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Two hydroxy-functionalized hyper-cross-linked ultra-microporous compounds have been synthesized by Friedel-Crafts alkylation

reaction and characterised with different spectroscopic techniques. Both compounds exhibit an efficient carbon dioxide uptake over

other gases like Nj, H, and O, at room temperature. A high isosteric heat of adsorption (Qg) has been obtained for both materials

because of strong interactions between polar -OH groups and CO, molecules.

Introduction

The increase in the earth’s average temperature, also termed as
global warming, is mainly due to the effects of greenhouse
gases. The impacts of global warming includes rising sea level,
more likelihood of extreme events (like floods, hurricanes etc.),
widespread vanishing of animal population, loss of plankton
due to warming seas. There are many heat-trapping greenhouse
gases present in the atmosphere (from methane to water
vapour), but CO, puts us at the greatest risk if it continues to
accumulate in the atmosphere. This is due to the fact that CO,
remains in the atmosphere in a time scale of hundred years in
contrast to other greenhouse gases which leave the atmosphere
with relatively smaller time scale [1]. The CO, long life in the

atmosphere provides the clearest possible rationale for carbon
dioxide capture and storage. Previously, different types of
amine solvents were employed to study the CO, capture, but the
need of high energy to regenerate the amine solutions after CO,
capture, hinders their applications further [2]. In the domain of
porous materials, zeolites, metal-organic frameworks (MOFs),
cage molecules, etc. have been introduced for selective uptake
of CO; [3-5]. In terms of surface area, tuneable porosity and
feasible host—guest interaction, MOFs have scored over other
above mentioned porous materials [6]. But the less hydrolytic
stability of metal-organic frameworks limits their real time ap-

plication [7,8]. So the search for new materials having high sur-
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face area and feasible interaction with carbon dioxide like
MOFs and with high chemical stability have become one of top
priority for researchers.

Microporous organic polymers (MOP) are a relatively new class
of porous materials, constructed from light elements like H, C,
B, N, O etc. having a large surface area, small pore size and low
skeletal density [9-12]. This type of materials has already been
used for various purposes of applications such as gas storage,
gas separation, catalysis, sensing, clean energy, etc. [13-18].
Relatively weaker coordination bonds in MOFs have been
replaced with stronger covalent bonds in this type of porous
compounds. This results in a high chemical stability of the
microporous organic polymers, which is an essential condition
for the real-time application of any compound. The last decade
has witnessed advancements in synthesizing various types of
microporous organic materials including covalent organic
frameworks (COFs), conjugate microporous polymers (CMPs),
porous polymeric networks (PPNs), porous aromatic frame-
works (PAFs), covalent triazine framework (CTFs), etc. [19-
24]. Hyper-cross-linked microporous organic polymers (HCPs)
are a subclass of this type of porous materials. Recently, hyper-
cross-linked MOPs are emerged as a new subclass, synthesized
by hyper-cross linking of basic small organic building blocks by
Friedel-Crafts reaction in the presence of the Lewis acid FeClj
(as catalyst) and formaldehyde dimethyl acetal (FDA) as the
cross linker [25-27]. Here, aromatic small organic compounds
are used to polymerise via C—C cross coupling to produce the
targeted porous and physicochemical stable organic hyper-
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cross-linked polymeric materials. One huge advantage of this
material is the low-cost synthesis, the cost-effective formalde-
hyde dimethyl acetal (FDA), FeCl3 and that organic small mole-
cules can produce very low cost materials with high yield [28].
Hyper-cross-linking prevents the close packing of polymeric
chains in this type of material to impart the intrinsic porosity.
Hyper-cross-linked polymers have been applied in the field of
gas storage, catalysis, separation and recently also in CO,
capture [29-32]. The increasing environmental pollution due to
carbon dioxide, urges us to develop new materials with high
stability, which are cost-effective and demonstrate a high effi-
ciency in CO; capture. Based on the interaction of Lewis basic
sites with carbon dioxide it has been observed that porous mate-
rials functionalised with -NH; groups or —OH groups exhibit a
selective uptake of CO, in contrast to other gases [33,34]
(Scheme 1). Inspired by this we have designed and synthesized
two hydroxy-functionalised hyper-cross-linked microporous
organic polymers for selective CO, capture at room tempera-
ture. Both compounds (HCP-91 and HCP-94) were synthesized
via hyper-cross-linked C—C coupling of hydroxyl-function-
alised aromatic rings by using a Friedel-Craftys reaction. At
different temperatures (273 K and 298 K) gas (CO,, N,, H; and
0,) adsorption experiments were carried out for both com-
pounds. HCP-91 and HCP-94 showed selective CO, capture at
both temperatures over other flue gases.

Results and Discussion
For the synthesis of HCP-91 and HCP-94, we used 4-phenyl-
phenol and 9-(hydroxymethyl)anthracene, respectively

Functionalized
Hyper-Crosslinked
Polymer (HCP)

Scheme 1: Schematic representation of selective CO, capture in a porous material.
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(Figure 1). HCP-91 and HCP-94 have been synthesized by

using a Friedel-Crafts alkylation reaction. The thus obtained a)

as-synthesized compounds were washed repeatedly with _0_o._

dimethylformamide (DMF), methanol, water, chloroform, ©

dichloromethane and tetrahydrofuran (THF) to obtain FeCl,

phase-pure hyper-cross-linked polymers. Both compounds Dichloroethane

were immersed in a CHCI3—-THF (1:1) mixture and kept for b) OH

4-5 days to exchange the high boiling solvents occluded inside

the framework with low boiling CHCl3 and THF. The solvent- O 0.0,

exchanged phases of HCP-91 and HCP-94 were then heated at FeCl,

~100 °C under vacuum to get the guest-free desolvated phases Dichloroethane

of the respective compounds. Infrared (IR) spectroscopy was O

done first to characterize the constituents of both compounds.

A broad peak at ~3000-3500 cm™! and two sharp peaks at OOO O OL HCP-94
~1465 and =1527 cm™! can be observed in HCP-91 correspond- FeCl, p .
ing to the stretching frequencies of ~OH groups and aromatic OH Dichloroethane g .’
C=C double bonds, respectively (Figure 2a). Similar to the 3

HCP-91, peaks corresponding to —OH groups and aromatic

C=C double bonds were found at ~3300-3500 cm~! and ~1643 Figure 1: a) General synthesis scheme for hyper-cross-linked poly-
_ . . . mers (HCPs) and b) synthesis schemes for HCP-91 and HCP-94.
and 1500 cm™ !, respectively (Figure 2a). Meanwhile a thermo- { ) el
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Figure 2: a) Infra-red spectra of HCP-91 (dark yellow) and HCP-94 (purple); b) N, adsorption isotherms for HCP-91 (wine red) and HCP-94 (green) at
77 K; c) SEM image of HCP-91 and d) SEM image of HCP-94.

1983



gravimetric analysis (TGA) was performed with both as-synthe-
sized and desolvated phases for HCP-91 and HCP-94. Because
of the occluded solvents in the as-synthesized phases of HCP-
91 and HCP-94, an initial weight loss of ~8% and =10% was
observed in the TGA, respectively (Figures S1 and S2 in Sup-
porting Information File 1). Upon desolvation guest-free phases
were obtained and in the TG curve a negligible loss was ob-
tained up to ~350 °C and =250 °C for HCP-91 and HCP-94, re-
spectively (Figures S1 and S2). As confirmation of the local
structures of the compounds, we performed solid state
13C NMR measurements (Figures S3 and S4). To investigate
the morphology of both compounds we performed a field
emission scanning electron microscope (FESEM) study. The
morphology of HCP-91 can be described as agglomerated parti-
cles consisting of small particles without any distinct shape
(Figure 2¢ and Figure S5). But in case of HCP-94, a clear
capsule-type of morphology was found in the FESEM
(Figure 2d and Figure S6).

After all characterizations and proper desolvation of both com-
pounds, we investigated their porosity. First, we measured the
N, adsorption at 77 K. The N, uptake for HCP-91 was found to
be 595 mL/g, whereas that for HCP-94 was 342 mL/g
(Figure 2b). Both low temperature N, adsorption isotherms
were of type-I category and a hysteresis was observed in de-
sorption profiles. The hysteresis in the desorption curves can be

explained in terms of a network swelling in the presence of
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condensed nitrogen [34]. The Howarth—Kawazoe pore-size dis-
tributions were calculated from low-temperature N, adsorption
data. HCP-91 and HCP-94 exhibit pore sizes of 0.59 and
0.46 nm, respectively (Supporting Information File 1, Figures
S7 and S8). According to recent literature, both compounds
belong to the ultra-microporous material domain as pore sizes
for the above mentioned compounds are lesser than 0.7 nm [35].
Carbon dioxide uptakes of 365 mL/g and 224 mL/g for HCP-91
and HCP-94, respectively, were observed when the CO, adsorp-
tion was carried out at 195 K (Figure 3a). The hysteresis in the
CO, desorption profile in case of both compounds accounts for
the interaction between hydroxy groups and CO, molecules
[33,34]. Since both compounds are ultra-microporous in nature,
BET (Brunauer—-Emmett—Teller) surface areas were calculated
from the CO, adsorption profile at 195 K (Supporting Informa-
tion File 1, Table S1).

The effective CO, uptake at 195 K encouraged us to perform a
CO, adsorption study at room temperature. HCP-91 and HCP-
94 both exhibit an adequate amount of carbon dioxide uptake at
273 K and 298 K (Figures S9 and S10, Supporting Information
File 1). At 273 K the CO, uptake was 74 mL/g for HCP-91 and
65 mL/g for HCP-94 at 1 bar (Figure 3b,d). In the case of CO,
adsorption at 298 K a similar uptake has been observed for both
compounds: 43 mL/g (HCP-91) and 45 mL/g (HCP-94) at 1 bar
(Figure 3c,e). The uptake amounts of CO, at room temperature

and 1 bar are comparable with other well performing microp-
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Figure 3: a) CO, adsorption isotherms for HCP-91 (purple) and HCP-94 (green) at 195 K; b) adsorption isotherms of CO, (wine red), N, (dark
yellow), Hy (green) and O, (blue) for HCP-91 at 273 K; c¢) adsorption isotherms of CO2 (purple), N, (orange), H, (green) and O (blue) for HCP-91 at
298 K; d) adsorption isotherms of CO5 (green), Ny (blue), Ho (dark yellow) and O, (orange) for HCP-94 at 273 K; e) adsorption isotherms of CO,
(wine red), Ny (dark yellow), H, (green) and O, (blue) for HCP-94 at 298 K and f) Qg plots for HCP-91 (dark yellow) and HCP-94 (purple).
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orous polymer compounds. Meanwhile adsorption of other
gases like nitrogen, hydrogen and oxygen (constituents of air)
were performed at 273 K and 298 K and 1 bar. Interestingly
very negligible amounts of uptake were obtained for each of
them (Figure 3b—e). This type of CO, separation over other flue
gases at room temperature can be attributed to the high interac-
tion of carbon dioxide with the framework. Both hyper-cross-
linked polymers have hydroxy groups which are polar in nature.
On the other hand CO, molecules have a quadrupole moment,
which renders a positive charge density over the carbon atom.
So the polar hydroxy groups can offer a strong dipole-quadru-
pole moment interaction with carbon dioxide molecules. For a
better understanding of the interaction between CO, and our
HCPs materials, we calculated the isosteric heat of adsorption
(Qyy) for CO,. Heat of adsorptions for both compounds has been
calculated from CO, adsorption data at 273 K and 298 K by
using the Clausius—Clapeyron equation (Figure 3f) [33]. The Oy
values for HCP-91 and HCP-94 were found to be 30.7 kJ mol™!
and 32 kJ mol™!, respectively. According to the previous
reports, this high isosteric heat of adsorption values for both the
materials indicates the strong interaction of it with CO, mole-
cules.

Conclusion

In this report, we have synthesized two hyper-cross-linked
ultra-microporous organic polymers (HCP-91 and HCP-94) by
following a cost-effective and easy synthesis route. One step
Friedel—Crafts syntheses were carried out by using hydroxy-
functionalized organic building blocks. Both compounds were
characterised thoroughly by IR spectroscopy, TG analysis, solid
state 13C NMR technique, FESEM and adsorption measure-
ments. An efficient selective carbon dioxide capture was ob-
tained for both compounds over other flue gases. High Oy,
values for both compounds ascribed the strong dipole—quadru-
pole interaction between polar —OH groups and CO, molecules.
We believe that this result will stimulate further design and fab-
rication of such low cost materials to be used as carbon dioxide

capture materials.

Supporting Information

The Supporting Information contains the experimental
section, thermo-gravimetric analysis curves, solid state

13C NMR, FESEM images, pore size distribution plots and
room temperature CO, adsorption plots.

Supporting Information File 1
Experimental and analytical data.
[http://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-12-185-S1.pdf]
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Effective carbon dioxide (CO,) capture requires solid, porous sorbents with chemically and thermally stable frameworks. Herein,

we report two new carbon—carbon bonded porous networks that were synthesized through metal-free Knoevenagel nitrile—aldol

condensation, namely the covalent organic polymer, COP-156 and 157. COP-156, due to high specific surface area (650 m%/g) and

easily interchangeable nitrile groups, was modified post-synthetically into free amine- or amidoxime-containing networks. The

modified COP-156-amine showed fast and increased CO, uptake under simulated moist flue gas conditions compared to the

starting network and usual industrial CO, solvents, reaching up to 7.8 wt % uptake at 40 °C.

Findings

Porous polymers are network polymers that are made from
multivalent monomers and form permanent pores through the
net formation [1]. They differ slightly from cross-linked poly-
mers with more certainty in the location of branching and the
type and quantity of functionalities. Also, the rigidity of the
monomers is essential since the porosity, a desired feature, is
best achieved by structurally interlocked motifs. In industrial

applications, porous polymers have to meet several important

criteria like high porosity, chemical and thermal stability while
also possessing application-specific functionalities [1,2].
Designing and synthesizing structures that respect all these
criteria is a challenging task. Chemical and thermal stability can
be achieved best by having robust C—C bonded architecture like
in porous polymer networks (PPNs) [3], porous aromatic frame-
works (PAFs) [4] or conjugated microporous polymers (CMPs)
[5]. Most of these networks have the advantage of high
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porosity, but they are all made through precious metal-cata-
lyzed reactions, which elevates the synthesis cost and limits
their mass production. Another type of C—C bonded porous
networks are hypercrosslinked polymers (HCPs) [6]. HCPs are
mainly synthesized through Friedel-Crafts alkylation using iron
chloride and thus, are not relying on precious metals. Unfortu-
nately, Friedel-Crafts reactions are not very tolerant to func-
tional groups like nitriles or amines [7]. On the other hand,
structures incorporating heteroatoms, such as nitrogen in imine,
Troger’s base or azo linked networks [8-11], have led to materi-
als with remarkable gas uptake properties. Compared to C—C
bonded networks, C—O or C—-N linked structures are less ther-
mally stable or chemically resistant. Furthermore, the chemical
reactions involved in the formation of these structures do not
allow obtaining free nitrile or amine functionalities. The most
used strategy to install available functional groups on porous
materials is through post-modification, which often requires
several steps and harsh conditions, and yields low porosity
[12,13].

The Knoevenagel condensation of benzyl nitriles and alde-
hydes produces C—C bonded products with labile nitrile func-
tionalities. In fact, nitrile groups have been shown in porous
polymers (particularly in polymers of intrinsic microporosity
(PIMs)) to be good precursors to several functionalities like
carboxylic acids, tetrazoles, amines or amidoximes [14-17]. To

the best of our knowledge the nitrile functionality has not been

core porous network

Beilstein J. Org. Chem. 2016, 12, 2274-2279.

explored in other types of porous polymers, except our earlier
work [18].

Herein we report the synthesis of two new cyanovinylene-
bridged covalent organic polymers, indexed as COP-156 and
COP-157, through Knoevenagel nitrile—aldol condensation.
COP-156 showed a high surface area (650 m%/g) with a hierar-
chical porosity, allowing synthetic post-modifications. The
nitrile functional groups were first reduced to amine groups
(COP-156-amine) and then through reaction with hydroxyl-
amine converted into amidoxime groups (COP-156-
amidoxime). The COP-156-amine proved increased affinity
towards CO, with stronger binding energy, especially under
moist conditions, reaching up to 7.8 wt % at 40 °C, a 2.1 wt %

increase when compared to the original COP-156.

Despite the promise, cyanovinylene bridged porous networks
are not studied extensively and our previously reported COP-
100 structure [18] suffered from low porosity. In order to obtain
a cyanovinylene-bridged porous network with tangible surface
area, different core and linker combinations were tested leading
to the synthesis of COP-156 and COP-157 (Scheme 1).
Tetraphenylmethane cores are well-known tetrahedral building
blocks that are commonly employed to form highly porous ma-
terials [4,19]. A trivalent 1,3,5-phenylenetriacetonitrile linker
led to COP-156 whereas a divalent 1,4-phenylenediacetonitrile
formed COP-157 (Scheme 1). Despite having the same tetra-

postmodification
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Scheme 1: Synthesis route for COP-156 and COP-157, and the post-modification of COP-156.
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hedral core, COP-156 showed a much higher surface area
(650 m%/g) than COP-157 (146 m2/g). One possible reason is
the framework interpenetration, where neighboring branches of
a network polymer intertwine through the adjacent open pore.
For these reasons, we studied COP-156 for post-modification.

COP-156 possesses labile nitrile functionalities, which can
easily be transformed into amines or amidoximes. Amines are
especially attractive for gas uptake [20] and amidoximes are
shown effective in uranium capture [21]. COP-156 has been
post-modified through two different routes, either by reduction
to the corresponding amine or reaction with hydroxylamine into
an amidoxime. For the reduction, three reagents (LiAlHy4,
BH;-THF and BH3—Me;S) were screened. All reductions were
chemically successful, but the textural properties of the modi-
fied networks were noticeably different. BH3—Me,S gave the
highest surface area and therefore CO, uptake studies were
based on this reduction method (see Supporting Information
File 1, Table S1 for the properties of other obtained reduced
networks). All networks were studied by FTIR, elemental anal-

ysis, TGA, and gas sorption experiments.

The FTIR spectra of COP-156 shows the characteristic nitrile
stretch at 2215 cm™! and several bands for the carbon—carbon
double bonds (C=C) of both aromatic and alkene between 1600
and 1350 cm™! (Figure 1). The presence of a peak at 1698 cm™!
can be attributed to carbonyl units from unreacted aldehydes.
This is further confirmed in elemental analysis showing the
presence of 4-5 % oxygen (Supporting Information File 1, Ta-
ble S2). The condensation reaction is very fast and the formed
network precipitates in a matter of minutes, leading to unre-
acted aldehyde edges on the surface of the grains, explaining
the leftover carbonyl units. COP-157 shows similar results due
to the chemical similarity of the structures and the reaction
conditions (Supporting Information File 1, Figure S1 and Table
S2).

