002-9904-9845
https://doi.org/10.26434/chemrxiv.9717011.v1
https://doi.org/10.2105%2Fajph.2007.111930
https://doi.org/10.1016%2Fs0196-0644%2805%2981036-4
https://www.opcw.org/chemical-weapons-convention
https://cen.acs.org/articles/94/web/2016/08/UN-says-Syria-Islamic-State.html
https://cen.acs.org/articles/94/web/2016/08/UN-says-Syria-Islamic-State.html
https://www.wsj.com/articles/u-n-report-finds-chemical-weapons-used-by-syrian-regime-islamic-state-1472092954
https://www.wsj.com/articles/u-n-report-finds-chemical-weapons-used-by-syrian-regime-islamic-state-1472092954
https://doi.org/10.26657%2Fgulhane.00056
https://doi.org/10.2166%2Fwst.1997.0014
https://doi.org/10.1039%2Fc2ob26482j
https://doi.org/10.1021%2Fjp984689u
https://doi.org/10.1021%2Fjp000101j
https://doi.org/10.1039%2Fb704325b
https://doi.org/10.1016%2Fj.enzmictec.2013.06.002
https://doi.org/10.1021%2Fjo01166a006
https://doi.org/10.1021%2Fic00100a028

15.Richardson, D. E.; Yao, H.; Frank, K. M.; Bennett, D. A.
J. Am. Chem. Soc. 2000, 122, 1729-1739. doi:10.1021/ja9927467

16. Boring, E.; Geletii, Y. V.; Hill, C. L. J. Am. Chem. Soc. 2001, 123,
1625-1635. doi:10.1021/ja0033133

17.Ringenbach, C. R.; Livingston, S. R.; Kumar, D.; Landry, C. C.
Chem. Mater. 2005, 17, 5580-5586. doi:10.1021/cm051372f

18.Wagner, G. W.; Yang, Y.-C. Ind. Eng. Chem. Res. 2002, 41,
1925-1928. doi:10.1021/ie010732f

19. Hirade, J.; Ninomiya, A. J. Biochem. 1950, 37, 19-34.
doi:10.1093/oxfordjournals.jpchem.a126178

20.Yang, Y. C.; Baker, J. A.; Ward, J. R. Chem. Rev. 1992, 92,
1729-1743. doi:10.1021/cr00016a003

21.Jang, Y. J.; Kim, K;; Tsay, O. G.; Atwood, D. A.; Churchill, D. G.
Chem. Rev. 2015, 115, PR1-PR76. doi:10.1021/acs.chemrev.5b00402

22.DeRosa, M. C.; Crutchley, R. J. Coord. Chem. Rev. 2002, 233-234,
351-371. doi:10.1016/s0010-8545(02)00034-6

23. Griesbeck, A. G.; El-ldreesy, T. T.; Bartoschek, A. Adv. Synth. Catal.
2004, 346, 245-251. doi:10.1002/adsc.200303181

24.Roman, E. S. Heterogeneous Singlet Oxygen Sensitizers. In Singlet
Oxygen: Applications in Biosciences and Nanosciences; Nonell, S.;
Flors, C., Eds.; Comprehensive Series in Photochemical &
Photobiological Sciences, Vol. 1; Royal Society of Chemistry:
Cambridge, United Kingdom, 2016; pp 183-208.
doi:10.1039/9781782622208-00183

25.Li, H.; Eddaoudi, M.; O'Keeffe, M.; Yaghi, O. M. Nature 1999, 402,
276-279. doi:10.1038/46248

26.Férey, G. Chem. Soc. Rev. 2008, 37, 191-214. doi:10.1039/b618320b

27.Cooper, A. |.; Rosseinsky, M. J. Nat. Chem. 2009, 1, 26-27.
doi:10.1038/nchem.157

28. Shimizu, G. K. H.; Vaidhyanathan, R.; Taylor, J. M. Chem. Soc. Rev.
2009, 38, 1430-1449. doi:10.1039/b802423p

29.Zhou, H.-C.; Long, J. R.; Yaghi, O. M. Chem. Rev. 2012, 112,
673-674. doi:10.1021/cr300014x

30.Chen, Z.; Hanna, S. L.; Redfern, L. R.; Alezi, D.; Islamoglu, T.;
Farha, O. K. Coord. Chem. Rev. 2019, 386, 32—49.
doi:10.1016/j.ccr.2019.01.017

31.Denny, M. S., Jr.; Moreton, J. C.; Benz, L.; Cohen, S. M.
Nat. Rev. Mater. 2016, 1, 16078—16085.
doi:10.1038/natrevmats.2016.78

32.Smaldone, R. A.; Forgan, R. S.; Furukawa, H.; Gassensmith, J. J.;
Slawin, A. M.; Yaghi, O. M.; Stoddart, J. F. Angew. Chem., Int. Ed.
2010, 49, 8630-8634. doi:10.1002/anie.201002343

33.Campbell, M. G; Liu, S. F.; Swager, T. M.; Dinca, M.
J. Am. Chem. Soc. 2015, 137, 13780-13783.
doi:10.1021/jacs.5b09600

34.Orellana-Tavra, C.; Baxter, E. F.; Tian, T.; Bennett, T. D.;
Slater, N. K. H.; Cheetham, A. K.; Fairen-Jimenez, D. Chem. Commun.
2015, 51, 13878-13881. doi:10.1039/c5cc05237h

35.Lee, J.; Farha, O. K.; Roberts, J.; Scheidt, K. A.; Nguyen, S. T.;
Hupp, J. T. Chem. Soc. Rev. 2009, 38, 1450-1459.
doi:10.1039/b807080f

36. Ayoub, G.; Islamoglu, T.; Goswami, S.; Fris¢i¢, T.; Farha, O. K.
ACS Appl. Mater. Interfaces 2019, 11, 15788-15794.
doi:10.1021/acsami.9b02764

37.Howarth, A. J.; Liu, Y.; Li, P.; Li, Z.; Wang, T. C.; Hupp, J. T.;
Farha, O. K. Nat. Rev. Mater. 2016, 1, 15018.
doi:10.1038/natrevmats.2015.18

38.Feng, D.; Gu, Z.-Y.; Li, J.-R.; Jiang, H.-L.; Wei, Z.; Zhou, H.-C.
Angew. Chem., Int. Ed. 2012, 51, 10307—-10310.
doi:10.1002/anie.201204475

Beilstein J. Nanotechnol. 2019, 10, 2422-2427.

39. Liu, Y.; Howarth, A. J.; Vermeulen, N. A.; Moon, S.-Y.; Hupp, J. T;
Farha, O. K. Coord. Chem. Rev. 2017, 346, 101—111.
doi:10.1016/j.ccr.2016.11.008

40.Buru, C. T.; Majewski, M. B.; Howarth, A. J.; Lavroff, R. H.;

Kung, C.-W.; Peters, A. W.; Goswami, S.; Farha, O. K.
ACS Appl. Mater. Interfaces 2018, 10, 23802—23806.
doi:10.1021/acsami.8b05792

41.Gil-San-Millan, R.; Lépez-Maya, E.; Hall, M.; Padial, N. M.;

Peterson, G. W.; DeCoste, J. B.; Rodriguez-Albelo, L. M.; Oltra, J. E.;
Barea, E.; Navarro, J. A. R. ACS Appl. Mater. Interfaces 2017, 9,
23967-23973. doi:10.1021/acsami.7b06341

42.DeCoste, J. B.; Peterson, G. W. Chem. Rev. 2014, 114, 5695-5727.
doi:10.1021/cr4006473

43.Lv, X.-L.; Yuan, S.; Xie, L.-H.; Darke, H. F.; Chen, Y.; He, T.; Dong, C.;
Wang, B.; Zhang, Y.-Z.; Li, J.-R.; Zhou, H.-C. J. Am. Chem. Soc. 2019,
141, 10283-10293. doi:10.1021/jacs.9b02947

44 Liu, Y.; Buru, C. T.; Howarth, A. J.; Mahle, J. J.; Buchanan, J. H.;
DeCoste, J. B.; Hupp, J. T.; Farha, O. K. J. Mater. Chem. A 2016, 4,
13809-13813. doi:10.1039/c6ta05903a

45.Bobbitt, N. S.; Mendonca, M. L.; Howarth, A. J.; Islamoglu, T;

Hupp, J. T.; Farha, O. K.; Snurr, R. Q. Chem. Soc. Rev. 2017, 46,
3357-3385. doi:10.1039/c7cs00108h

46.Zhang, X.; Huang, Z.; Ferrandon, M.; Yang, D.; Robison, L.; Li, P.;
Wang, T. C.; Delferro, M.; Farha, O. K. Nat. Catal. 2018, 1, 356-362.
doi:10.1038/s41929-018-0069-6

