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Abstract

An atom-economic one-step chain-growth coordination homopolymerization providing
high yields of functionalized hyper-cross-linked polyacetylenes with a permanent
micro/mesoporous texture and a specific surface area of up to 1062 m?/g is reported. Substituted
1,3-diethynylbenzenes used as monomers in this synthesis simultaneously provide both
functionalization and hyper-cross-linking of the resulting products. The homopolymerization is
highly compatible with the heteroatom groups of the monomers and allows the preparation of
well-defined porous networks with a wide spectrum of univalent groups
(-F, -Cl, -Br, -NO», -COOCH3, -CH>OH, -COOH) present in the networks in a high content of
7.87 mmol/g. The physisorption activity of the prepared networks is significantly affected by
the character of the functional groups. Functional groups generally increase the capacity of

reversible CO; capture. Networks with oxygen-containing groups show high and potentially
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application-interesting capacities of cyclic reversible capture of water vapour from the air
(capacity up to 314 mg/g, at a relative humidity of 90 %). Halogenated networks, on the other
hand, are highly active in the reversible capture of benzene vapour (capacity up to 971 mg/g at

room temperature).

1. Introduction

Polyacetylene [-HC=CH-], and its mono- and disubstituted derivatives, [-HC=CR-], and
[-'RC=CR2-],,, are probably the first described well-defined n-conjugated polymers.[1] The
n-conjugated nature of these polymers is due to the alternation of single and double bonds
between the carbon atoms of the main chains. Thanks to this, conjugated chains of
polyacetylenes can easily mediate or support the transport and transformation of energy or
charges. As a result, polyacetylenes attract interest for their potential applications in electronics,
optics and optoelectronics.[2-8] At the same time, conjugated polyacetylene chains are
relatively rigid, allowing substituted polyacetylenes to adopt various regular conformations.[5]
This enabled, for example, the formation of liquid crystalline polyacetylenes, providing that the
aromatic/aliphatic groups of a proper length were selected as substituents of these
polymers.[9-11] If polyacetylenes carry enantiomerically pure chiral substituents their chains
can be helically twisted in a one-handed direction and polyacetylenes with so-called helical
chirality can be achieved.[5,12—-14] The rigidity of polyacetylenes may hinder their dense
packing in the solid phase. In particular, the morphology of disubstituted polyacetylenes often
includes various microvoids, which are interesting from the point of view of transport or capture
of gases, vapours, and liquids in these polymers. Optimally casted membranes prepared from
linear disubstituted polyacetylenes, (e.g. from poly[1-(trimethylsilyl)propyne], ref. [15]) were
reported to exhibit excellent performance in the separation of O2/N, ethanol/water and other
mixtures.[16,17] Kwak et al.[18] showed that aromatic disubstituted polyacetylenes,
poly[1-phenyl-2-(4-trimethylsilyl)phenylacetylene] and poly(1,2-diphenylacetylene),
exhibited the properties of so-called Polymers of Intrinsic Microporsity (PIMs).[19,20] The
Brunauer-Emmett-Teller specific surface area (Sger) from 341 to 635 m*/g was reported for
these covalently very simple and readily accessible linear and mostly soluble
polyacetylenes.[18] Polyacetylene PIMs were applied in the rapid determination of the
viscosity of various oils based on monitoring the rate of change in the luminescence of these
PIMs due to penetrating liquids.[21]

Substituted polyacetylenes are prepared by transition metal-catalysed chain-growth

coordination polymerization of acetylenes, HC=CR and 'RC=CR?. The application potential of



this polymerization is quite wide and diverse [2—4,22]: several hundred monosubstituted and
disubstituted acetylenes have been successfully polymerized so far, including monomers with
very bulky substituents [23] and monomers with substituents containing heteroatom groups of
various polarity and reactivity.[24] Regarding the product architecture, the research was mainly
focused on the preparation of linear (often well soluble) polyacetylenes. In contract,
significantly lower attention was paid to polyacetylenes with a branched or cross-linked
architecture. Several articles described chemically or thermally induced postpolymerization
cross-linking of properly substituted linear polyacetylenes.[11,25-29] For example, Goto et al.
cross-linked benzoxazine-substituted polyacetylenes into highly stable resins in which the
polyacetylene chains were preserved.[25] Some authors dealt with chain-growth
copolymerizations of mono- and diethynylated comonomers aimed at the preparation of
hyperbranched or slightly cross-linked polyacetylenes suitable for further covalent modification
or for the construction of membranes or nanoparticles.[2,30-33] Dong and Ye reported a
comprehensive study of the copolymerization of phenylacetylene with 1,3- and
1,4-diethynylbenzenes catalyzed by an in situ generated Pd-based catalyst. They succeeded in
preventing cross-linking (gelation) of the products and prepared (in moderate yields) a large
series of soluble hyperbranched poly(phenylacetylene)s differing in branching density.[33]
Unlike Dong and Ye, our group decided to use the chain-growth polymerization of acetylenes
to prepare densely cross-linked (hyper-cross-linked) insoluble polyacetylene networks. Di-, tri-,
and tetraethynylarenes [diethynylbenzenes, 1,3,5-triethynylbenzene and
tetrakis(4-ethynylphenyl)methane] were used as monomers and their homopolymerization was
optimized towards the high cross-linking density. Using polymerization catalysts based on Rh
complexes and optimized reaction conditions, the desired networks were achieved in high
(often quantitative) yields. The networks consisted of polyacetylene chains interconnected by
arene links.[34-36] Due to the hyper-cross-linking and the rigidity of polyacetylene main
chains, the segments of the networks were not tightly packed in the solid state, and the networks
exhibited permanent microporosity that was formed without the need for additional
postpolymerization cross-linking. The Sger values of the networks were mostly from 600 to
1400 m*/g which were typical Sger values reported for Hyper-cross-linked Porous Polymers
[37,38] prepared by other methods, e.g. by knitting polymerization of arenes [39] or by the
radical polymerization of vinyl monomers followed by postpolymerization cross-linking.[40]
For functional applications of polymers with permanent porosity, the functionalization
of these materials with heteroatom groups and segments serving, for example, as sorption or

catalytically active centres was usually necessary.[37,41] We showed that the functionalization



of polyacetylene networks aimed at the preparation of porous materials active in selective
sorption and catalysis can be performed both by prepolymerization [42-47] and
postpolymerization [48,49] methods. The prepolymerization introduction of heterocyclic
segments [42,43] and bivalent functional groups [44] was smooth, as these segments and groups
simultaneously contributed to the formation of the porous scaffold of the polyacetylene
networks. Prepolymerization functionalization with univalent heteroatom functional groups
mostly required a copolymerization approach consisting in copolymerization of functionalized
acetylene monomers with ethynylated cross-linkers.[46,47] This somewhat reduced the content
of functional groups in the prepared networks. Therefore, we have developed and report here a
homopolymerization method leading to porous hyper-cross-linked polyacetylene networks with
a high content of univalent functional groups. Substituted 1,3-diethynylbenzenes were used as
monomers, which simultaneously ensured functionalization and hyper-cross-linking of the
resulting networks. The homopolymerization was compatible with the heteroatom groups of
the monomers and allowed the preparation of well-defined porous poly(1,3-diethynylbenzene)s
with a wide spectrum of univalent functional groups. Covalent, morphological and textural
characterization of the prepared networks are also described and discussed in this article, as
well as the effect of functional groups on the activity of the networks in the sorption of gases

and vapours.



2. Experimental Section
2.1. Materials

(Acetylacetonato)(norbornadiene)rhodium(I), [Rh(nbd)acac], (>98%),
1,3-diethynylbenzene (M1), (>96%), 4,6-dimethyl-1,3-diethynylbenzene (M2), (>98%) (all
TCI Europe), 1,3-diethynyl-5-fluorobenzene (MS5), (98%), 1,3-diethynyl-5-chlorobenzene
(M6), (98%), 1,3-diethynyl-5-bromobenzene (M7), (98%), 1,3-diethynyl-5-nitrobenzene (M8),
(98%), 3,5-diethynylbenzoic acid methyl ester (M9), (98%), 3,5-diethynylbenzyl alcohol
(M10), (98%), 3,5-diethynylbenzoic acid (M11), (98%), (all Spectra Group Limited, Inc.),
methanol (=99 %) and benzene (anhydrous, 99.8%) (both from Merck) were used as obtained.
5-Methyl-1,3-diethynylbenzene (M3) was prepared according to ref. [50] using 1,3-dibromo-
5-methylbenzene and (trimethylsilyl)acetylene (both from TCI Europe) and 5-n-hexyl-1,3-
diethynylbenzene (M4) was prepared from 1,3-dibromo-5-n-hexyl-benzene and
(trimethylsilyl)acetylene (both from TCI Europe) according to ref. [51]. Dichloromethane
(99.95%, Lach-Ner) was distilled with P20Os.

2.2. Synthesis of the networks

All networks were synthesized by chain-growth coordination polymerization using
complex [Rh(nbd)acac] as a catalyst. As a polymerization solvent, we used distilled
dichloromethane (M1-M9) or methanol (M10-M11) regarding the solubility of the monomers.
The initial concentrations of the monomer and catalyst were 0.3 mol/dm® and 15 mmol/dm?,
respectively. The polymerizations were started by adding the catalyst solution to the solution
of the monomer. The polymerizations were performed under the Ar atmosphere in the sealed
thick-wall ampoules at 75°C. The precipitated polymer networks were separated, washed
thoroughly with dichloromethane or methanol, and dried under the vacuum for 2 days at room

temperature. The yield was determined gravimetrically.

2.3. Methods

The 13C CP/MAS NMR spectra were acquired with a Bruker Avance III 500 WB/US
NMR spectrometer (Bruker GmbH, Karlsruhe, Germany, 2013), at a field strength of 11.7 T
and a spinning frequency of 18 kHz. To obtain accurate results, a 90° ('H) pulse of 2.5 us and
a 64 kHz spin-locking field B1('H,'*C) (expressed in frequency units «1/2m = yB1) was applied
to the sample. The recycle delay was 6 s and the cross-polarization contact time was 3 ms.
During the acquisition of NMR signals, SPINAL64 decoupling at a frequency of 89.3 kHz was
applied to improve the resolution of measured spectra. Active cooling was used to

counterbalance the frictional heating of rotating samples.[52]



Scanning Electron Microscopy (SEM) measurements were performed using the Tescan
Lyra3 apparatus (TESCAN Brno, Ltd., Czech Republic) at an accelerating voltage of 10 kV.

Thermogravimetric analysis (TGA) was performed on the Setsys Evolution apparatus
(Seteram, Caluire-et-Cuire, France) under a nitrogen atmosphere using a heating rate of
10 °C/min in the temperature range from 40 to 800 °C.

The adsorption/desorption isotherms of nitrogen (at 77 K) and CO- (in the temperature
range from 273 to 313 K) on the polymer networks were obtained using the Triflex V4.02
apparatus (Micromeritics Instrument Corporation, Norcross, GA, USA). Before the sorption
measurements, a sample was degassed using a Micromeritics SmartVacPrep instrument. This
involved gradually heating the sample from room temperature to 353 K and keeping it there for
1 hour, then increasing the temperature to 383 K and degassing for 5 hours. After that, the tube
with the sample was filled with nitrogen and cooled back to room temperature. To start the
adsorption measurement, the tube with the sample was evacuated at vacuum level 1.3 Pa at
30 °C for 30 minutes. The specific surface area (Sger) was determined using nitrogen adsorption
data in the relative pressure range from 0.05 to 0.2 and the Brunauer-Emmett-Teller (BET)
method. The micropore volume Vi, was determined based on the amount of nitrogen trapped at
p/po = 0.1. The total pore volume Vit was determined from the amount of nitrogen trapped at
p/po = 0.97. Finally, to determine the pore size distribution the N2-DFT (Nitrogen
Adsorption-Desorption using Density Functional Theory) theoretical method was utilized. To
obtain the isosteric heat of CO2 adsorption, the Clausius-Clapeyron equation was used.[53]

Dynamic water vapour sorption from air (at 297 K) was performed using a DVS
Advantage 2 instrument (Surface Measurement Systems Ltd., London, UK). Prior to the
adsorption, the polymer network was preheated to 100°C for 120 min. The
adsorption/desorption experiment was performed with a relative humidity (RH) setting of
0% —90 % —0 % — 90 % — 0 % (with intermediate steps of 10 % RH) and a setting of 180 min
for each step.

Benzene vapour sorption from air (at room temperature) was studied using a
home-made setup consisting of a desiccator containing on its bottom an excess of liquid
benzene. In the desiccator, the samples (placed in Petri dishes) were exposed to saturated
benzene vapour (pvenzene = 13 kPa). The amount of benzene adsorbed was determined
gravimetrically after 24 hours. Prior to the sorption experiment, the polymer networks were

dried for 12 hours at 75 °C.



3. Results and discussion
3.1. Synthesis and characterization

We report a series of hyper-cross-linked porous polyacetylene networks prepared from
ring-substituted 1,3-diethynylbenzenes by chain-growth coordination homopolymerization
catalysed by [Rh(nbd)acac] complex.[54] The homopolymerizations were performed in either
dichloromethane or methanol, the reaction time was mostly three days at 75 °C. In the course
of polymerization, the ethynyl groups of the monomers underwent conversion into rigid
conjugated polyacetylene (polyene) chains. Due to the presence of two ethynyl groups per
monomer molecule, a dense cross-linking of polyacetylene chains via 1,3-phenylene cross-links
occurred during the polymerization. Most polymerizations provided respective networks in

quantitative yields.

P(M3) ©s
porous

A =
R
H;C CH

3 3

nonporous nonporous

Scheme 1 Preparation of networks from 1,3-diethynylbenzene (M1), 4,6-dimethyl-1,3-
diethynylbenzene (M2), 5-methyl-1,3-diethynylbenzene (M3) and 5-n-hexyl-1,3-
diethynylbenzene (M4).