After post-modification, the nitrile stretching becomes very
weak in both COP-156-amine and COP-156-amidoxime,
confirming the chemical modification of the nitrile units
(Figure 1). A broad region around 3400 cm™! can be attributed
to the NH stretching of the formed amine groups and the two
peaks at 2931 and 2866 cm™! belong to sp> CH stretching of the
formed methylene unit in COP-156-amine. For COP-156-
amidoxime the 3400 cm™! region is even broader, due to the
combination of both NH and OH stretching. The strong peak at
1664 cm™! can be attributed to the imine C=N bond of the

amidoxime structure.

The textural properties were measured through nitrogen sorp-

tion isotherms at 77 K and calculated based on the

Beilstein J. Org. Chem. 2016, 12, 2274-2279.
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Figure 1: FTIR spectra of COP-156 (black), COP-156-amine (blue)
and COP-156-amidoxime (red). The dotted lines highlight the charac-
teristic stretching for the nitrile functionality (2215 cm™1), which loses
intensity by the post-modification reactions.

Brunauer—-Emmett-Teller (BET) theory. COP-156 shows
type II N, sorption isotherms and a slight hysteresis, owing to
the existence of micro, meso and macropores, with a surface
area of 650 m?/g and a pore volume of 0.82 cm3/g at
P/Py=0.99 (Figure 2). The pore size distribution is broad with
several important pore sizes (2.2, 3.0, 5.0, 7.0 nm). Larger pores
are required for post-modification, as the reagents may not be
able to penetrate to the small micropores. CO, sorption iso-
therms reflect the physisorptive nature of COP-156 with almost
no hysteresis and an isosteric heat of adsorption (Qg) of
28.1 kJ mol™! (Table 1, Figure 2 and Supporting Information
File 1, Figure S3). COP-157 gave a similar isotherm but with
lesser surface area (Supporting Information File 1, Figures S4
and S5). This could be explained by a higher interpenetration
probability of the network structure than in COP-156, as the
linker used for COP-157 is linear [22,23].

After post-modification, the surface area diminishes, which is a
common observation [13,24]. Yet, the pore volume of COP-
156-amine increases to 0.99 cm3/g at P/Py = 0.99, due to newly
created pores from the reduction reaction (Figure 2). COP-156-
amidoxime has decreased both surface area (67 m%/g) and pore
volume (0.41 cm3/g at P/Py = 0.99), as the functional group is
larger than amine or nitrile. It should be noted that elemental
analysis does not reach 100% with the measured elements (C,
H, N, O), indicating the presence of trapped reagents in the
pores. These could not be removed with extensive washing and
therefore contribute to the porosity loss (Supporting Informa-
tion File 1, Table S2). Nevertheless, CO, sorption isotherms of
COP-156-amine show a slight hysteresis, indicating that the
network is not purely physisorptive anymore. At 0.15 bar (the
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Figure 2: Gas adsorption (filled dots)-desorption (empty dots) isotherms and pore size distribution of COP-156 (black), COP-156-amine (blue) and

COP-156-amidoxime (red).

Table 1: BET surface area, CO5 sorption properties at 273 K, 298 K and heat of adsorption values of all networks.

Structure BET surface area (m?2/g) CO, at273 K COp at 298 K Qg (kJ/mol)?
(mmol/g) 0.15/1 bar (mmol/g) 0.15/1 bar

COP-156 650 0.84/2.31 0.38/1.40 28.1

COP-157 146 0.45/1.18 0.22/0.71 29.5

COP-156-amine 263 0.94/2.00 0.34/1.09 49.9

COP-156-amidoxime 67 0.47/1.10 0.20/0.58 38.6

aZero point coverage Qg calculated from 273 K and 298 K.

relevant pressure of CO, in flue gas emission) and 273 K, the
uptake is slightly higher than the starting COP-156. The
chemisorptive behavior and stronger binding affinity is re-
flected in the higher Qg value of 49.9 kJ mol™!. The moderate
binding energy is optimal for CO, capture, as too strong
binding requires high regeneration energy and raises the overall

cost of the carbon capture operations [12,25].

Dry CO, uptake is not always meaningful, especially with
amine functionalities, as flue gas from power plants contains
moisture [26]. When binding to CO,, amines go through either
carbamate or carbamic acid formation. Carbamates form with
the contribution of two amines and carbamic acid needs one
amine and a water molecule. The presence of moisture, there-

fore, favors the formation of carbamic acids and leads to higher
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uptake capacity per sorbent mass. We performed moist CO,
uptake experiments in order to mimic an actual power plant flue
gas on COP-156 and COP-156-amine (see Supporting Informa-
tion File 1 for the experimental details).

As expected, COP-156-amine shows faster and higher uptake
than COP-156 (Figure 3). For the COP-156-amine 80% of the
total CO, uptake is reached in 21 minutes, while COP-156
requires around 30 minutes to reach the same percentage. COP-
156-amine yields a total uptake of 7.8 wt %, which is 2.1 wt %
more than COP-156. These CO, capacities are considerably
higher than the industrial standard, monoethanolamine (MEA)
(usually 2.1-5.5 wt %) [27,28].

8 4
~ 64
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3
o
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o
=
ON
O 21
0l J J J lJ J
0 20 40 60 80 100 120
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Figure 3: CO, uptake under moist conditions at 40 °C of COP-156
(black) and COP-156-amine (blue).

In summary, we have shown that highly porous cyanovinylene
networks could be obtained through Knoevenagel condensation
of benzylic nitriles and aldehydes by choosing appropriate
building blocks. The resulting nitrile functionalities in COP-156
could be easily modified into free amine or amidoxime groups.
The amine functionalities in COP-156-amine allowed for higher
CO; binding strength and therefore led to fast and improved
CO; uptake in moist conditions.

Supporting Information

Supporting Information File 1

Materials and methods, synthesis, FTIR spectra and gas
sorption isotherms of COP-157, heat of adsorption graph,
elemental analysis and TGA of all structures.
[http://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-12-220-S1.pdf]
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Herein we report the syntheses of two porous hyper-crosslinked polymers (HCPs) via thiol-yne reaction with rigid tetrahedral and

pseudo-octahedral core structures. Sorption measurements with nitrogen gas at 77 K revealed BET-surface areas up to 650 m?/g.

Those networks also showed a high thermal stability as well as insolubility in common organic solvents.

Introduction

The synthesis of different organic networks has been previ-
ously reported. Among them, especially tetraphenylmethane
cores are widely employed in the synthesis of covalent organic
frameworks (COFs) [1,2], porous aromatic frameworks (PAFs)
[3], porous polymer networks (PPNs) [4] and hyper-cross-
linked polymers (HCPs) [5]. These organic networks are, due to
their large surface areas, of interest in gas storage [6], gas sepa-
ration [7] and catalysis [8-10]. For the synthesis of organic
networks, many different reaction types such as condensation
reactions [11,12], coupling reactions [3] and click reactions
[5,13] have been reported. Herein we present the synthesis of
porous, three-dimensional tetraphenylmethane-based networks

by another click reaction, the thiol-yne reaction [14-19]. This

reaction type has been known for several decades and relived a
renaissance in the past decade, especially in material sciences
[20-32], due to its mild, and metal-free reaction conditions, high
yields and easy purification.

Results and Discussion

The first network shown here was synthesized by crosslinking
the two tetrahedral tetraphenylmethane core structures 1 and 2
via the radical-mediated thiol-yne reaction using AIBN as initi-
ator. The second network was synthesized with tetraphenyl-
methane core 2 and the pseudo-octahedral bistritylbenzene core
4 under the same reaction conditions (Scheme 1). The resulting
HCPs 3 and 5 were obtained in 90% and 95% yields, respec-
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AIBN

toluene, 80 °C, 15 h
90%

AIBN

toluene, 80 °C, 15 h
95%

Scheme 1: Syntheses of the HCPs 3 and 5 via thiol-yne reaction.
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tively. Both HCPs showed complete insolubility in common
organic solvents. The monomers 1 [13], 2 [33] and 4 [34] were

synthesized according to literature procedures.

The structures of HCPs 3 and 5 were analysed by elemental
analysis and IR spectroscopy. The IR spectra of the monomers
show the characteristic vibration bands of alkynes at 3300 cm ™!
and the vibration band at 2550 cm™! of thiols, respectively.
However, these characteristic bands are nearly extinguished in
the IR spectra of the HCPs showing a high ratio of crosslinking
for these reactions. In addition, the vibration bands of the HCPs
at 3000 cm™! correspond to the presence of olefinic bonds,

Beilstein J. Org. Chem. 2016, 12, 2570-2576.

which is in accordance to a monoaddition of a thiol to an
alkyne. The absence of a vibration band at 2900 cm™! reveals
that there are no saturated fragments in the HCPs, again
showing that only a monoaddition and no further addition to the
corresponding thioacetal or 1,2-disulfide took place (Figure 1
and Figure 2).

The elemental analyses (Table 1) of networks 3 and 5 showed
equimolar turnover regarding the number of functional groups
of the monomers. Further, TGA measurements showed a high
thermal stability of the HCPs. The TGA curves of HCP 3 and 5
are shown in Supporting Information File 1, Figures S5 and S6.
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Figure 1: IR-spectra of tetrathiol 2 (blue), tetraalkyne 1 (red) and HCP 3 (black).
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Figure 2: IR-spectra of tetrathiol 2 (blue), hexaalkyne 4 (red) and HCP 3 (black).

Table 1: Elemental analyses of HCPs 3 and 5.

C H S
HCP 3 calcd. 80.52 4.66 14.84
found 79.06 4.71 14.55
HCP § calcd. 81.38 4.68 13.94
found 79.34 4.49 13.20

The SEM pictures (Figure 3) show the amorphous character of
the HCPs, which is consistent with the PXRD measurements
(see Supporting Information File 1, Figures S3 and S4). The

SEM pictures also reveal that HCP 3 consists of particles in the
micrometer range while the particle size of HCP 5 is in the sub-
micrometre area.

Furthermore, adsorption measurements of HCPs 3 and 5 were
carried out with nitrogen gas at 77 K after pre-drying for 16 h at
80 °C in vacuum. Both HCPs showed BET-surface areas
>400 m?/g and the values of the specific surface area and cumu-
lative volumes of the HCPs are collected in Table 2. The corre-
sponding adsorption isotherms are depicted in Figure 4. The
strong slope of the isotherms at low relative pressures indicates

a permanent porous character of the materials. Also the step
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Figure 3: SEM images of HCP 3 (left) and HCP 5 (right).

Table 2: Data of adsorption measurements of HCPs 3 and 5.

HCP Specific surface area® (BET) Specific surface area® (Langmuir) Cumulative volumeP
[m?/g] [m?/g] [cm?/g]

3 470 696 0.314

5 650 989 0.510

aSurface areas were calculated at a relative pressure range of pip® = 0.05-0.3. PCumulative volumes were calculated at a relative pressure of
plp® = 0.35-0.95 using the Horvat & Kavazoe method.
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Figure 4: Adsorption isotherms of HCP 3 (green) and HCP 5 (blue) with nitrogen at 77 K. Desorption isotherms are not shown for the sake of im-
proved clarity; they can be viewed in Supporting Information File 1, Figures S1 and S2.
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around p/p® = 0.5 at desorption isotherms (Supporting Informa-
tion File 1, Figures S1 and S2) indicates the mesoporous char-
acter of HCPs 3 and 5. The low-pressure hysteresis is most
probable due to swelling effects or ill-connected pores. The
pore-size distributions of HCPs 3 and 5 both show a broad dis-
tribution in the microporous scale as well as in the mesoporous
scale. These findings also point out that both HCPs have amor-
phous character as the networks are built up by an irreversible
reaction leading to kinetically controlled networks with differ-
ent sizes of the pores, which is in accordance with the PXRD
and SEM measurements stated above. The pore-size distribu-
tions of HCPs 3 and 5 are illustrated in Supporting Information
File 1 (Figure S8 and S9, respectively).

Conclusion

Herein we synthesised amorphous porous tetraphenylmethane-
based organic hyper-crosslinked polymers (HCPs) through the
thiol-yne reaction. The use of this versatile method reveals
advantages such as high yields, cost effectiveness and metal-
free crosslinking reaction conditions. The obtained HCPs
showed BET surface areas up to 650 m?/g and are insoluble in
common organic solvents. The characterisation of the networks
was performed using IR spectroscopy, elemental analysis, ther-
mogravimetric analysis (TGA), scanning electron microscopy
(SEM), powder X-ray diffraction (PXRD) and adsorption mea-

surements using nitrogen at 77 K.

Supporting Information

Supporting Information File 1

Experimental procedures and additional measurements.
[http://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-12-252-S1.pdf]
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[60]Fullerene hexakisadducts possessing 12 carboxylic acid side chains form crystalline hydrogen-bonding frameworks in the solid

state. Depending on the length of the linker between the reactive sites and the malonate units, the distance of the [60]fullerene

nodes and thereby the spacing of the frameworks can be controlled and for the most elongated derivative, continuous channels are

obtained within the structure. Stability, structural integrity and porosity of the material were investigated by powder X-ray diffrac-

tion, thermogravimetry and sorption measurements.

Introduction

The utilization of confined nanospace in rigid frameworks [1],
which are derived from small molecular precursors under
dynamic conditions, has emerged as a novel design paradigm
for functional materials with the prospect of applications in gas
storage [2,3], catalysis [4,5], luminescence [6-9] and sensing
[10-13] or optoelectronics [14-16]. Owing to a modular ap-
proach, building blocks and cross-linking interactions can be
varied over a wide range resulting in metal-organic frameworks
(MOFs) [17,18], covalent organic frameworks (COFs) [19,20]
or covalent organic cage compounds [21-28] as the most promi-

nent examples for such artificial porous materials. Purely
organic systems such as COFs usually benefit from very low
densities, high thermal stabilities and metal-free synthesis, but
in most cases, have the disadvantages of poor crystallinity and
limited processability or solution-phase characterization. In
contrast, the formation of robust porous structures by means of
supramolecular interactions between rigid organic molecules
might be a promising alternative thus combining low-weight
materials with easy processing. However, the crystallization of

stable organic structures possessing permanent porosity is still
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quite challenging and only a limited number of examples for
supramolecular crystals based on hydrogen bonding [29-45] or
n—n-stacking [46] that retain porosity in the solid state under ac-
tivation conditions have been reported so far. One possible way
to enhance stability and shape-persistency might be the imple-
mentation of polyfunctional building blocks in order to
strengthen the non-covalent interactions in a cooperative
manner. In this regard, [60]fullerene hexakisadducts [47], which
can arrange up to twelve functional sites with icosahedral
symmetry, exhibit one of the highest degrees of functionaliza-
tion for organic molecules (see Figure 1). In recent years, a
variety of derivatives have been synthesized as spherical
branching units [48-53] and, more recently, functionalized ful-
lerene derivatives have been implemented into coordination
compounds [54-56]. However, to the best of our knowledge, no
fullerene-containing crystalline frameworks retaining perma-

nent porosity in the solvent-free state have been reported so far.

Here, we report on the crystallization of three-dimensional
hydrogen-bonding frameworks based on [60]fullerene hexakis-
adducts bearing twelve carboxylic acid groups icosahedrally
arranged on the fullerene surface. By varying the spacer length,
the solvent-filled pore systems in the solid-state structures have
been tuned and structural features such as porosity of the mate-
rials have been investigated by PXRD, TGA analysis and sorp-
tion studies.

Results and Discussion
Recently, we reported on the synthesis and solid-state structure
of dodecaacid C2 (Cn stands for T}, symmetrical hexakis-

Beilstein J. Org. Chem. 2017, 13, 1-9.

adducts Cgg{C[COO(CH;),,—-1COOH],}¢4, see Figure 1)
revealing a complex hydrogen-bonding network in the crys-
talline state [57]. Based on this initial finding, we also utilized
C2 and elongated derivative C3 as organic connectivity centers
in metal-organic assemblies obtained after reaction with Zn%"
ions [55], however, no crystal structure of metal-free C3 has
been reported yet. As a general packing motif for all fullerene-
containing frameworks, the individual carbon building blocks
are arranged in face centered cubic (fcc) packing with the dis-
tances between the molecules depending on the spacer length
and the mode of cross-linking. For HFF-1 (hydrogen-bonded
fullerene framework) derived from C2, a densely packed struc-
ture is observed possessing only very small cavities within the
octahedral sites of the fcc packing filled with one CH»Cl, mole-
cule (Figure 2a) [57].

In order to obtain porous supramolecular materials, we
wondered if elongation of the alkyl spacers may result in in-
creased fullerene—fullerene spacing associated with an enlarge-
ment of the cavitities and potential formation of a connected
pore system. Therefore, we aimed for the crystallization of C3
and also synthesized the next homologue C4 starting from
malonate 1 [59] according to a standard two-step protocol via a
sixfold Bingel reaction followed by acidic deprotection
(Scheme 1). As we observed the insertion of MeOH molecules
into the hydrogen-bonding network of HFF-1 [57], we also
tested other polar solvents for crystallization in order to
strengthen the supramolecular interactions that hold the
networks together. For both C3 and C4, we could finally grow
single crystals suitable for X-ray diffraction by slow vapor

icosahedral symmetry
of [60]fullerene hexakisadducts

Cc2
C3

—CH2>—
—CH2CH>—

Figure 1: Icosahedral arrangement of functional addends for [60]fullerene hexakisadducts with dodecaacids C2 and C3 as prototypical examples for

such carbon nanostructures.
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Figure 2: a) Small cavities within the octahedral sites of HFF-1 filled with one CH,Cl, molecule [57]; b) isolated cavities containing four Et,O mole-
cules for HFF-2 (void spaces are indicated as grey surfaces and most side arms are omitted for clarity, images are created with PyMOL [58]).

>ro\t0L 0, 0\|<
O O
o~Ao

1 Ceo
| CBr4,DBU

PhMe
rt, 5 days

26%

Scheme 1: Synthesis of [60]fullerene dodecaacid C4.

deposition of Et;O into EtOH solutions of both fullerene deriva-
tives thus resulting in the formation of frameworks HFF-2 and
HFF-3, respectively.