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.10.232

2427


https://doi.org/10.1021%2Fja9927467
https://doi.org/10.1021%2Fja0033133
https://doi.org/10.1021%2Fcm051372f
https://doi.org/10.1021%2Fie010732f
https://doi.org/10.1093%2Foxfordjournals.jbchem.a126178
https://doi.org/10.1021%2Fcr00016a003
https://doi.org/10.1021%2Facs.chemrev.5b00402
https://doi.org/10.1016%2Fs0010-8545%2802%2900034-6
https://doi.org/10.1002%2Fadsc.200303181
https://doi.org/10.1039%2F9781782622208-00183
https://doi.org/10.1038%2F46248
https://doi.org/10.1039%2Fb618320b
https://doi.org/10.1038%2Fnchem.157
https://doi.org/10.1039%2Fb802423p
https://doi.org/10.1021%2Fcr300014x
https://doi.org/10.1016%2Fj.ccr.2019.01.017
https://doi.org/10.1038%2Fnatrevmats.2016.78
https://doi.org/10.1002%2Fanie.201002343
https://doi.org/10.1021%2Fjacs.5b09600
https://doi.org/10.1039%2Fc5cc05237h
https://doi.org/10.1039%2Fb807080f
https://doi.org/10.1021%2Facsami.9b02764
https://doi.org/10.1038%2Fnatrevmats.2015.18
https://doi.org/10.1002%2Fanie.201204475
https://doi.org/10.1016%2Fj.ccr.2016.11.008
https://doi.org/10.1021%2Facsami.8b05792
https://doi.org/10.1021%2Facsami.7b06341
https://doi.org/10.1021%2Fcr4006473
https://doi.org/10.1021%2Fjacs.9b02947
https://doi.org/10.1039%2Fc6ta05903a
https://doi.org/10.1039%2Fc7cs00108h
https://doi.org/10.1038%2Fs41929-018-0069-6
http://creativecommons.org/licenses/by/4.0
https://www.beilstein-journals.org/bjnano
https://doi.org/10.3762%2Fbjnano.10.232

( J BEILSTEIN JOURNAL OF NANOTECHNOLOGY

Adsorptive removal of bulky dye molecules from water with
mesoporous polyaniline-derived carbon

Hyung Jun An¥, Jong Min Park}, Nazmul Abedin Khan and Sung Hwa Jhung’

Full Research Paper

Address:

Department of Chemistry and Green-Nano Materials Research
Center, Kyungpook National University, Daegu 41566, Republic of
Korea

Email:
Sung Hwa Jhung” - sung@knu.ac.kr

* Corresponding author  f Equal contributors
Keywords:

acid red 1; adsorption; bulky dye molecules; Janus green B;
polyaniline-derived carbon; water purification

Abstract

Beilstein J. Nanotechnol. 2020, 11, 597-605.
doi:10.3762/bjnano.11.47

Received: 24 December 2019
Accepted: 16 March 2020
Published: 08 April 2020

This article is part of the thematic issue "New directions for nanoporous
materials”.

Guest Editor: C. T. Yavuz

© 2020 An et al.; licensee Beilstein-Institut.
License and terms: see end of document.

Polyaniline-derived carbon (PDC) was obtained via pyrolysis of polyaniline under different temperatures and applied for the purifi-

cation of water contaminated with dye molecules of different sizes and charge by adsorption. With increasing pyrolysis tempera-

ture, it was found that the hydrophobicity, pore size and mesopore volume increased. A mesoporous PDC sample obtained via py-

rolysis at 900 °C showed remarkable performance in the adsorption of dye molecules, irrespective of dye charge, especially in the

removal of bulky dye molecules, such as acid red 1 (AR1) and Janus green B (JGB). For example, the most competitive PDC mate-

rial showed a Q value (maximum adsorption capacity) 8.1 times that of commercial, activated carbon for AR1. The remarkable

adsorption of AR1 and JGB over KOH-900 could be explained by the combined mechanisms of hydrophobic, -, electrostatic and

van der Waals interactions.

Introduction

Dyes have been widely used in a wide range of industries in-
cluding textile, leather and paper, causing serious concern
worldwide mainly because of the contamination of water
resources. For example, around 700,000 tons of textile dyes are
produced annually; and a considerable quantity of the produced
dyes is discharged into waste water [1]. Such dyes are usually
toxic or are converted into toxic substances after further treat-
ment [1,2], and dyes discarded in waste water inevitably

increase the biochemical oxygen demand (BOD) and chemical

oxygen demand (COD) levels. Additionally, dyes decrease
sunlight penetration through water, decreasing the natural
restoration activity of rivers. Moreover, dyes in waste water are
also considered problematic in the aesthetic sense, since the ab-
sorbance of dyes is usually very high (therefore, even small
quantity of dyes can affect the color of the water).

The removal of dye molecules from contaminated water is very

important and has been carried out via various methods such as
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oxidation [3,4], including advanced oxidation processing
(AOP), photocatalysis [5], biological treatment, coagulation,
and membrane separation [2,6,7]. However, these techniques
are not very satisfactory for applications on a large scale. For
example, dyes are very resistant against degradation by cataly-
sis, with a common example given by the stable characteristics
of dyes under even sunlight. Recently, adsorption has been
regarded to be very effective and attractive because of its opera-
tion under mild conditions and no need of oxidant, active cata-
lyst, and irradiation [8,9]. Therefore, adsorption with carbon
nanotubes, activated carbon (AC), biomass, and
metallic—organic frameworks (MOFs) has been actively studied
for the removal of dye molecules from water [10-15]. However,
adsorbents with high adsorption capacity, structural integrity,
low cost and facile recyclability are required for the practical

operations or commercial applications.

So far, the development of various adsorbents has been success-
ful because of functional carbon materials (graphene [16] or
porous carbon [17]), mesoporous materials [18] and MOFs [19-
22]. For example, MOFs [23-25], carbonaceous materials (such
as carbon nanotubes, graphene, biochar and activated carbon)
[26] and clay [27] have been applied in adsorptive removal of
contaminants of emerging concern, hazardous organics and
persistent organic pollutants. Carbonaceous materials have been
particularly attractive in the purification of contaminated water
via adsorption because of the easy preparation of carbon materi-
als [26], especially from waste materials [28]. Moreover, highly
porous carbon materials, especially with high nitrogen content,
have been produced from various precursors including organic
polymers [29-33] and MOFs [34-38].

Polyaniline (PANI), prepared from aniline, is a useful polymer
in various fields because of its facile synthesis, high conduc-
tivity and nitrogen content. Porous carbon materials, with high
porosity and nitrogen content, have also been obtained from
PANI. In other words, functional carbon, for catalysts and
supercapacitors can be derived from high temperature
carbonization of PANI, especially in the co-presence of acti-
vating agents such as KOH, H3PO4 or ZnCl, [39]. Even though
PANI-derived carbon (PDC) was used in gas-phase adsorption
[40,41], it has been scarcely applied in liquid phase adsorption.
Only recently we applied PDC for the possible purification of
water contaminated with organics and fuel containing diben-
zothiophene or dimethyldibenzothiophene [42,43]. However,
further research is required to utilize the highly porous PDC
materials for the purification of water contaminated with
organics such as dyes.

Herein, we utilized PDC, prepared especially at high tempera-

ture, for the purification of water contaminated with dyes, such

Beilstein J. Nanotechnol. 2020, 11, 597-605.

as acid red 1 (AR1), Janus green B (JGB), methyl orange (MO)
and methylene blue (MB), via adsorption. AR1 is a large anion-
ic dye which is toxic and widely applied in the paper industry
[44]. Janus green B (JGB) is one of the most typical large
cationic dyes that is widely used in several industries [42]. MO
and MB are widely applied anionic and cationic dyes, respec-
tively [45]. The chemical structures of the studied dyes are

shown in Supporting Information File 1, Figure S1.

A PDC, obtained from PANI at 900 °C, showed remarkable
performance in the adsorption of bulky dye molecules such as
ARI1 and JGB. For example, the PDC material developed in this
work shows the highest adsorption capacity compared with any
reported results, so far. Moreover, the adsorption capacity of the
PDC material is more than 8 times that of a commercial, acti-
vated carbon. However, the adsorptive performance of the PDC
for small dye molecules, such as MO and MB, was not very
impressive, albeit quite competitive against similar reported
results. The adsorption mechanisms could be suggested based
on the physical properties (including hydrophobicity) of PDC
materials and adsorption of AR1 and JGB under a wide range of

pH values (from 2 to 12).

Results and Discussion
Characterization of polyaniline-derived
carbon (PDC)

The porosity and pore size distribution of the adsorbents were
characterized with nitrogen adsorption at 77 K. As shown in
Figure 1a, the porosity of the PDC materials was considerable
when the pyrolysis temperature was equal to or higher than
700 °C. The detailed porosity data are summarized in Support-
ing Information File 1, Table S1. With increasing pyrolysis
temperature up to 800 °C, the BET surface area, total pore
volume and mesopore volume increased. However, all of the
porosity data (BET surface area, and total, micro- and meso-
pore volumes) decreased with further increasing temperature
from 800 to 900 °C. Therefore, 800 °C was the optimum tem-
perature to derive PDC materials with the highest porosity,
excluding the micropore volume (for this, 750 °C was the most
effective). Importantly, the pore size distribution patterns
presented in Figure 1b show that the pore size of PDC in-
creased with increasing pyrolysis temperature; and KOH-900, a
PDC material that was obtained via pyrolysis of PANI at
900 °C, has an average pore size of 3 nm, which is very effec-
tive in adsorption of bulky dye molecules (vide infra). On the
contrary, the pore size of activated carbon (AC) is very small
(or mainly in microporous region); therefore, it might not be
effective in adsorption of bulky dye molecules.