Table 1 Yield and specific surface area, Sget, micropore volume, Vi, and total pore volume,
Viot of networks prepared by homopolymerization of M1, M2, M3, and M4 in CH>Cl, (reaction
time three days at 75 °C).

network Y SBET Vi Vot
code [%] [m%*/g] [em®/g] [cm’/g]
P(MI) 100 1287 046 198

P(M2) 80 8 not determined
P(M3) 100 1159 0.40 0.94
P(M4) 100 3 not determined
Polymerization of 1,3-diethynylbenzene (monomer M1) provided

poly(1,3-diethynylbenzene), labelled as P(M1) in quantitative yield (see Scheme 1 and Table
1). The *C CP/MAS NMR spectrum of P(M1) (Figure 1) showed an intensive broad signal
(6 =120 — 150 ppm) ascribed to the sp? hybridized carbon atoms of both benzene rings and
polyene main chains. A weak signal at § = 72-84 ppm corresponded to sp hybridized carbon
atoms of unreacted ethynyl groups present in a small amount in P(M1). The low intensity of
this signal indicated that most monomeric units of P(M1) were involved in cross-linking
through the polymerization transformation of both ethynyl groups of monomer molecules. The
textural characterization of P(M1) by N adsorption/desorption at 77 K showed the
micro/mesoporous character of this network with the following parameters: Brunauer-Emmett-
Teller specific surface area, Sger = 1287 m?/g, micropore volume, Vmi = 0.46 cm?/g and total
pore volume, Vit = 1.98 cm®/g. The high SgeT, Vi, and Vie values reflected the high extent of
cross-linking and the rigidity of the segments of P(M1).
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Figure 1 °C CP/MAS NMR spectra of networks P(M1), P(M2), P(M3) and P(M4).

The 1,3-diethynylbenzene molecule offers various positions for ring substitution. In order
to assess the impact of the position and the size of the substituent on the 1,3-diethynylbenzene
ring on the polymerizability of the monomer and on the texture of the resulting network, we
employed three various alkylated 1,3-diethynylbenzenes as monomers: 4,6-dimethyl-1,3-
diethynylbenzene (M2), 5-methyl-1,3-diethynylbenzene (M3) and 5-n-hexyl-1,3-
diethynylbenzene (M4). Monomer M2 contained two methyl groups in adjacent positions to the
ethynyl groups. Monomers M3 and M4 contained one alkyl group of various size in position 5
on the benzene ring. Consequently, these groups were separated from ethynyl groups by one
unsubstituted aromatic carbon atom. All monomers provided respective networks P(MI),
P(M2), and P(M3) in high yield (Scheme 1, Table 1). The presence of alkyl groups in P(M2),
P(M3), and P(M4) was well manifested by signals in the region at 6 = 10 - 40 ppm in the
3C CP/MAS NMR spectra of the networks (see Figure 1). The N> adsorption/desorption
showed that P(M2) was virtually nonporous. Most likely, the methyl groups adjacent to the
ethynyl groups in M2 sterically hindered sufficient cross-linking of P(M2) necessary for a
porous texture. This was consistent with the finding that the signal of the carbon atoms of the

unreacted ethynyl groups was more intense in the 3*C CP/MAS NMR spectrum of P(M2) than



in the 1*C CP/MAS NMR spectrum of P(M1) (see Figure 1). Unlike P(M2), P(M3) showed a
micro/mesoporous texture with high values of Ser, Vmi, and Vit (Table 1, Figure S1). These
values were close to those obtained for the unsubstituted network P(M1) (see Table 1). The
micro/mesoporous texture of P(M3) corresponded well with the high degree of conversion of
ethynyl groups and thus also with the high cross-linking efficiency achieved in the
polymerization of M3 (see '*C CP/MAS NMR spectrum of P(M3) in Figure 1). Evidently, the
substitution of 1,3-diethynylbenzene in position 5 with a (small) methyl group did not
negatively affect the cross-linking efficiency and the micro/mesoporosity of the prepared
network. A high conversion of ethynyl groups and a high extent of cross-linking were also
achieved in the polymerization of M4 (see '*C CP/MAS NMR spectrum of P(M4) in Figure 1).
Despite this, the P(M4) network was virtually nonporous. Very likely, the bulky and flexible
n-hexyl substituents effectively occupied the microporous voids formed in P(M4) thanks to the
cross-linking and rigidity of the unsaturated network segments. We, therefore, concluded that
for obtaining substituted poly(1,3-diethynylbenzene)s with permanent porosity, ring-
substituted 1,3-diethynylbenzenes with not too bulky substituents in position 5, appear as

promising monomers.

M5 M6 M7
Cl Br

NO, COOCH; | R
: R=F, Br, CI, NO,,
. COOCH;, CH,OH, COOH

CH,0H COOH

Scheme 2 1,3-Diethynylbenzenes substituted in position 5 and the preparation of porous
networks from these monomers.

We selected a series of 1,3-diethynylbenzenes substituted in position 5 by following
univalent heteroatom groups: -F (monomer M5), -Cl (M6), -Br (M7), -NO; (M8), -COOCH3
M9), -CH.OH (M10) and -COOH (M11) (see Scheme 2). Monomers M5-M9 were
polymerized in dichloromethane, monomers M10 and M11 were polymerized in methanol due
to their poor solubility in dichloromethane. All polymerizations provided respective networks,

P(M5)-P(M11), in quantitative yields, which testified to the good compatibility of the used
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homopolymerization with diverse functional groups of the monomers. '*°C CP/MAS NMR
spectra of P(M5)-P(M11) showed only weak signals of carbon atoms of unreacted ethynyl
groups that indicated a high extent of cross-linking of all networks (Figure 2). The heteroatom
substituents on benzene rings of the networks influenced the shape and broadness of the
13C CP/MAS NMR signals of the aromatic carbon atoms. In particular, the signals of carbon
atoms bearing -F and -NO, groups were well resolved in the '3C CP/MAS NMR spectra of
P(M5) and P(MS) at J = 162 ppm and 6 = 148 ppm, respectively (Figure 2). The signals of
carbon atoms of -COOCH;, -CH,OH, and -COOH substituents were well evident in
13C CP/MAS NMR spectra of P(M9), P(M10), and P(M11). Carbon atoms of hydroxymethyl
substituents of P(M10) resonated at = 64 ppm. The '3C CP/MAS NMR spectrum of P(M9)
contained signals at 0 = 51 ppm (-CH3 groups) and 0 = 165 ppm [-C(O)O- groups]. Carbon
atoms of carboxyl groups of P(M11) resonated at 6 = 167 ppm. The '*C CP/MAS NMR
spectrum of P(M11) contained also a weak signal at 6 = 51 ppm which indicated that a small
fraction of -COOH groups of P(M11) was converted into methyl ester groups due to the
esterification with methanol used as a polymerization solvent.

Figure S2 of the Supplementary Material shows the results of the TGA analysis which
confirmed the relatively high thermal stability of the prepared networks. The weight loss of all
networks was less than 2 % at 200 °C. The 95 values (the temperature at which a weight loss of
5 % was detected) are summarized in Table 2. The #95s values of around 400 °C resulted for
unsubstituted and halo-substituted networks. The networks with -CH>OH, -COOH,
and -COOCHj3; showed #95 ranging from 302 to 380 °C. A lower 95 =268 °C was found for nitro
groups containing P(M8), which corresponded to the generally known lower stability of various

nitroaromatic substances.
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Figure 2 3C CP/MAS NMR spectra of networks P(M1), P(MS5) - P(M11).

Table 2 Specific surface area, Sper, micropore volume, Vi, total pore volume, Vi and
mesopore volume, Ve of networks prepared by homopolymerization of respective monomers
(reaction time three days at 75 °C). tos stands for the temperature at which a 5 % weight loss
was detected by the TGA method.

network substituent SBET Vi Viot Ve tos
code [m%*/g] [em?/g] [em’/g] [em¥/g] [°C]
P(Ml)a) -H 1287 0.46 1.98 1.52 384
P(MS)a) -F 1062 0.38 1.29 091 417
P(M6)»  -Cl 969 0.35 0.94 0.59 400
P(M7)a) -Br 593 0.22 0.83 0.61 395
P(MS)a) -NO 488 0.20 0.26 0.06 268
P(M9)a) -COOCH3; 626 0.25 0.35 0.10 380
P(MlO)b) -CH,OH 450 0.17 0.30 0.13 302
P(M1 l)b) -COOH 532 0.21 0.34 0.13 326

“prepared in dichloromethane
®prepared in methanol
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The N> adsorption/desorption at 77 K showed the micro/mesoporous texture of all
networks from Table 2 (see Figure 3 for N> adsorption/desorption isotherms). The Sger values
of halo-substituted networks decreased with increasing size and weight of the halo-substituent
from 1062 m?/g for F-substituted P(M5) to 593 m?/g for Br-substituted P(M7). The Sger values
of the networks with oxygen-containing substituents ranged from 450 to 626 m?/g. Surprisingly,
the value of 626 m?/g was attained for P(M9) with the most bulky -COOCH; substituents. The
Sget values of P(M10) and P(M11) with less bulky -CH2OH and -COOH groups were slightly
lower. We speculate that the porosity of these networks may have been negatively affected by
the hydrogen bonding or other interactions between their polar substituents. The values of Vi;

of the networks ranged from 0.17 cm?/g [P(M10)] to 0.38 cm?/g, [P(M5)].
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Figure 3 N adsorption (full points) and desorption (empty points) isotherms (77 K) on
networks P(M1), P(M5) - P(M11).

The DFT method was used to calculate differential pore size distributions from N>
adsorption isotherms. Results are shown in Figure 4. All networks from Table 2 contained
micropores with a diameter in the interval from 0.6 to 2 nm. In addition to micropores, larger

mesopores and/or interparticle void volume were present in all networks. The larger pores in
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the networks were responsible for the hysteresis on the adsorption/desorption isotherms of all
the networks. The content and size of the pores with a diameter > 2 nm varied considerably in
individual networks. The unsubstituted P(M1) and halo-substituted P(M5), P(M6), and P(M7)
contained mesopores with a broad distribution of diameters ranging from 2 nm to ca. 20 nm.
Networks with oxygen-containing groups, P(M8)-P(M11), contained mesopores with a
diameter ranging from 2 to about 5 nm. Table 2 shows the values of mesopore volume, Vine, for
individual networks determined as the difference between Vit and Vi values. The Ve values
of the unsubstituted and halo-substituted networks ranged from 0.59 to 1.52 cm?/g and exceeded
the values of Vmi, contributing substantially to the total pore volume. In the case of the

P(M8)-P(M11) networks the Ve values were significantly lower (from 0.06 to 0.13 cm?/g).

P(M1) -H

dV/dw

Figure 4 DFT pore size distributions of the networks P(M1), P(M5) - P(M11).

Figure 5 shows the Scanning Electron Microscopy (SEM) images of the networks. We
speculate that the networks were composed of small particles formed by a polymer with a
microporous texture. As evident from SEM images, the size of these particles as well as the
dimensions of the interparticle voids increased depending on the network type in the following

order: P(M9) ~P(M11) < P(M1) ~ P(M5) ~ P(M6) ~ P(M7) < P(M8) ~ P(M10). The networks
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P(M8) and P(M10) were formed by relatively large partially aggregated spherical particles of
about 1 um diameter and a large interparticle free volume. In contrast, P(M9) and P(M11)
networks showed a compact morphology and minimal detectable interparticle free volume. The
particle size was below the detection limit of the used SEM method. P(M1), P(M5) P(M6) and
P(M7) networks consisted of small tightly aggregated or (partially) interconnected particles
with a diameter of about 50-100 nm. The free voids between particles of P(M1), P(MS5) P(M6)
and P(M7) had dimensions falling mostly in the mesoporous size range and very likely
contributed to the capillary condensation of N; observed when measuring N>
adsorption/desorption isotherms on these networks. The morphological differences revealed by
the SEM technique could be related to the different course of phase separation of individual

covalently differing networks during their formation and isolation.

P(M10)

Figure 5 SEM images of P(M1) and P(M5) - P(M11) prepared by homopolymerization of
respective monomers (reaction time three days at 75 °C).

As discussed above, the prepared networks varied in both texture and morphology.
Probably the most pronounced difference in this regard was observed between the unsubstituted
P(M1) network and P(MS8) network decorated with NO» groups. We, therefore, studied the
formation of P(M1) and P(M8) networks in more detail, focusing on the effect of reaction time
on their texture and morphology. In addition to the already discussed P(M1) and P(MS)
prepared using a reaction time of 3 days, P(M1) and P(M8) networks were prepared and
characterized, which were isolated from the polymerization system after 15 and 60 min of

reaction. The results of this study are presented in Table 3 and in Figure 6 and Figure 7.
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M1 and M8 provided porous polymer networks in high yield even when shorter reaction times
were applied (Table 3). As the polymerization time increased, the values of the textural
parameters SBet, Vmi, and Viot increased, both in the case of P(M1) and P(MS) type networks.
The specific surface areas of the networks formed after 3 days of polymerization were roughly
double compared to the specific surface areas of the networks isolated after 15 min of
polymerization. For the networks prepared from M8, the character of the pore size distribution
did not change with the polymerization time. The networks prepared from M8 always had a
predominantly microporous texture with a low contribution of mesopores to the total porosity
(Vme = 0.05 - 0.07 cm?/g). Conversely, the pore size distribution depended significantly on the
polymerization time in the case of networks prepared from M1 monomer, as can be seen in
Figure 6. The P(M1) network isolated after 15 min of reaction was predominantly microporous
with a low contribution of mesopores to the total porosity (Vme = 0.07 cm>/g, Vine/Viot = 0.23).
Extending the reaction time to just 60 min led to a significant increase in the mesopore volume
(Vme = 0.37 cm®/g, Vime/Viot = 0.51). In the network isolated after 3 days of polymerization,
mesopores contributed dominantly to the total porosity (Vme = 1.52 cm’/g, Vime/Viot = 0.77), as

discussed earlier.
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Figure 6 N> adsorption (full points) and desorption (empty points) isotherms (77 K) and DFT
pore size distributions of P(M1) and P(MS) prepared at various reaction times.