HFF-2 crystallizes in the triclinic space group P1 with the
composition [C3(Et,0)4] [60]. Despite the lower symmetry
compared to HFF-1, the packing of HFF-2 can still be de-
scribed as a fcc arrangement of C3 molecules, which are cross-
linked by hydrogen bonding. Thereby, six of the twelve side
arms form linear COOH dimers (four intralayer and two inter-
layer) and two carboxylic acids are bound to malonate ester
groups from adjacent layers (see Figure S10 in Supporting
Information File 1). The remaining four carboxylic acid side

CH2Cla/ TFA 4:1 |

2 R=tBu

91%
> C4R=H

rt,16 h

chains do not participate but rather coordinate one Et,O mole-
cule each, resulting in the formation of larger cavities filled
with four solvent molecules (Figure 2b). Yet, these voids are
still separated from each other and therefore not accessible for
solvent exchange and porosity. Then again, dodecaacid C4
possessing elongated butyric acid side chains crystallizes in the
trigonal space group R3 with the composition [C4]-6Et,O [61]
exhibiting a flattened fcc arrangement of C4 molecules.
Figure 3 illustrates the effect of spacer elongation on the fuller-
ene distances, thus leading to larger intralayer spacing and
shorter interlayer distances with increasing length of the alkyl
spacers separating the hydrogen bonding sites from the

malonate units.



HFF-1

[(C2)(MeOH)s]- CH2Cl2 [(C3)(Et=0)4]

Beilstein J. Org. Chem. 2017, 13, 1-9.

HFF-3
[(C4)] (Et20)s

Figure 3: Face centered cubic arrangement of [60]fullerene dodecaacids for frameworks a) HFF-1 [57], b) HFF-2 and c) HFF-3: ORTEP representa-
tion of fullerene monomers (top, thermal ellipsoids set to 50% probability, carbon grey, oxygen red, hydrogen atoms omitted for clarity), side view indi-
cating ABC-type packing (center) and top view indicating enlarged intralayer spacing for elongated derivatives (bottom); images are created with

PyMOL [58].

For HFF-3, the butyric acid side arms are stretched out and
form six pairs of carboxylic acid dimers with their closest
neighbors from the next but one layers (left part of Figure 4).
Interestingly, this packing motif results in the interpenetration
of two independent hydrogen bonding networks (indicated in
purple and cyan in Figure 5). Therefore, the individual layers
are densely packed exhibiting linear columns of fullerenes in
van-der-Waals distance alternating from the two interpene-
trated frameworks (right part of Figure 4 and Figure 5). On the
other hand, due to the large intralayer spacing and the linear
stretching of the side chains, a continuous pore system is
formed along the c axis (right part of Figure 4), which is filled
with Et;O molecules that are not bound to any carboxlic acids
and may therefore be removable upon activation.

In order to elaborate on the materials properties, we synthe-
sized HFF-3 in bulk amounts and studied the thermal stability
and sorption properties of this framework. The framework crys-

tallizes as anisotropic needles and PXRD measurements in com-
bination with BFDH morphology calculations indicated the
structural integrity of the material and the fact that the pore
channels are located along the long fiber axis (see Figure S15 in
Supporting Information File 1). Thermal treatment of crys-
talline samples under a microscope indicated partial disintegra-
tion and cracking of the crystals at elevated temperatures above
40 °C, presumably due to the removal of solvent molecules. At
198 °C, melting of the crystals occurs (see Figure S12 in the
Supporting Information File 1). These findings were also con-
firmed by TG/DTA measurements for both as-synthesized and
preactivated (evacuation at 70 °C) samples, thus showing a
weight loss of up to 16% for the nonactivated material after
heating to 180 °C followed by an endothermic signal indicating
melting of the crystals (see Figure S17 in Supporting Informa-
tion File 1). Elemental analysis of an activated sample is in
perfect agreement with a solvent-free structure (see Experimen-

tal section).
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porous
channels

Figure 4: Hydrogen bonding network for HFF-3 (left, hydrogen bonds yellow) and porous channels along the c axis filled with unbound Et,O mole-
cules (right, Et,O orange, inner pore surface indicated in grey); images are created with PyMOL [58].

In order to activate HFF-3 and to utilize the channel system for
porosity, the compound was activated for 48 hours at different
stages of vacuum (1073 to 107® mbar) from room temperature to
70 °C. Sorption properties were determined for N, and Ar gas
adsorption via a BET study at 77 K. Therein, the framework
shows Henry behavior and no microporosity with a surface area
of 40 m? g~! for N, and only 18 m2 g™! for Ar (see Figure S14
in Supporting Information File 1). However, the measured N,
surface area of 40 m? g~! may indicate that the material still
retains some porosity since this value is higher than it would be
anticipated for sole coverage of the outer surface of the crystals.
Since the channels are aligned along the long fiber axis, kinetic
effects might also hamper efficient gas uptake. As this result did
not point towards accessible microchannels of the crystal struc-
ture, the material was checked for structural and chemical

integrity subsequent to activation. As stated, elemental analysis
fits very well, so that decomposition is unlikely. Therefore, also
SEM investigations by electron microscopy were carried out on
activated and non-activated samples of HFF-3. They corrobo-
rate the strong anisotropic character of crystalline needles of the
X-ray structure determination and do not show changes upon
activation (see Figure S13 in Supporting in Information File 1).
However, powder X-ray diffraction indicates a change in the
pattern upon activation (see Figure S16 in Supporting Informa-
tion File 1). Accordingly, a yet non-identified change in the
structure occurs, which may lead to the non-accessibility of the
channels. One possible explanation for the observed change
upon activation might be that the flexible nature of the alkyl
spacers facilitates structural reorganization resulting in a poten-
tial blocking of the channels after removal of the solvent mole-
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Figure 5: Interpenetration of two distinct hydrogen bonding networks for HFF-3: a) side view indicating the spiral staircase-like cross-linking of indi-
vidual molecules of C4, b) top view and c) side view highlighting the interpenetration of two networks colored in purple and cyan.

cules. The Et,O molecules appear to play a crucial role for the
stabilization of both channel size and shape. For future investi-
gations, the implementation of fullerene derivatives possessing
long but rigid spacer units might be beneficial for retaining
porosity of such supramolecular crystals.

Conclusion

We have presented the crystallization of two [60]fullerene
dodecaacids possessing three-dimensional hydrogen bonding
networks HFF-2 and HFF-3 in the solid state. Different exten-
sions of the linker arms have been investigated for newly syn-
thesized C4 and compared to the known C2 and C3 lengths.
Depending on the length of the linker arms, the distance of the
fullerene moieties in the framework compounds increases re-
sulting in a new framework structure and giving rise to the idea
of permanent porosity for larger fullerene separation. HFF-3
shows channels suitable for microporosity. However, during the
activation process not only release of the solvent molecules
from the channels but also a structural change occurs that leads
to a Henry behavior in BET investigations. In order to rigidify
the structures and stabilize the pore systems upon solvent
removal, novel fullerene derivatives possessing less flexible
spacers need to be designed and synthesized. Efforts in this

regard are currently in progress in our laboratories.

Experimental

Hexakisadduct C3 [55] and malonate 1 [59] were synthesized
according to literature procedures. X-ray crystallography:
Bruker D8 Quest diffractometer with Photon 100 CMOS APS
detector and Montel multilayer optics monochromated Cu K
radiation. PXRD diffraction: Bruker D8 Discovery with
1D-Lynxeye detector using Cu K|, radiation (unsplit K,; + Ko
doublet, mean wavelength A = 154.19pm), reflection and trans-
mission geometry.

Hexakisadduct 2: Cgo (565 mg, 785 pmol, 1 equiv), malonate
1(3.10 g, 7.84 mmol, 10 equiv) and CBr4 (26.0 g, 78.4 mmol,
100 equiv) were dissolved in dry toluene (500 mL). DBU
(2.34 mL, 15.7 mmol, 20 equiv, 60 mL solution in dry toluene)
was added dropwise within 20 minutes resulting in a color
change from purple to dark-red. After additional stirring for five
days at room temperature, the mixture was passed through a
short silica-pad with ethyl acetate as eluent in order to remove
the solvent and traces of unreacted Cgg. After further column
chromatographic separation (SiO,; toluene/ethyl acetate 10:1),
pure hexakisadduct 2 (600 mg, 197 pmol, 25%) was obtained as
a yellow crystalline solid. mp >200 °C dec; 'H NMR
(400 MHz, CDCls, rt) 5 1.44 (s, 108H, C(CH3)3), 1.99 (m, 3J =
6.8 Hz, 24H, CH,CH,CH,), 2.31 (t, 3J = 7.4 Hz, 24H, CH,CO,



£-Bu), 4.30 ppm (t, 3J = 6.52 Hz, 24H, CH,CH,CO,¢-Bu); 13C
NMR (100 MHz, CDCls, t) § 24.10 (12C, CH,CH,CH,), 28.26
(36C, C(CH3)3), 31.80 (12C, CH,CO, #-Bu), 45.25 (6C,
0,CCH,CO,), 66.17 (12C, CH,CH,CO, -Bu), 69.16 (12C,
Ceo sp>), 80.72 (12C, C(CH3)3), 141.15 (24C, Cgo sp?), 145.99
(24C, Cgg sp?), 163.75 (12C, 0,CCH,CO5), 171.89 ppm (12C,
CO, t-Bu); UV-vis (CH,Cl,) A: 281, 315 (sh), 334 (sh) nm; MS
(MALDI, DCTB, pos) m/z: 3038 [M]"; anal, calcd for
C174H,3004s: C, 68.76; H, 5.97; found: C, 68.87; H, 6.09.

Hexakisadduct C4: TFA (1.7 mL) was added to a solution of 2
(250 mg, 86.3 umol) in CH,Cl, (7 mL). The mixture was
stirred for one day at room temperature. The precipitated yellow
solid was isolated through decantation. Further purification was
carried out by suspending the raw product in CH,Cl,, centrifu-
gation and collection through decantation. After drying under
high vacuum, hexakisadduct C4 (185 mg, 78.2 umol, 91%) was
obtained as a light-yellow solid. mp 198 °C; 'H NMR
(400 MHz, DMSO-dg, 1t) 6 1.85 (m, 24H, CH,CH,CH3), 2.27
(t, 24H, CH,CO,H), 4.30 (t, 24H, COOCH,), 12.16 ppm (s br,
12H, CO,H); 13C NMR (100 MHz, DMSO-dg, rt) & 23.47 (12C,
CH,CO,H), 29.71 (12C, CH,CH,CH;), 45.44 (6C,
0,CCH,C05), 66.35 (12C, COOCH,), 68.67 (12C, Cgo sp>),
140.71 (24C, Cgg sp?), 145.02 (24C, Cgp sp?), 162.75 (12C,
0,CCH;,C0»), 173.64 ppm (12C, CO,H); UV—vis (CH,Clp) A:
281, 315 (sh), 334 (sh) nm; MS (MALDI, DCTB, pos) m/z:
2365 [M]"; anal. calcd for Cqp6Hg4O4g: C, 63.96; H, 3.58;
found: C, 63.96; H, 3.58.

Crystal growth of HFF-2: Single crystals suitable for X-ray
diffraction have been obtained by slow vapor deposition of
Et;0 into a solution of C3 in EtOH. CCDC deposition number:
1498265.

Crystal growth of HFF-3: Single crystals suitable for X-ray
diffraction have been obtained by slow vapor deposition of
Et;0 into a solution of C4 in EtOH. CCDC deposition number:
1498266.

Supporting Information

Supporting Information File 1

Analytical and crystallographic data; SEM, BET, PXRD
and TGA/DTA data.
[http://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-13-1-S1.pdf]
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The Biginelli reaction was combined with the Passerini reaction for the first time in a sequential multicomponent tandem reaction

approach. After evaluation of all possible linker components and a suitable solvent system, highly functionalized dihydropyrimi-

done—a-acyloxycarboxamide compounds were obtained in good to excellent yields. In a first reaction step, different 3,4-dihydro-

pyrimidin-2(1H)-one acids were synthesized, isolated and fully characterized. These products were subsequently used in a Passerini

reaction utilizing a dichloromethane/dimethyl sulfoxide solvent mixture. By variation of the components in both multicomponent

reactions, a large number of structurally diverse compounds could be synthesized. In addition, a one-pot Biginelli—Passerini tandem
reaction was demonstrated. All products were carefully characterized via 1D and 2D NMR as well as IR and HRMS.

Introduction

Multicomponent reactions (MCRs) are fascinating straightfor-
ward reactions for the preparation of diversely substituted prod-
ucts starting from three or more precursor molecules, forming
products containing atoms/moieties of all precursor compo-
nents. MCRs are often one-pot reactions with high-atom
economy, convergence and efficiency. Generally, one-pot pro-
cedures have many advantages compared to multiple-step syn-
theses [1-3]. One-pot MCRs can shorten reaction times, provide
high yields, reduce work-up steps and waste as well as energy

consumption and hence lead to more effective and sustainable

processes [4-6]. MCRs found numerous applications, i.e., in
combinatorial chemistry, target oriented synthesis or polymer
science [6-8]. The most important MCRs are the Strecker amino
acid synthesis (1850), the Hantzsch dihydropyridine synthesis
(1882), the Biginelli dihydropyrimidone synthesis (1891), the
Mannich reaction (1912), the Passerini three-component reac-
tion (1921) and the Ugi four-component reaction (1959) [9]. In
this work, we used Biginelli and Passerini reactions to synthe-
size highly functionalized compounds, hence both reactions will
be described in detail.
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The Biginelli reaction

The Biginelli reaction is a three-component reaction between an
aldehyde (in many cases aromatic aldehydes give much better
results than aliphatic ones), a -keto ester (a-acidic compound)
and urea or thiourea (some mono N-substituted ureas can also
be employed). The Biginelli reaction was discovered in 1891 by
the chemist Pietro Biginelli [10]. Later, Biginelli identified the
reaction product as a 3,4-dihydropyrimidin-2(1H)-one (DHMP)
[11]. DHMPs are of great interest due to their pharmaceutic ac-
tivities (i.e., calcium channel modulation, a;, adrenoceptor-
selective antagonists, cancer therapy, anti-HIV alkaloids) [12-
15]. The mechanism of the Biginelli cyclocondensation was
proposed and investigated by Kappe and is illustrated in
Scheme 1a [16]. According to the generally accepted mecha-
nism of the Biginelli reaction, aldehyde 1 is activated by a

Beilstein J. Org. Chem. 2017, 13, 54—-62.

Lewis- or a Brensted acid. In the next step, urea/thiourea 2 can
serve as a nucleophile and react with the activated carbonyl car-
bon to form a heminal species. However, under acidic condi-
tions heminals can eliminate water and form an N-acyliminium
cation 3. This reactive cation 3 can then react with the nucleo-
philic a-carbon atom of B-ketoester 4 to an open chain ureide 5
Subsequent ring closure results in a hexahydropyrimidine inter-
mediate 6. In the last step, the irreversible elimination of water
forms the thermodynamically favored DHMP product 7. This
accepted mechanism was supported by spectroscopic data.
However, alternative mechanisms are discussed in the literature
[17,18].
B-ketoester 4 form an enamine in the first reaction step. Subse-

In the so called enamine route, urea 2 and the

quently, the enamine reacts with the aldehyde 1 [19]. A third
mechanism discussed, is the Knoevenagel type reaction be-

O’ // 2.. | R3 N
4jL ’ 2 pe » /\ NHR2
H 1 _ HQO éz [H@]
1 3
N-acyliminium cation 5
open chain ureide
H®= acid: Lewis or Brgnsted
R' = aryl (higher yields),
heteroaryl, alkyl o Rt O R*OH
2 - = 2
R< =H, alkyl when X = O, R3NP N,R R3 N/R2
p-OMeCgHy when X =S /g
R3 = —Oalkyl, -NHPh, NEt,, R" N7 X - H0 R N/gx
alkyl, -SEt; ? H
R* = alkyl, aryl,~CH,Br 6
X=0,S DHMP hexahydropyrimidine
b
c®
No— N ([ s
oo RO R i 2
OH O 3
S SRS R0 7
R? 0O R2 R3 R (6] R2 1 &» I
8 9 10 N
H-bond adduct é4
1 =
R2 alkyl, aryl isocyanide reacts as
R = alkyl, aryl electrophile and nucleophile H
R3 = H, alky, aryl
R* = alkyl, aryl

S5 JHQ &

Qg*Ra

a-acyloxycarboxamlde

R4

Scheme 1: a) Proposed mechanism of the Biginelli reaction according to [6]. b) Proposed mechanism of the Passerini reaction.
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tween the aldehyde 1 and B-ketoester 4 followed by a subse-

quent reaction with urea 2 [20].

The Passerini reaction

The Passerini reaction was discovered in 1921 by Mario
Passerini and is a three-component reaction between a car-
boxylic acid 8, a carbonyl compound 9 and an isocyanide 11
[21]. The Passerini reaction works best in non-polar solvents
like dichloromethane. The mechanism of the Passerini reaction
(Scheme 1b) is proposed to proceed via the formation of a
hydrogen bond (H-bond) adduct between carboxylic acid 8 and
carbonyl component 9, resulting in a six-membered cyclic
H-bond adduct 10. Subsequently, isocyanide 11 reacts with 10,
thereby showing a simultaneous nucleophilic and electrophilic
reactivity (a-addition). The herein formed seven-membered
intermediate has not been isolated, because it immediately
undergoes a rearrangement, affording the Passerini a-acyloxy-
carboxamide adduct 12 [18].

Tandem reactions

Tandem reactions (also known as cascade [22] or domino reac-
tions [23]) are chemical transformations that involve at least
two independent reactions utilizing different functional groups
with distinct chemical reactivities [24-27]. So far, only a few
examples of multicomponent tandem reactions are described in
the literature [28,29]. Portlock et al. reported on Petasis—Ugi
tandem reactions leading to a product with six different side
chains [30,31]. Al-Tel et al. combined the Groebke—Blackburn
reaction with either Passerini or Ugi reactions in a sequential
one-pot procedure [32]. Furthermore, up to eight components
were reacted by the combination of three multicomponent reac-
tions [33]. In 2010, the Ugi reaction and the Ugi—Smiles reac-
tion were combined by Westermann et al. [34]. In addition, the
Ugi reaction was used in combination with the Biginelli reac-
tion by Brodsky et al. [35]. In this work, five Biginelli acids
were synthesized in 33—-83% yields and utilized in a Ugi reac-
tion for the synthesis of six DHMP amides with 21-63% yields.
In a similar reaction strategy, Wipf et al. synthesized a library
of twelve Biginelli compounds and reacted them with the
respective Ugi components under reflux in methanol to yield 30
different DHMP amides in 5-51% yield [36]. Furthermore, the
Biginelli reaction has been used in a polymerization process
combined with the Hantzsch reaction to from copolyconden-
sates [37]. It is noteworthy that in the literature the term tandem
is not always used consistently with the initial definition by
Tieze et al. [23].