The hydrophobicity or hydrophilicity of PDC was estimated by
checking the adsorbed quantity of water and n-octane [46]. The
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Figure 1: (a) N> adsorption isotherms and (b) pore size distribution of PDC materials and activated carbon (AC) .

quantity of adsorbed water decreased with increasing pyrolysis
temperature, as shown in Figure 2a. On the contrary, the
adsorbed n-octane showed the very opposite trend (Figure 2b).
The adsorbed n-octane was in the order: KOH-900 >
KOH-800 > KOH-750 > KOH-700 > KOH-600. The ratio of
adsorbed vapors (n-octane/water, mol/mol) is shown as
Figure 2c, and the ratio increased monotonically with increas-
ing pyrolysis temperature. Therefore, it could be confirmed that
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the hydrophobicity of PDC increased with increasing pyrolysis
temperature. This is understandable based on the enrichment of
carbon (or successive removal of heteroatoms such as nitrogen
and oxygen) with increasing pyrolysis temperature [42,43]. The
best adsorbent (vide infra) KOH-900 was analyzed further with
Raman spectroscopy. As shown in Supporting Information
File 1, Figure S1, KOH-900 is composed of both graphitic and
defect phases. Therefore, KOH-900 might be useful for adsorp-
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Figure 2: Amount of adsorbed (a) H2O and (b) n-octane over PDC materials. (c) Ratios of adsorbed amounts of n-octane/H>O over PDC materials.
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tion because of defects and the graphitic layers (with m-elec-

trons).

Dye adsorption over polyaniline-derived car-
bon (PDC)

Firstly, adsorption of AR1 over PDC and AC was carried out
for 6 h. As illustrated in Figure 3a, the adsorbed quantity (ggp,
in mg/g) decreased in the order: KOH-900 > KOH-800 > KOH-
750 > KOH-700 > AC > KOH-600. Therefore, the PDC materi-
als are very competitive in AR1 adsorption compared to AC
when the pyrolysis temperature is at 700 °C or higher. Consid-
ering the dominant role of porosity in adsorption [47], the g¢p
values were calculated based on the BET surface area of adsor-
bents. Curiously, as presented in Figure 3b, the ggp, (in mg/m?)
for AR1 showed a tendency similar to that of the quantity based
on unit weight of adsorbents or PDC (g¢p, in mg/g). Therefore, it
should be emphasized that there is another important contribu-
tion, excluding simple porosity, to explain the performance of
the PDC materials in AR1 adsorption.

Considering that the best performance was found with KOH-
900 (based on both unit weight and BET surface area), further
experiments were done with KOH-900 and AC, as a standard
adsorbent. Similar to AR1, other dye molecules (with different
charge and size) were also adsorbed for 6 h over KOH-900 and
AC. As presented in Figure 4, KOH-900 had a much higher g¢p
than AC for the four dyes studied, namely AR1, MO, MB, and
JGB. However, the ratio of adsorbed quantity [g¢, (KOH-900)/
gen (AC)] was very much dependent on the size of the adsorbed
dye, as summarized in Supporting Information File 1, Table S2.
KOH-900 showed much higher efficiency than AC especially in
the adsorption of bulky dye molecules, such as AR1 and JGB.

Inspired by the remarkable performance of KOH-900 in the
adsorption of bulky dye molecules, adsorption experiments

1000

@

750 4

500+

q,, (mg/g)

250 4

Adsorbents

Beilstein J. Nanotechnol. 2020, 11, 597-605.

1000
) AC
{1 ]kx0H-900

7504
~
L0
b 500
g
N

=

>

250 -

ARI MO
Adsorbates

Figure 4: Adsorbed quantities of acid red 1 (AR1), methyl orange
(MO), methylene blue (MB) and Janus green B (JGB) over AC and
KOH-900.

were further carried out for AR1 and JGB over KOH-900 and
AC for a wide range of adsorption times from 0.5 to 6 h. As
illustrated in Figure 5, KOH-900 had a much higher adsorption
capacity than AC for AR1 and JGB, irrespective of the adsorp-
tion time and the type of adsorbate or dye. In order to deter-
mine the maximum adsorption capacity of KOH-900 and AC
for AR1, adsorption isotherms were obtained from adsorption
for 6 h with a wide range of AR1 concentrations. The adsorp-
tion isotherms and Langmuir plots are illustrated in Figure 6a
and 6b, respectively. The high correlation coefficients
(R% > 0.99) shown on Figure 6b confirm that the Langmuir
equation can be adequately applied to interpret the observed
adsorptions. As summarized in Table 1, KOH-900 had a Qg (for
ARI1) value 8.1 times as that of commercial, activated carbon.

Adsorption mechanism

Understanding the adsorption mechanism is helpful to develop
a competitive adsorption technology and to further improve the
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Figure 3: Adsorbed quantities of acid red 1 (AR1) over AC, KOH-600, KOH-700, KOH-750, KOH-800 and KOH-900 based on (a) unit weight and

(b) unit BET surface area.
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Table 1: Maximum adsorption capacity (Qp) of some reported adsorbents for the adsorption of AR1 from water.

Adsorbents SAget (m%g~")  SolutionpH Qg (mg-g™")  Ref.
coal FA 9 6.0 93 [67]
Mg-Al-LDH 104 - 108 [68]
MH-1000 799 6.0 11.2 [69]
TNTs (HDTMA-modified version) treated with 0.0001 N acid 45 - 396 [70]
Fe304/MIL-101(Cr) 1790 5.0 143 [44]
chitosan—alunite composite - 3.0 589 [71]
PCN-222(Fe) 2476 7.0 371 [72]
commercial activated carbon 1016 7.0 148 this work
KOH-900 2549 7.0 1192 this work

performance of an adsorbent. So far, several mechanisms [48], both the adsorbate and adsorbent can be changed in terms of
such as electrostatic [49,50], m—m [51-54], acid—base interac- charge or functional group (for example, via protonation or de-
tions [55,56], and hydrogen bonding [57-59], were applied to  protonation) under different conditions of acidity/basicity.
interpret various adsorption events. In order to understand the

plausible mechanism, especially in aqueous phase, adsorption In this study, the gg, values were checked over KOH-900 for
over a wide range of pH conditions is very effective [60] since ~ AR1 and JBG under pH 2—12. As shown in Figure 7, the g}, for
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AR1 decreased monotonously with increasing pH of the solu-
tion; however, the adsorption of JGB showed an opposite trend.
This very opposite trend, observed in anionic AR1 and cationic
JGB, could be explained via electrostatic interactions consid-
ering the opposite charges on the studied dyes. Moreover, the
studied PDC or KOH-900 might have both positive and nega-
tive charges, depending on pH, since the surface charge of
porous carbon generally decreases (from positive to negative)
with increasing pH of the adsorption solution [61-63]. There-
fore, the negative AR1 should have a favorable interaction at
low pH; on the contrary, the adsorption of the positive JGB will
be more effective at higher pH if the electrostatic interaction is

considered.
1200
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Figure 7: Effect of pH on the adsorbed amounts of AR1 and JGB over
KOH-900.

However, there should be other dominant mechanisms since the
gen values are quite high under a wide range of pH conditions.
At first, the very high hydrophobicity of KOH-900, as shown in
Figure 2, can be considered. Compared with any other adsor-
bent, KOH-900 showed the highest performance in AR1
adsorption, as shown in Figure 3. Therefore, hydrophobic inter-
action can be suggested as a plausible mechanism for AR1 and
JGB adsorption. This mechanism, which has been suggested
earlier in adsorption of malachite green [52], aromatics [64],

benzotriazole/benzimidazole [53], bisphenol A [65] and phar-

Beilstein J. Nanotechnol. 2020, 11, 597-605.

maceutical and personal care products (PPCPs) [66], is accept-
able considering the relatively small impact of pH on the ggp,.
Moreover, —m interaction [51-54] might be another possible
explanation considering that this interaction is hardly depend-
ent on the pH (when aromatic rings are maintained under the
studied pH); and both studied dyes (AR1 and JGB) and KOH-
900 have ample aromatic rings with 7 electrons. Finally, the
contribution of pore size should be mentioned. As illustrated in
Figure 4 and Supporting Information File 1, Table S2, the
KOH-900 sample is very effective in the adsorption of bulky
dye molecules, as compared with the adsorption of small dyes
such as MO and MB. This might be explained by the relatively
large pore size of KOH-900, as shown in Figure 1b. Another
explanation is that the pore size of KOH-900 is too large for
effective adsorption of small MO or MB since van der Waals
interactions rely on adequate matching between pore and adsor-
bates. On the contrary, bulky dye molecules such as AR1 and
JGB can interact effectively with KOH-900 via van der Waals
interactions, which relies on the suitable pore size of KOH-900
for the bulky dye molecules. In summary, the remarkable
adsorption of AR1 and JGB over KOH-900 can be explained by
the combined mechanisms of hydrophobic, n—m, electrostatic
and van der Waals interactions.