Table 3 Yield and specific surface area, Sger, micropore volume, Vi, total pore volume, Vi,
and mesopore volume, Ve of networks P(M1) and P(M8) prepared by homopolymerization of
M1 and M8 in CHCl; at 75 °C as a function of reaction time.

network

reaction

Y SBET

Vi

Vtot

Vme

code time [%] [m%*g] [em¥/g] [cm/g] [em¥/g] Vine Vot
15 min 63 582 0.24 0.31 0.07 0.23
P(M1) 60 min 99 976 0.36 0.73 0.37 0.51
3 days 100 1287 0.46 1.98 1.52 0.77
15 min 98 238 0.10 0.15 0.05 0.33
P(MS) 60 min 100 308 0.13 0.20 0.07 0.35
3 days 100 488 0.20 0.26 0.06 0.23
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The polymerization time also affected the morphology of P(M1) and P(M8) (Figure 7).
With the reaction time, the size of the particles forming both P(M1) and P(MS8) increased
slightly. The larger particles observed in the SEM images of the networks isolated after three
days of polymerization were probably formed in the later stages of the reactions by linking
(fusion) of the initially formed smaller particles. The size of the particles forming the P(MS)
networks ranged from roughly 0.3 pm (reaction time 15 min) to 1 um (reaction time 3 days)
and the free space between the particles always had a macroporous character. Regarding P(M1)
networks, it was possible to estimate the particle size (50 — 100 nm) only for the network
isolated after three days of polymerization. The particles of P(M1) networks isolated after 15
or 60 min were smaller and the used SEM method did not allow for their more accurate
characterization. The SEM characteristics and pore size distributions ascertained from N>
adsorption/desorption isotherms correlated well in the case of P(M1) networks. For the
micro/mesoporous P(M1) network isolated after 3 days of reaction, the SEM image showed
free interparticle voids of mesoporous dimension (Figure 7), which apparently contributed to
the capillary condensation of N> observed when measuring the N> adsorption/desorption
isotherm (Figure 6). On the contrary, in the case of the microporous P(M1) network isolated
after 15 min of reaction, in which only a very low contribution of mesopores to the total porosity
was demonstrated by N adsorption (Vme = 0.07 cm?/g) (Figure 6), free interparticle voids were
not visible in the SEM image (Figure 7).

't =15 min

Figure 7 SEM images of P(M1) and P(MS8) prepared at various reaction times.

Functionalized networks from Table 2 were prepared by atom-economic chain-growth

homopolymerization of monomers bearing in one molecule both (i) two polymerization-active
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groups and (ii) the univalent heteroatom functional group. The homopolymerization provided
networks with a high content of heteroatom functional groups (7.87 mmol/g of hydrocarbon
scaffold). From these points of view, the preparation method described by us differs from the
majority of methods used in the literature for the direct synthesis of porous networks
functionalized with univalent groups. These methods mostly used the less atom-economic step-
growth coupling copolymerizations of pairs of complementary comonomers, one of which
carried a univalent functional group, and the other served as a cross-linker.[55] For example,
microporous poly(aryleneethynylene) type networks with -NH», -NO, -OMe, -CF3, -COOMe,
and -OH groups were prepared by step-growth coupling polymerization of substituted
dibromoarenes with 1,3,5-triethynylbenzene cross-linker proceeded under HBr elimination
(SsET from 247 to 880 m?/g). Only part of the aromatic segments was decorated with heteroatom
groups in these poly(aryleneethynylene) networks while other aromatic segments served as

network knots.[56]

3.2. Adsorption properties of poly(1,3-diethynylbenzene) networks

Newly prepared poly(1,3-diethynylbenzene) networks were tested in the physisorption
capture of CO., vapours of benzene (non-polar adsorptive) and water (polar adsorptive) to
evaluate the influence of their functionalization on the efficiency of these processes. All
networks from Table 2 were active in reversible CO; adsorption. The adsorption capacities
(determined at 100 kPa and 273 K), aco> (in mg/g), and acoxs (in pg/m?) are given in Table 4,
the CO» adsorption isotherms (273 K) are depicted in Figure 8. The acoz values (ranging from
42 to 77 mg/g) were moderate compared to those published for other microporous polymers
[57,58] and were most likely governed by both the magnitude of the specific surface area and
the character of the functional groups of the networks. The influence of the functionalization
on the ability of the networks to capture CO> can be discussed based on acozss values, which
are related to the surface area (Sger). We found all functionalized networks to show a higher
acoys values than the unsubstituted network P(M1) (Table 4). The halo-substituted networks
showed a relatively small increase in acozss over acozs of P(M1). However, the acoxs values
of networks with -CH,OH, -NO, and -COOH groups were three to four times higher than acoz/s
of P(M1). In the research of microporous polymers, much attention is paid to their potential
application in the capture and removal of CO; the formation of which accompanies a number
of technological processes. Microporous polymers with basic groups and building blocks
(amino groups, nitrogen-containing heterocycles, and others) are being developed for these

purposes. The increased affinity of these polymers towards CO»> is due to the high energy of
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interactions of their basic groups with CO> molecules.[58] Our results showed that also non-
basic and even slightly acidic functional groups increased the effectiveness of the porous
networks in CO; adsorption. The increase in effectiveness occurred even though the functional
groups of our networks only slightly affected the heat of CO, adsorption. The values of the
isosteric heat of adsorption (coverage of 0.5 mmol/g) were in the interval from 22 to 24 kJ/mol
for P(M1) and halo-substituted networks, and in the interval from 24 to 26 kJ/mol for the
networks with -COOCH3, -COOH, -CH>0OH and -NO; groups (see Supplementary Material,
Table S1 and Figure S3-S10). We, therefore, believe that due to the presence of functional
groups, segments of our networks became partially polarized, which may have increased the
number of sites in the networks suitable for CO; capture. It is worth mentioning that linear CO»
molecules do have zero permanent dipole moment, but the C=0 bonds in CO, molecules are

quite polar due to the difference in electronegativity between oxygen and carbon atoms.

Table 4 Adsorption capacities of the networks: acoz at 273 K and CO; pressure of 100 kPa,
amo at 297 K and relative humidity of 90 %, a@venzene at room temperature and equilibrium
pressure of benzene vapour of 13 kPa.

network substituent acoz acous an2o @benzene
code [mg/g] [pg/m?’] [mg/g] [mg/g]
P(M1) -H 59 46 65 739
P(M5) -F 60 56 64 971
P(M6) -Cl 60 62 56 673
P(M7) -Br 42 71 25 689
P(MS) -NO> 75 154 142 235
P(M9) -COOCHz3 62 99 232 280
P(M10) -CH,OH 77 171 240 175
P(M11) -COOH 76 143 314 292
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Figure 8 CO; adsorption isotherms (273 K) on the networks P(M1), P(M5) - P(M11).

The effectiveness of the networks from Table 2 in the adsorption of benzene vapour was
studied at room temperature using a home-made setup (see Experimental Section) in which the
networks were exposed to saturated benzene vapour (pvenzene = 13 kPa). The adsorption
capacities, dvenzene, Were determined gravimetrically after 24 h of exposure (Table 4). Further
prolongation of the exposure time did not lead to an increase in @penzene values. Adsorption of
benzene vapour was fully reversible, quantitative desorption was always achieved under
reduced pressure at room temperature. The unsubstituted network P(M1) and the
halo-substituted networks P(M5), P(M6), and P(M7) showed high abenzene Values ranging from
673 to 971 mg/g, which corresponded to their hydrophobic character. These networks could be
suitable for the removal of non-polar solvent vapours from polluted air. The networks
with -NO», -COOCH, -CH>0OH, and -COOH groups were less active in benzene physisorption
(avenzene values ranged from 175 to 292 mg/g). However, it was interesting that the
functionalization with polar groups did not lead to a deeper decrease in @venzene values and that,
for example, the P(M11) network containing carboxyl groups still showed a relatively high
value of avenzene = 292 mg/g. Therefore, we believe that in the networks with polar
oxygen-containing groups, there were non-polarized hydrocarbon segments that interacted with
the benzene molecules (most likely by m-m interactions). Due to this, the networks

P(M8)-P(M11) partially maintained the efficiency in benzene vapour capture.
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The effectiveness of the networks from Table 2 in water vapour capture from the air was
studied at 297 K in the relative humidity (RH) range from 0 to 90 % using the gravimetric
dynamic vapour sorption (DVS) technique (see Experimental Section). We performed two
consecutive cycles of HoO adsorption/desorption on each network (see adsorption/desorption
isotherms in Figure S11 in Supplementary Material). These experiments confirmed that (i) the
adsorption and desorption were well reproducible and (ii) H2O was always completely released
from the networks at 297 K simply by reducing the relative humidity to RH = 0 %. The water
adsorption capacities, an20 (297 K, RH =90 %) significantly depended on the type of functional
groups of networks (Table 4). The non-functionalized network P(M1) and the halogenated
networks P(M5)-P(M7) were of little interest from the point of view of water vapour capture,
as they only showed low values of amz0 = 25 — 65 mg/g. This confirmed the hydrophobic nature
of these networks and corresponded well with their high activity in capturing benzene vapour
discussed above. Significantly higher and potentially application-interesting values of anzo
(from 232 to 314 mg/g) were obtained for networks with more polar
groups -COOCH3, -CH20H, and -COOH.[46,59] The adsorption/desorption isotherms of water
vapour on these networks [P(M9)-P(M11)] are shown in Figure 9. A common feature of these
isotherms was a distinct hysteresis indicating a different mechanism of capture and release of
H>O at higher RH values. Most likely two phenomena contributed to the capture of water
vapour on P(M9)-P(M11): (i) adsorption of H>O on the surface of the network pores occurring
from the onset of the experiment (i.e., from low RH values) and (ii) capillary condensation of
H>O in larger pores, which significantly contributed to H>O capture at RH > 40 %. The surface
water adsorption on P(M9)-P(M11) was most likely supported by dipole-dipole interactions or
weak hydrogen bonds realized between the functional groups of the networks and the water
molecules. However, the energy of these interactions could not be very high because (as already
discussed) the quantitative desorption of water from the networks did not require an increase in
temperature. Water molecules adsorbed on the surface of the networks at lower RH values were
crucial as primary condensation centres ensuring high efficiency of water capture by the
capillary condensation mechanism at higher RH values. The mere presence of larger pores in
networks was not sufficient for effective capillary condensation of water. The
non-functionalized P(M1) showed a high volume of larger pores (Table 2). However, these
pores were not effectively involved in the capillary condensation of water vapour, undoubtedly
because their surface was not sufficiently covered by water molecules adsorptively trapped at
low RH. As a result, the anxo value achieved on the highly porous but non-functionalized,

P(M1) was only 65 mg/g.
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Figure 9 Water adsorption (full points) and desorption (empty points) isotherms (297 K) on
P(M9), P(M10) and P(M11).

4. Conclusion

The preparation of functionalized hyper-cross-linked porous polyacetylene networks by
one-step chain-growth coordination homopolymerization was described. Substituted
1,3-diethynylbenzenes were used as monomers, which simultaneously ensured both
functionalization and hyper-cross-linking of the resulting products. By this atom-economic
method, a series of networks with a high content (7.87 mmol/g) of the following univalent
functional groups was prepared: -F, -Cl, -Br, -NO», -COOCHj3, -CH>OH, and -COOH. The
networks showed permanent micro/mesoporosity and high specific surface area (from 450 to
1062 m?/g). The contribution of mesopores to the total pore volume depended on the character
of the functional groups and ranged from 30 % for predominantly microporous networks with
NO, COOCH3, CH20H and COOH groups to 70 % for texturally hierarchical halo-substituted
networks. The different nature of the pore size distribution and morphology of individual
networks probably reflected the different course of phase separation of the networks during
polymerization. The prepared networks were active in the reversible physisorption of COx,
water vapour, and benzene vapour, while the capture of these adsorptives was controlled by the
type of functional groups. CO> capture was positively influenced especially by oxygen-
containing groups of networks. Halogenated networks showed high benzene vapour capture
capacity (up to 971 mg/g) and could be of application interest for the sorption removal of non-
polar solvent vapours from the air. Networks with oxygen-containing groups, on the other hand,
were effective in capturing water vapour from the air (capture capacity of up to 314 mg/g at

room temperature).
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Figure S2. Thermogravimetric analysis of the prepared networks.



Table S1 Isosteric heats of the CO, adsorption on the networks, Oy, at the coverage of
0.5 mmol(CO»)/g.

Network . Ost
code Substituent [kJ/mol]

P(M1)? -H 22.3
P(M5)? -F 23.7
P(M6)? -Cl 23.7
P(M7)? -Br 223
P(M8)? -NO; 26.4
P(M9)? -COOCHs  23.6
P(M10)® -CH,OH 24.4
P(M11)” -COOH 244
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Figure S3 CO; adsorption isotherms on P(M1) at 273, 293, and 313 K.
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Figure S4 CO; adsorption isotherms on P(M5) at 273, 293, and 313 K.
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Figure S5 CO; adsorption isotherms on P(M6) at 273, 293, and 313 K.
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Figure S6 CO; adsorption isotherms on P(M7) at 273, 293, and 313 K.
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Figure S7 CO; adsorption isotherms on P(MS) at 273, 293, and 313 K.
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Figure S8 CO; adsorption isotherms on P(M9) at 273, 293, and 313 K.
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Figure S9 CO; adsorption isotherms on P(M10) at 273, 293, and 313 K.
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on prepared networks. Two consecutive measurements.
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The chain-growth homopolymerization of 3,5-diethynylbenzaldehyde proceeding through the transformation of
the ethynyl groups of the monomer yields hyper-cross-linked poly(3,5-diethynylbenzaldehyde), P(DEBA), with a
high content of carbaldehyde groups (6.5mmol/g) and specific surface of about 900 m?/g. The covalent
structure of P(DEBA) consists of polyene (polyacetylene) main chains cross-linked with 5-formyl-1,3-phenylene
links. P(DEBA) selectively and reversibly chemisorbs alcohols and primary amines (capacity up to 350 mg/g)
through binding these solutes in the form of acetal and Schiff base type segments, respectively. The condensation

of P(DEBA) carbaldehyde groups with amino groups of ethylenediamine (EDA) gives microporous P(DEBA)/
EDAZ2 extensively decorated with base NH, groups. P(DEBA)/EDA2 is effective for physisorption of ibuprofen
solute (capacity, 1130 mg/g) and CO, gas (capacity, 360 mg/g, 7 bar, 273 K) and is active as a heterogeneous
catalyst of aldol condensation of n-heptanal with benzaldehyde to jasminaldehyde.