In this work, the Biginelli reaction was combined in a sequen-
tial approach with the Passerini reaction for the first time.
Furthermore, both reactions were combined in a one-pot tandem

procedure. A general overview of our investigations is illus-
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trated in Supporting Information File 1, Scheme S1. All synthe-
sized substances are displayed in Supporting Information File 1,

Figure S1.

Results and Discussion

For the Biginelli-Passerini sequential reaction, the Biginelli
reaction was performed first, in order to avoid undesired trans-
esterification reactions (of the Passerini product) due to the
acidic conditions of the Biginelli reaction [33]. A general chal-
lenge, which has to be faced in this context, is the choice of sol-
vent and the selection of bifunctional components (which can
interlink both the Biginelli and the Passerini reaction). In the
earlier reported Biginelli-Ugi tandem reaction of Wipf et al.
[36], methanol was used as solvent. As mentioned previously,
the solvent of choice for the Passerini reaction is dichloro-
methane, providing the highest yields. The DHMP Biginelli
products, however, are in most cases very poorly soluble in
non-polar solvents. In our investigations, a solvent mixture of
dichloromethane with a small amount of dimethyl sulfoxide
(polar but aprotic) allowed the successful combination of both
chemistries. All possible bifunctional components for the
Biginelli—Passerini reaction are represented in Figure 1. Com-
pared to the above mentioned multicomponent tandem ap-
proaches, our strategy provides higher yields and makes use of
more bifunctional linker components.

Careful evaluation of the bifunctional components allowed a
pre-selection: A3, B3 and C3 in Figure 1 carry an isocyanide
functionality, which could hydrolyze under the acidic condi-
tions for the Biginelli reaction [38]. Components A2, B2 and
C2 carry an aldehyde functional group for the Passerini reac-
tion, but this could react on both sides in the Biginelli reaction.
Therefore, A2, B2, C2 as well as A3, B3, C3 were excluded
from our investigations. The remaining components A1, B1 and
C1 seemed most promising for our purposes. Hence, we
focused on commercially available components with Al, Bl
and C1 like structures, i.e., C1: 4-formylbenzoic acid; B1:
N-carbamoylglycine, Al: benzyl acetoacetate for the Biginelli
reaction and subsequent hydrogenolytic deprotection to the cor-
responding acid.

The Biginelli reactions were performed in dimethyl sulfoxide at
110 °C in order to remove the water formed in course of the
reaction. After a simple washing procedure, the desired DHMP
acids 13—18 were obtained in 63-93% yield (Table 1). Alterna-
tive syntheses for DHMP acids (13—15 and 17) were described
in literature and can be found in Supporting Information File 1.
However, our Biginelli approach is simple, utilizes p-TSA as a
cheap catalyst, provides high yields and can be used for the
preparation of various DHMP acids with different bifunctional

linkers. Aliphatic aldehydes did not react well under these
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Figure 1: Bifunctional components for the Biginelli-Passerini tandem reaction.
Table 1: Biginelli reactions for the preparation of DHMP acids.?
) (0]
o R o) p-TSA R?
JJ\ + HN + M R30 Z N7
RTH N/&O R30 0 DMSO, 110°C PN
2 R N7 0
-2H,0 H
1 4 13-18
Entry R? R? R3 Yield [%] Product
1 Ph H Bn 91 13
2b Ph H H 93 14
3 Ph CH,COoH Et 63 15
4 Ph CH,COoH Bn 78 16
5 HO H Et 90 17
O
6 HO H Bn 91 18
O

aConditions: 0.10 equiv p-TSA, 110 °C 8-48 h in DMSO. PObtained via hydrogenolytic deprotection of product 13 (entry 1). Conditions: H, (balloon),
10 wt % Pd/C, acetic acid/ethanol (1:3), 50 °C, 15 h.
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conditions (even after longer reaction periods of up to six days)

and product isolation was not straightforward.

For the subsequent Passerini reactions, the DHMP acids were
dissolved in a mixture of dichloromethane and dimethyl sulf-
oxide (4:1 — 2:1). After the subsequent addition of the alde-
hyde and isocyanide components, three days reaction time at
room temperature and subsequent purification via column chro-
matography, the Biginelli-Passerini products 19-25 were ob-
tained in 22-99% yield (Table 2).

The lower yield for 25 (39%) might be due to the tertiary amine

structure of the morpholinoethyl side chain, requiring a more

complex purification. The reaction mixture for the Passerini

Table 2: Passerini reaction on DHMP acids.?

0
o) _R2
RS D R3O™ AN DCM/DMSO
NC ™ ey A
R ON"0 rt
H
11 9 13-18
Entry DHMP R? R2 R3
acid
s
1 17 HO = H Et
o)
s
2 18 HO = H Bn
o)
s
3 17 HO = H Et
o)
4 15 Ph CH,COOH Et
5 15 Ph CH,COOH Et
6 15 Ph CH,COOH Et
7 15 Ph CH,COOH Et
8 15 Ph CH,COOH Et
gb - p-CgHaF¢ CH,COOH Et
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reaction of DHMP 18 was not completely homogeneous, which
might be responsible for the lower yield of 20 (22%). For the
other reactions investigated in this work, our Passerini protocol
proved to be robust and very effective providing very good to
quantitative yields (up to 99% for 23). In Figure 2, a representa-
tive 'H NMR comparison between the DHMP acid 17 and the
Passerini product 19 is illustrated. The CO,H proton at
12.9 ppm disappeared after the Passerini reaction, while all
other DHMP signals, i.e., the NHC at 9.2 ppm, the CHNH at
5.2 ppm or the CCH3 at 2.3 ppm, did not shift. Furthermore, the
new characteristic signals for the CCHO at 4.9 ppm, the
C(CHj3)3 at 1.2 ppm and the terminal CH,CH3 methyl group at
0.84 ppm strongly indicate the formation of the respective

Biginelli—Passerini product.

iy v
R%0 J\/\NH o) Oj\:NH
\N/l%o 0 &o R*
w0 O e T
HESIOO R*J\

NS
H

19-21 22-26
R4 RS Yield  Product
[%]

CgH13 t-Bu 67 19

CgHq3 t-Bu 22 20

}9- cyclohexyl 98 21

iPr t-Bu 76 22

C1 oH1g t-Bu 99 23

C7H1s Bn 76 24

PN

CrH1s ¥ N()o 39 25

%Ji/ CsHi1 79 26

p-CeHaFe CsHa 41 27

aConditions: Room temperature, 3 d in DCM. POne pot procedure: Biginelli acid was not isolated.
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Figure 2: Stacked "H NMR spectra and signal assignment. Top: DHMP acid 17; bottom: Biginelli-Passerini tandem product 19.

As a proof of principle, the Biginelli and Passerini reaction
were combined in a one-pot synthesis. In this experiment, the
Biginelli reaction was performed with an excess of the alde-
hyde component (three equivalents) in a minimal amount of
dimethyl sulfoxide. After completion of the Biginelli reaction,
the crude reaction mixture was cooled to room temperature and
diluted with dichloromethane. Subsequently, an isocyanide was
added to the mixture enabling the Passerini reaction with the
exceeding aldehyde. The resulting one-pot product 27 was ob-
tained in 41% yield after column chromatography (Table 2,
entry 9). However, the structural diversity in this approach is
limited if compared to the previously described two-step ap-
proach (isolation of Biginelli acid) because the same aldehyde
component is participating in both MCRs.

Interestingly, the 'H and !3C NMR spectra of the chromato-
graphically pure Biginelli-Passerini products displayed a signal
splitting for distinct signals (Figure 3).

A more detailed analysis revealed that most of the split signals
were located either next to chiral centres in the molecule or in
the six-membered DHMP core. In order to identify the cause of

this peak splitting, high temperature NMR experiments at

40 °C, 60 °C and 80 °C were conducted. Even at higher temper-
atures the peak splitting remained, evidencing that the splitting
was not caused by rotational barriers or conformational effects.
Furthermore, the splitting was not observed in the DHMP acids
13-18 (after the Biginelli reaction, which was performed first).
In principle, the Biginelli and Passerini reactions both form
a new chiral centre, which was not controlled in our investiga-
tions, leading to a racemic mixture (R and S). After the
Passerini reactions, four different stereoisomers (RR, RS, SR,
SS) are thus obtained. The homo (RR, SS) and hetero pairs (RS,
SR) are diastereomers with slightly different physical properties.
In the context of our experimental NMR data, it is thus fair to
assume that the peak splitting is caused by these diastereomers
(Figure 4).

Conclusion

The Biginelli reaction was successfully combined with the
Passerini reaction to obtain highly functionalized DHMP
heterocyclic products. For this purpose, different DHMP acids
were prepared by variation of the components and the bifunc-
tional linker. The DHMP acids were then reacted in a Passerini
reaction employing a dichloromethane/dimethyl sulfoxide sol-

vent mixture. The respective Biginelli—Passerini reaction prod-
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Figure 3: Representative HSQC spectrum of the pure Biginelli-Passerini tandem product 21, expansions and signal assignment for two asymmetric
carbon atoms. A: Diastereomeric signal splitting in H NMR solely. B: Diastereomeric splitting in both H and '3C NMR, two different species can be
identified.
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Figure 4: Stereoisomers formed in the Biginelli-Passerini tandem reaction. The homo (RR, SS) and hetero pairs (RS, SR) are diastereomers.
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ucts were in most cases obtained in good to excellent yields.
Furthermore, a one-pot Biginelli—Passerini reaction without
intermediate work-up was demonstrated. All compounds of this
investigation were carefully characterized via NMR (1D and
2D), IR and HRMS. The herein presented strategy is currently
under investigation for the preparation of sequence-defined
macromolecules [39,40]. Furthermore, the obtained compounds
present a rigid, geometrically fixed and highly functionalized
DHMP moiety, which could potentially be utilized for covalent
organic frameworks and porous materials [41,42].

Supporting Information

Supporting Information File 1

Experimental section and NMR spectra of all synthesized
compounds.
[http://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-13-7-S1.pdf]
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Abstract

Conjugated microporous polymers (CMPs) are materials of low density and high intrinsic porosity. This is due to the use of rigid
building blocks consisting only of lightweight elements. These materials are usually stable up to temperatures of 400 °C and are
chemically inert, since the networks are highly crosslinked via strong covalent bonds, making them ideal candidates for demanding
applications in hostile environments. However, the high stability and chemical inertness pose problems in the processing of the
CMP materials and their integration in functional devices. Especially the application of these materials for membrane separation has
been limited due to their insoluble nature when synthesized as bulk material. To make full use of the beneficial properties of CMPs
for membrane applications, their synthesis and functionalization on surfaces become increasingly important. In this respect, we
recently introduced the solid liquid interfacial layer-by-layer (LbL) synthesis of CMP-nanomembranes via Cu catalyzed
azide—alkyne cycloaddition (CuAAC). However, this process featured very long reaction times and limited scalability. Herein we
present the synthesis of surface grown CMP thin films and nanomembranes via light induced thiol-yne click reaction. Using this

reaction, we could greatly enhance the CMP nanomembrane synthesis and further broaden the variability of the LbL approach.

558


http://www.beilstein-journals.org/bjoc/about/openAccess.htm
mailto:manuel.tsotsalas@kit.edu
https://doi.org/10.3762%2Fbjoc.13.54

Introduction

The synthesis of microporous organic and inorganic materials
such as zeolites [1], mesoporous silica [2] as well as metal-
organic frameworks (MOF) [3,4] and covalent organic frame-
works (COF) [5-7] attracted large attention because of their
high potential in catalysis, gas storage and separation as well as
in organic electronics [8]. Among the microporous materials,
conjugated microporous polymers (CMPs) [9,10] or porous aro-
matic frameworks (PAF) [11] have favorable properties for
many applications, since they combine a high chemical and
thermal stability, which is comparable to inorganic materials,
with the variability of organic compounds.

Nevertheless, their insoluble nature has so far greatly limited
their processing and integration into functional devices, since
CMPs and PAF are usually synthesized as highly crosslinked
interconnected and insoluble powders [12]. Only few examples
of soluble and therefore processable CMP materials are known,
all limited to linear CMPs [13,14].

To overcome the issue of low processability, recently the group
of Jiang and our group introduced the interfacial synthesis using
an electro-activated approach [15] and a copper catalyzed
azide—alkyne cycloaddition (CuAAC) approach, respectively
[16]. These procedures are still limited to conductive substrates

or associated with long reaction times.

In this work, we present a novel strategy for the LbL synthesis
of CMP thin films and nanomembranes, using the light-induced
and catalyst-free thiol-yne coupling (TYC) reaction.

TYC has gained large attention as a representative of the click
chemistry concept [17]. In the TYC reaction, usually a photoini-
tiator creates thiyl radicals [18-20], which react with nearby
alkyne moieties to form covalent sulfur—carbon bonds and vinyl
radicals. Additional thiol moieties can undergo hydrogen
transfer to the vinyl radical leading to thiyl radicals and vinyl
sulfides. The vinyl sulfides can then undergo a thiol-ene cou-
pling (TEC) reaction, leading to bis-sulfide species. TYC has
been used for surface modification [21,22], biofunctionaliza-
tion [23,24] and fabrication of 3D structures via direct laser
writing (DLW) [25].

Results and Discussion

Synthesis of CMP thin films

We prepared the CMP nanomembranes in a LbL approach
using the thiol-yne coupling (TYC) reaction. In order to
perform the reaction on surfaces, we first functionalized the
substrates with an alkyne terminated self-assembled monolayer,
which presents initial groups for the stepwise growing of the
CMPs using the TYC reaction.
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In the first step, we immersed the functionalized surface in a
solution of the tetra-topic thiol building block (tetrakis(4-
sulfanylphenyl)methane, TPM-SH) and a small amount of
photoinitiator (2-hydroxy-1-[4-(2-hydroxyethoxy)phenyl]-2-
methylpropan-1-one) [26]. Afterwards we irradiated the sub-
strate using a standard UV lamp at a wavelength of 365 nm for
3 minutes. We then rinsed the substrate thoroughly with
absolute THF and immersed the substrate in a solution of the
tetra-topic alkyne building block (tetrakis(4-ethynylphen-
yl)methane, TPM-alkyne), again with a small amount of
photoinitiator. Then we irradiated the substrate for 3 minutes
and rinsed the substrate thoroughly with absolute THF.

Figure 1 shows the LbL synthesis procedure as well as the mo-
lecular structures of the reactants used in the described reaction.

We repeated the described reaction cycle 20 times to obtain
CMPs thin films on functionalized gold wafers.

Characterization of CMP thin films

We characterized the reaction using infrared reflection absorp-
tion spectroscopy (IRRAS). Figure 2 shows the IRRA spectrum
of the CMP thin film after 20 reaction cycles and the corre-
sponding band assignments.

The absence of bands associated to alkyne and thiol functional
groups in the IRRA-spectra suggest an almost quantitative reac-
tion. (For IRRA-spectra of the starting materials, see Support-
ing Information File 1, Figures S1-S3.)

We evaluated the thickness of the CMP thin film using ellip-
sometry. The measurements show an average thickness of about
25.1 £ 0.1 nm with a mean squared error (MSE) value of 5.69
after fitting with Cauchy mode with the parameters A,, = 1.399,
B, =0.051, C, =—0.0026, k-amplitude = 0 and exponent = 1.5
suggesting a very low surface roughness. To further confirm the
thickness we performed the LbL synthesis on a sacrificial sub-
strate [27,28]. Prior to the dissolution of the substrate, we
coated the CMP thin film with a stabilizing layer of poly(methyl
methacrylate) (PMMA). Upon substrate dissolution, we
transferred the PMMA stabilized CMP thin film to a fresh
gold substrate. After drying, we dissolved the PMMA layer in
acetone, leaving only the CMP thin film. We then investigated
the thickness of the film by an atomic force microscope (AFM)
line scan along the edge of the film. Figure 3 shows the
AFM image and the line-scan across the edge of the CMP thin
film.

The AFM investigation also suggests a homogeneous thickness

of the CMP thin film and the line-scan across the edge confirms
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Figure 1: LbL synthesis with TPM-SH and TPM-alkyne using light-induced TYC reaction in the presence of the photoinitiator 2-hydroxy-1-[4-(2-

hydroxyethoxy)phenyl]-2-methylpropan-1-one.
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Figure 2: IRRA-Spectrum of the CMP thin film on a gold-coated silicon wafer and the corresponding band assignments.

a thickness of roughly 20 nm after 20 reaction cycles. The
growth rate of roughly 1 nm per reaction cycle is in the
same order as the previously described LbL synthesis of CMP
nanomembranes using CuAAC click chemistry [16].

Synthesis of freestanding CMP nanomem-
branes

In order to produce freestanding CMP nanomembranes, we
coated the CMP thin films on sacrificial substrates with a stabi-
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Figure 3: AFM image and line-scan across the edge of the CMP thin film.

lizing layer of PMMA containing large holes [29]. This stabi-
lizing layer was spin-coated from a dichloromethane (DCM)
solution containing PMMA and polystyrene (PS) in a weight
ratio of PMMA/PS = 4:1. During spin-coating, the PS phase
separates into islands, which then were selectively dissolved
using cyclohexane. Afterwards we dissolved the sacrificial sub-
strate to obtain the freestanding CMP membranes. To investi-
gate the freestanding CMP nanomembrane we transferred it to a
copper grid and recorded scanning electron microscopy (SEM)
images. Figure 4 shows the SEM images of the CMP nanomem-
brane.

Conclusion

We described a new synthesis of CMP thin films and nanomem-
branes using a thiol-yne coupling (TYC) reaction. The TYC
reaction allows a rapid synthesis of homogeneous thin films
with a thickness of about 1 nm per reaction cycle as confirmed
by ellipsometry and AFM investigations. The thin films show

nm
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high mechanical stability as evidenced by the possibility to
create feestanding membranes across holes of about 3—5 um di-
ameter. The rapid and scalable synthetic method for CMP
nanomembranes described in this article, along with the possi-
bility to transfer the nanomembranes to virtually any support,
allows the integration of TYC based CMP materials in func-
tional devices for applications in organic electronics or gas and
liquid phase separation.

Experimental

Chemicals: All chemicals were purchased from commercial
sources and used without further purification if not stated other-
wise. Cyclohexane, dichloromethane and dry tetrahydrofuran
(THF) were purchased from Merck Millipore; acetone was pur-
chased from VWR Chemicals. Dry THF was degassed three
times via freeze-pump-thaw prior to use. PMMA average
M, =120.000, PS average M, ~170.000, 2-hydroxy-1-[4-(2-
hydroxyethoxy)phenyl]-2-methylpropan-1-one), iodine and

Figure 4: SEM images of freestanding CMP nanomembranes coated with a stabilizing PMMA layer containing large holes. The SEM images confirm
the homogeneous thickness and freestanding nature of the CMP nanomembranes synthesized via TYC reaction.
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potassium iodide were purchased from Sigma-Aldrich. TPM-
SH [30] and TPM-alkyne [31] were synthesized as described in
the literature.