Competitiveness of KOH-900 in adsorption of
dyes

Based on the remarkable performance of KOH-900 in the
adsorption of AR1 and JGB, the performance of KOH-900 PDC
was compared with earlier results, as shown in Table 1 [44,67-
72] and Table 2 [73-77] for AR1 and JGB, respectively. As
summarized in Table 1, KOH-900 had a Q( value (for AR1)
8.1 times that of commercial, activated carbon. Moreover,
KOH-900 had the highest Qg, compared with any reported
adsorbent, so far. Additionally, KOH-900 showed a Q of more
than 2 times that of a chitosan—alunite composite (previously
the highest Q) [71] even though the pH of adsorption solution
was not the same. If the pH effect (vide supra, including
Figure 7) is considered, the difference in Q( between KOH-900

and chitosan—alunite composite will increase.

Table 2: Maximum adsorption capacity (Qp) of some reported adsorbents for the adsorption of JGB from water.

Adsorbents SAgeT (m>g™")
magnetic-modified MWCNTs 145
Zn0O/Zn(OH)2-NP-AC -

Nio.5Zng 5Fe204 -

mesoporous silica 659

TiO2 (254 nm) -

commercial activated carbon 1016

KOH-900 2549
3qen-

Solution pH Qo (mg-g™") Ref.
7.0 250 [73]
7.0 98 [74]
7.0 333 [75]
- 62 [76]
- 294 [77]
7.0 642 this work
7.0 7362 this work
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Based on Table 2, KOH-900 was also very competitive in JGB
adsorption against the reported adsorbents. To begin with,
KOH-900 had a gg}, for JGB 11.5 times that of AC. The g¢p, of
KOH-900 for JGB is more than 2 times that of the Q¢ of the
Nig 5Zng sFe,04 adsorbent. The difference in Qg should
increase if the actual Qg of KOH-900 is reached (in this work,
gen of KOH-900 was used in comparison) since Qy is always
higher than any g, value. Therefore, it could be confirmed that
KOH-900 is remarkably effective in the removal of bulky dye
molecules such as AR1 and JGB, irrespective of charge, mainly
because of the large pores, high porosity and high hydrophobic-

ity.

The Q) or g, values of the reported adsorbents for MO and MB
are compared in Supporting Information File 1, Tables S3 and
S4, respectively. Even though KOH-900 is not very competi-
tive in the adsorption of MO and MB (as compared with the
adsorption of AR1 and JGB), the new adsorbent is also
attractive in the removal of small dyes like MO and MB.
Additionally, KOH-900 showed the second best performance
in adsorption of MO or MB, partially because of its high
porosity.

Conclusion

PANI-derived carbon materials were prepared from pyrolysis of
PANI under a wide range of temperatures and applied in the
adsorption of dyes from water. The hydrophobicity, pore size
and mesopore volume were found to increase monotonously
with increasing pyrolysis temperature. In addition, the best PDC
(KOH-900) was very effective in the adsorption of dyes, espe-
cially those of a large size such as AR1 and JGB. For example,
KOH-900 had a Q) (for AR1) value 8.1 times that of commer-
cial, activated carbon. Moreover, KOH-900 showed a Q value
of more than 2 times that of a chitosan—alunite composite which
previously showed the highest Oy to date. The remarkable
adsorption of AR1 and JGB over KOH-900 could be explained
with combined mechanisms such as hydrophobic, m—m, electro-
static and van der Waals interactions. Finally, the PDC materi-
als presented in this work could be suggested as a potential
adsorbent to purify water contaminated with dye molecules, ir-
respective of size and charge.

Materials and Methods

Chemicals

AR1 (60%), JGB (65%), MO (85%), MB (82%) and aniline
hydrochloride (C¢HgCIN, 97%) were acquired from Sigma-
Aldrich. Activated carbon (2-3 mm, granule, practical grade)
was obtained from Duksan Pure Chemical Co., Ltd. Other
chemicals used in this research were of analytical grade and
were purchased from commercial venders and applied without

any purification.

Beilstein J. Nanotechnol. 2020, 11, 597-605.

Preparation of polyaniline-derived carbon

(PDC) materials

The PDC materials were obtained via pyrolysis of PANI,
derived from aniline hydrochloride, in two steps, following
earlier reports [42,43]. In brief, PANI was firstly pyrolyzed at
550 °C for 2 h under nitrogen flow. The pyrolyzed product was
mixed well with KOH (the weight of KOH was 2 times that of
the pyrolyzed product) and carbonized again at 600-900 °C
for 1 h under nitrogen flow. The PDC samples were named
KOH-x where x represents the pyrolysis temperature in the
second step.

Characterization of polyaniline-derived
carbon (PDC) samples

PDC and AC were characterized by nitrogen adsorption
(Micromeritics, Tristar II 3020) to understand their porosity
characteristics. Nitrogen adsorption was carried out at 77 K
after evacuation of samples at 150 °C for 12 h. The
Brunauer—Emmett—Teller (BET) equation and 7-plot were
applied to calculate the surface area and micropore volume, re-
spectively, of the adsorbents. The pore size distributions were
calculated with nonlocal density functional theory (NLDFT).
The hydrophobicity of the studied adsorbents was evaluated by
measuring the relative quantities of adsorbed water and
n-octane at 30 °C with thermogravimetric analysis (TGA,
Perkin-Elmer TGA 4000 system), similar to a previous work
[46]. In brief, an adsorbed quantity of water was measured for
up to 60 min by feeding water vapor with the help of a nitrogen
carrier. The adsorbed quantity of n-octane was determined simi-
larly, and the relative quantity (n-octane/water, mol/mol) was
calculated accordingly.

Adsorption of dye molecules

The adsorption of the dye molecules was carried out with
model solution at pH 7.0, considering the usual pH of rain-
water and river water [78]. Detailed methods to calculate
the adsorbed quantity at time ¢ in h (¢{) and maximum
adsorption capacity (Qg) [79] are shown in Supporting
Information File 1. In order to understand the adsorption
mechanism, the solution pH for AR1 and JGB was controlled
(up to 2—-12) with aqueous solution of NaOH or HCI (0.1 M
each).

Supporting Information

Supporting Information File 1

Additional experimental procedure “Adsorption of dyes
from water” and additional experimental results.
[https://www.beilstein-journals.org/bjnano/content/
supplementary/2190-4286-11-47-S1.pdf]
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Abstract

Conjugated polymers (CPs) as photocatalysts have evoked substantial interest. Their geometries and physical (e.g., chemical and
thermal stability and solubility), optical (e.g., light absorption range), and electronic properties (e.g., charge carrier mobility, redox
potential, and exciton binding energy) can be easily tuned via structural design. In addition, they are of light weight (i.e., mainly
composed of C, N, O, and S). To improve the photocatalytic performance of CPs and better understand the catalytic mechanisms,
many strategies with respect to material design have been proposed. These include tuning the bandgap, enlarging the surface area,
enabling more efficient separation of electron—hole pairs, and enhancing the charge carrier mobility. In particular, donor—acceptor
(D-A) polymers were demonstrated as a promising platform to develop high-performance photocatalysts due to their easily tunable
bandgaps, high charge carrier mobility, and efficient intramolecular charge transfer. In this minireview, recent advances of D—A
polymers in photocatalytic hydrogen evolution are summarized with a particular focus on modulating the optical and electronic
properties of CPs by varying the acceptor units. The challenges and prospects associated with D—A polymer-based photocatalysts
are described as well.

Introduction
To date, fossil fuels still are the predominant energy source sive emission of greenhouse gases and the pollution by poiso-
around the world. This leads to severe environmental problems, nous gases and particles generated during the incomplete

such as the ever-worsening global warming due to the exces- combustions of fossil fuels. In addition, fossil fuels are limited
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and will be depleted. Regarding clean and sustainable energy
resources, in particular solar energy has become a candidate to
eventually replace fossil fuels. Among the various strategies,
hydrogen production by photocatalytic water splitting is
emerging as a promising approach and hot research topic.
Hydrogen is regarded as a clean and recyclable energy source,
which can be obtained from water and, in turn, generates water
as the only product after consumption [1-3]. Inspired by natural
photosynthetic systems that can convert solar energy into chem-
ical fuels, Fujishima and Honda [4] reported the first example
of hydrogen production by photocatalytic water splitting in
1972, using TiO, as the photocatalyst under ultraviolet-light ir-
radiation. Since then, numerous semiconductors have been
explored for photocatalytic hydrogen production (PHP) by
water splitting, which are primarily inorganic materials, such as

metal oxides and sulfides [5].