1. Introduction

Polymers with permanent porosity and high specific surface area
often referred to as Porous Organic Polymers (POP) or Microporous
Organic Polymers (MOP) [1-3] have been of growing interest due to
their potential applications in the areas of catalysis [4-6], adsorption
and separation of gases and solutes [7-11] and construction of sensors
and optoactive devices [12-14]. Most POPs possess the architecture of
polymer networks and their porosity results from extensive cross-
linking combined with the rigidity of the network building blocks
which are prevailingly of hydrocarbon nature. However, many appli-
cations of such networks require an appropriate and sufficiently ex-
tensive POP functionalization with heteroatom-containing groups or
segments. In some cases, the heteroatom-containing groups of POPs are
created due to the synthesis as network knots (e.g. triazole knots in
POPs prepared by the step-growth copolymerization through “click”
reaction between ethynyl and azido groups of respective comonomers)
[15]. Controlled functionalization of POPs is mostly achieved by
polymerization of monomers carrying, in addition to the polymerizable

* Corresponding authors.

groups, other functional groups specifically selected for decorating the
product. These functional groups should not disturb the polymerization
process and should remain unchanged after the polymerization. This
concept was well developed particularly for poly(aryleneethynylene)
type POPs synthesized by step-growth polymerization through Sono-
gashira cross-coupling of aromatic comonomers bearing bromo and
ethynyl complementary groups [16]. A large series of poly(ar-
yleneethynylene) POPs active as physisorbents of tuneable efficiency
and selectivity have been prepared by copolymerization of functiona-
lized dibromoarenes (functional groups or heterocycle segments: F,
NO,, OH, OMe, COOMe, CF3, NH,, pyridine, pyrimidine, carbazole)
and 1,3,5-triethynylbenzene cross-linker [17,18]. Sonogashira cross-
coupling of 1,3,5-triethynylbenzene and organometallic complexes
with dibrominated N,N’-bis(salicylidene)ethylenediamine or 2,2’-bi-
pyridine ligands provided organometallic POPs active as heterogeneous
catalysts.[19,20] The chain-growth polymerization approach was also
efficient for the synthesis of functionalized POPs [21]. Of particular
interest here is the recently described radical self-polymerization of
monomers carrying both heteroatomic functional group(s) and several
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polymerizable vinyl groups in the molecule. The monomeric units
formed from these monomers through chain-growth radical homo-
polymerization managed both the functionalization and cross-linking of
the resulting POPs. For example, the polymerization of bis-1,2-(diphe-
nylphosphino)ethane with one vinyl group on each phenyl ring pro-
vided a POP of hyper-cross-linked type suitable for catalytic applica-
tions [22]. The POP functionalization can also be achieved by
postpolymerization modifications. The functionalization of hydro-
carbon POPs was achieved through e.g. sulfonation and thiol-yne re-
actions [23,24]. Nevertheless, the postpolymerization functionalization
proceeding through the reaction of proper heteroatomic groups in-
troduced into the POPs in the preceding polymerization step seems to
be smoother and more efficient. For example, Cooper et al. reported the
synthesis of poly(aryleneethynylene) decorated with NH, groups and
subsequent efficient modification of these groups in reaction with car-
boxylic acid anhydrides under formation of amide-groups containing
POPs [25].

The monomers with several carbaldehyde groups per molecule are a
popular building block in the synthesis of POPs [3,26]. Polycondenza-
tion of these monomers with aminoarenes has been many times re-
ported to provide structurally diverse POPs with comonomeric units
interconnected by either azomethine- [27] or aminal-type [28] links. In
some cases, the texture parameters of the POPs were well controlled by
selection of the comonomers as it was shown by Wang et al. in copo-
lymerization of 1,3,5,7-tetrakis(4-formylphenyl)adamantane with phe-
nylenediamines.[29] Conversely, the POPs decorated by carbaldehyde
groups are rather rare although they could be promising for many ap-
plications due to the reactivity of carbaldehyde groups. Liu et al. de-
scribed polycondensation of triphenylene-2,3,6,7,10,11-hexathiol with
2,3,5,6-tetrafluoroterephthaldehyde under formation of a POP in which
the HC=0 groups were preserved. The POP was subsequently loaded
with (catalytically active) Ag nanoparticles formed by reduction of
Tollens' reagent by aldehyde groups of POP.[30] Hedin et al. reported
the polycondensation of 1,3,5-tris(4-aminophenyl)benzene with an
overstoichiometric amount of benzene-1,3,5-tricarboxaldehyde into a
Schiff-base-type POP decorated with some amount of unreacted HC=0
groups.[31] A poly(aryleneethynylene) POP possessing HC=O groups
was prepared by Sonogashira coupling of 1,3,5-triethynylbenzene and
2,6-dibromo-4-trimethylsilylbenzaldehyde.[32] The postpolymeriza-
tion modification of POPs from refs[31,32] through reaction of the al-
dehyde groups with aliphatic di- or triamines gave POPs decorated with
amino groups efficient in CO, adsorption.

In this paper, we report a hyper-cross-linked POP decorated with
carbaldehyde groups prepared from the 3,5-diethynylbenzaldehyde
monomer. The chain-growth homopolymerization used as a method of
preparation allowed to achieve POP with a high content of carbalde-
hyde groups. The prepared POP is shown as a readily modifiable mul-
tifunctional microporous material suitable for reversible chemisorption
and physisorption capture of various adsorptives and for catalytic ap-
plications.

2. Experimental section
2.1. Materials

3,5-Diethynylbenzaldehyde (DEBA) (Spectra Group Limited, Inc.),
acetylacetonato(norborna-2,5-diene)rhodium(I), ([Rh(nbd)acac]) (TCI
Europe), p-toluidine, ethylenediamine (EDA), N-methylaniline, me-
thanol, ethanol, ibuprofen (IBU), benzaldehyde and n-heptanal (all by
Sigma-Aldrich) and toluene (Penta) were used as obtained.
Dichloromethane (Lachner, Czech Republic) was distilled from P5Os.

2.2. Techniques

All '3C CP/MAS (Cross-Polarization Magic Angle Spinning) NMR
spectra were measured at 11.7 T using a Bruker Avance III 500 WB/US
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NMR spectrometer as described previously.[6] The nitrogen adsorp-
tion/desorption isotherms on the polymers were measured at 77 K using
a Triflex V4.02 apparatus (Micromeritics). The Brunauer-Emmett-Teller
specific surface area, Spgr, and micropore size distribution by the
method of Horvath-Kawazoe are reported. Adsorption isotherms of CO,
in the temperature range from 273 to 313 K were determined using an
ASAP 2050 apparatus (Micromeritics). The isosteric heats of CO, ad-
sorption on the polymers were obtained according to the Clausiu-
s—Clapeyron equation [9]. Before adsorption experiments, the polymers
were outgassed at 333 K (temperature ramp of 1 K/min) until the re-
sidual pressure of 0.01 torr was obtained. After further heating at 343 K
for 1h the temperature was increased (temperature ramp of 1 K/min)
until the temperature of 353K was achieved. This temperature was
maintained for 24 h. Scanning Electron Microscopy (SEM) analysis was
performed using Tescan Lyra3 apparatus (TESCAN Brno, ltd., Czech
Republic) at an accelerating voltage of 10 kV.

2.3. Polymerization of DEBA

Polymerization of DEBA was performed in CHxCl, at 70 °C in a sealed
thick-wall ampoule under an argon atmosphere. The [Rh(nbd)acac]
complex was used as a polymerization catalyst. The initial concentrations
were:  [[Rh(nbd)acac]]ly = 15mmol/dm®,  [DEBA], = 0.3 mol/dm®.
Polymerization was started by adding the solution of catalyst into the
solution of DEBA monomer. The polymerization was finished after 72h
by diluting the reaction mixture (containing the solid polymer) with
CH,Cl, in the volume ratio 1:30. The solid polymer, poly(3,5-diethy-
nylbenzaldehyde), P(DEBA) was isolated, mechanically ground, washed
by decantation in CH,Cl, and finally dried under vacuum at room tem-
perature to constant weight. Details on the postpolymerization mod-
ification of P(DEBA) and application of the parent and modified P(DEBA)
s in sorption and catalytic experiments are given in Supplementary Data.

3. Results and discussion
3.1. Poly(3,5-diethynylbenzaldehyde), P(DEBA), preparation

3,5-Diethynylbenzaldehyde (DEBA) was chosen as a monomer for
preparing a POP with a high carbaldehyde groups content (Scheme 1).
In order to achieve this, it was necessary to transform DEBA monomer
by means of homopolymerization (i.e. without the participation of co-
monomers) performed via reaction of ethynyl groups under preserva-
tion of carbaldehyde group of the monomer. Having considered these
assumptions, we have selected chain-growth polymerization catalysed
by the [Rh(nbd)acac] complex as a method for preparing a DEBA-based
POP product. The chain-growth polymerization of alkynes with one
ethynyl group per a monomer molecule catalysed with transition metal
catalysts and yielding the linear substituted polyacetylenes is known for
several decades.[33,34] The ethynyl groups of the monomer molecules
are transformed into segments of the linear polyene-type conjugated
main chains in this polymerization. In particular, Rh(I) complexes be-
long to very effective catalysts of alkyne polymerizations. Some of these
catalysts, especially the [Rh(nbd)acac] and [Rh(cod)acac] complexes
(nbd = norborna-2,5-diene, cod = cycloocta-1,5-diene, acac is depro-
tonated form of acetylacetone), show increased tolerance to some
functional groups of the polymerization system (monomer, solvent).
[34-37] We found that Rh(I) catalysts polymerized also monomers with
two, three or four ethynyl groups per the monomer molecule [e.g.
diethynylbenzenes, 1,3,5-triethynylbenzene, tetrakis(4-ethynylphenyl)
methane].[6,38] In this case, the microporous polyacetylene networks
of the POP type were formed in which the polyene main chains were
cross-linked with arene links. Using this procedure we polymerized now
DEBA with [Rh(nbd)acac] catalyst in CH,Cl, under the conditions
given in Experimental part (see Scheme 1). The polymerization catalyst
and solvent were chosen on the basis of our previous studies carried out
with the 1,4-diethynylbenzene and 1,3-diethynylbenzene monomers.
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Scheme 1. Chain-growth polymerization of DEBA into microporous network P(DEBA) and subsequent covalent modifications of P(DEBA).

[39,40] The polymerization of DEBA gave quantitative yield of totally
insoluble (CH,Cl,, methanol, THF, benzene) poly(3,5-diethy-
nylbenzaldehyde), P(DEBA). Fig. 1 shows *C CP/MAS NMR spectra of
DEBA and P(DEBA) together with the signal assignment. It is particu-
larly evident that the signal of carbons of aldehyde groups
(6 = 190 ppm) was preserved in the spectrum of P(DEBA). Conversely,
the intensity of the signal corresponding to the carbons of ethynyl
groups (—C=CH, & = 82ppm) was substantially diminished in the
spectrum of P(DEBA) compared to the spectrum of DEBA monomer.
Thus 3C CP/MAS NMR spectroscopy confirmed P(DEBA) to consist of
conjugated polyene main chains extensively cross-linked with 5-formyl-
1,3-phenylene links. In addition, P(DEBA) contained some amount of
linear units in which only one ethynyl group was transformed into a
segment of polyene main chain while the second ethynyl group re-
mained non-transformed [see Scheme 1 and also signal of carbons of
residual ethynyl groups in *C CP/MAS NMR spectrum of P(DEBA)].

The nitrogen adsorption/desorption isotherm (77 K) on P(DEBA)
(Fig. 2) showed a steep increase in adsorbed amount in the relative
pressure (p/po) region from 0 to 0.1 (po = 101325 Pa), thus confirming
the presence of micropores in P(DEBA). In addition to the micropores, P
(DEBA) probably contained also some mesopores as it can be implied
from a steep increase in adsorbed amount of N5 at p/po > 0.7 and a
slight hysteresis on the adsorption/desorption isotherm. The Bru-
nauer-Emmett-Teller specific surface area, Spgr, of P(DEBA) sample
further discussed in this article was 916 m?/ g (Table 1). The micropore
size distribution of P(DEBA) exhibited a distinct maximum at a width of
about 0.70 nm as it is shown in Fig. 2. It should be noted that two other
independent DEBA polymerizations gave P(DEBA)s with nearly iden-
tical micropore size distributions and values of Sggr equal to 894 and
930 m?/ g. Thus, it can be stated that one step [Rh(nbd)acac] catalysed
chain-growth homopolymerization of DEBA was a powerful tool for
preparing a POP with satisfactory specific surface area and high car-
baldehyde group content (6.5 mmol/g).

3.2. Reversible chemisorption of solutes on P(DEBA)

A number of examples of physisorption of solutes (especially dyes)
on various POP materials have been described in the literature [17,41].
Conversely, significantly less attention was paid to reversible chemi-
sorption on POPs. Due to the high content of reactive carbaldehyde

groups, P(DEBA) appeared to be a promising chemisorbent. So, we
examined the possibility of chemisorption of methanol, ethanol, and p-
toluidine on this material (see Supplementary Data for the details). P
(DEBA) was found to bind methanol (captured amount 345 mg/g) and
ethanol (170mg/g) in the form of respective acetals at room tem-
perature (slightly acidified alcohols were submitted for chemisorption).
P(DEBA) was modified in this process into poly(3,5-diethylbenzalde-
hyde dimethyl acetal), P(DEBA)/MeOH and poly(3,5-diethylbenzalde-
hyde diethyl acetal), P(DEBA)/EtOH, respectively. Most of the carbal-
dehyde groups of P(DEBA) were consumed through methanol
chemisorption, as evidenced by comparing the intensity of signals of (i)
the carbon of residual HC=O groups (6 = 190 ppm) and (ii) tertiary
carbon of the newly formed CH(OMe), groups (§ = 102 ppm) in 3¢
CP/MAS NMR spectrum of P(DEBA)/MeOH in Fig. 1. A lower degree of
transformation of the carbaldehyde groups of P(DEBA) was achieved in
the case of ethanol chemisorption (see the intensity of the signals at
8 =190 ppm and at § = 100 ppm in '*C CP/MAS NMR spectrum of P
(DEBA)/EtOH in Fig. 1). This may reflect the well-known decrease in
acetal formation efficiency upon the use of higher alcohols. The che-
misorption of alcohols on P(DEBA) was fully reversible: methanol and
ethanol were released upon P(DEBA)/MeOH and P(DEBA)/EtOH hy-
drolysis with H,O/HCl (100/1; v/v) under simultaneous regeneration
of P(DEBA). The '3C CP/MAS NMR spectra of the regenerated P(DEBA)
samples were identical with that recorded for the parent P(DEBA). P
(DEBA) also efficiently captured p-toluidine (captured amount 350 mg/
g) by means of its covalent binding through azomethine link (p-tolui-
dine dissolved in neutral methanol was submitted for the chemisorp-
tion). The *C CP/MAS NMR spectrum of P(DEBA) with chemisorbed p-
toluidine, P(DEBA)/tolu, given in Fig. 1, contains the signal of the CH3
carbon at 20 ppm and the signal of the carbon of HC=N link at
157 ppm. The latter signal evidenced p-toluidine to be trapped on P
(DEBA) in the form of N-benzylidene-p-toluidine. Also, the p-toluidine
chemisorption on P(DEBA) was fully reversible. Upon treating P
(DEBA)/tolu with methanol/HCI (100/1; v/v), the HC=N links were
hydrolyzed and the chemisorbed p-toluidine was released. To re-
generate the sorbent completely, the subsequent washing with H,O/
HCI (100/1; v/v) was necessary to release methanol from benzaldehyde
dimethyl acetal segments formed due to the reaction of P(DEBA)/tolu
with methanol/HCL. The 3C CP/MAS NMR spectrum of the regenerated
P(DEBA) was identical with that recorded for the parent P(DEBA).
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Fig. 1. '>C CP/MAS NMR spectra of the monomer DEBA, parent P(DEBA)
polymer and polymers resulting from postpolymerization application and
modification of P(DEBA).