Substrates: The sacrificial substrate consists of a 150 nm gold
film on mica. For analytical measurements, we transferred the
membrane to a Si(100) wafer, coated with 5 nm titanium and
100 nm gold (Au/Ti/Si). The substrates were obtained from
Georg-Albert-PVD, Germany and stored under an argon atmo-
sphere prior to use.

Infrared reflection absorption spectroscopy (IRRAS): The
IRRA-spectra were recorded on a Bruker Vertex 80 purged with
dried air. The IRRAS accessory (A518) has a fixed angle of
incidence of 80°. The data were collected on a middle band
liquid nitrogen cooled MCT detector. Perdeuterated hexade-
canethiol-SAMs on Au/Ti/Si were used for reference measure-
ments [32]. The absorption band positions are given in

wavenumbers v (cm™!).

Scanning electron microscopy (SEM): We recorded SEM
images using a FEI Philips XL30 (FEI Co., Eindhoven, NL), a
field emission gun environmental scanning electron micro-
scope (FEG-ESEM). Samples have been coated with a thin
layer (about 5 nm) of a gold/palladium film in order to avoid
charging and improve samples conductivity. All specimen were
imaged under high-vacuum conditions (1.0 Torr), using an
acceleration voltage of 20 keV.

Atomic force microscopy (AFM): AFM-imaging was per-
formed using an Asylum Research Atomic Force Microscope,
MFP-3D BIO. The AFM was operated at 25 °C in an isolated
chamber in alternating current mode (AC mode). AFM cantile-
vers were purchased from Ultrasharptm MikroMasch. Three
types of AFM-cantilevers were used, an NSC-35 (resonance
frequency 315 kHz; spring constant 14 N/m), an NSC-36 (reso-
nance frequency: 105 KHz; spring constant: 0.95 N/m) and an
NSC-18 (resonance frequency: 75 kHz; spring constant:
3.5 N/m).

Self-assembled monolayer (SAM) preparation: For SAM for-
mation, a clean gold substrate (2.2 cm x 2.2 cm) was rinsed
with absolute ethanol and then immersed in a solution of S-[11-
oxo-11-(propargylamino)undecyl] thioacetate (AcSCgH»o-
C(O)NHCH;,C=CH) (with a concentration of 1 mmol/L) in
ethanol for 18 h. Afterwards the substrate was taken out, rinsed
thoroughly with ethanol and dried in a nitrogen stream [33].

Preparation of conjugated microporous polymer (CMP)
films: 6.7 mg of TPM-SH (15.0 umol, 1.00 equiv), 6.3 mg of
TPM-alkyne (15.0 pmol, 1.00 equiv) and 1.1 mg of 2-hydroxy-
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1-[4-(2-hydroxyethoxy)phenyl]-2-methylpropan-1-one)
(5 pmol, 0.333 equiv) as photoinitiator were separately dis-
solved in 20 mL abs. THF. The synthesis was carried out under
inert conditions using an argon atmosphere. At first, 1 mL of
TPM-SH solution and 0.5 mL of the photoinitiator solution
were added to the SAM coated substrate and stirred gently to
ensure proper mixing. Then the mixture was exposed to 365 nm
UV-light for 3 minutes. Afterwards, the substrate was rinsed
with dry THF. Subsequently, 1 mL of TPM-alkyne solution and
0.5 mL of the photoinitiator solution were added to the sub-
strate and stirred gently to ensure proper mixing. Then the mix-
ture was exposed to 365 nm UV-light for 3 minutes. Then, the
substrate was again rinsed with dry THF. The procedure was
then repeated for the next reactant 20 times each. After the
cycles were completed, the wafer was taken out of the inert
environment, washed thoroughly with dry THF and ethanol and

dried using a nitrogen stream.

Transfer of CMP nanomembranes: To obtain freestanding
nanomembranes, the CMP-films were grown on sacrificial sub-
strates using the above-described procedure. The membrane
was then obtained by following a procedure described in litera-
ture [28]. First, PMMA was spin coated as a supporting layer.
Then, the mica was removed by floating in solutions of
I,/KI/H50; KI/H50 and in the last step by immersing the sub-
strate in H>O. The retaining gold film was etched in a solution
of I,/KI/H,0. The membrane was washed 3 times with water
[28]. Then the membrane was transferred to Cu-TEM grids. The

obtained membrane size was 0.3 cm % 0.3 cm.

Preparation of freestanding nanomembranes: To obtain free-
standing nanomembranes, the CMP-films were grown on sacri-
ficial substrates using the above-described procedure. The
membrane was then obtained by following a procedure de-
scribed in literature [29]: First PMMA/PS was spin coated as a
supporting layer and afterwards rinsed overnight in cyclo-
hexane to remove the PS. Then, the mica was removed by
floating in solutions of I,/KI/H,O; KI/H,O and in the last step
by immersing the substrate in HyO. The retaining gold film was
etched in a solution of I,/KI/H,0. The membrane was washed
3 times with water [28]. Afterwards the membrane was trans-
ferred to either a glass slide or a gold coated Si-wafer. The ob-
tained membrane size was 2 cm x 2 cm.

Supporting Information

Supporting Information File 1

Additional IRRA spectra.
[http://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-13-54-S1.pdf]
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Abstract

The covalent attachment of organic fluorophores in mesoporous silica matrices for usage as energy down converting phosphors
without employing inorganic transition or rare earth metals is reported in this article. Triethoxysilylpropyl-substituted derivatives of
the blue emitting perylene, green emitting benzofurazane, and red emitting Nile red were synthesized and applied in the synthesis of
mesoporous hybrid materials by postsynthetic grafting to commercially available MCM-41. These individually dye-functionalized
hybrid materials are mixed in variable ratios to furnish a powder capable of emitting white light with CIE chromaticity coordinates
of x =0.33, y = 0.33 and an external quantum yield of 4.6% upon irradiation at 410 nm. Furthermore, as a proof of concept two dif-
ferent device setups of commercially available UV light emitting diodes, are coated with silica monoliths containing the three
triethoxysilylpropyl-substituted fluorophore derivatives. These coatings are able to convert the emitted UV light into light with
correlated color temperatures of very cold white (41100 K, 10700 K) as well as a greenish white emission with correlated color
temperatures of about 5500 K.

Introduction

The development of new efficient illumination materials has  concept bears the advantage of producing white light with a
received increasing attention in the past years [1-3]. For the high color rendering index (CRI) as well as the generation of
generation of white light the combination of a UV emitting light ~ white light with a warm correlated color temperature (CCT)
source and energy down converting phosphor emitting in the [4-6]. Usually several UV excitable red, green and blue

full visible spectrum is an intriguing approach [4,5]. This (RGB) emitting phosphors generally relying on inorganic
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luminophores, such as rare earth metals as Ce3" or Eu?", are
employed for white light generation [3,4,7]. However, the de-
velopment of purely organic down converting phosphors would
offer a sustainable and potentially cost-effective access alterna-
tive, eventually starting from renewable organic materials [8,9].

Other than inorganic luminophores these organic analogues
cannot simply be intercalated in a robust inorganic host struc-
ture and, therefore, ligating materials are required. Since the
host structure should not undergo photodegradation, stable
structures like silica-based materials, in particular mesoporous
silica, offer favorable properties [4,10]. Eventually, organic—in-
organic hybrid materials can be easily accessed by covalent
ligation of the functional guest chromophore to a silica host
matrix [11,12]. As a consequence the inherent robustness and
stability of the rigid inorganic silica material can be combined
with the functionality and tunability of the organic chromo-
phore. In addition, these mesoporous materials possess defined
pore structures in which the organic dye can be homogeneously
distributed [13]. Thereby aggregation induced self-quenching
and singlet oxygen dependent dye degradation can be effi-
ciently prevented [14,15]. By the rigid silica host framework
bimolecular photochemical reactions are also suppressed [16].
Additionally, mesoporous materials possess the crucial advan-
tage that they can be synthesized as transparent monoliths in
different shapes [17-19]. Here, we communicate our first efforts
to design red, green, and blue light-emitting mesoporous materi-
als from organic chromophores, their blending to white light-
emitting silica hybrids based upon additive color mixing, and as
a proof of principle, the implementation in a white light emit-
ting monolith for down converting commercially available UV
light emitting diodes.

Results and Discussion

A general approach to mesoporous organo—silica hybrid materi-
als takes advantage of the condensation of triethoxysilyl-func-
tionalized functional organic molecules with inorganic silica
hosts [11,20]. Therefore, a terminal triethoxysilyl group has to
be coupled to luminescent dyes with blue, green, and red emis-
sion characteristics for generating hybrid materials with white
light emission based upon additive color mixing. A rapid and
versatile functionalization can be achieved upon ligating a
triethylsiloxy-functionalized azide and a terminal alkynyl-func-
tionalized luminophore by CuAAC (Cu-catalyzed azide—alkyne
cycloaddition) [21-23].

Commencing from a 2-hydroxy-substituted Nile red 1 or
3-hydroxymethylperylene (2) the alkyne-substituted fluoro-
phore derivatives 4 and 5 were accessible by Williamson ether
synthesis [24]. The alkyne-functionalized green benzofurazane

derivate 6 was obtained by nucleophilic aromatic substitution of

Beilstein J. Org. Chem. 2017, 13, 768-778.

4-chloro-7-nitrobenzo[c][1,2,5]oxadiazole (3) with propargyl-
amine. The alkyne-functionalized derivatives 4, 5 and 6 were
then reacted with azide 7 via CuAAC to furnish the triethoxy-
silyl-substituted luminophore precursor molecules 8 (red emis-
sion), 9 (blue emission), and 10 (green emission) (Scheme 1). In
contrast to usually high yields of the CuAAC the precursor syn-
thesis only gives yields between 44 to 45% after purification by
column chromatography on silica gel [22,23]. The diminished
yields are a consequence of the reaction of the terminal tri-
ethoxysilyl groups with the free silanol groups of the silica gel
taking place already at room temperature.

For generating white light emission with good color rendering
index and tunable color temperature the characteristics of red
emissive Nile red, blue emissive perylene, and green emissive
benzofurazane have to be matched with comparable emission
intensity. All three chromophores exhibit absorption in the
UV-vis region with comparable molar absorption coefficients
(Figure la). Neglecting energy transfer between the
luminophores superposition of the emission spectra of the three
dyes covers the whole range of the visible region (400—-800 nm)
(Figure 1b).

The three dyes were additionally analyzed with respect to their
CIE chromaticity coordinates, i.e., their fluorescence color in
order to determine the color space which should be accessible
by additive color mixing [25-28]. As shown in Figure 2 CIE
chromaticity coordinates of the blue, green and red colors were
determined as follows: perylene precursor 10: x = 0.14,
y = 0.11; benzofurazane precursor 9: x = 0.33, y = 0.60; Nile
red precursor 8: x = 0.68, y = 0.32.

Thus, by mixing of the three precursors 8, 10, and 9 the color
space within the triangle defined by the pure colors should be
accessible. As this triangle comprises the spectrum of a black
body radiator an emission of white light with tunable color tem-
perature is possible. The synthesis of silica hybrid materials
functionalized with a single dye was performed via postsyn-
thetic grafting of commercially available MCM-41 according to
literature procedures [12,13,17]. Therefore, the respective dye
precursors 9, 10, and 8 at variable concentrations were reacted
with free silanol groups displayed on the surface of MCM-41
furnishing hybrid materials with different dye loadings in a
pmol-g ! range. The amount of dye incorporated into the hybrid
material was estimated by UV—vis spectroscopic analysis ac-
cording to our previous report [24].

The synthesized materials with the corresponding dye loading
and solid state quantum yields are summarized in Table 1.
Especially for the Nile red-functionalized hybrid materials the
highest quantum yield of 23% was obtained at a low dye
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Scheme 1: Synthesis of the triethoxysilyl-functionalized dye precursors 8, 9, and 10.

loading of 1.5 umol-g~! (@MCM-2). A further increase of
Nile red loading causes a drop of quantum yields, presumably
due to self-quenching effects.

Based on the assumption that energy transfer typically occurs at
distances of less than 10 nm between two dye molecules, self-
quenching should be observed if more than one molecule is
found in an area of 10 x 10 nm [29]. If dye loadings of the
hybrids are correlated with the surface area of the silica materi-
al, typically 700 m2-g™!, self-quenching effects should occur at
loadings higher than 10 pmol-g™! as illustrated in Figure 3 [24].
Although aggregation-induced self-quenching can be prevented
by covalently ligating dye molecules to the silica matrix, inter-

molecular energy transfer causing losses in quantum yield can
be expected at higher dye loadings.

Likewise, for the perylene and benzofurazane-functionalized
hybrid materials 9@MCM-3 and 10@MCM-6 similar dye
loadings in the lower umol-g~! range were ascertained for
furnishing optima of their solid-state fluorescence quantum
yields @¢ (Figure 4).

The optical properties of the dye-functionalized hybrid materi-
als differ slightly from the properties of their precursor mole-
cules in solution. For all hybrid materials a broad band can be
observed in the spectra, which can be attributed to an inhomo-
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Table 1: Calculated dye loadings and solid state fluorescence quan-

ber / cm’”’ f . )
a) 20000 27000 24000 v::j:um < f:;m 15000 tum yields ®s of grafted hybrid materials.
50000 +— : t ! ! ¢ 50000
+0000. | o000 dye@MCM ca!culated dye_ . D [%]
loading [pmol-g™']
“g 30000 - i 30000 f': S@MCM
3 2
£ T s@MCM-1 0.6 of 8 14
=4 20000 4 t-20000 S
3 3 8@MCM-2 1.50f8 23
10000 L 10000 8@MCM-3 290f8 20
8@MCM-4 5.90f 8 20
o - . . . g : . 0 8@MCM-5 8.8 0f 8 17
350 400 450 500 550 600 650 700
wavelength / nm 8@MCM-6 120f 8 12
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b 8@MCM-8 18 of 8 8.6
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600 9I@MCM-2 2.00f9 7.6
500 9I@MCM-3 4.00f9 12
> 400 . I@MCM-4 6.0 of 9 7.3
2 ] 9@MCM-5 8.0 0f 9 6.6
E 07 [ < 9@MCM-6 20 0f 9 76
2004 10@MCM
1004 10@MCM-1 1.20f 10 10
o — 10@MCM-2 2.30f10 17
4.;10 5:)0 5‘50 64’)0 65‘0 T")O 'réo 800 10@MCM'3 4 6 Of 10 14
wavelength / nm '
e e 10@MCM-4 6.9 of 10 14
10@MCM-5 9.3 0f 10 16
Figure 1: Absorption (a) and emission (b) spectra of perylene 9, 10@MCM-6 120f10 19
benzofurazane 10, and Nile red precursors 8 (recorded in ethanol at 10@MCM-7 16 of 10 14

T=298K; ([9] =4.1x 1078 M, [10] =4.0 x 108 M, [8] = 4.1 x 1076 M;
Aexc(9) = 409 nM, Agxc(10) = 450 NM, Agyc(8) = 540 nm).

Figure 2: CIE 1931 color space chromaticity diagram (2° observer) with the CIE chromaticity coordinates of the emitting precursors 9 (blue),
10 (green), and 8 (red) in ethanol as well as the color space accessible by mixing these three precursors shown as triangle.
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materials in relation to the calculated dye loading (Aexc(9@MCM) =
409 nM, Agxc(10@MCM)) = 450 M, Agxc (B@MCM)) = 540 nm).

geneous line broadening in the solid state. As benzofurazane
and Nile red dyes exhibit solvatochomism, their spectral proper-
ties are clearly affected by incorporation into the polar silica

environment. A detailed study of the spectral properties and

Beilstein J. Org. Chem. 2017, 13, 768-778.

solvatochromism of the Nile red hybrid materials in compari-
son to the precursor molecule 8 was previously reported and ex-
tensively discussed [24].

Also for perylene-functionalized hybrids a peculiar influence on
the optical properties by incorporation into a silica matrix was
found. Most striking is the change of the vibrational fine struc-
ture. The solution spectra of the perylene precursor 9 in ethanol
show an increasing intensity of the vibrations with increasing
wavelength in the absorption spectrum as well as a typical mir-
ror image of the emission spectrum (vide supra Figure la and
b). But as shown in Figure 7 (vide infra) for the perylene-func-
tionalized hybrid materials, the second vibrational band
becomes the most intense in the emission spectrum. This behav-
ior clearly reflects the change in the fluorescence spectra of the
free precursor at higher concentrations. This is typical for dyes
with small Stokes shifts capable of inner filter and energy
transfer effects.

With single dye-functionalized silica hybrid materials in hand
displaying highest quantum yields, blends with tunable color
temperature should be realized. In order to get an estimate of
the mixing ratio of blue, green and red emitting hybrids to yield
a white light emitting material upon excitation at 410 nm, a
blend of the hybrid materials displaying the second highest
quantum yields (8@MCM-4, 9@MCM-2, 10@MCM-2) was
prepared.

Starting from a blend of 8 @MCM-4, 9@MCM-2, 10@MCM-
2 with a molar ratio of 1:0.1:0.1 the CIE coordinates were deter-
mined as x = 0.17 and y = 0.19. Thus, as this first blend was
blue emissive and lacked portions of the green and red compo-
nents, the amount of the green and red hybrid was increased as
depicted in Table 2 with their corresponding CIE coordinates
shown in Figure 5. Thereby, a blend [8@MCM-4 + 9@MCM-
2 + 10@MCM-2]-5 with CIE coordinates in the proximity of
the white point could be obtained. The molar ratio of that blend
was used as a starting point for the mixing of the hybrid materi-
als with the highest quantum yields. Thus after determination of
the CIE coordinates of a blend of 8@MCM-2, 9@MCM-3 and
10@MCM-6 with a similar molar ratio, the missing color com-

Table 2: Molar ratios of the hybrid blends [9@MCM-2 + 10@MCM-2 + 8@MCM-4] with their corresponding CIE coordinates x and y (Aex =410 nm).

hybrid blends I@MCM-2

[9@MCM-2 + 10@MCM-2 + 83@MCM-4]-1
[9@MCM-2 + 10@MCM-2 + 8@MCM-4]-2
[9@MCM-2 + 10@MCM-2 + 8@MCM-4]-3
[9@MCM-2 + 10@MCM-2 + 8@MCM-4]-4
[9@MCM-2 + 10@MCM-2 + 8@MCM-4]-5

= A A A

10@MCM-2 8@MCM-4 X y

0.1 0.1 017 0.9
0.5 0.6 023 028
0.9 0.7 024  0.30
2.7 1.4 027  0.38
2.7 2.6 027 034
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Figure 5: CIE 1931 color space chromaticity diagram (2° observer) with the color space accessible by mixing these three precursors 9 (blue),
10 (green), and 8 (red) in ethanol shown as triangle as well as the CIE coordinates of the hybrid blends

[9@MCM-2 + 10@MCM-2 + 8@MCM-4]-1 to 5.

ponents could be admixed to yield a white light emitting
powder [B@MCM-2 + 9@MCM-3 +10@MCM-6]-1 with CIE
chromaticity coordinates of x = 0.33 and y = 0.33, an external
solid state fluorescence quantum yield ®¢ of 4.6% and a corre-

lated color temperature of 5500 K (Aexc = 410 nm, molar ratio:

1.0:4.9:1.3). Pictures of a blend of the hybrid materials

b

N\

) ,,‘
'/ ) 3 JER\

/‘{‘ --“xlend RELET T e

t“ )

Per BF

Figure 6: a) Suspensions of the dye-functionalized silica hybrid materials

8@MCM-4, 9@MCM-2, and 10@MCM-2 upon UV excita-
tion (Aexe = 365 nm) in suspension as well as in the solid state
are shown in Figure 6.