Inorganic photocatalysts, however, have some inherent draw-
backs. Harsh synthetic conditions, such as high pressure and
temperature, are required [5S]. Moreover, many reported inor-
ganic photocatalysts contain heavy metal elements, for exam-
ple, La, Bi, and Ta, which are often rare, toxic, and expensive
[6]. Also, expensive noble metal-based cocatalysts (e.g., Pt) are
required to improve the photocatalytic performance. As such, an
ideal photocatalyst for water splitting reaction should fit the
following criteria: suitable bandgap energy, high stability, wide
light-absorption range, and sufficient catalytically active sites

[7].

Conjugated polymers (CPs) are one of the most promising alter-
natives to the traditional inorganic photocatalysts. Their geome-
tries and physical (e.g., chemical and thermal stability and solu-
bility), optical (e.g., light absorption range), and electronic
properties (e.g., charge carrier mobility, redox potential and
exciton binding energy) can be easily tuned via structural
design. In addition, they are of light weight (i.e., mainly
composed of C, N, O, and S) [8-10]. In 1985, the first CP-based
photocatalyst (i.e., poly(p-phenylene)) for PHP was reported,
but did not attract much attention due to the low hydrogen
evolution rate (HER) [11]. In 2009, Wang et al. reported a novel
metal-free polymeric photocatalyst (i.e., graphitic carbon nitride
(g-C3Ny)), which could efficiently reduce protons to generate
hydrogen under visible-light irradiation, for the first time. After
that, g-C3Ny triggered substantial research interest [12-14].
Various strategies have been developed to improve the PHP ac-
tivity of g-C3Ny, such as introducing heterojunctions [15-17],
copolymerization [18-20], doping with other elements [21-23],
and the control of end groups [24]. Meanwhile, various types of
CPs have been applied for PHP, including conjugated porous
polymers (CPPs) [25-27], linear conjugated polymers (LCPs)
[28-30], conjugated triazine frameworks (CTFs) [31-33], and

Beilstein J. Nanotechnol. 2021, 12, 607-623.

covalent organic frameworks (COFs) [34]. Notably, a record
HER of up to 307 mmol-h~!.g7! has been achieved with a
pyrene—bithiophene-based porous polymer as the photocatalyst
[35].

During PHP by water splitting, first, the photocatalyst is excited
by photons, and photoexcited electrons hop into the lowest
unoccupied molecular orbital (LUMO) or conduction band
(CB), while holes remain in the highest occupied molecular
orbital (HOMO) or valence band (VB). Second, the
electron-hole pairs are transferred to the surface through
thermodynamic driving forces and are captured by H" and a
sacrificial electron donor (SED) in water, which eventually
produces Hj [36,37]. Accordingly, three important factors, that
is, light-harvesting ability, mobility of the photogenerated
charge carriers, and electron-hole separation efficiency, need to
be considered simultaneously to design efficient photocatalysts.

Organic photocatalysts with narrow bandgap and high charge
carrier mobility could, therefore, facilitate light harvesting and
the reduction of protons [38]. In terms of structural design, D-A
polymers are a good platform to narrow the bandgap, enhance
the charge carrier mobility and promote electron—hole separa-
tion (Figure 1) by selectively tuning the donor and acceptor
parts within the conjugated backbones [39,40]. The D—A archi-
tecture has been widely employed in high-performance organic
optoelectronic devices, such as organic photovoltaics, organic
field-effect transistors, nonlinear optics, and organic light-emit-
ting diodes (OLEDs) [41]. However, it was only in recent years
that researchers have started to use D—A design strategy to
develop CP-based photocatalysts for PHP. As there is growing
interests in this field, a timely review article about this area

would be quite instructive and necessary [42].

This minireview article summarizes D—A-type conjugated poly-
mers as photocatalysts for PHP, including LCPs, CPPs, CTFs,
and COFs with a particular focus on modulating the electron-
accepting segments, that is, triazine, pyridine, benzothiadiazole,
dibenzothiophene-S,S-dioxide, and cyano moieties. By tailoring
the functional groups and geometries of the polymer frame-
work, the influence of different factors on the photocatalytic ac-
tivity can be systematically investigated and, consequently, the
structure—performance relationships are unveiled. Herein, the
donor and acceptor fragments in the polymer structures are

highlighted in red and blue, respectively.

Review

Donor—acceptor conjugated polymers
Triazine-based conjugated polymers
s-Triazine and tri-s-triazine (heptazine), as the building blocks

of carbon nitride, represent two of the most widely studied
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Figure 1: (Left) Schematic diagram of the mechanism of semiconducting catalyst-mediated photocatalytic hydrogen production (CB: conduction band,
VB: valence band, SED: sacrificial electron donors). (Right) Charge separation in a CP-based semiconductor via photoinduced D— A charge transfer.

acceptor units [43,44]. In contrast to the conventional trimeriza-
tion of nitrile under harsh conditions [43], Tan et al. developed
a new condensation reaction of aldehydes with amidines to
construct covalent triazene frameworks (CTFs) under mild
conditions [45]. They investigated the effects of donor units
with different heteroatoms on the photocatalytic performance of
CTFs. The carbazole—triazine-containing CTF P1 (Figure 2)
triggered a strong intramolecular charge transfer (ICT) and
achieved a high HER of 538 umol-h™! (50 mg).

Bojdys and co-workers reported a series of CTFs with diverse
functional moieties (e.g., heterocycles containing S and/or N) at
the edges of the frameworks to delicately tune the bandgaps of
conjugated polymers. Among them, three polymers, that is, P2,
P3, and P4 (Figure 2), showed suitable bandgaps of ca. 2.2 eV,
and conferred HERs of 4.72, 9.15, and 2.90 ymol-h™! (10 mg),
respectively, under visible-light irradiation [46,47]. The
bandgaps of the CTFs can be easily tuned to optimize the pho-
tocatalytic activity by introducing different functional groups.
Besides using a single kind of electron acceptor, researchers
also attempted to incorporate multiple electron acceptors to
construct CPs for PHP. For instance, Thomas et al. [48] pre-
pared several porous polymers with benzothiadiazole and
heptazine moieties as the acceptors and an aminobenzene seg-
ment as the donor. By adjusting the molar ratio between the
monomers, secondary (PS5, benzothiadiazole/heptazine = 2:3) or
tertiary amine-linked polymers (P6, benzothiadiazole/heptazine
= 4:3) (Figure 2) were obtained. PS5 exhibited a smaller bandgap
of 1.99 eV. Moreover, the photoluminescence spectra indicated
an improved separation efficiency of photogenerated charges of
P5. A stable Hj evolution rate of 32 pmol-h™! (20 mg) was
achieved for HMP-3_2:3, which was several times higher than
those of the triazine-amine-based P7 (Figure 2) and bulk

g-C3Ny. Hence, incorporation of more than one kind of elec-
tron acceptors in the polymer structure could enhance the pho-

tocatalytic efficiency.

In addition, Tan et al. [49] developed several D—A CPs with
carbazole (D), benzothiadiazole (A1) and triazine (A2) frag-
ments. The photocatalytic activities of CPs with different D/A1
ratios were systematically investigated and compared. For ex-
ample, P8 (D/A1 = 3:7) (Figure 2) yielded the highest HER
(966 umol-h~!, 50 mg), which was consistent with the highest
photocurrent response, smallest bandgap, and suppressed
recombination of charge carriers in P8. The electron density
distributions of three kinds of triazine-based fragments contain-
ing carbazole (M1), or both carbazole and benzothiadiazole
(M2), and benzothiadiazole (M3) (Figure 3) were further calcu-
lated to support these results. M1 and M2 showed better charge
separation than M3. In particular, M2 exhibited superior charge
separation when considering spatial effects among the three
fragments. Consequently, increasing the fraction of M2 in the

polymers could be beneficial to the photocatalytic efficiency.

He et al. developed two pyrazole-triazine-based CTFs, that is,
P9 (A-D-A) and P10 (D-A) (Figure 2) by a metal-free cata-
lyzed approach [50]. Compared with P10, introducing a
benzothiadiazole unit into P9 effectively reduced the optical
bandgap from 2.94 eV to the ideal value of 2.33 eV. They
further probed the influence of substituting the S atom in the
benzothiadiazole group with O or Se atoms on the optoelec-
tronic and photocatalytic properties of the CTFs P11 and P12
(Figure 2) [51]. Introducing an O atom boosted the ICT and
electron—hole separation due to the higher electron negativity;
but it lowered the LUMO level, which as a result, suppressed

the PHP reaction. Incorporating a Se atom led to a redshifted
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Figure 2: Structures of triazine-based conjugated polymers.

to the reduced aromaticity of the architecture. Consequently, the
HERSs declined in both cases. These results reveal that slight
structural changes could significantly modulate the properties

and photocatalytic activities of CTFs.