Conversely to the ability of P(DEBA) to bind p-toluidine, no activity of P
(DEBA) was observed if N-methylaniline (a positional isomer of p-to-
luidine) was tested as an adsorptive. This further confirmed that p-to-
luidine (primary amine) was chemisorbed on P(DEBA) under the for-
mation of a Schiff base, which could not be achieved with N-
methylaniline (a secondary amine). It simultaneously indicates that P
(DEBA) might be suitable for separating primary amines from sec-
ondary and tertiary amines. Table 1 No. 2-7 summarizes the texture
characteristics of (i) P(DEBA)s loaded with methanol, ethanol and p-
toluidine and (ii) P(DEBA)s regenerated through subsequent hydrolytic
desorption (sample codes with abbreviation “reg”). Fig. 2 compares N5
adsorption/desorption isotherms and micropore size distributions of P
(DEBA)/EtOH, P(DEBA)/EtOH/reg and parent P(DEBA). The N,
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adsorption/desorption isotherms and micropore size distributions ob-
tained while studying methanol and p-toluidine chemisorption are
shown in Figs. S1 and S2 in Supplementary Data. It is evident from
Table 1 that despite the relatively high amount of solute molecules
covalently attached on the pore surface, the materials P(DEBA)/MeOH,
P(DEBA)/EtOH and P(DEBA)/tolu retained microporosity: the Sggr
values decreased by only 23 to 49 percent due to the chemisorption
compared to Sger of parent P(DEBA). The preserved porosity of P
(DEBA)/MeOH, P(DEBA)/EtOH and P(DEBA)/tolu most probably en-
abled to achieve high efficiency in the hydrolytic release of chemi-
sorbed molecules from these materials, because it allowed the chemi-
sorbed molecules to be accessed by the hydrolyzing agent. The
regeneration of the sorbent via the hydrolytic release of chemisorbed
molecules from P(DEBA)/MeOH, P(DEBA)/EtOH and P(DEBA)/tolu led
to a certain increase in Sppr although the Spgr value of the parent P
(DEBA) was not fully reached (see Table 1). The chemisorption and
subsequent desorption also partly modified the micropore size dis-
tribution of the sorbent. The chemisorption resulted in a slight shift of
the maximum of the micropore size distribution to the higher values of
micropore width most probably due to a partial filling of the smallest
micropores of P(DEBA) with the chemisorbed molecules. Upon the
desorption, the smallest pores were most probably partly regenerated
and the micropore size distributions of P(DEBA)/MeOH/reg, P(DEBA)/
EtOH/reg and P(DEBA)/tolu/reg approached to that of the parent P
(DEBA).

3.3. Covalently modified P(DEBA)s and their functional properties

The carbaldehyde groups of P(DEBA) can also be used for tuning
properties of P(DEBA) via its covalent modifying with proper agents.
We used ethylenediamine (EDA) modifier with the aim to introduce
base groups to P(DEBA). The reaction of P(DEBA) with EDA performed
with a mole ratio of functional groups HC=0/NH, = 1/1 provided P
(DEBA)/EDA1, a similar reaction performed with HC=0O/NH, = 1/10
gave P(DEBA)/EDA2 (see Scheme 1 and Supplementary Data for de-
tails). '>C CP/MAS NMR spectra of P(DEBA)/EDA1 and P(DEBA)/EDA2
(Fig. 1) contained signal at 161 ppm corresponding to the carbon of
HC=N link. This confirmed the covalent binding of EDA to P(DEBA)
through condensation reaction of aldehyde groups of P(DEBA) and
amino groups of EDA. The low intensity of signals of the carbon of
residual HC=0 groups (§ = 190 ppm) in *C CP/MAS NMR spectra
indicated that most carbaldehyde groups were modified by this con-
densation reaction in P(DEBA)/EDA1 and P(DEBA)/EDA2. The carbons
of EDA molecules covalently attached to P(DEBA) were manifested in
13C CP/MAS NMR spectra by the signals at 61 ppm (carbon of =NCH,—
groups) and 44 ppm (carbon of —CH,NH, groups). The intensities of
these two signals were approximately the same in the case of P(DEBA)/
EDA2, which indicated that only one amino group of the EDA molecule
was transformed by reaction of EDA with P(DEBA) that led to the for-
mation of —HC=NCH,CH,NH, pendant groups in P(DEBA)/EDA2.
Conversely, the =NCH,— carbon signal was more intense than the
CH,NH, carbon signal in 3¢ CP/MAS NMR spectrum of P(DEBA)/
EDA1. Evidently, both amino groups were transformed in the course of
binding some EDA molecules to P(DEBA) under formation of HC=
NCH,;CH,N=CH cross-links in P(DEBA)/EDA1. This was due to the low
EDA amount used for P(DEBA) modification. However, the P(DEBA)
additional cross-linking with EDA was not entirely selective and some
EDA molecules were incorporated into the parent network as the side
—HC=NCH,CH,NH, groups as evidenced by the —CH,NH, carbon
signal in '*C CP/MAS NMR spectrum of P(DEBA)/EDA1. Nevertheless,
the character of the modification of P(DEBA) with EDA was shown to be
tuneable to some extent by varying the HC=0O/NH,, ratio in the reac-
tion mixture.

Fig. 3 compares the N, adsorption/desorption isotherms and mi-
cropore size distribution for P(DEBA) and materials prepared by P
(DEBA) modification with EDA. Both modified materials were
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Fig. 2. N, adsorption (full points) and desorption (empty points) isotherms (77 K) (A) and micropore size distributions (B) for samples P(DEBA), P(DEBA)/EtOH and
P(DEBA)/EtOH/reg.
Table 1 highly efficient in this process. Under the experimental conditions ap-

Values of Sper and micropore width, W, (from N, adsorption isotherms) for
parent P(DEBA) and samples prepared from P(DEBA) through covalent mod-
ification.

No. Sample code SpeT w
[m?/g] [nm]
1 P(DEBA) 916 0.70
2 P(DEBA)/MeOH 708 0.85
3 P(DEBA)/MeOH/reg 785 0.65
4 P(DEBA)/EtOH 467 0.90
5 P(DEBA)/EtOH/reg 746 0.70
6 P(DEBA)/tolu 582 from 0.80 to 0.90”
7 P(DEBA)/tolu/reg 728 from 0.70 to 0.90”
8 P(DEBA)/EDA1 826 0.65
9 P(DEBA)/EDA2 649 0.90

@ Broad distribution.

microporous, the N, adsorption/desorption isotherms on P(DEBA)/
EDA1, P(DEBA)/EDA2 and parent P(DEBA) showed a similar character.
The Sgpr value of P(DEBA)/EDA2 was 30% lower than that of the
parent P(DEBA). Simultaneously, the maximum of micropore size dis-
tributions was shifted to the higher values of pore width in P(DEBA)/
EDA2 compared to the parent P(DEBA) (see Table 1 and Fig. 3). Most
probably, the EDA segments attached to P(DEBA) as the pendant groups
partly filled the smallest pores in P(DEBA)/EDA2. Some pores were also
probably filled as a result of EDA binding to P(DEBA) in case of P/
DEBA)/EDA1. However, due to the cross-linking participating on the
modification of P(DEBA) to P(DEBA)/EDA1 (vide supra) (i) the Sggr
value of P(DEBA)/EDA1 (826 m?/ g) was only slightly lower than that of
parent P(DEBA) (916 mz/g) and (ii) the micropore size distribution of P
(DEBA)/EDAL1 was not shifted to higher pore width values but, on the
contrary, to values slightly lower compared to the parent P(DEBA).
Fig. 4 shows SEM images of P(DEBA), P(DEBA)/EDA1 and P(DEBA)/
EDA2. It is evident that the modification of P(DEBA) with EDA did not
affect the morphology of the materials. All three networks consisted of
approximately spherical particles 50-100 nm in diameter.
P(DEBA)/EDA1 and P(DEBA)/EDA2 were used in physisorption of
ibuprofen (IBU) dissolved in toluene (6 mg/ml), see Supplementary
Data for details. In particular, P(DEBA)/EDA2 has been confirmed to be
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plied, P(DEBA)/EDA2 had an unexpectedly high capacity of 1.13 g
(IBU)/g (compare with e.g. ref.[42]) while the concentration of IBU in
the toluene phase decreased to 0.3 mg/ml after 24 h mixing IBU solu-
tion with P(DEBA)/EDA2. The time course of the IBU physisorption on
P(DEBA)/EDA2 is shown in Supplementary Data, Fig. S3. A lower ca-
pacity, 0.49 g(IBU)/g, was found for P(DEBA)/EDA1 under the same
conditions. It should be noted that parent P(DEBA) showed no mea-
surable activity in IBU physisorption. The IBU is a slightly acid ad-
sorptive (pK, = 4.47, Ref. [43]), which explains that the efficiency of
the IBU capture increased with increasing content of base NH, groups
in the sorbents in the order: P(DEBA) < P(DEBA)/EDA1 < P(DEBA)/
EDA2.

P(DEBA)/EDA2 with high NH, groups content and parent P(DEBA)
(free of NH, groups) were also used in CO, physisorption. The CO,
adsorption isotherms on these materials measured at various tempera-
tures are given in Supplementary Data, Figs. S4 and S5, the CO, ad-
sorption isotherms at 273K are given in Fig. 5. The CO, capture ca-
pacities of 240 mg/g and 360 mg/g were determined at 273 K and 7 bar
CO, pressure for P(DEBA) and P(DEBA)/EDA2, respectively, which
represents a 50% increase in capture capacity due to the modification of
the sorbent by NH, groups. An even higher relative increase in CO,
capture capacity was observed at higher temperatures (see Table S1 in
Supplementary Data), for example at 313 K, the CO, capture capacity of
P(DEBA)/EDA2 (235 mg/g at 7 bar CO,) was 75% higher than that of P
(DEBA) (135mg/g at 7 bar CO,). The isosteric heats of CO, physi-
sorption on P(DEBA) and P(DEBA)/EDA2, Qy, (obtained from the
temperature dependences of CO, adsorption isotherms) are plotted vs.
the physisorbed amount in Fig. 5. The heats of CO, physisorption at the
lowest amount physisorbed, (Qsinit, Were 26 kJ/mol for P(DEBA) and
36 kJ/mol for P(DEBA)/EDA2. The value of 36 kJ/mol ascertained for P
(DEBA)/EDA2 is among the higher (Qsinic values published in the lit-
erature for the CO, physisorption on functionalized POPs.[18] It can,
therefore, be stated that due to the basicity of the NH, groups of P
(DEBA)/EDAZ2 the energy of the CO,-sorbent interaction was increased.
High energy of CO,-sorbent interaction along with the fact that P
(DEBA)/EDA2 contained a high number of base NH, groups (about
5.1 mmol/g) was very probably crucial for the observed high efficiency
of CO, capture on P(DEBA)/EDA2. This finding is consistent with the
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Fig. 3. N, adsorption (full points) and desorption (empty points) isotherms (77 K) (A) and pore size distributions (B) for samples P(DEBA), P(DEBA)/EDA1 and P

(DEBA)/EDA2.

Fig. 4. SEM images of P(DEBA), P(DEBA)/EDA1 and P(DEBA)/EDA2.

opinion of a number of authors (see e.g., Ref. [44]) that to achieve a
high CO, capture efficiency the functionalization of the sorbent with
appropriate base groups is more important than an ultrahigh specific
surface area of the sorbents. In this connection, it is worth mentioning
that the CO, capture capacity of P(DEBA)/EDA2 was significantly
higher than the CO, capture capacity of parent P(DEBA) despite the fact
that the Sggr value of P(DEBA)/EDA2 was 30% lower than that of P
(DEBA).