Investigation of the excitation and emission spectra of the single
dye-functionalized hybrid materials 8 @MCM-3, 9@MCM-3,

c)

+h BF

O‘.

NR Per

8@MCM-3, 9@MCM-3, and 10@MCM-6 as well as their mixture in dichloro-

methane under UV light (Aexc = 365 nm). b) Solids of dye-functionalized silica hybrid materials 8@MCM-4, 9@MCM-2, and 10@MCM-2 as well as
their mixture under daylight. c) Solids of dye-functionalized silica hybrid materials 3@MCM-4, 9@MCM-2, and 10@MCM-2 as well as their mixture

under UV light (Agxc = 365 nm).
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and 10@MCM-6 as well as their white light-emitting mixture
[8@MCM-2 + 9@MCM-3 + 10@MCM-6]-1 revealed in first
approximation that blending did not alter the spectral appear-
ance in comparison to the constituents, i.e., the recorded spec-
tra are in agreement with an additive spectral behavior (super-
imposition of the individual spectra of 8@MCM-3, 9@MCM-
3, and 10@MCM-6) void of intermolecular energy transfer
effects (Figure 7). However, minor differences in the excitation
and emission spectra can be found upon comparison of the
single dye-functionalized hybrids and their blend, especially for
the benzofurazane part.
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tionalized material 10@MCM-6. This dissimilarity arises from
the fact that at the emission wavelength of 535 nm not only the
benzofurazane-functionalized hybrid 10@MCM-6 shows an
emission, but also the perylene-functionalized hybrid
9@MCM-3 (Figure 7b). Thus the excitation spectra at an emis-
sion wavelength of 535 nm gives a superimposition of the exci-
tation spectra of the blue and green component in the blend, re-
sulting in a virtual blue shift of the excitation of the green com-
ponent relative to the pure hybrid 10@MCM-6.

Similarly, the emission spectra are affected as both the blue and
green constituents show emissions in the range of 475-600 nm
resulting in a superimposition of both emissions leading to a
virtual hypsochromic shift of the emission maximum of the
green component of the white light emitting powder
[8@MCM-2 + 9@MCM-3 + 10@MCM-6]-1 relative to the
emission spectra of the benzofurazane-functionalized hybrid
10@MCM-6.

Additional information on the excitation mechanism of all three
chromophores was gained upon excitation with UV light and
recording of emission spectra at different excitation wave-
lengths (Figure 8).
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Figure 7: a) Excitation and b) emission spectra of the single dye-func-
tionalized hybrid materials 3@MCM-2, 9@MCM-3, and 10@MCM-6 as
well as their blend [B@MCM-2 + 9@MCM-3 + 10@MCM-6]-1.

In the excitation spectra the excitation of the green constituent
of the blend [8@MCM-2 + 9@MCM-3 + 10@MCM-6]-1
detected at an emission wavelength of 535 nm is bathochromi-

cally shifted compared to the excitation of the single dye-func-
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Figure 8: Emission spectra of blend [B@MCM-2 + 9@MCM-3 +
10@MCM-6]-1 at different excitation wavelengths (2nd order of excita-
tion beam not shown).

Upon excitation at 320 nm green as well as intense red emis-
sion was found. With increasing excitation wavelength to
350 nm the emissions in the red and green component decrease
while the blue component starts to emit. Upon excitation at
higher wavelengths, the emissions of the blue and green compo-
nents increase while the emission intensity of the red compo-
nent decreases.
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These observations are in accordance with the excitation spec-
tra shown in Figure 7a, where only the benzofurazane and Nile
red hybrids are excited at 320 nm. With increasing excitation
wavelength, the excitation spectra of benzofurazane and Nile
red hybrids show a decrease in intensity thus explaining the de-
crease in fluorescence intensity for the green and red compo-
nents at an excitation wavelength of 350 nm. Upon further
increase of the excitation wavelength the perylene and benzofu-
razane hybrids show increasing fluorescence intensity as their
excitation spectra concomitantly reveal increasing excitation in-
tensity starting from 310 nm for the perylene hybrid and from
355 nm for the benzofurazane material.

As the excitation intensity of the Nile red hybrid decreases up to
400 nm, the decrease in emission intensity shown in Figure 8 is
presumably due to this decrease in excitation intensity. These
findings thus indicate a direct excitation of all three chro-
mophores in the blend of [S@MCM-2 + 9@MCM-3 +
10@MCM-6]-1. Although reabsorption effects are possible,
they seem to affect the spectra only to a minor extent, as other-
wise an increase of the emission intensity of the red component
in Figure 8 should be obtained as the emission intensity of the
green component increases. This direct excitation of all three
dyes in the blend of [@MCM-2 + 9@MCM-3 + 10@MCM-
6]-1 also rationalizes the low external solid-state fluorescence
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quantum yield ®¢ of 4.6% as the red component is only poorly
excited at 410 nm.

Encouraged by generating white light emitting dye-functionali-
zed silica hybrids upon blending pure dye hybrids we consid-
ered incorporating all three dyes simultaneously for the forma-
tion of samples of monolithic silica according to literature pro-
cedures [17]. For the synthesis of monolithic materials the pre-
cursor molecules 8, 9, and 10 were mixed in ethanol in a ratio
of 1:6:17 furnishing a perfect white emission with the CIE chro-
maticity coordinates of x = 0.33 and y = 0.33. This mixture was
then mixed with TEOS (tetracthoxysilane), surfactant P123
(poly(ethylene glycol)-poly(propylene glycol)-poly(ethylene
glycol/(EtO),o(iPrO)7¢(EtO),o), HCI and water. After 36 h of
aging at room temperature, the samples were covered with
n-octane and aged at 60 °C for a period of 1-4 d, depending on
the shape of the reaction vessel, until the samples were dry.

With this formation of white light emitting monoliths, as a
proof of concept, we prepared four examples of white light
emitting LEDs with organic phosphors. Therefore, UV-emit-
ting LEDs were early immersed into the reaction mixture upon
monolith formation. After aging, according to the described
method, the UV emitting diodes were coated with the white
light emitting hybrid materials as shown in Figure 9. Two dif-

-

Figure 9: Coating of the a) conventional diode setup and b) surface-mounted device (SMD) (left: prior to the addition of the reaction mixture, right:
after the addition), c) coated conventional diode setup, d) coated surface-mounted device.
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ferent LED designs were investigated, a conventional diode

setup as well as a much smaller surface mounted device (SMD).

These coated LEDs were spectroscopically analyzed displaying
correlated color temperatures of 10700 K and 41100 K for the
conventional LED setup, overlapping with the spectrum of the
black body radiator. For the SMD setup warmer color tempera-
tures were obtained, but their CIE chromaticity coordinates are
slightly shifted from the emission of the black body radiator
(Table 3, Figure 10, Figure 11).

Conclusion
In summary, we were able to synthesize triethoxysilylpropyl-
substituted perylene, benzofurazane, and Nile red precursor

molecules and to incorporate them into sol-gel derived silica

Beilstein J. Org. Chem. 2017, 13, 768-778.

matrices. This was achieved by postsynthetic grafting of com-
mercially available MCM-41 yielding single dye-functionali-
zed powders, which could be mixed to give white light-emit-
ting powders upon excitation with UV light. Furthermore, com-
mercially available UV emitting diodes were coated with silica
monoliths composed of a mixture of the perylene, benzofu-
razane and Nile red precursor molecules serving as UV light
converting phosphors to yield white light emission without em-
ploying of inorganic luminophores. Further optimization of the
dye loadings of these monoliths as well as fine tuning of the
correlated color temperatures and determination of their lumi-
nescence efficiencies is currently under way. Additionally,
studies on the photostability of the hybrid materials are in the
focus of further research. Further investigations are directed to

the determination of quantum yields of the monolith-functional-

Table 3: CIE-coordinates x and y and correlated color temperatures of the four monolith coated LEDs.

Sample X y

W-LED-1 0.25 0.23
W-LED-2 0.27 0.29
W-SMD-1 0.32 0.40
W-SMD-2 0.33 0.41

W-SMD-1

correlated color temperature [K]

41104
10686
5785
55630

W-LED-1

Figure 10: Pictures of the coated LEDs in compact device set-up (SMD) and conventional diode design (LED).
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A W-LEDA

& W-LED-2

® W-SMD-1 * W-SMD-2

Figure 11: CIE chromaticity coordinates of the coated LEDs in compact device set-up (SMD) and conventional diode design (LED) in the

CIE 1931 color space (2° standard observer).

ized materials since their quantum yields could show higher

efficiencies in comparison to the powder samples due to elimi-

nation of scattering of the excitation and emission light in the

silica particles.

Supporting Information

Supporting Information File 1

Multistep synthetic procedures, spectroscopic and
analytical data of the precursors 9 and 10, and the syntheses
of the dye-functionalized MCM-41 hybrid materials
8@MCM, 9@MCM, and 10@MCM as well as the
determined dye loadings of the hybrids.
[http://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-13-76-S1.pdf]
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Porous hypercross-linked polymers based on perbenzylated monosugars (SugPOP-1-3) have been synthesized by Friedel-Crafts

reaction using formaldehyde dimethyl acetal as an external cross-linker. Three perbenzylated monosugars with similar chemical

structure were used as monomers in order to tune the porosity. These obtained polymers exhibit microporous and mesoporous

features. The highest Brunauer—Emmett—Teller specific surface area for the resulting polymers was found to be 1220 m? g~!, and
the related carbon dioxide storage capacity was found to be 14.4 wt % at 1.0 bar and 273 K. As the prepared porous polymer
SugPOP-1 is based on hemiacetal glucose, Ag nanoparticles (AgNPs) can be successfully incorporated into the polymer by an in

situ chemical reduction of freshly prepared Tollens’ reagent. The obtained AgNPs/SugPOP-1 composite demonstrates good cata-

lytic activity in the reduction of 4-nitrophenol (4-NP) with an activity factor k, = 51.4 s™' g~!, which is higher than some reported

AgNP-containing composite materials.

Introduction

Hypercross-linked polymers (HCPs) are microporous organic
materials with a high specific surface area (SSA) [1,2]. The
preparation of HCPs mainly includes three different synthesis

strategies, namely postcross-linking of polymeric precursors

containing functional groups [3], the “knitting” of rigid aromat-
ic building blocks by external cross-linkers [4], and self-poly-
condensation of small molecular monomers [5]. Since the Tan

group proposed the new synthetic strategy that "knits" low func-
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tionality rigid aromatic compounds with formaldehyde dimethyl
acetal (FDA) as an external cross-linking agent through a
Friedel-Crafts reaction to synthesize a polymer network with a
high SSA [6], HCPs with knitted building blocks have been
widely utilized because of their high SSA [7,8], mild synthesis
conditions [9,10], and wide range of monomers [11].

The porosity and functionality of HCPs is highly dependent on
the core structural monomers [12-15]. However, most aromatic
skeleton monomers are non-renewable and could generate addi-
tional environmental problems. Therefore, the selection and use
of low cost, green, raw materials is critical. Sugars are a ubiqui-
tous resource, which plays many different and important roles
in the world [16]. The chemical structure of monosaccharides is
commonly a polyhydroxylated aldehyde or ketone with a pyra-
nose ring structure. These hydroxy groups can be easily benzyl-
ated to afford sugar-based monomers containing multiple aro-
matic skeletons. Recently, Liu and Dai have reported a class of
novel microporous HCPs based on carbohydrates for carbon
dioxide capture and storage by hydrogen bonding and
dipole—quadrupole interactions [17]. The reported pore-size dis-
tribution (PSD) and related porosity tuning are in the range of
micropore size. Considering that the polyhydroxylated and
chiral structure derived from the monosaccharide has certain
effects on the SSA and PSD of the prepared porous polymers,
porosity tuning can be likely achieved with varying monomer
molecular structures. Moreover, the aldehyde or ketone groups
of the material provide the possibility for further modification
and functionalization of the materials.

Silver nanoparticles (AgNPs) have received extensive attention
because of their unique properties and applications in catalysis
[18], antibacterial use [19], phase separation [20], surface-en-
hanced Raman scattering (SERS) [21], etc. Compared with bulk
silver, AgNPs have a more negative reduction potential and
higher SSA, which make them more effective in catalytic reac-
tions [22]. However, AgNPs with high surface energy are
subject to certain limitations in catalysis due to their extreme
tendency to aggregate. In order to solve this problem, an effec-
tive method is to encapsulate or embed the AgNPs into a sup-
porting matrix. The loading of AgNPs on different substrates
has been reported, for instance, SiO, [23], TiO, [24], Al,03
[25], porous carbon [26], carbonaceous matrix [27], carboxy-
methyl chitosan [28], zeolite [29], cellulose [30], ZnO paper
[31] and polymers such as PVP [32-34]. In the catalytic process,
porous organic polymers with a high SSA, low framework den-
sity and permanent porosity represent a new type of catalyst
support [35-37]. The porosity of the matrix can particularly
improve the efficiency of the catalyst due to the promotion of
the reactant molecules into the holes with the catalyst active

sites [38,39]. Therefore, it is of great interest to improve the cat-
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alytic efficiency by encapsulating the nanocatalyst in a porous

organic polymer.

Keeping these issues in mind, three novel sugar-based porous
organic polymers SugPOP-1-3 were designed and synthesized
using a Friedel-Crafts hypercross-linking reaction via knitted
perbenzylated monosugars by FDA. Three perbenzylated mono-
sugars Sug-1-3 having similar chemical structure were used as
monomers to tune the porosity and PSD. The SSA values of the
obtained porous polymer are around 1000 m2 g1, As the
porous polymer SugPOP-1 is based on hemiacetal glucose, it
was further postfunctionalized to embed the AgNPs into the
material using an in situ chemical reduction of the freshly pre-
pared Tollens’ reagent. The related catalytic reduction by the
AgNPs/SugPOP-1 composite was also explored at room tem-
perature.

Results and Discussion

All the sugar-based porous organic polymers (SugPOP-1-3)
were synthesized by Friedel-Crafts reaction using FDA as an
external cross-linker in a similar way. The preparation routes
are shown in Scheme 1. Using benzylated monosaccharides as
monomers and FDA as the cross-linker, the Friedel-Crafts
cross-linking polymerization is promoted smoothly by an-
hydrous FeCls in dry 1,2-dichloroethane (DCE). The mono-
mers were either commercially available (Sug-1) or prepared
(Sug-2 and Sug-3) by benzylation of free sugars with benzyl
bromide and sodium hydride. The chemical structures of Sug-2
and Sug-3 have been characterized by 'H NMR, !3C NMR, and
MALDI-TOF MS.

The chemical structure of the obtained polymers was con-
firmed by '3C CP/MAS NMR and Fourier transform infrared
spectroscopy (FTIR) (Figure S1, Supporting Information
File 1). For example, the backbone and structure features of
SugPOP-3 are characterized by 13C CP/MAS NMR shown in
Figure 1. The resonance signals of the polymer are located at
145-110, 90-50, and 50—15 ppm. The aromatic carbons
resonate in the range of 145-110 ppm and the signals at
90-50 ppm are attributed to the carbon backbone of the sugar
and methylene carbons connected to the oxygen atom in
SugPOP-3. Furthermore, the resonance peaks at 50—15 ppm are
assigned to the methylene carbons connecting the phenyl rings
and to the methyl groups present in the sugar backbone or to the
incompletely reacted linker. The '3C CP/MAS NMR spectra for
SugPOP-1 and SugPOP-2 are shown in Figures S2 and S3
(Supporting Information File 1) and show similar resonance in-
tensities to SugPOP-3. All of the polymer samples show some
common properties of cross-linked polymers such as stability
and insolubility in common solvents. The thermal stability of

SugPOP-1-3 was characterized by thermogravimetric analysis
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FDA/FeCl,

DCE
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BnBr/NaH FDA/FeCl3
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OH
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HO DMF < : O . DCE

\
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Scheme 1: Preparation of polymers SugPOP-1-3 (FDA: formaldehyde dimethyl acetal).
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(TGA) under nitrogen atmosphere (Figure S4, Supporting Infor-
mation File 1). The TGA plots show that the decomposition
temperature of the polymers is at about 300 °C and there is 35%
mass loss when the temperature reaches 800 °C, indicating good
thermal stability of the obtained polymers.

! 1

1 1 1
250 200 150 100 50 0 -50

Chemical shift (ppm)

Figure 1: 13C CP/MAS NMR spectrum of SugPOP-3.

The nitrogen adsorption—desorption isotherms (Figure 2a) of
SugPOP-1-3 were measured at 77 K to explore the porosity of
the obtained polymers. Both SugPOP-1 and SugPOP-3 show
the combination of type I and IV sorption isotherms according
to the [UPAC classification, whereas SugPOP-2 displays a type
I sorption isotherm. A rapid uptake curve reflects the micro-
porous monolayer adsorption tendency at low relative pressure
(p/pg < 0.10). As for SugPOP-1 and SugPOP-3, the significant
hysteresis loops (0.50 < p/pg < 1.00) are consistent with the
mesoporous structure. The SSA value (BET) of SugPOP-1 was
found to be as high as 1220 m? g™! and about 1000 m? g~! for
SugPOP-2 and SugPOP-3. The PSD profiles for all polymers
(based on the nonlinear density functional theory (NLDFT)
method) are shown in Figure 2b. The dominant PSD peaks for
polymer SugPOP-2 are located at around 0.53 and 1.35 nm. As
for polymers SugPOP-1 and SugPOP-3, their dominant pore
size peaks are located around 0.53 and 1.30 nm, associated with
mesoporous distribution between 2.2 and 7.0 nm, quantifying

Table 1: Porosity data and gas sorption performance of SugPOP-1-3.