Pyridine-based conjugated polymers

Pyridine, as a nitrogen-containing benzene analogue, was incor-
porated into linear conjugated polymers as early as in the 1990s.
The CPs exhibited distinctive photocatalytic activity for H, pro-
duction under visible light [52]. With the extensive studies of
nitrogen-rich triazine- and heptazine-based photocatalysts for

hydrogen production, pyridine and its derivatives as nitrogen-

%\ I:I* P9 P10
NN N N, 7

light absorption, but decreased the charge carrier mobility due

Beilstein J. Nanotechnol. 2021, 12, 607-623.

containing acceptors have attracted great interest again, and
D-A architectures for photocatalytic water splitting were syn-
thesized.

In 2015, Lotsch et al. [53] reported four COFs with benzene,
pyridine, pyrimidine, and triazine as the core to disclose the
effects of nitrogen atoms on the photocatalytic activities of
these COFs. It showed a linear correlation between HER and
the content of nitrogen atoms in the COF skeleton. However,
HER is affected by the interplay of several factors, including
surface area, light absorption range, crystallinity, charge
transfer, and separation. Two azine-linked COFs with three

pyridine segments neighboring the central benzene or triazine
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@D Negative of electron density difference between the first excited state and the ground state
@ Positive of electron density difference between the first excited state and the ground state

Figure 3: Proposed model fragments and electron density differences of M1-M3 in P8. Adapted with permission from [49]. Copyright (2019) Amer-

ican Chemical Society. This content is not subject to CC BY 4.0.

fragment were prepared to make comparisons, that is, the 1,3,5-
tri(pyridin-2-yl)benzene based COF P13 and the benzene-
triazine-based P14 (Figure 4). Both of them showed a similar
AA eclipsed stacking in the crystal structures, but the lower
symmetry of P13 resulted in worse crystallinity. Particularly,

the D—A interactions between the pyridine and the benzene
rings gave rise to disorder and reduced crystallinity even
further. As a result, the HER of P13 (0.42 pmol-h_l, 5 mg) was
one order of magnitude lower than that of P14 (8.52 umol-h‘l,
5 mg) [53].
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Figure 4: Schematic representation of structures of pyridine-contained conjugated polymers.

Cai et al. [54] reported a series of perylene diimide (PDI)-based
n-type porous CPs (Figure 4). The HERs of the polymers with
phenyl or biphenyl moieties as donors were lower than that of
the pure acceptor polymer P15 (7.2 umol-h™!, 3.5 mg). Al-
though the benzene group could serve as a weak donor in some
cases, it is difficult to render effective D—A interactions. For
instance, Yu and co-workers [55] combined electron-deficient
PDI or electron-rich chromophores (including spirofluorene,
perylene, and 4,8-di(thiophen-2-yl)benzo[1,2-b:4,5-b"]dithio-
phene (DTBDT) with bipyridine moieties to form several
porous polymers (P15-P18) (Figure 4) to investigate the rela-

tionship between D—A interactions and photocatalytic proper-
ties. PDI-containing polymers, such as P15, normally confer
smaller HERs than the others. P18, composed of strong
electron-donating and bipyridine segments, rendered the
best HER, which was attributed to its enhanced light
absorption, better wettability, and more efficient charge
separation. Based on DTBDT monomer, many porous
polymers (P19-P29) (Figure 4) were further prepared to study
the effects of different acceptors on the photocatalytic
performance during water splitting [56]. PCPs incorporating

nitrogen-containing heterocycles showed a better photocatalyt-
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ic performance than those with oligophenylene moieties,
which is due to the favorable internal polarization and coordi-
nating sites rendered by nitrogen-containing heterocycles.
Among them, the DTBDT—pyrazine-based P29 achieved the
best HER of 106.9 pmol-h™! (12 mg) due to the suitable N sub-
stitution.

Pyrene as a well-known chromophore has been widely used in
OLEDs and fluorescent probes due to its high photolumines-
cent quantum yield. Jiang et al. [57] introduced various sorts of
nitrogen-containing fragments in pyrene-based polymers to in-
vestigate their photocatalytic performance, for example, P30
and P31 (Figure 4). Interestingly, different from the above ex-
amples, the pyrimidine-containing P30 (18.7 umol-h~!, 50 mg)
exhibited a much higher HER than P31 with pyrazine moieties
(8.6 pmol-h™!, 50 mg). Lotsch et al. [58] also developed several
pyrene-based COFs with peripheral nitrogen-containing or
nitrogen-free aromatic units, among which the pyrene—pyrimi-
dine-based P32 (Figure 4) with the lowest nitrogen content
showed the highest HER. Nitrogen heterocycles within poly-
mers could optimize wettability, bandgap, charge transport, and

separation.

Motivated by the planar configuration and strong electron-
acceptor capability of diketopyrrolopyrrole (DPP) [59-61], Li
and co-workers [62] combined DPP with triphenylamine and
bipyridine groups to synthesize D—A polymers. A HER of
9.73 umol-h~! (3.5 mg) was achieved for P33 (Figure 4) due to
the wide spectral range of the photoresponse. The apparent
quantum yield (AQY), as a vital experimental parameter for
photocatalytic performance, exceeded 9% at 420 nm, which is,
to date, the highest among all reported conjugated polymer-
based photocatalysts. In addition, phenanthroline—pyrene-based
D-A polymers were studied [63], with polymer P34 (phenan-
throline/pyrene = 1/3) (Figure 4) exhibiting the highest HER of
42 pmol-h_l (10 mg). Additionally, Hua et al. [64] constructed
two D—A supramolecular architectures with different alkane
chains, that is, P35 and P36 with n-butyl and n-octyl chains, re-
spectively (Figure 4), by self-assembling quinacridone and pyri-
dine-2,6-dicarboxylic acid. It was revealed that the longer alkyl
chain was harmful to the D-A interactions in CPs. Thus,
nitrogen-containing aromatic segments can effectively mediate
the internal polarization of the polymeric framework and thus

enhance the PHP performance.

Benzothiadiazole-based conjugated polymers

The benzothiadiazole (BT) moiety as a strong electron acceptor
features high planarity and good wettability due to incorporat-
ing N and S atoms. In 2016, Wang and co-workers [65] investi-
gated the properties of a linear conjugated polymer and a 3D

counterpart by varying the substitution position on the benzene

Beilstein J. Nanotechnol. 2021, 12, 607-623.

ring. Interestingly, the linear polymer exhibited more effective
D-A interactions than the 3D counterpart due to the enhanced

conjugation of the former with a planar architecture.

Two ethynyl-linked benzene—benzothiadiazole-based porous
polymers, that is, P39 and P40 (Figure 5) were synthesized to
investigate the influence of fluorine substitution at BT on the
charge carrier mobility and catalytic activity [66]. The mecha-
nism of proton-coupled electron transfer (PCET) (Figure 6) was
offered. It suggests for both linear and 3D polymers that single
meta-F substitution renders a higher photocatalytic activity than
double F substitution, and the polymer with the methoxy group
at the meta site and the F atom at the para site yields the highest
HER due to the excellent mobility of photogenerated charge
carriers and the broad light absorption range. DFT calculations
also verified that incorporating F on the para carbon atom of the
BT unit strengthens the intermolecular interactions and thus
enhances the charge transfer effect among the polymer chains.
This is due to the interaction between two p orbitals from the
meta carbon atom on one molecule and a N atom on the other.
In addition, a methoxy group at the meta position intensified the
intermolecular interaction, which, however, was weakened by F
substitution at the meta position. Consequently, the linear P39
(Figure 5) with both methoxy group and F on BT afforded the
highest HER of 399 umol-h~! (30 mg). This suggests that selec-
tively functionalizing the BT unit with F could greatly enhance

the charge transfer in BT-based polymers.

Besides fluorine substitution, several halogenated BT-based
imine-linked COFs were reported by Chen et al. [67] to investi-
gate the effects of halogen atoms on the photocatalytic perfor-
mance. The Cl-substituted COF with pyrene and BT exhibited
the best HER (177.50 umol-h~!, 20 mg) due to low charge
recombination and strong photoinduced charge transfer.
Furthermore, DFT calculations (Figure 7) indicated that incor-
porating halogen atoms in both P43 and P44 (Figure 5) reduces
the energy barrier for forming H* intermediates on polymer sur-
face. Consequently, halogen substitution on the polymer is an
approach to evoke enhanced charge separation and improve the
HER of CPs.

In 2018, Jiang et al. [68] systematically studied the effects of
m-linking groups, that is, benzene or biphenyl moieties in
pyrene—benzothiadiazole-based polymers, for example, P45
(Figure 5). The D—m—A-type compound P45 possesses an ex-
tended m-conjugation along the backbone and consequently has
an enlarged visible-light absorption and enhanced electronic
conductivity compared with m-linker-free pyrene—benzothiadia-
zole-based polymers. After deposition of Pt as the cocatalyst,
P45 exhibited the most prominent photocatalytic activity for Hy
evolution (29.6 umol-h~!, 100 mg) under visible light. These
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results suggest that the D—m—A architecture might be better than
the conventional D—A counterpart for designing high-perfor-

mance polymer-based photocatalysts for H, evolution.