The network P(DEBA)/EDA2 was also proved to be active as a
heterogeneous catalyst for aldol condensation of benzaldehyde with n-
heptanal. In principle, this reaction provides two products (see Scheme
2): (i) jasminaldehyde (desired product of cross-condensation) and (ii)
2-pentylnon-2-enal (product of selfcondensation of n-heptanal). To
suppress the formation of 2-pentylnon-2-enal, benzaldehyde is usually
used in excess over n-heptanal. Using the mole ratio n-hepta-
nal:benzaldehyde = 1:3 and P(DEBA)/EDA2 as a catalyst, the conver-
sion of n-heptanal of 61% was achieved within 24 h (80 °C, mole ratio of
n-heptanal to NH, groups of the catalyst = 75). The selectivity to jas-
minaldehyde was 40%. The catalytic activity and selectivity of P
(DEBA)/EDA2 catalyst were similar or slightly higher in comparison to
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the activity of various oxide-based catalysts applied for this reaction
previously [45,46]. The catalytically active centres remained in the
solid phase in the course of aldol condensation catalysed with P
(DEBA)/EDAZ2, (the reaction did not proceed further in the liquid phase
of the reaction mixture separated by filtration from P(DEBA)/EDA2 in
the course of the reaction). Moreover, the GC/MS analysis did not re-
veal the presence of EDA in the liquid phase of the reaction system.
Despite these facts, the catalytic efficiency of P(DEBA)/EDA2 decreased
in the second use (n-heptanal conversion of 30%, selectivity to jasmi-
naldehyde of 30% under the same conditions). The observed decrease
in catalytic efficiency may be due to insufficient removal of reaction
products from the active surface of the catalyst (before reusing, P
(DEBA)/EDA2 was washed three times with toluene at room tempera-
ture). We believe optimization of the catalyst surface regeneration can
increase the recycling efficiency of P(DEBA)/EDA.

Nevertheless, it should be noted that P(DEBA) was totally inactive in
the studied reaction: no conversion of n-heptanal was observed after
24 h of reaction performed in the presence of this polymer network.
Evidently, the base NH, groups in P(DEBA)/EDA2 were crucial for P
(DEBA)/EDA2 to act as a catalyst of the studied aldol condensation.
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4. Conclusion

The polyacetylene-type  hyper-cross-linked  poly(3,5-diethy-
nylbenzaldehyde), P(DEBA), with a high content of carbaldehyde
groups (6.5 mmol/g) and specific surface area of about 900 m?/g has
been prepared by a smooth chain-growth homopolymerization of 3,5-
diethynylbenzaldehyde monomer. It has thus been shown that the
polymerization method known from the synthesis of linear substituted
polyacetylenes can also be an effective tool for the preparation of highly
functionalized microporous polymer networks. P(DEBA) has proven to
be a multifunctional porous material. Parent P(DEBA) was active in
reversible chemisorption of low alcohols and primary amines through
binding them in the form of acetals and Schiff bases, respectively. The
complete release of chemisorbed compounds was achieved by acid
hydrolysis under P(DEBA) regeneration. The covalent modification of P
(DEBA) with an excess of ethylene diamine gave microporous network
with a high content of primary amino group, P(DEBA)/EDA2. Thanks to
the basicity of decorating NH, groups, the P(DEBA)/EDA2 was highly
efficient in physisorption of ibuprofen and CO,. P(DEBA)/EDA2 was
also active as a heterogeneous catalyst of aldol condensation of n-
heptanal with benzaldehyde giving desirable jasminaldehyde with
moderate selectivity.
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Postpolymerization covalent modification of P(DEBA) with ethylendiamine

The postpolymerization covalent modification of P(DEBA) with ethylenediamine (EDA) was
performed in methanol at room temperature under stirring. The reaction time was 14 days.
250 mg of P(DEBA) (1.6 mmol of HC=0) was reacted with 49 mg of EDA (1.6 mmol of NH»
groups) under formation of modified network P(DEBA)/EDA1l. For preparing
P(DEBA)/EDA2 modified network, 250 mg of P(DEBA) (1.6 mmol of HC=0) was reacted
with 486 mg of EDA (16 mmol of NH> groups). Samples of P(DEBA) covalently modified
with EDA were separated by filtration, repeatedly washed with methanol to remove
physisorbed EDA and dried in vacuum at room temperature to constant weight. Modified
samples were subsequently analyzed by '*C CP/MAS NMR to evaluate the character and

extent of EDA chemisorption.


mailto:jan.sedlacek@natur.cuni.cz
mailto:eliska.vyskocilova@vscht.cz

Chemisorption of p-toluidine and N-methylaniline on P(DEBA)

The chemisorption of aromatic amines on P(DEBA) was performed in methanol at room
temperature under stirring. In a typical experiment, 250 mg of P(DEBA) was dispersed in 2
ml of methanol and solution of 870 mg of p-toluidine in 4 ml methanol was added. An excess
of p-toluidine (NH> groups to HC=0 groups mole ratio = 5) was used with the aim to achieve
maximum chemisorption capacity of P(DEBA). After 7 days, the P(DEBA) with chemisorbed
p-toluidine was separated by filtration, repeatedly washed with methanol to remove
physisorbed p-toluidine and dried under vacuum at room temperature to constant weight.
P(DEBA) with chemisorbed p-toluidine was subsequently analyzed by *C CP/MAS NMR to
verify the p-toluidine chemisorption and to determine the p-toluidine loading. The desorption
of p-toluidine was performed in 50 ml methanol/HCI (100/1; v/v) under stirring for 48 h.
After p-toluidine desorption, the P(DEBA) chemisorbent was regenerated by washing with

H>O/HCI (100/1; v/v) for 24 h.

Chemisorption of methanol and ethanol on P(DEBA)

The chemisorption of methanol and ethanol on P(DEBA) was performed at room temperature
under stirring in neat methanol and ethanol containing HCI (1 vol.%). Neat alcohols were
used with the aim to achieve maximum chemisorption capacity of P(DEBA). In a typical
experiment, 250 mg of P(DEBA) was dispersed in methanol (50 ml) and the dispersion was
mixed for 7 days. The P(DEBA) with chemisorbed methanol was then separated by filtration
and dried under vacuum at room temperature to constant weight. P(DEBA) with chemisorbed
methanol was subsequently analyzed by '*C CP/MAS NMR to verify the methanol

chemisorption and to determine the methanol loading. The desorption of methanol and



regeneration of P(DEBA) chemisorbent was performed in one step in 50 ml H>O/HCI (100/1;

v/v) under stirring for 48 h.

Ibuprofen (IBU) physisorption on polymer networks

In a typical experiment, a polymer network tested as a physisorbent (50 mg) was loaded to 22
ml glass vial and 10 ml of the solution of IBU in toluene (concentration = 6 mg/ml) was
added. A vial was closed, assembled to the shaker and shaken at 1500 rpm for the desired
time. Samples of liquid phase were taken at certain intervals, filtered through a syringe filter
(45 pm) and analyzed using Shimadzu GC 2010 chromatograph fitted with nonpolar column

DB-5 (35 m, 0.2 mm diameter, 0.35 um film) and coupled with quadrupole mass analyzer.

Application of polymer networks as catalysts for aldol condensation of benzaldehyde with n-

heptanal

In a typical experiment, 25 ml round-bottomed flask was equipped with a condenser and
loaded with a polymer network serving as a catalyst (20 mg), toluene (1.5 ml), benzaldehyde
(2.17 ml, 21 mmol) and the reaction mixture was heated to 80 °C. Then n-heptanal (1 ml, 7
mmol) was added. After 24 h, the reaction mixture was centrifuged and the liquid part was
analyzed using Shimadzu GC 17A gas chromatograph fitted with nonpolar column ZB-5 (60

m, 0.32 mm diameter, 0.25 pm film) and FID.



Table S1. CO; sorption capacity of P(DEBA) and P(DEBA)/EDA2, aco2, at various

temperatures at 0.1 bar and 7 bar CO; pressure.

aco2 (mgCO2/g)

Sample
pco2 = 0.1 bar pco2 =T bar

T'=273K T=293K T=313K T7T=273K T=293K T=313K

P(DEBA) 18 9 5 240 175 135
P(DEBA)/EDA2 33 22 12 360 295 235
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pore size distributions (B) for samples P(DEBA), P(DEBA)/MeOH, P(DEBA)/MeOH/reg
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dispersed. Conditions: 50 mg P(DEBA)/EDAZ2, initial IBU concentration in toluene = 6.0
mg/ml, 10 ml of IBU solution, room temperature
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Abstract: Two series of hyper-cross-linked microporous polyacetylene networks containing either
-[CH=C(CH=0)]- or -[CH=C(CH,OH)]- monomeric units are reported. Networks are prepared
by chain-growth copolymerization of acetal-protected propargyl aldehyde and acetal-protected
propargyl alcohol with a 1,3,5-triethynylbenzene cross-linker followed by hydrolytic deprotec-
tion/detemplating. Deprotection not only liberates reactive CH=0 and CH,OH groups in the
networks but also modifies the texture of the networks towards higher microporosity and higher
specific surface area. The final networks with CH=0 and CH,OH groups attached directly to the
polyene main chains of the networks have a specific surface area from 400 to 800 m? /g and contain
functional groups in a high amount, up to 9.6 mmol/g. The CH=0 and CH,OH groups in the net-
works serve as active centres for the reversible capture of CO, and water vapour. The water vapour
capture capacities of the networks (up to 445 mg/g at 297 K) are among the highest values reported
for porous polymers, making these materials promising for cyclic water harvesting from the air.
Covalent modification of the networks with (R)-(+)-3-aminopyrrolidine and (S)-(+)-2-methylbutyric
acid enables the preparation of porous chiral networks and shows networks with CH=0 and CH,OH
groups as reactive supports suitable for the anchoring of various functional molecules.

Keywords: porous polymers; hyper-cross-linked; polyacetylenes; chiral modification; water harvesting

1. Introduction

Organic polymer networks with permanent microporosity and high specific surface
area, often referred to as porous organic polymers (POP) [1,2], represent an intensively stud-
ied group of porous materials, promising for catalytic [3,4], sorption [5-7], separation [8,9],
sensing [10], and other applications. The high application potential of POPs reflects the
wide variability of texture, composition, and covalent structure that can be achieved with
these materials by properly combining and tuning the polymer and organic synthesis
procedures used for their preparation. For example, POPs containing various acid and
base groups, covalently inbuilt organometallic complexes, and electroactive and photoac-
tive segments were developed for applications in heterogeneous organocatalysis [11,12],
organometallic catalysis [13], electrocatalysis [14], and photocatalysis [15]. Texturally and
covalently diverse POPs were prepared for reversible CO, capture: non-functional POPs
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with an ultra-high specific surface area were revealed to be efficient for high-pressure CO,
capture [16], while functionalized POPs with a significantly lower specific surface area were
suitable for the low-pressure CO; trapping [17,18]. Several POPs with polar segments were
prepared and tested in reversible water vapour capture from the air [19,20]. On the contrary,
highly hydrophobic fluorine-rich POPs were also prepared [21,22] and applied to capture
the vapour of non-polar hydrocarbons and fluorinated compounds. Application-interesting
POPs with ionic [20,23], luminescent [24], chiral [25,26], and other groups [27,28] were also
reported in the literature. Unlike inorganic porous materials (zeolites, molecular sieves) or
MOF-type materials, POPs are mostly highly stable in an aqueous environment, even in the
presence of acids, bases, and salts. Thanks to this, POPs appear to be promising adsorbents
for the capture of a wide range of adsorptives and are comparable to COF-type adsorbents.

Functionalization of POPs (crucial for most applications) was mostly achieved by the
so-called prepolymerization functionalization approach consisting of the polymerization of
monomers bearing heteroatom groups or segments in addition to the polymerization-active
groups. Bivalent and trivalent heteroatom segments were inbuilt into POPs, often in the
form of networks knots created in the course of polymerization (e.g., triazole [29], imine
knots [30]) or in the form of cyclic building blocks [17,31-34]. Univalent functional groups
were inbuilt into POPs mostly as substituents (pendant groups) of hydrocarbon aromatic
building blocks. For example, Cooper et al. copolymerized 1,3,5-triethynylbenzene with
dibromoarenes ring-substituted with various groups (NO,, OMe, COOMe, CF3, NH,, OH)
via Sonogashira cross-coupling under elimination of HBr and formation of functional-
ized poly(aryleneethynylene) type POPs. The functional groups were preserved in the
resulting POPs [35]. This concept was adopted by many other authors, and POPs with
various univalent functional groups were prepared by step-growth polymerizations using
coupling [36], cyclotrimerization [37], knitting [36,38], and other reactions. The chain-
growth polymerization approach was also efficient for the synthesis of functionalized POPs.
Radical polymerizations of vinyl comonomers and cross-linkers into functionalized POPs
were well reviewed in ref. [39]. Our group described the preparation of functionalized
polyacetylene POPs by chain-growth coordination and spontaneous polymerizations of
ring-functionalized arylacetylenes [9,40,41].

The microporosity of POP is created during polymerization due to the rigidity of the
building blocks of POPs and their extensive cross-linking, which prevents tight packing of
the network segments. As a result, POPs contain unoccupied space forming micropores.
Micropores can be accompanied by larger mesopores in POPs. Mesopores are believed to be
formed by the covalent interconnecting of small particles of the microporous network in the
later stages of polymerization. In some cases, the porosity of POPs was successfully modi-
fied by templating approach. Seo et al. used readily hydrolyzable polylactides as a template
to introduce mesopores into hyper-cross-linked POPs prepared by a combination of radical
polymerization and knitting reaction [42,43]. A combination of polymerization and high
internal phase emulsion templating was efficient for preparing POPs containing both mi-
cropores and macropores [44,45]. Huang et al. used radical copolymerization of mixtures
of monomers (di-tert-butyl-4,4’-stilbene dicarboxylate, tert-butyl 4-maleimidobenzoate,
tert-butyl 4-vinylbenzoate, and divinylbenzene cross-linker) to prepare microporous POPs.
The postpolymerization thermal or chemical modification led to the removal of tert-butyl
groups accompanied by an increase in the micropore volume and the specific surface area
of these POPs [46]. We recently reported hyper-cross-linked polyacetylene networks with
aromatic template segments covalently attached to the scaffold via azomethine links. The
postpolymerization hydrolysis of these links and the removal of template molecules led to
a significant modification of the micropore size distribution and the specific surface area of
the POPs [47,48]. In some cases, even non-porous networks were modified into POPs with
a specific surface area of about 500 m?/g by this templating approach [48].

In this paper, we report POPs of hyper-cross-linked polyacetylene-type with CH=0O
and CH,OH groups attached directly (without any spacer) to the rigid polyacetylene main
chains. Acetal-protected aliphatic monomers and chain-growth copolymerization followed
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by deprotection and detemplating were used for the synthesis. Prepared POPs with a
tuneable content of functional groups and texture were highly active in reversible water
vapour capture and were demonstrated as supports for covalent anchoring of various
functional molecules, e.g., chiral molecules, under preservation of porosity. The functional
properties of POPs are discussed in relation to pore size distribution and the content of
functional groups.