Polymers Sger (M? g71)2 Vrotal (cm® g™")P
SugPOP-1 1220 1.35
SugPOP-2 970 0.85
SugPOP-3 1060 0.97
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Figure 2: (a) Nitrogen adsorption—desorption isotherms of SugPOP-
1-3 measured at 77 K. For clarity, the isotherms of SugPOP-1 and
SugPOP-2 were shifted vertically by 600 and 300 cm3 g~', respective-
ly. (b) PSD profiles of SugPOP-1-3 calculated by NLDFT analysis at
77 K.

their micro/mesoporous features. The main porosity data of the
obtained polymers, including SSA, pore volume, and pore size,
are calculated based on the corresponding isotherms and listed
in Table 1.

Such HCPs with a high SSA and micro/mesopore distribution
inspired us to explore their gas uptake capacity. The CO,
adsorption isotherms of the three polymers at 1.0 bar and 273 K

Dpore (nm)° CO,, uptake (wt %)d
0.53, 1.48,2.4-6.0 14.4
0.53, 1.35-2.63 12.8
0.68, 1.30, 2.20-7.10 10.5

aSSA calculated from the nitrogen adsorption isotherm using the BET method in the relative pressure (p/pg) range from 0.01 to 0.10. PTotal pore
volume at p/py = 0.99. °Pore size calculated from the nitrogen adsorption isotherm using the NLDFT method. 9Data were obtained at 1.0 bar and

273 K.
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are shown in Figure S5 (Supporting Information File 1). The
polymer SugPOP-1 having a higher SSA and pore volume also
exhibits a higher CO, adsorption capacity (14.4 wt %) than
SugPOP-2 (12.8 wt %) and SugPOP-3 (10.5 wt %). Addition-
ally, the hydroxy-group-bearing SugPOP-1 can form hydrogen
bonds with carbon dioxide, which may increase the affinity to
carbon dioxide. Compared with the reported polymer Glc-3 [17]
(prepared using the same monomer as for SugPOP-1 and with a
similar method), the polymer SugPOP-1 also possesses a
higher CO, adsorption capacity due to its higher porosity.

Compared with a class of microporous HCPs obtained by a sim-
ilar method based on carbohydrates reported by Liu and Dai
[17], our obtained porous polymers not only exhibit micro/
mesoporous features, but can also be modified and functionali-
zed for further applications. The porous organic polymer
SugPOP-1 containing an aldehyde functionality can be used as
the supporting matrix to load AgNPs by treatment with Tollens’
reagent through a redox reaction (Scheme 2) [40]. After
SugPOP-1 was stirred into the freshly prepared Tollens’
reagent solution at 45 °C for 24 h in the dark, the obtained com-
posite was washed with water to remove soluble impurities and

Beilstein J. Org. Chem. 2017, 13, 1212-1221.

dried, resulting in a dark brown solid. The formation process of
a AgNPs/SugPOP-1 composite together with the related mor-
phology of the matrix and AgNPs were studied by TEM. As
shown in Figure 3a—d, with increased reaction time, the AgNPs
gradually grow and the particle size become apparently larger
from 2—-10 nm (8 h) to 5-20 nm (24 h). The SEM image of the
AgNPs/SugPOP-1 composite shows that many AgNPs are
loaded onto the surface of the matrix (Figure 3¢). The corre-
sponding energy-dispersive X-ray spectroscopy (EDX) tech-
nique indicates that AgNPs are successfully loaded in
SugPOP-1 (Figure 3f). The weight percentage of carbon,
oxygen, and silver is 85.33%, 7.21% and 7.46%, respectively.
The atomic percentage of carbon, oxygen and silver is 93.18%,
5.91% and 0.91%, respectively.

The as-synthesized AgNPs/SugPOP-1 composite was also
characterized by X-ray diffraction (XRD) with the results given
in Figure S6 (Supporting Information File 1). No crystal diffrac-
tion peaks were observed in the SugPOP-1, while the diffrac-
tion peaks for the AgNPs/SugPOP-1 composite appeared at 20
of 38.1°, 44.3°, 64.5°, and 77.4° corresponding to the character-
istic peaks of silver [41]. These broad diffraction peaks suggest

Tollens' reagent

% | =
S
(¢}
=
: T °
/\, NN ¥z
$
O K(\ K
~ A
A | SugPOP-1

S,

AgNPs

L5

q?
e
éﬁc

~00C

oW

AgNPs/SugPOP-1

Scheme 2: The preparation of AgNPs/SugPOP-1 composite by the in situ production of AgNPs.
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Figure 3: TEM images of the AgNPs/SugPOP-1 composite taken at
different reaction times: (a) 0 h, (b) 8 h; (c) 16 h; (d) 24 h. (e) SEM
image and (f) the corresponding EDX data of the AgNPs/SugPOP-1
composite obtained after reaction for 24 h.

the formation of small-sized AgNPs. The actual loading
capacity of Ag is 5.4 wt % as discerned by TGA under air atmo-
sphere. Meanwhile, the AgNPs/SugPOP-1 composite exhibits
about 2% mass loss at 310 °C and good thermal stability
(Figure S7 in Supporting Information File 1).

The nitrogen adsorption—desorption isotherm of the AgNPs/
SugPOP-1 composite at 77 K and the corresponding PSD
profile are shown in Figure 4. The SSA value (BET) of the
AgNPs/SugPOP-1 composite (960 m? g~!) is obviously
reduced (1220 m? g~! before AgNP loading). However, its
nitrogen adsorption—desorption isotherm and PSD are similar to
SugPOP-1. The as-synthesized AgNPs/SugPOP-1 composite
also exhibits microporous and mesoporous features in which the
micropore sizes are between 0.98—1.81 nm and mesopore sizes
are in the range of 2—15 nm (based on NLDFT analysis).

The AgNPs loaded on the polymer demonstrate good catalytic
activity, which takes on important implications for the conver-
sion of nitro compound precursors or intermediates to the corre-
sponding amino or amine compounds in the preparation of
pharmaceuticals and agrochemicals [42,43]. 4-Nitrophenol
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Figure 4: Nitrogen sorption isotherm at 77 K and the pore size distri-
bution profile calculated by NLDFT analysis (inset) of the AgNPs/
SugPOP-1 composite.

(4-NP) can cause water pollution, which has aroused wide-
spread concern, while its reduced product, 4-aminophenol
(4-AP), is an industrial intermediate for uses such as anticorro-
sion lubricants and analgesic and antipyretic drugs [44]. The
catalytic activity of the AgNPs/SugPOP-1 composite was
tested by the reduction of 4-NP at room temperature with an
excess amount of NaBHy as the reducing reagent [45]. In
our study, the process of the catalytic reaction was readily fol-
lowed as the color of the solution turned from yellow to color-
less. Both the reactants and products are easily monitored by
UV-vis spectroscopy without any formation of appreciable by-
product.

Figure 5a shows the performance of the reduction of 4-NP in
the presence of the AgNPs/SugPOP-1 composite as catalyst at
different times. As can been seen, the absorption peak at
400 nm gradually decreased, accompanied by emergence of a
new peak at approximately 300 nm. Compared to the absorp-
tion peak at 317 nm of observed for the neutral 4-NP solution,
the absorption at 400 nm is attributed to the 4-nitrophenolate
ion. The latter is generated through deprotonation of 4-NP
(pK, = 7.15) upon the addition of NaBH4 [41]. As can be seen
from Figure 5a, the absorption peak of the substrate gradually
decreased with reaction time due to its conversion. At the same
time, the product formation of 4-AP is evident from the new
UV-vis band at about 300 nm [46]. There is no byproduct
formed during the reaction as the spectra for different reaction
times intersect at 283 and 316 nm [47]. After 870 s, the absorp-
tion peak at 400 nm disappeared, implying full conversion of
4-NP to 4-AP.

The reaction kinetics of the reduction of 4-NP is considered to

be pseudo-first order [48] and can be expressed by the
following equation:

1217



—0s
58s
1165

174s
232s
290s
348s
408s
464s
5228
5808
——638s
——696s
754s

Absorbance

8128
870s

250 300 350 400 450 500 550 600
Wavelength (nm)

1

k=0.307 min "~

2k

In(c/c,)

Time (min)

Figure 5: Catalytic performance of the AgNPs/SugPOP-1 composite.
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where 7 is the consumption rate of 4-NP at time ¢, ¢, is the con-
centration of 4-NP at time #, and £ is the first-order rate con-
stant.

Figure 5b shows the ¢y/cq and In(cy/cq) changes with time for the
reduction of 4-NP in the presence of NaBH,4 with the AgNPs/
SugPOP-1 composite as catalyst. By the Beer—Lambert law we
find that ¢y/c( is proportional to A¢/Ay. Ay/Ay was calculated via
the corresponding absorbance ratio of the absorption at 400 nm.
There is obviously a linear relationship consistent with the
pseudo-first-order kinetics between In(c/cg) and reaction time
(#). The rate constant k of the reaction in the presences of
the AgNPs/SugPOP-1 composite was 0.307 min~!
(5.14 x 1073 s71) derived from the slope of the curve in
Figure 5b. The active factor k, (k, = k/m, m is the total mass of
catalyst) is considered as a suitable way to judge the activity of
the catalyst [49]. As reported, the k, of AgNPs/C composite is
1.69 s7! g71 [50], the Fe304@Si0,—Ag nanocomposite is
7.76 571 g1 [51], and the Ag/N-RGO is 7.4 s7! g1 [52]. These
are all lower than the value of 51.4 s™! g~ found for the
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AgNPs/SugPOP-1 composite prepared in this work. The high
catalytic activity is due to the in situ synthesis of AgNPs well-
dispersed in the porous polymer support with high SSA, pro-
ducing more potential catalytic sites, which can promote the
interaction between AgNPs and 4-NP to achieve a good catalyt-
ic effect.

The catalytic properties of composite materials are closely
related to the content and particle size of the AgNPs. If the
loading reaction time is short, the content of AgNPs incorporat-
ed into the porous polymer is too low and the AgNPs/SugPOP-
1 composite does not exhibit good catalytic activity. Compos-
ites with different metal particle sizes will exhibit different cata-
lytic activity. Owing to the smaller particles, possessing more
surface atoms available for catalysis, the related catalytic activi-
ty of the composite tends to decrease with the increase in the
size of the AgNPs. Therefore, the reaction time should not be
too long. We found that the optimized loading reaction time
was about 24 h.

In the presence of excess BH, ™, the catalytic reduction reaction
mediated by the AgNPs/SugPOP-1 composite could be
assumed to follow the monomolecular mechanism [53]. During
the reduction process, the interaction between 4-NP and catalyt-
ic sites of the AgNPs/SugPOP-1 composite tend to form
adsorbed species and the adsorption behavior to the formation
of adsorbed species is described as the Langmuir-Freundlich
isotherm [47]. The polymer matrix has higher adsorption
capacity for 4-NP due to m—n stacking interactions, which can
encourage 4-NP molecules to enter the polymer channel to form
the adsorbed species [54]. At the same time, the hydrogen atom
is introduced onto the surface of the AgNPs to form Ag—H via
BH, ™ reacting with H,O. Then, the adsorbed species contain-
ing 4-NP react with Ag—H to produce 4-AP [55]. The AgNPs
play the role of electron-relaying matter to overcome the kinetic
barrier in order to transfer electrons from BH4™ to 4-NP [56]. In
particular, the porous polymers encapsulating AgNPs is thought
to accelerate the formation of Ag—H and its reaction with 4-NP.
The pore structure of the polymer provides a favorable channel
for the entry of 4-NP and the dissociation of 4-AP. The AgNPs
embedded in the porous polymer remain active and the activity
remains unaltered during the whole process [18].

Conclusion

The preparation of hypercross-linked polymers based on per-
benzylated monosugars by Friedel-Crafts reaction using FDA
as an external cross-linker is reported. Considering that the fea-
tures of the polyhydroxylated structures derived from the mono-
saccharides have an effect on the SSA and PSD of the prepared
porous polymers, porosity tuning could be achieved with three
monomers with different molecular structures. The obtained
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polymers exhibit mainly microporous and mesoporous features
with an SSA (BET) of about 1000 m2 g~!. As for one of the ob-
tained porous polymers containing a hemiacetal glucose motif
(SugPOP-1), AgNPs were smoothly embedded into the materi-
al by chemical reduction of freshly prepared Tollens’ reagent,
allowing in situ formation of AgNPs in the polymer matrix.
With a high porosity and micro-/mesoporous features, the
AgNP-loaded polymer composite, AgNPs/SugPOP-1, exhib-
ited good catalytic activity in the reduction of 4-NP at room
temperature with a high activity factor (51.4 s™! g™!). This
reflects the high catalytic activity of AgNPs/SugPOP-1 with
micro-/mesoporous features and implies important applications
of nitro compound precursors for the preparation of pharmaceu-

ticals and agrochemicals.

Experimental

Synthesis of perbenzyl phenyl 3-D-gluco-
pyranoside (Sug-2)

Sodium hydride (60%, 0.43 g, 10.85 mmol) was added portion-
wise to a solution of phenyl B-D-glucopyranoside (93 mg,
0.36 mmol) in DMF (5.0 mL) over 40 min under nitrogen atmo-
sphere in an ice bath. After being stirred at room temperature,
benzyl bromide (0.4 mL, 3.37 mmol) was added to the mixture.
The resulting mixture was stirred for 4 h at room temperature
and then ice water was added to quench the reaction. The
suspension was extracted with ethyl acetate (2 x 50 mL). The
combined organic layer was washed with water (3 x 50 mL)
and dried with anhydrous sodium sulfate. After removing the
solvent under reduced pressure, the residue was chro-
matographed on silica gel to give Sug-2 as a white solid (149
mg, 67%). 'H NMR (400 MHz, CDCl3) & (ppm) 7.31 (s, 20H),
7.20 (s, 2H), 7.13-6.97 (m, 3H), 5.12-4.90 (m, 3H), 4.84 (t, J=
11.1 Hz, 3H), 4.65-4.48 (m, 3H), 3.73 (m, 6H); 13C NMR (100
MHz, CDCl3) & (ppm) 157.4, 138.6, 138.3, 138.2, 138.1, 129.6,
128.5, 128.4, 128.3, 128.0, 127.9, 127.8, 127.7, 127.6, 122.7,
116.9, 101.7, 84.7, 82.1, 77.8, 75.8, 75.2, 75.1, 73.5, 68.9; MS
(MALDI-TOF) m/z: [M + Na] calcd for C49H4¢Og, 639.3;
found: 639.4.

Synthesis of perbenzyl methyl a-L-rhamno-
pyranoside (Sug-3)

Sodium hydride (160 mg, 60%, 6.72 mmol) was added to a
solution of methyl a-L-rhamnopyranoside (200 mg, 1.12 mmol)
in DMF (5.0 mL) in an ice bath over 40 min under a nitrogen
atmosphere. Then benzyl bromide (470 pL, 3.93 mmol) was
added and the reaction mixture was stirred at room temperature
for 4 h. After completion (TLC and carbonation), the organic
layer was extracted twice with ethyl acetate (50 mL). The
combined organic layer was washed three times with water and
dried with anhydrous sodium sulfate. The solvent was removed

under reduced pressure and the residue was purified by silica
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gel column chromatography to give a colorless solid foam
(286 mg, 57%). 'H NMR (400 MHz, CDCl3) & (ppm)
7.38-7.19 (m, 15H), 4.92 (d, J=10.9 Hz, 1H), 4.71 (q, J = 12.7
Hz, 2H), 4.66—4.52 (m, 4H), 3.87-3.70 (m, 2H), 3.61 (dd, J =
18.9, 9.9 Hz, 2H), 3.26 (s, 3H), 1.38-1.26 (m, 3H); 13C NMR
(100 MHz, CDCl3) 8 (ppm) 138.8, 138.7, 138.5, 128.5, 128.1,
128.0, 127.8, 127.7, 127.6, 99.2, 80.6, 80.3, 75.5, 74.9, 72.9,
72.2, 68.0, 54.7, 18.1; MS (MALDI-TOF) m/z: [M + Na] calcd
for CogH3,05, 471.2; found: 471.2.

Synthesis of polymers SugPOP-1-3

The representative synthesis procedure was as follows
(SugPOP-1). Anhydrous FeCl3 (180 mg, 1.11 mmol) was
added to a stirred solution of Sug-1 (100 mg, 0.18 mmol) and
FDA (99 pL, 1.11 mmol) in 10 mL dry DCE under a nitrogen
atmosphere. After the solution was well mixed, the resulting
mixture was heated to 45 °C for 5 h and 85 °C for 19 h. The ob-
tained precipitate was washed three times with methanol and
THEF, respectively. The residue was further purified by Soxhlet
extraction with methanol and THF for 24 h each, then dried
under reduced pressure at 50 °C for 24 h to give Sug-1 as a
brown powder (96 mg, 89%).

Following the same procedure as described for SugPOP-1,
SugPOP-2, and SugPOP-3 were prepared from Sug-2 and
Sug-3, respectively, with yields of about 90%.

Preparation of AQNPs/SugPOP-1 composite
SugPOP-1 (101 mg) was added to a freshly prepared Tollens’
reagent solution (15 mL). The reaction mixture was stirred at
45 °C in the dark for 24 h. The obtained product was filtered
and washed with water and ethanol and then dried under
reduced pressure at 45 °C for 24 h to give AgNPs/SugPOP-1
composite as a brown solid (100 mg).

Catalytic reduction of 4-nitrophenol (4-NP) by
AgNPs/SugPOP-1 composite

To investigate the catalytic performance of the AgNPs/
SugPOP-1 composite, the reduction of 4-NP was performed in
a quartz cuvette (1 cm optical path, 4 mL volume) in the pres-
ence of sodium borohydride (NaBH4). 4-NP (1.44 mM,
0.10 mL) and a freshly prepared aqueous NaBH, solution
(6.87 mM, 2.80 mL) were added in the quartz cuvette. Then, the
AgNPs/SugPOP-1 composite (1.0 mg/mL, 0.10 mL) suspended
in deionized water was subsequently added to the above solu-
tion and the reaction progress monitored by UV—vis spectrosco-
py. The absorption spectra were measured at room temperature
by recording absorbance from 244-600 nm within defined time
intervals. The reduction reaction was conducted within minutes
after the solution was prepared to minimize decomposition of
NaBHy.
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We successfully employed bisphenol A and several different formyl-containing monomers as useful building blocks to construct a

series of hydroxy-group-containing porous organic polymers in a sealed tube at high temperature. Fourier transform infrared and
solid-state 13C CP/MAS NMR spectroscopy are utilized to characterize the possible structure of the obtained polymers. The highest
Brunauer—Emmet—Teller specific surface area of the phenolic-resin porous organic polymers (PPOPs) is estimated to be
920 m? g~L. The PPOPs exhibit a highest carbon dioxide uptake (up to 15.0 wt % (273 K) and 8.8 wt % (298 K) at 1.0 bar), and
possess moderate hydrogen storage capacities ranging from 1.28 to 1.04 wt % (77 K) at 1.0 bar. Moreover, the highest uptake of
methane for the PPOPs is measured as 4.3 wt % (273 K) at 1.0 bar.