Although the BT group can increase the wettability of poly-
mers [50], most BT-based polymers are difficult to disperse in
water. To overcome the issue of poor dispersibility of BT-based
polymers, Huang et al. [69] synthesized two BT-based linear
CPs with oxygen-containing branched side chains. Different
from long alkyl chains, the polymers incorporating the
oligo(ethylene glycol) side chains (P48) (Figure 5) showed
considerably improved charge separation and transport and
could be dispersed in water without any co-solvent. Similar to
the N atoms in BT units, oxygen atoms can also adsorb H* in

water to form the polymer/water interface.

Tian et al. [70] prepared several BT-based polymer dots (Pdots)
with functionalized polystyrene (PS-PEG-COOH) (Figure 5) to
improve the wettability of polymers. In contrast to the pristine
BT-based polymers (P49-P51) (Figure 5), the Pdots were
dispersed in water. The Pdots of P49 rendered one of the
highest HER (150 pmol-h~!, 3 mg) among all Pdots, which was
attributed to the water solubility, broad light absorption and
abundant catalytic sites of BT-based Pdots. In addition, Hu et
al. [71] synthesized hyper-branched Pdots by co-assembling
pristine polymers (P52 and P53) and hydrophilic PEGys-b-
PMMA |3 (Figure 5). The hyperbranched Pdots yielded higher
HERs (as high as 16.8 pmol-h~! (20 mg) for P53) than the
linear Pdot P52, due to the shortened charge transport pathway,
3D transport, and more negative reduction potentials of the
hyperbranched Pdots. Araujo et al. [72] studied several BT-con-
taining small molecules with A—-D-A architectures through the-

oretical calculations. They found that small molecules could

also mediate photocatalytic water splitting into hydrogen and

oxygen.

Dibenzothiophene-S,S-dioxide-based conjugated
polymers

Recently, dibenzothiophene-S,S-dioxide (FSO) has been
extensively applied to construct D—A CPs due to its planar
architecture, matched energy levels, and strong electron with-
drawal property. The sulfonyl groups could not only increase
the wettability through the O *H hydrogen bonding, but also
function as the sites for photocatalytic proton reduction in water
[73]. Cooper and co-workers [74] first reported FSO-based
CPs as catalysts for PHP in 2016. The linear FSO—phenyl-
based polymer P54 (Figure 8) yielded a moderate HER of
92 umol-h~! (25 mg) under visible light.

Subsequently, Wang et al. [75] combined FSO with biphenyl,
dibenzothiophene, or fluorene segments to construct D-A CPs
(P55-P57). Experimental studies showed that the dibenzothio-
phene-containig polymer P56 (Figure 8) exhibited an outstand-
ing AQY of 6.8% at 420 nm. Both dibenzothiophene and fluo-
rene moieties possess planar structures compared with biphenyl
group, yet dibenzothiophene has a more extended conjugation
than fluorene due to the existence of a saturated 9-C atom in
fluorene. Therefore, P56 with the most extended conjugation
facilitated more efficient charge transfer and separation. High
planarity and extended conjugation of a polymer skeleton are
crucial to realize efficient photocatalytic water splitting. Liu et
al. [76] integrated FSO with fluorene or 9,9-diphenylfluorene
segments to prepare two D—A polymers (P57 and P58)
(Figure 8). The photocatalytic activities of these D—A polymers
increased with enhancing the planarity of the polymer back-

bones, due to improved charge transfer and increased light

615



n /\\ /\\ \//

P54 P55

Beilstein J. Nanotechnol. 2021, 12, 607-623.

OQO

P56 P57

P58 P59

P62 P63

P60

CeHiz

N
N\ /N COOH
o] S
e Uaui

WSS5F

Figure 8: Schematic representation of structures of dibenzothiophene-S,S-dioxide-based CPs.

absorption in more planar conjugated systems. Therefore, the
fluorene-containing polymer P57 (Figure 8) exhibited the best
performance among the three D—A polymers with a HER of
50.4 umol-h~! (10 mg).

Comparing the photocatalytic performance of linear CPs and
their 3D counterparts, many research articles claimed that linear
CPs render higher HERs than porous CPs due to the superior

charge carrier mobility of linear polymers [65,66,71]. However,
Cooper et al. [77] reasoned that porous polymers might be
better than linear counterparts to promote photocatalytic hydro-
gen evolution as long as the charge carrier transport was not
compromised by the 3D structures. This claim was exemplified
by the 9,9'-spirobifluorene—FSO-based porous polymer P63
(Figure 8), which exhibited the best catalytic performance under

visible light among the linear and porous polymers in that work,
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with a HER of 77.65 pm01~h’1 (25 mg). Jiang et al. [78] re-
ported two pyrene—FSO-based porous CPs with different
linking positions with respect to dibenzothiophene-S,S-dioxide,
for example, the 3,7-position-linked polymer P64 (Figure 8).
P64 afforded a higher HER of 284.85 pmol-h™! (50 mg) under
visible light without cocatalyst than the 2,8-position-linked
compound due to the more extended conjugation and enhanced
coplanarity of P64. As outlined above, judiciously selecting
donor and acceptor components and designing 3D polymers

could give rise to impressive performances during PHP.

Recently, Cooper and co-workers studied the effects of replac-
ing the C9 of the fluorene moiety in polymer P57 with heter-
atoms [79]. The oxygen-containing dibenzo[b.d]furan-FSO-
based polymer P65 (Figure 8) showed a higher HER
(147.1 mol-h~!, 25 mg) than P57 under visible light. This was
attributed to the improved wettability of P65 induced by the ad-
ditional electronegative O atom and to the decreased ionization
potential of trimethylamine (TEA) accelerating its oxidation
through the higher driving force of P65 for overall TEA oxida-
tion [79]. In addition, Wang et al. [80] prepared a porous
polymer with pyrene core and F atom-functionalized FSO seg-
ments (Figure 8). Different from the BT-based polymers
mentioned above, incorporating F atoms at the FSO moiety
resulted in a decreased HER. The authors reasoned that P64
with the sulfonyl group could efficiently concentrate as well as
output electrons and build excellent electron-output “tentacles”
and therefore increase the HER. Chen et al. [81] reported an
ethynyl-bridged FSO—pyrene-based polymer (P66) (Figure 8) to
further extend the conjugation. The water contact angle mea-
surements showed that the wettability was enhanced with in-
creasing the content of FSO units. P66 achieved an AQY of
8.5%.

Cooper et al. [82] systematically investigated the influence of
plasma treatments on conjugated polymers as photocatalysts,
for example, the fluorine-FSO-based P60 (Figure 8). For P60, a
short time of plasma treatment significantly enhanced the wetta-
bility and photocatalytic performance due to the plasma
oxidizing the polymer. In addition, they [83] prepared a crys-
talline benzo[1,2-b:4,5-b'1bis[1]benzothiophene sulfone-con-
taining covalent organic framework (P67) (Figure 8), which
exhibited a higher HER than its amorphous or semicrystalline
counterparts. Dye sensitization further enhanced the photocata-
lytic activity of P67. Remarkably, incorporating a near-infrared
absorbing dye (WS5F) into P67 (252.5 umol-h~!, 25 mg)
further improved the HER to 497.5 mmol-h~! (25 mg), which
was attributed to the enhanced light absorption and photoin-
duced WS5F-to-P67 charge transfer. Similar to the works on
the FSO moiety, Chou et al. explored the phenylbenzo[b]phos-
phindole 5-oxide-containing polymer P68 (Figure 8), which

Beilstein J. Nanotechnol. 2021, 12, 607-623.

exhibited the highest AQY of 14.92% at 420 nm due to its suit-
able light absorption range [84].

Cyano-containing conjugated polymers

As summarized above, the D—A architecture is a fundamental
design principle toward high-performance polymer-based
photocatalysts, and selecting proper donor and acceptor compo-
nents significantly influences the eventual photocatalytic activi-
ty. Apart from the aforementioned acceptors, the cyano moiety
as a strong electron-withdrawing group, has been widely used to
design organic semiconductors for diverse applications, such as
organic solar cells [85], organic light-emitting diodes [86], and
organic field-effect transistors [87]. Researchers have also in-
corporated cyano moieties into the design of D—A polymers for
PHP applications. For instance, Zhuang et al. [88] developed
several cyano-substituted porous polymers, which, however,
only led to moderate HERs, such as P71 (Figure 9) with a HER
of 45.4 umol-h™! under visible light. Subsequently, Wang et al.
reported two olefin-linked, cyano-substituted, benzene-1,3,6,8-
tetrephenylpyrene-based 2D polymers (P73 and P74). P74
rendered a higher HER of 106 ymol-h~! (50 mg) than P73
(68 umol-h~!, 50 mg) due to the strongly electron-withdrawing
3-ethylrhodanine fragments in the periphery [89].