2. Materials and Methods
2.1. Materials

(Acetylacetonato)(norbornadiene)rhodium(I), [Rh(nbd)acac], (>98%), 1,3,5-
triethynylbenzene, (TEB) (98%), propargylaldehyde diethyl acetal, (M1) (>97%), pent-1-yne
(>98%) (all TCI Europe N.N., Zwijndrecht, Belgium), and acetaldehyde ethyl propargyl
acetal, (M2) (98%, Acros Organics, Geel, Belgium) were used as obtained. Dichloromethane
(99.95%, Lach-Ner Ltd., Neratovice, Czech Republic) was distilled with P,Os.

The following chemicals for the modifications were used as received: dansyl hy-
drazine (>97%), (R)-(+)-3-aminopyrrolidine (>98%) (all TCI Europe N.N., Zwijndrecht,
Belgium), (5)-(+)-2-methylbutyric acid (98%, Sigma Aldrich Ltd., Prague, Czech Repub-
lic), p-toluenesulfonic acid (monohydrate, p.a., Lachema, Neratovice, Czech Republic),
methanol (99.99% Lach-Ner Ltd., Neratovice, Czech Republic), benzene (anhydrous, 99.8%,
Sigma Aldrich Ltd., Prague, Czech Republic).

2.2. Copolymerization

Copolymerizations of protected monomers M1 and M2 with 1,3,5-triethynylbenzene
(TEB) were performed in CH,Cl; at 75 °C in a sealed thick-wall ampoule under an ar-
gon atmosphere using [Rh(nbd)acac] as a polymerization catalyst. The overall initial
concentration of monomers was 0.3 mol/dm?; the concentration of [Rh(nbd)acac] was
15 mmol/dm>. The mole ratios of the comonomers in the copolymerization feed were
either M1 or M2:TEB = 1:1 for P(M1/TEB 1:1) and P(M2/TEB 1:1) networks, respectively,
or M1 or M2:TEB = 3:1 concerning P(M1/TEB 3:1) and P(M2/TEB 3:1) networks, respec-
tively. The polymerizations were started by adding the catalyst solution to the solution of
monomers. The polymerizations were finished after 7 days by diluting the reaction mixture
(containing the solid copolymer) with an excess of CH,Cl,. The solid copolymer network
was separated, repeatedly washed with CH,Cl,, dried under vacuum at room temperature
for 2 days to constant weight, and finally mechanically ground. The yield was determined
gravimetrically. All polymerizations proceeded with quantitative yield.

2.3. Deprotection of Parent Networks

Typically, 400 mg of the parent copolymer network with protecting acetal groups were
kept under stirring in deionized water (100 mL) containing HCl for up to 2 weeks at room
temperature. The mole ratio of HCl to protecting groups was 10:1. Then the detemplated
copolymer product was thoroughly washed to neutral pH with deionized water and dried
under vacuum for 2 days at room temperature.

Details on the postpolymerization modification of P(M1/TEB 1:1)H and P(M2/TEB
1:1)H are given in Supplementary Material.

2.4. Techniques
2.4.1. NMR
All 3C cross-polarization magic angle spinning (CP/MAS) NMR spectra were mea-

sured at 11.7 T using a Bruker Avance III 500 WB/US NMR spectrometer (Bruker Corpora-
tion, Billerica, MA, USA), as described elsewhere [17].

2.4.2. Np and CO, Adsorption

The adsorption/desorption isotherms of nitrogen (at 77 K) and CO; (at a range
from 273 to 333 K) were measured at a Triflex V4.02 apparatus (Micromeritics Instrument
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Corporation, Norcross, GA, USA). Prior to the sorption measurements, all the samples
were degassed using Micromeritics SmartVacPrep instrument as described previously [17].

The Brunauer-Emmett-Teller specific surface area, Sggt, total pore volume, Vi, and
micropore volume V,; are reported. The V,; and Vi, values were determined according
to the Ny amount trapped at p/py = 0.1 and p/py = 0.97, respectively. The micropore size
distribution was determined by the semi-empirical method of Horvath-Kawazoe. A model
for the slit pore geometry (original Horvath-Kawazoe) with carbon—graphite adsorbent
was used for the calculation of the size of the pores.

24.3. TGA

Thermogravimetric analysis (TGA) was performed on the Setsys Evolution apparatus
(Seteram, Caluire-et-Cuire, France) under a nitrogen atmosphere using a heating rate
10 °C/min in a temperature range from 40 to 800 °C.

2.4.4. DVS

The water vapour sorption was measured using a DVS Advantage 2 instrument
(Surface Measurement Systems Ltd., London, UK) at 297 K. The device allows monitoring
of moisture adsorption under specified conditions.

Approximately 25 mg of the polymer network was first preheated to 100 °C for
120 min. The adsorption/desorption analysis was performed with a relative humidity
(RH) setting of 0%—90%—-0%-90%-0% (with intermediate steps of 10% RH) and a setting of
180 min for each step.

2.4.5. SEM

SEM measurements were performed using Tescan Lyra3 apparatus (TESCAN Brno,
Ltd., Brno, Czech Republic) at an accelerating voltage of 10 kV.

3. Results and Discussion
3.1. Synthesis and Characterization of the Porous Networks

The synthetic part of this study aimed to prepare porous hyper-cross-linked polyacety-
lene networks containing carbaldehyde (-CH=0) and hydroxymethyl (-CH,OH) groups
attached (without any spacer) to the carbon atoms of linear vinylene units of the main
chains of the networks. The chain-growth polymerization of substituted acetylenes used
for the preparation of polyacetylenes is mostly reported to be tolerant to various het-
eroatom groups of the monomers [49-51]. However, in the case of the polyacetylene
networks reported here, it was not possible to use respective acetylenes, prop-2-ynal,
HC=C-CH=0, and prop-2-yn-1-ol, HC=C-CH,OH, as starting (co)monomers for their
preparation. Prop-2-ynal (propargyl aldehyde) is an extremely unstable compound, as
reported in the literature [52,53]. Although prop-2-yn-1-ol (propargyl alcohol) is a stable
compound, it is also unsuitable for the preparation of polyacetylene networks. Our prelimi-
nary experiments showed a poor polymerizability of this compound, apparently due to the
presence of a reactive OH group in the vicinity of the polymerization-active ethynyl group.
For the preparation of the discussed networks, we, therefore, proposed (i) to use acetylene
monomers with protected carbaldehyde and hydroxymethyl groups, (ii) to incorporate
these monomers into networks by means of copolymerizations with a proper ethynylated
cross-linker, and finally (iii) to deprotect these (parent) networks under the formation
of the final products with desired -[CH=C(CH=0)]- and -[CH=C(CH,;OH)]- monomeric
units. Two monomers were used for this purpose (see Scheme 1): propargyl aldehyde
diethyl acetal, M1 (i.e., the acetal-protected form of prop-2-ynal) and acetaldehyde ethyl
propargyl acetal, M2 (i.e., the acetal-protected form of prop-2-yn-1-ol). Monomers M1
and M2 were (independently) copolymerized with 1,3,5-triethynylbenzene (TEB) serving
as a cross-linker. Copolymerizations were catalysed with [Rh(nbd)acac] complex (see
Scheme 1). The comonomer mole ratios in the feed, M1(or M2):TEB were 1:1 and 3:1 (see
Section 2.2 for the details). All copolymerizations provided quantitative yields of respective
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and P(M2/TEB 3:1). The prepared networks were dark brown solids, totally insoluble in
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Scheme 1. Preparation of porous networks with CH=O and CH,OH groups via chain-growth
polymerization followed by hydrolytic deprotection.

The '3C CP/MAS NMR spectra of P(M1/TEB 1:1), P(M1/TEB 3:1), P(M2/TEB 1:1), and
P(M2/TEB 3:1) are shown in Figure 1. The broad dominating signal in the J = 120-150 ppm
region of all spectra corresponded to the resonance of aromatic carbon atoms of TEB units
and polyene main-chain carbon atoms. The signal at § = 80 ppm in all spectra was due to
carbon atoms of unreacted ethynyl groups in the units formed from TEB. Evidently, not all
TEB monomer molecules were incorporated into the networks through the polymerization
transformation of all three ethynyl groups to form cross-linking units connecting the chains
through benzene-1,3,5-triyl segments. Some TEB cross-linking units could contain one
unreacted ethynyl group (cross-linking through benzene-1,3-diyl segments), and some
TEB molecules could be incorporated into the networks as linear units possessing two
unreacted ethyl groups (see ref. [54] for more details). The '3C CP/MASNMR spectra of
P(M1/TEB 1:1) and P(M1/TEB 3:1) contained the distinct signals of carbaldehyde diethyl
acetal pendant groups of the M1-type monomeric units. The sharp signal at § = 14 ppm
corresponded to the carbon atoms of methyl groups, the signal at 6 = 62 ppm corresponded
to carbons of -OCH;- groups, and the signal at 6 = 100 ppm was due to the -CH(OEt),
carbon atoms. Similarly, the 13C CP/MAS NMR spectra of P(M2/TEB 1:1) and P(M2/TEB
3:1) contained signals characteristic of acetaldehyde ethyl methyl acetal pendant groups of
the M2-type monomeric units. Partly distinguished signals at § = 15 ppm and J = 20 ppm
belonged to carbon atoms of two different methyl groups of M2-type monomeric units (see
Scheme 1). The signal at § = 62 ppm corresponded to the resonance of carbon atoms of -
OCH,;- groups and the signal at 6 = 100 ppm was due to the carbon atoms of -O-CH(CH3)-O-
groups. As evident from Figure 1, the signals of carbon atoms of acetal groups were more
pronounced in the spectra of P(M1/TEB 3:1), and P(M2/TEB 3:1) than in the spectra of
P(M1/TEB 1:1), and P(M2/TEB 1:1). This corresponded well with the fact that P(M1/TEB
3:1), and P(M2/TEB 3:1) were richer in acetal groups containing units than P(M1/TEB 1:1)
and P(M2/TEB 1:1). The above discussed 13C CP/MAS NMR spectra of P(M1/TEB 1:1),
P(M1/TEB 3:1), P(M2/TEB 1:1), and P(M2/TEB 3:1) networks were in good agreement with
the structure of the networks given in Scheme 1. Prepared polymer networks consisted of
polyacetylene (polyvinylene) main chains cross-linked with benzene linkers formed from
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TEB. The linear units of the networks were decorated with acetal-protected carbaldehyde or
hydroxymethyl groups. The spectra confirmed that no significant deprotection (detectable
by 13C CP/MAS NMR spectroscopy) occurred during the synthesis of the networks.

P(M1/TEB 1:1)

é’ P(M1/TEB 3:1) E::

residual -C=CH
-CH(OEt),
-OCH,-

residual -C=CH

P(M1/TEB 1:1)H P(M1/TEB 3:1)H
i
T
200 100 50 0 200 150 100 50 0
3 (ppm) 5 (ppm)
P(M2/TEB 1:1) P(M2/TEB 3:1)
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-0-CH-0
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-CH,-O-

P(M2/TEB 1:1)H

P(M2/TEB 3:1)H

-CH,-OH

200

100 50 0 200 150 100 50 0
5 (ppm) 3 (ppm)

Figure 1. 3C CP/MAS NMR spectra of prepared networks.

Networks P(IM1/TEB 1:1), P(MM1/TEB 3:1), P(M2/TEB 1:1), and P(M2/TEB 3:1) were
subsequently submitted to the hydrolysis in HCl/H,O (for details see Section 2.3) in order to
decompose their acetal pendant groups and remove the low-molecular-weight products of
the hydrolysis from the networks. Optimization of the hydrolysis procedure showed that a
long reaction time (two weeks at room temperature) was required to ensure the quantitative
extent of this process. The hydrolytic deprotection resulted in polymer networks labelled
as follows: P(M1/TEB 1:1)H, P(M1/TEB 3:1)H, P(M2/TEB 1:1)H, and P(M2/TEB 3:1)H.
13C CP/MAS NMR spectroscopy confirmed that the hydrolytic deprotection was highly
effective, both in the case of networks with M1-type units and in the case of networks with
M2-type units. This is evident from Figure 1, in which the 3C CP/MAS NMR spectra of
hydrolyzed networks P(M1/TEB 1:1)H, P(M1/TEB 3:1)H, P(M2/TEB 1:1)H, and P(M2/TEB
3:1)H are compared with the '3C CP/MAS NMR spectra of parent networks P(M1/TEB
1:1), P(M1/TEB 3:1), P(M2/TEB 1:1), and P(M2/TEB 3:1). The '3C CP/MAS NMR signals
of aliphatic carbon atoms of acetal protecting groups were either absent or very weak in
the spectra of all hydrolyzed networks. At the same time, 1>*C CP/MAS NMR spectroscopy
confirmed that the hydrolysis of the parent networks resulted in networks with the required
carbaldehyde and hydroxymethyl groups. The 3C CP/MAS NMR spectra of P(M1/TEB
1:1)H and P(M1/TEB 3:1)H contained a well-resolved signal of carbon atoms of -CH=0
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groups at 6 = 190 ppm. The presence of CH,OH groups in P(M2/TEB 1:1)H and P(M2/TEB
3:1)H was manifested by a signal at 6 = 62 ppm in 1*C CP/MAS NMR spectra (see Figure 1).