Introduction

Porous organic polymers standing out from kinds of porous ma-
terials such as zeolite, activated carbon, metal-organic frame-
works [1,2], and covalent organic frameworks [3,4], with their
prominent potential as heterogeneous catalysts [5-7], supports
for catalysts [8,9], gas permeable membranes [10,11], and gas
storage materials [12-14] have attracted much attentions from

researchers all over the world as reviewed by Matyjaszewski

[15]. During the past years, a large amount of porous organic
polymers (POPs) have been reported via Sonogashira—Hagi-
hara coupling reaction [16], Suzuki—Miyaura chemistry [17],
Yamato reaction [18], and self condensation of aromatic
nitriles[19]. Although these methods can be used to construct
POPs with high specific surface area values, these reactions are

usually catalyzed by heavy and/or transition-metal catalysts,
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which are usually expensive and environmentally harmful.
Furthermore, the majority of reagents used for the preparation
of the aforementioned POPs are synthesized through multiple
steps at high cost. New reactions using inexpensive and conve-
nient raw materials with non-metallic catalysts, even no cata-
lysts might show great advantages for construction of porous
organic polymers. Our group has made much contribution to the
exploitation of such reaction methodologies without any
metallic catalysts [20-22].

We found that Bakelite-type chemistry is a reaction that can be
catalyzed without any metal-containing catalysts and it is
selected as an appropriate approach, spontaneously. Phenolic
resins can be produced commercially using bases (ammonia and
sodium hydroxide) or acids (hydrochloric acid and sulfuric
acid) as catalysts via connecting phenolic molecules with form-
aldehyde or other aromatic aldehydes to form cross-linking
structures through the simple Bakelite-type chemistry to obtain
great number of polymers with different functionalities.
Phloroglucinol has been utilized as a monomer by Kanatzidis
and Katsoulidis [23,24] to produce a series of porous polymers.
In this contribution, bisphenol A (BPA) was employed as a
novel polyphenol monomer instead of phloroglucinol. BPA is a
commercially available industrial raw material, which is much
cheaper than phloroglucinol. In addition, BPA might be stored
more easily, compared with phloroglucinol that has a relatively
high reactivity and can be oxidized in an ambient environment.
Based on the aforementioned, BPA, to the best of our know-
ledge, may be a suitable candidate prior to other phenolic com-

Beilstein J. Org. Chem. 2017, 13, 2131-2137.

pounds such as phloroglucinol [23] and 1,5-dihydroxynaphtha-
lene [24], which have been used for the preparation of porous

materials.

Recently, Kanatzidis and Katsoulidis have reported a series of
Bakelite-type porous organic polymers prepared in two steps.
The mixture of reagents and solvent was pretreated at 70 °C and
kept for 1 h, followed by a high temperature treatment at 220 °C
for 96 h [25]. This approach is involved with a longer reaction
time and a higher reaction temperature, which might cause a
tremendous energy waste. Herein we provide an effective one-
step approach to construct phenolic-resin porous organic poly-
mers (PPOPs) from the reactions between BPA and different
aldehydes using p-toluenesulfonic acid (TSA) as catalyst
that has been proved to be a non-metallic acidic catalyst
with high efficiency [26,27]. The materials exhibit
Brunauer—-Emmet—Teller (BET) specific surface area values
ranging from 720 to 920 m2 g1, and the highest carbon dioxide
uptake is up to 15.0 wt % at 273 K and 1.0 bar. Meanwhile, the
hydrogen and methane capacities are also investigated. Consid-
ering the gas adsorption properties, PPOPs may be a promising
candidate for gas storage and separation materials.

Results and Discussion

Three multi-formyl compounds, i.e., two dialdehydes M1 and
M2 [22] and one trialdehyde M3 [22] were employed to react
with bisphenol A to produce phenolic-resin porous polymers
PPOP-1-PPOP-3 (Scheme 1). It is well-known that the ortho-
and para-position of phenol are activated with negative charge

OH
O CHO TSA/o-dichlorobenzene
+ 180 °C
L o
OH

M1

M2 M3

Scheme 1: Schematic representation of the possible structures of bisphenol-A-based porous organic polymers.
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for the electrophilic aromatic substitution in consequence of the
electron-donating effect of the hydroxy group. The positively
charged carbonyl group of the aldehyde could be attacked by
the electron-rich phenyl ring, thus a carbonyl group can connect
two phenol molecules by elimination of a water molecule. As a
result, a cross-linked hydroxy-group-containing polymer is
constructed ultimately. BPA and multi-formyl-containing com-
pounds are suspended in o-dichlorobenzene, and TSA, as a
catalyst, was then added into reaction system. After the reac-
tion in a sealed tube at 180 °C for 72 h, three polymers
PPOP-1-PPOP-3 were obtained. The possible chemical struc-
tures of the obtained PPOPs are shown in the Scheme 1. All of
the polymers are stable and insoluble in common organic sol-
vents such as dichloromethane, ethanol, and acetone. Further-
more, the as-prepared materials exhibit a high thermal stability
according to the results of TGA (Supporting Information File 1,
Figure S1). There is a weight loss of about 5% up to 150 °C,
which is attributed to the evaporation of trapped solvent, car-
bon dioxide, or adsorbed water that could not be easily re-
moved from the microporous structure of the polymers during
the after-synthesis treatment and drying process. There is not
any obvious thermal degradation for PPOPs until when heated
up to 300 °C.

According to the TGA result of BPA (Supporting Information
File 1, Figure S2), the thermal degradation of BPA begins
around 180 °C and the evolved products are mainly phenol with
one or two benzene rings from investigations of thermal degra-
dation of bisphenol A polycarbonate [28]. Investigation of the
changes from methyl groups and aldehyde groups between
monomers and polymers is carried out by means of FTIR spec-
troscopy. The FTIR spectra displayed (Figure 1 and Supporting
Information File 1, Figure S3) that signal at 2970 cm™! arised
from the stretching vibration of methyl groups shows quantita-
tive changes between BPA and PPOPs, suggesting the degrada-
tion of BPA in o-dichlorobenzene and it is reported that the
cleavage of methylene can be catalyzed under acidic or basic
conditions [29,30]. p-Toluenesulfonic acid acted as an acid
catalyst in this contribution and will promote the cleavage of
BPA at high temperature. The broad absorption bands located at
ca. 3500 cm™ is attributed to the characteristic stretching vibra-
tion of hydroxy groups, which is consistent with the literature
data [25]. The absorption peak at 1705 cm™! assigned to the
stretching vibration of carbonyl groups is significantly reduced
in PPOPs, indicating that most of the aldehyde compounds are

consumed.

Solid-state 13C CP/MAS NMR spectroscopy was employed to
characterize the structure of the polymers PPOPs. As shown in
Figure 2 and Figure S4 (Supporting Information File 1), it can
be found that the 13C chemical shifts of these polymers are sim-

Beilstein J. Org. Chem. 2017, 13, 2131-2137.
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Figure 1: FTIR spectra of terephthalic aldehyde (M1), BPA, and
PPOP-1.

ilar. It is reasonable considering the structural features of these
polymers. Typically, taking the spectrum of PPOP-1 for exam-
ple, two major resonances at 127 and 140 ppm are assigned to
the unsubstituted phenyl carbon atoms and the substituted aro-
matic carbon atoms, respectively. The resonance at 46 ppm can
be ascribed to the tertiary carbon atoms that act as the linkage of
two different benzene rings originated from the BPA and alde-
hyde monomers, respectively. The shoulder peak at 116 ppm is
related to the reacted ortho carbons of the hydroxy groups. The
signal at 153 ppm comes from the phenoxy carbons [25]. Unex-
pectedly, no obvious peak at 20 ppm ascribed to the carbons of
methyl groups from BPA molecules can be found in the spec-
trum of PPOP-1, which is in consistence with the results of
FT-IR spectra, indicating the degradation of BPA catalyzed by
TSA at high temperature [29,30].

127(e)

250 200 150 100 50 0 -50
ppm

Figure 2: Solid-state '3C CP/MAS NMR spectrum of PPOP-1
recorded at the MAS rate of 5 kHz.
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Nitrogen sorption measurements were employed to evaluate the
porosity of the obtained polymers. The nitrogen adsorption—de-
sorption isotherms of PPOP-1-PPOP-3 are similar to each
other (Figure 3a). All of the isotherms show a high gas uptake
at relative pressure (P/Pg) less than 0.02, indicating that the ma-
terials are microporous. Meanwhile, a nitrogen condensation
step could be found for all the polymers at P/P above 0.90,
which is an indication of characteristic macroporosity that
might correspond to interparticular voids associated with the
pack of small particles of about 4 um adhered to the external
surface of spherical particles (Supporting Information File 1,
Figure S5). The BET specific surface area values are calculated
in the relative pressure range P/Py = 0.01-0.10 for the micro-
porous materials [31] for PPOPs (Supporting Information
File 1, Figure S6). PPOP-2 possesses the highest BET surface
area value calculated as 920 m? g~!. According to the obtained
values summarized in Table 1, both total pore volume
(0.36 cm? g!) determined at P/Py = 0.95 and micropore
volume (0.18 cm? g 1) calculated using the z-plot method of
PPOP-1 are smaller than those of PPOP-2 and PPOP-3. The
difference between the pore volumes and BET specific surface
area results of PPOPs may be related to the monomer strut
length. With the shortest linker of M1, PPOP-1 possesses the
lowest pore volume and BET specific surface area. As for
PPOP-3, using M3 as a monomer may induce a depression of
polymerization degree owing to its stereo-hindrance effect,
which might be responsible for its lower BET surface area value
(880 m2 g~ 1) and micropore volume (0.20 cm3 g 1) than that of
PPOP-2 using M2 as the monomer. However, it is noteworthy
that when the reaction is conducted between M1 and phenol
selected as the substitution of BPA, a new material is obtained
with a BET surface area value calculated as 470 m2 g~! (Sup-
porting Information File 1, Figure S7), which is a indication of
the fact that pyrolysis of BPA might result in some new porous
structure in situ, leading to an increase in BET surface area
value. The PSD profiles calculated using original DFT are
shown in Figure 3b. All of the materials exhibit a similar PSD
profile with a maximum peak at 0.59 nm and several smaller
peaks between 0.6 and 2.0 nm, indicating that PPOPs are micro-
porous. The pore size for PPOPs and the total pore volume for
PPOP-2 and PPOP-3 do not show any obvious difference with

Table 1: Porosity properties of PPOP-1-PPOP-3.

polymer Sget (M2 g7")3
PPOP-1 720
PPOP-2 920
PPOP-3 880
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increasing monomer strut length, which may be attributed to the
random penetration and space-filling within the fragments of

the extended repeating units [16].
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Figure 3: (a) Nitrogen adsorption—desorption isotherms of PPOP-1
(downtriangle), PPOP-2 (circle), and PPOP-3 (square) at 77 K. The
isotherms have been offset by 100 cm3 g~! for PPOP-2 and

200 cm?3 g~ for PPOP-3 for the purpose of clarity, respectively.

(b) PSD profiles calculated by the original DFT method. The PSD
profiles of PPOP-2 and PPOP-3 have been offset by 3 and 6 units for
the purpose of clarity, respectively.

The gas uptake capacities for carbon dioxide, hydrogen, and
methane of the polymers are investigated by gravimetric
methods and listed in Table 2. The hydrogen storage capacities
for PPOPs vary between 1.08 and 1.28 wt % at 77 K and 1.0 bar
(Figure 4a) and PPOP-3 possesses the highest hydrogen uptake,

Viotal (Cm3 9_1)b Viicro (Cm3 9_1)0

0.36 0.18
0.41 0.21
0.41 0.20

aSurface area calculated from the nitrogen adsorption isotherm using the BET method in the relative pressure (P/Pg) range from 0.01 to 0.10.
bTotal pore volume at P/Pg = 0.95. “Micropore volume calculated from nitrogen adsorption isotherm using the t-plot method.
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Table 2: Gas adsorption uptake of PPOP-1-PPOP-3.

Beilstein J. Org. Chem. 2017, 13, 2131-2137.

polymer H, uptake (wt %)@ CHj uptake (wt %)P CO,, uptake (wt %)°

273 K 298 K
PPOP-1 1.14 4.01 13.2 9.1
PPOP-2 1.08 4.29 14.6 8.2
PPOP-3 1.28 3.24 15.0 8.8

aHydrogen gravimetric uptake capacities at 77 K measured at hydrogen equilibrium pressure of 1.0 bar. PMethane gravimetric uptake capacities at
273 K measured at a pressure at 1.0 bar. °Carbon dioxide gravimetric uptake capacities at 1.0 bar measured at 273 and 298 K, respectively.

which may be on account of the fact that there is much more
ultramicropores in PPOP-3 that are appropriate for hydrogen
rather than nitrogen [32]. The methane gravimetric uptake for
the materials was measured at 273 K and 1.0 bar. PPOPs exhib-
it a methane storage capacity varying between 4.29 and
3.24 wt % (Figure 4d), which is higher than that of the reported
mesoporous polymeric organic frameworks (mesoPOF)s [23].
PPOP-2 with the largest BET surface area and micropore
volume shows the highest methane uptake. However, PPOP-3
possesses a smaller methane storage capacity than PPOP-1 that
is known for its lowest BET surface area and total pore volume
and micropore volume, which may arise from the fact that inter-
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actions between the accessible surface area, micropore volume,
and pore topology contribute predominantly to methane storage
capacity in porous material [33,34]. The carbon dioxide adsorp-
tion isotherms for PPOPs are collected at 273 and 298 K, re-
spectively (Figure 4b,c). PPOP-3 possesses a largest carbon
dioxide adsorption capacity up to 15.0 wt % (273 K) and 8.8 wt
% (298 K) at 1.0 bar, which is larger than that of the reported
work [35]. As reported that apparent surface area is not the only
crucial factor that influences the amount of adsorbed CO»,
whereas the uptake capacity is more depended on porosity
characteristic such as pore size in the networks [36,37].
Specially, the smallest pores contribute most to the CO, uptake
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Figure 4: Gravimetric gas adsorption isotherms for PPOP-1 (downtriangle), PPOP-2 (circle), and PPOP-3 (square) (a) hydrogen at 77 K,
(b) carbon dioxide at 273 K, (c) carbon dioxide at 298 K, and (d) methane at 273 K.
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at low pressure [36]. Hence, PPOP-3 with a smaller pore
size located at 0.68 nm that is different from the other two
polymers in Figure 3b is probably the best candidate for
CO; capture. The high carbon dioxide uptake capacity for
PPOPs may correspond to the large amount of the
hydroxy groups in the PPOPs through the formation of
0=C=0(5")...H(8")-0 hydrogen bonds that are enhanced by
weak supramolecular interactions with C—H atoms on the aro-
matic rings of the polymers [38]. The isosteric heat of adsorp-
tion for carbon dioxide is calculated from adsorption data
collected at 273 and 298 K using a virial method and the Clau-
sius—Clapeyron equation [39] (Supporting Information File 1,
Figure S8). The typical heats of absorption Qg for the PPOPs
are measured in the range of about 21.6—-24.3 kJ mol™!
(Figure 5), which are in accordance with the report data [40],
indicating that the adsorption of CO, is mainly physical adsorp-
tion. Unusually, PPOP-2 and PPOP-3 show an increase in the
Qg value with increased CO; loading, which is likely induced
by synergic interactions between carbon dioxide molecules
[41,42].

40

35

30
PPOP-2

25 PPOP-3
20 PPOP-1

15 |

0.0005 0.0010 0.0015 0.0020 0.0025 0.0030

5
0.0000 0.0035

Isosteric heat of CO, adsorption (kJ mol'1)

Uptake (mol g'1)

Figure 5: Variation of isosteric heat of adsorption with amount of
adsorbed CO, in PPOP-1, PPOP-2, and PPOP-3.

Conclusion

In conclusion, we have developed a novel approach to porous
organic polymers from BPA using the traditional Bakelite-type
chemistry. The prepared polymers possess high specific surface
area values up to 920 m? g~!, with a high carbon dioxide uptake
of up to 15.0 wt % at 273 K and 1.0 bar. The materials also ex-
hibit hydrogen uptake properties measured as 1.28 wt % (77 K)
at 1.0 bar while the highest methane storage capacity is
4.29 wt % (273 K) at 1.0 bar. These gas adsorption properties
and high BET specific surface area may make the PPOPs
appropriate candidates for materials for gas adsorption and
storage.

Beilstein J. Org. Chem. 2017, 13, 2131-2137.

Experimental

Preparation of PPOPs

A mixture of BPA (50.0 mg, 0.22 mmol), terephthalaldehyde
(59.0 mg, 0.44 mmol), and p-toluenesulfonic acid (0.5 g) was
suspended in o-dichlorobenzene (8.0 mL) in a glass tube. After
ultrasonication for 0.5 h, the mixture was degassed by at least
three freeze—pump—thaw cycles. The tube was frozen at 77 K
(liquid nitrogen bath) and evacuated to high vacuum and flame-
sealed. After 180 °C for 72 h, the reaction mixture gave a solid
product (denoted as PPOP-1). After cooled to room tempera-
ture, the solid was filtrated and washed with acetone, dichloro-
methane, and ethanol, subsequently. Further purification of the
polymer was carried out by Soxhlet extraction with water,
ethanol, and dichloromethane for 24 h to give the final product
with a yield of 87.5%, which was dried in vacuo at 120 °C for
more than 12 h.

Similar to the preparation of PPOP-1, 4,4'-biphenyldicarbox-
aldehyde (M2) and 1,3,5-tri(4-formylphenyl)benzene (M3)
were used to afford PPOP-2 and PPOP-3, with yield of 85%
and 80%, respectively.

Supporting Information

Supporting Information File 1

Experimental, instruments section, SEM images, data of
TGA, FTIR and BET surface area, virial analysis of the
adsorption data for CO, and NMR spectra.
[http://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-13-211-S1.pdf]
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