CP-based heterojunctions for PHP
applications

Besides D—A polymers, heterojunctions between CPs and other
semiconductors have also been developed to facilitate the inter-
molecular charge transfer and transport. The interactions be-
tween the CPs and various semiconductors in the heterojunc-
tions could involve strong covalent bonds, ionic bonds, or
hydrogen bonds [90,91]. Researchers have also attempted to use
heterojunctions as photocatalysts for PHP. For example, Wang
et al. combined a pyrene-based polymer (P75) (Figure 10) with
g-C3Ny to form a heterojunction [92]. The interface between
P75 and g-C3Ny restrained charge recombination and promoted
proton reduction. Peng et al. also prepared a photocatalyst with
a surficial heterojunction composed of P76 (Figure 10) and
g-C3Ny by facile rotary evaporation [93]. Using ascorbic acid as
the sacrificial agent, the AQY of the heterojunction increased to
59.4% at 500 nm. It suggests that polymer/polymer heterojunc-
tions could effectively improve the intermolecular charge
transfer and suppress charge recombination. In addition, Tian et
al. developed a series of polymer/polymer heterojunctions with
CPs and g-C3Ny [94]. In particular, the heterojunction between
benzotriazole—fluorene-based P77 (Figure 10) and g-C3Ny
endowed a high AQT of 33.5% at 450 nm.

Inspire by the architectures of organic solar cells, Cooper et al.

selected a ITIC-based polymer as acceptor and a BT—carbazole-

based one as donor to form polymer/polymer heterojunctions
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Figure 9: Schematic representation of structures of cyano-based CPs.

[95]. Due to the formation of abundant donor—acceptor inter-
faces, P78/P79 (Figure 10) exhibited the highest HER of
191.82 pm01~h_1 (1.15 mg) [95]. Recently, McCulloch and
co-workers discovered another D/A heterojunction (P80/P81)
(Figure 10) as photocatalyst for hydrogen evolution. By
stabilizing the surfactant employed during synthesis of the
heterojunction, ITIC-containing P80 as the acceptor could inti-
mately blend with the donor P81, which rendered HERs up to
128.85 umol-h~! (2 mg) [96].

Regarding heterojunctions with TiO,, for instance, Hua et al.
used two indeno[1,2-b]thiophene-based organic dyes (P82 and
P83) (Figure 10) to sensitize TiO, to harvest near-infrared light

P73

[97]. Consequently, the average HERs of P82/TiO;, and
P83/Ti0, with Pt as cocatalyst dramatically increased to 11.3
and 3.9 times, respectively, as high as that of using TiO; only.
Chen et al. attempted to incorporate several CPs, that is, P37,
P40, and P84 (Figure 5 and Figure 10), with TiO, and formed
binary composites [98-100]. Compared with pristine CPs as
photocatalysts, the photocatalytic activities of the heterojunc-
tions increased by around 18, 7, and 2 times, respectively.
Subsequently, the same research group developed a P40
flake/CdS heterojunction with broad visible light absorption
(400-700 nm) and high photogenerated charge separation rate
[101]. This heterojunction realized an AQY of up to 7.5% at
420 nm. By in situ solvothermal growth of CdS nanoparticles
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Figure 10: Schematic representation of structures of CPs for heterojunctions.

on ultrathin polyimide (PI) nanosheets, Zou et al. [102]
achieved a HER of 30.65 umol h™! (50 mg) with 15% CdS/PI
as the photocatalyst, which was nearly 5 and 60 times as high as
the performance of pristine CdS and 1% Pt/PI, respectively.
This suggests that organic/inorganic heterojunctions show
higher photocatalytic performance than the single components
of CPs.

Table 1 summarizes the main optoelectronic properties and
HERs of the CP-based photocatalysts introduced in this review
article.

Conclusion

Donor-acceptor interactions facilitate the ICT effect and de-
crease the optical bandgaps of D—A polymers. Correspondingly,
they improve both charge carrier mobility and light harvesting,

which makes D-A polymers potential photocatalysts for hydro-

gen production from water. In this minireview article, we
systematically summarized the recent developments of the
emerging diverse D—A polymers as photocatalysts for hydro-
gen evolution by water splitting. Several key messages could be
concluded: (1) Architectures with multiple kind of acceptors,
for example, D-A—-A can improve the HER compared with
simple D—A structures. (2) Incorporating heteroatoms, such
as N, S, and O, into the polymer backbone can effectively
modulate the physicochemical properties of the polymers.
(3) Attaching side chains or functional groups, such as FSO and
cyano groups, not only improve the solubility of CPs in water,
but also tune the photoelectric properties of the polymers. Al-
though the properties of CPs can be easily mediated by
choosing different D and A building blocks, a good counterbal-
ance between narrow bandgap and enough thermodynamic
driving force for proton reduction is still hard to achieve for a

single CP component.
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Table 1: Summary of the bandgaps, cocatalysts, and properties related to Hp evolution of quintessential CP photocatalysts.

CPs  Bandgap (eV) LUMO/HOMO (eV) Cocatalyst SED  HER (umol‘h~') HER (umol-g='-h-1) AQY (%) Ref.
P1 2.17 -0.86/1.31 Pt TEOA 5382 107602 4.07 [45]
P3 2.21 — Pt TEOA ca.2.90P ca. 290 — [46]
P4 2.16 — Pt TEOA 9.15b 915+10P — [47]
P5 1.99 — Pt TEOA 320 1600° — [48]
P8 2.1 -0.76/1.35 Pt TEOA 9662 193202 22.8 [49]
P9 2.33 -0.42/1.91 Pt TEOA 502 10002 3.6 [50]
P11 237 -0.44/1.93 Pt TEOA 222 4402 1.43 [51]
P13 21 — Pt TEOA 0.42¢ 83.83¢ 4.15 [53]
P15 24 -0.90/1.5 — TEA 7.2¢ 2057° — [54]
P18 245 — Pt TEA 652 18572 0.34 [55]
P29 ca. 1.9 ca. -1.88/0.7 — TEA  106.9° 8908.3° — [56]
P30 253 -1.00/1.33 Pt TEOA 18.7d 3744 1.1 [57]
P32 1.94 -0.8/1.14 Pt TEOA 0.98° 98¢ — [58]
P33 232 -1.3/0.9 — TEOA 9.732 27802 9.60 [62]
P34 1.85 -0.39/1.46 Pt TEOA 42° 4200 1.5 [63]
P35 1.76 -0.96/0.8 — AA 19.68P 6560 — [64]
P37 217 -0.89/1.28 Pt TEOA 1162 23202 4.01 [65]
P39 212 -0.55/1.57 — TEOA 3992 133002 5.7 [66]
P44 236 -1.58/0.78 Pt AA 177.502 88752 8.45 [67]
P45 221 -1.00/1.22 Pt TEOA 29.62 2962 — [68]
P48  1.69 -0.76/0.93 — AA 322 128002 0.3 [69]
P49  1.98 -0.90/1.08 — AA 1502 500002 0.6 [70]
P53  1.97 -0.82/1.15 — AA 16.82 8402 0.9 [71]
P54 270 — — TEOA 922 36802 — [74]
P56  3.64 -1.7711.87 — TEOA 1702 34002 6.8 [75]
P57  2.07 -0.99/1.06 — TEA  50.42 50402 2.31 [76]
P63 256 — — TEA  77.652 31062 13.2 [77]
P64 237 -1.02/1.35 Pt TEOA 284.852 56972 6.1 [78]
P65 299 -1.86/1.15 — TEA 14712 58842 — [79]
P64 231 -1.06/1.80 — TEOA 4002 80002 8.5 [80]
P66  1.95 -0.85/1.10 — TEOA 3662 122002 3.7 [81]
P67 1.85 — Pt AA 25252 101002 0.6 [83]
P68 288 -1.79/1.09 — TEA  30.66° 61320 14.92 [84]
P71 212 -0.62/1.52 Pt TEOA 45.42 9102 2 [88]
P74 203 -0.69/1.34 Pt TEOA 1062 21202 0.48 [89]

Beilstein J. Nanotechnol. 2021, 12, 607-623.

al ight source: A > 420 nm; Plight source: A > 400 nm; Clight source: full-arc irradiation; dlight source: A > 300 nm.

In this respect, the combination of CPs with other semiconduc-
tors to form heterojunctions can further enhance the catalytic
performance. Fabricating inorganic/polymer composites with
complementary absorption ranges is an efficient strategy to
extend the light-responsive region and offer enough thermo-
dynamic driving force compared to single semiconductors.
Besides, molecular heterostructures produced by two cova-
lently bonded polymers could be a promising strategy because
of effective charge carrier separation and small interfacial

charge transfer resistance [103].

Consequently, we envisage the diverse kinds of CPs, in con-
junction with inorganic semiconductors, promise enormous
potential in PHP applications in the near future. Nevertheless,
there is still a large potential for further improving D—A-type
CPs for PHP applications. Large-scale and low-cost production
of D-A CPs still remains a substantial challenge. Seeking atom-
and step-economic synthetic alternatives [104] to traditional
C-M/C-Br (M = B or Sn) coupling for preparing CPs ought to
be a common goal. Furthermore, besides the PHP activity,

studies regarding the long-term stability of CPs are still needed.
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