The covalent structure of the studied networks (rigid polyene main chains hyper-
cross-linked with rigid aromatic linkers) was designed so that these networks could exhibit
permanent porosity. The nitrogen adsorption/desorption measurements at 77 K confirmed
this assumption: both parent and hydrolyzed networks exhibited a micro/mesoporous
texture, as evident from the N, adsorption/desorption isotherms shown in Figure 2. The
presence of the micropores in the networks was manifested by sharp N, uptake at low
relative pressures. An increase in the adsorbed amount of N; at higher relative pressures
and a hysteresis on the adsorption/desorption isotherms indicated the presence of meso-
pores and/or interparticle void volume in the networks. The values of texture parameters
of the networks ascertained from the N, adsorption isotherms, i.e., Brunauer-Emmett—
Teller specific surface area (Sgpt), micropore volume (Vy,), and total pore volume (Viot),
are summarized in Table 1. The texture parameters of the parent networks depended on
the type and content of linear units. The values of Sggr, Vi, and Vit decreased with
increasing content of the M1- and M2-type units in the networks. It is obvious that the
pendant groups of M1- and M2-type units, due to their flexibility, did not contribute to
the formation of porosity and, on the contrary, could partly occupy the potential pores
in the networks. Nevertheless, even in the case of P(M1/TEB 3:1) and P(M2/TEB 3:1),
micro/mesoporosity and Sggr of 314 and 149 m? /g, respectively, were achieved. Parent
networks containing M1-type linear monomeric units generally showed higher values
of SeT, Vmi, and Vit than parent networks with M2-type linear monomeric units. For
example, the Sppr of 832 m?/g was achieved for P(M1/TEB 1:1) while P(M2/TEB 1:1)
exhibited a specific surface area roughly 50% lower (Sger = 393 m?/g). The reason could
be the higher symmetry of the pendant groups of the M1-type units, thanks to which
these groups might occupy less space in the network. The N, adsorption/desorption
measurements further clearly proved that the above-described hydrolytic deprotection
of M1- and M2-type linear units of parent networks was accompanied by an increase in
the Sggr and V,; values of the networks. All the hydrolyzed networks, i.e., P(M1/TEB
1:1)H, P(M1/TEB 3:1)H, P(M2/TEB 1:1)H, and P(M2/TEB 3:1)H had higher Sggr and Vyy;
values than their parent counterparts. (see Table 1 and Figure 2). The increase in Sggt due
to hydrolytic deprotection was particularly significant in the case of networks containing
M2-type units: compared to the parent networks P(M2/TEB 1:1) and P(M2/TEB 3:1), the
hydrolyzed networks P(M2/TEB 1:1)H and P(M2/TEB 3:1)H showed more than twice
higher specific surface area values (Table 1). The increase in the micropore volume due
to the hydrolysis was also significant in these networks. Parent networks P(M2/TEB 1:1)
and P(M2/TEB 3:1) showed V,,; of 0.13 and 0.05 cm3/ g, respectively, while the V,; val-
ues of their hydrolyzed counterparts were 0.29 cm?/g (P(M2/TEB 1:1)) and 0.17 cm3/g
(P(M2/TEB 3:1)). Moreover, the hydrolysis of the networks containing M1-type units
was accompanied by an increase in Sggr and Vp,,; value although this increase was less
pronounced. The Sggr values increased from 832 to 911 m?2/ g due to the transformation of
P(M1/TEB 1:1) to PMM1/TEB 1:1)H, the transformation of P(M1/TEB 3:1) to P(M1/TEB
3:1)H was accompanied by an increase in Sggr from 313 to 534 m?/g. Figure 3 compares the
micropore size distributions of the parent and hydrolyzed networks. The values of microp-
ore width corresponding to the maxima of the distributions (Dp,;) are given in Table 1. In
the case of all networks, the micropore size distribution was shifted towards lower values
of micropore width as a result of hydrolytic deprotection. The Dy; values of the parent
networks P(M1/TEB 1:1), P(M1/TEB 3:1), P(M2/TEB 1:1), and P(M2/TEB 3:1) ranged from
0.9 to 1.1 nm while D,; = 0.7 nm was determined for all hydrolyzed networks (Table 1).
The hydrolytic deprotection of the parent networks proceeded through the decomposition
of acetal groups, followed by the removal of aliphatic low-molecular-weight hydrolytic
products from the networks. It should be noted that this process was not accompanied by
a collapse of the hyper-cross-linked scaffold of the networks. On the contrary, the void
volume occupied by the aliphatic protecting groups in the parent networks was emptied
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under the formation of new micropores in the hydrolyzed networks. This led in parallel to
an increase in Sggr values. Figure 4 shows scanning electron microscopy (SEM) images of
the parent and hydrolyzed networks. The SEM method did not show any morphological
changes due to the deprotection of the networks. Figure S1 of the Supplementary Materials
shows the results of thermogravimetric analysis (TGA). The weight loss of all deprotected
networks was less than 2% at 200 °C. The temperature values at which a weight loss of 5%
was detected were as follows: 241 °C, P(M1/TEB 3:1)H, 248 °C, P(M2/TEB 3:1)H, 264 °C,
P(M1/TEB 1:1)H, and 275 °C P(M2/TEB 1:1)H. Thus, the hydrolyzed networks showed

relatively high temperature stability.
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Table 1. Specific surface area (Sggr), micropore volume (V;), total pore volume (Vyot), and micropore
diameter (Dp,;) (from N, adsorption isotherms) of prepared networks.

Network Code SBET (m"/g) Vi (cm3/g) Viot (cm®/ 3) Dpyi (nm)
P(M1/TEB 1:1) 832 0.29 0.90 0.9
P(M1/TEB 1:1)H 911 0.35 0.60 0.7
P(M1/TEB 3:1) 313 0.12 0.19 1.1
P(M1/TEB 3:1)H 534 0.22 0.28 0.7
P(M2/TEB 1:1) 393 0.13 0.71 1
P(M2/TEB 1:1)H 794 0.29 0.76 0.7
P(M2/TEB 3:1) 149 0.05 0.11 1.1
P(M2/TEB 3:1)H 409 0.17 0.22 0.7

As discussed above, the hydrolytic deprotection of the parent networks was primar-
ily aimed at obtaining networks with reactive carbaldehyde and hydroxymethyl groups.
From the point of view of the texture of the networks, the performed deprotection can be
considered at the same time as a detemplating process positively modifying the texture
of the networks. The applied synthesis combining chain polymerization and deprotec-
tion/detemplating thus enabled the preparation of porous networks with a high content
of CH=0 and CH,OH groups (up to 9.6 mmol/g) and a satisfactory specific surface
area (Spgr from 400 to 800 m?/g) suitable for various applications, as described in the

following subsections.
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Figure 3. Micropore size distribution of prepared networks.
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Figure 4. SEM images of the parent and hydrolyzed networks.

3.2. Water Vapour and Carbon Dioxide Capture

In order to evaluate the effect of CH=O and CH,OH groups of P(M1/TEB 1:1)H,
P(M1/TEB 3:1)H, P(M2/TEB 1:1)H and P(M2/TEB 3:1)H on the efficiency of these net-
works in capturing H,O and CO; a heteroatom-free network was prepared as a com-
parison sample. Copolymerization of 1-pentyne with TEB cross-linker (3:1 in the feed)
provided a P(pentyne/TEB 3:1) network containing -[CH=C(CH,CH,CHj3)]- linear units
and showing the following texture parameters: Sper = 810 m?/g, V= 0.28 cm® /g, and
Viot = 1.69 cm®/g. Details on the synthesis and characterization of P(pentyne/TEB 3:1) are
given in Supplementary Materials (Scheme S1, Table S1, Figures S2-54).

The efficiency of the networks in capturing and releasing water vapour was investi-
gated at 297 K (see Section 2.4.4 for detail). The H,O adsorption/desorption isotherms
are given in Figure 5. The corresponding time course of H,O adsorption/desorption is
shown in Figure S5 of the Supplementary Materials. Table 2 summarizes the capture
capacities of the networks for H,O (i) at relative humidity (RH) of 90% (a20rH90) and
(ii) at RH = 40% (ap20RH40)- It is evident that the polar CH=0O and CH,OH groups in the
prepared networks dramatically increased the efficiency of these materials in capturing
water vapour in comparison to the hydrocarbon network P(pentyne/TEB 3:1). The values
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of apporm9o ranged from 272 to 445 mg/g for CH=0 and CH,OH groups containing net-
works while appporp90 Was only 36 mg/g for P(pentyne/TEB 3:1). The data in Table 2 and
the character of the isotherms in Figure 5 indicated that two processes were most likely
involved in the capture of water vapour in the functionalized networks: (i) adsorption
of H,O molecules on the surface of pores accompanied by trapping of H,O in narrow
micropores and (ii) capillary condensation of water in larger pores [55] (see Scheme 2). At
lower RH values, the adsorption and filling of narrow micropores prevailed. The efficiency
of these processes increased with the increasing content of polar groups in the networks.
This is evident from Table 2, showing an increase in the value of aporp40 in parallel with an
increase in the content of CH=0 and CH,OH groups in the networks in the following series:
P(M1/TEB 1:1)H < P(M1/TEB 3:1)H and P(M2/TEB 1:1)H < P(M2/TEB 3:1)H. We assume
that the CH=0 and CH,OH groups served in the networks as adsorption centres interacting
with H,O molecules via dipole-dipole interactions or weak hydrogen bonding. At higher
RH values, the process of capillary condensation of H,O in the larger pores most probably
prevailed and thus significantly contributed to the values of capture capacities reached
when RH = 90%, ao0rH90- The values of aporngg increased in the series: P(M1/TEB 3:1)H
<P(M1/TEB 1:1)H and P(M2/TEB 3:1)H < P(M2/TEB 1:1)H. This increase did not follow
an increase in the extent of functionalization of the networks, but it correlated with an
increase in Vot values (see Table 2). We assume that the size of the pore volume available
for capillary condensation (volume localized in mesopores or larger micropores) was an
important or decisive factor in the efficiency of this process [56]. It is worth noting that in
the case of P(M1/TEB 3:1)H and P(M2/TEB 3:1)H, the volume of water captured when
RH = 90% roughly corresponded to the total pore volume of these networks determined
by Ny adsorption (see Table 2). It should, however, be emphasized that water capture
by capillary condensation did not occur with the hydrocarbon network P(pentyne/TEB
3:1), despite its high Vot value (1.69 cm3/g). For effective capture of water by capillary
condensation, prior coverage of the pore surface with water trapped by adsorption was
evidently necessary.

Table 2. H,O adsorption capacities arporp4g (at RH = 40%) and amorpgo (at RH = 90%) of the
networks at 297 K. Vit values were obtained from N, adsorption isotherms at 77 K.

Network Code Polar Group Content (mmol/g) Viot (cm®/g) ag20RH40 (M/g) ag20RH90 (Mg/g)
P(M1/TEB 1:1)H 4.90 0.60 100 445
P(M1/TEB 3:1)H 9.61 0.28 139 272
P(M2/TEB 1:1)H 4.85 0.76 56 422
P(M2/TEB 3:1)H 9.42 0.22 98 286

P(pentyne/TEB 3:1) 0 1.69 14 36
Surface adsorption and Capillary condensation in
filling of the narrow pores larger pores

e ¢ ¢
P > 4
20 > 3
20 : 4
o® < 3
> 3
y {3 > a¢
b o > 3
20 : ¢
SN :

micropore mesopore micropore mesopore

Low RH High RH

® water

Scheme 2. Schematic mechanism of H,O capture in networks.
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Figure 5. Water adsorption (full points) and desorption (empty points) isotherms (297 K) on the

prepared networks.

The participation of capillary condensation in water capture on functionalized net-
works corresponded with the hysteresis loops on the adsorption/desorption isotherms
given in Figure 5. The hysteresis loops were closed in the case of P(M1/TEB 1:1)H,
P(M1/TEB 3:1)H, and P(M2/TEB 1:1)H when RH ~ 20%, and the complete desorption
of water from these networks was achieved by isothermal reduction of RH without the
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need to increase the temperature. In the case of network P(M2/TEB 3:1)H, the hysteresis
loop did not completely close even when RH = 0% (equilibration time 180 min). Never-
theless, the amount of water remaining in the network under these conditions was only
9mg/g. The water adsorption/desorption isotherms on functionalized networks were
well reproducible, as evident from Figure S6 in Supplementary Materials showing the
isotherms for two consecutive H,O adsorption/desorption cycles. Water capture capac-
ities when RH =90% of P(M1/TEB 1:1)H and P(M2/TEB 1:1)H, app0ru90 = 445 mg/g
and apporH9 = 422 mg/g, respectively, corresponded to the highest values reported for
sorbents of the porous polymer-type [19,55]. For example, polyphenylene-type POPs
functionalized with NH; and NO, groups exhibited water capture capacities from 290 to
350 mg/g (RH =97%, 297 K) [37]. Values of arppormgo up to 420 mg/g (297 K) were achieved
on POPs with epoxy functional groups [57]. Pyridine containing hyper-cross-linked POPs
reported recently by our group exhibited apporpe up to 376 mg/g [17]. Water capture
capacity of about 550 mg/g, (RH = 90%, 297 K) was reported for ionic POPs with quater-
nized 1,4-diazabicyclo[2.2.2]octane-type units [20]. Water capture capacities of P(M1/TEB
1:1)H and P(M2/TEB 1:1)H were comparable with capacities reported for various COF-
type materials (e.g., COFs with functionalized aromatic building blocks, arporme up to
700 mg/g [58] and COFs with imine links, aporm90 up to 300 mg/g [59]). However, it
should be mentioned that COFs showed water capture activity only at higher RH values
(mostly RH > 30%). The final synthesis stage of P(M1/TEB 1:1)H and P(M2/TEB 1:1)H
was carried out in an aqueous environment, which confirms the high resistance of these
materials to water. P(M1/TEB 1:1)H and P(M2/TEB 1:1)H networks are, therefore, more
suitable for repeated water capture than porous materials of the zeolite or MOF types,
which can degrade during long-term contact with water. The good reproducibility of water
vapour capture and the high apporm9o values achieved for P(M1/TEB 1:1)H and P(M2/TEB
1:1)H make these networks promising for so-called cyclic water harvesting from the air [60].
Assume that samples P(M1/TEB 1:1)H and P(M2/TEB 1:1)H would work isothermally
at 297 K between RH = 20% and RH = 80% in this process. The amount of reversibly
trapped/released water would then be 280 mg/g for P(M1/TEB 1:1)H and 250 mg/g for
P(M2/TEB 1:1)H.

The efficiency of the networks in capturing and releasing CO, was investigated by
means of adsorption/desorption isotherms at 273, 293, 313, and 333 K (see Figure S7,
Supplementary Materials). The CO, capture on all networks was reversible at all tem-
peratures tested (see Figure 57, Supplementary Materials). Table 3 summarizes the CO,
adsorption capacities (273 K) at an equilibrium CO, pressure of 0.2 and 1 bar (values
of acop in mg(CO,)/ g(network)). The aco, values (1 bar 273 K) of networks containing
CH=0 and CH,OH groups were roughly twice the aco, value resulting for hydrocarbon
P(pentyne/TEB 3:1) network and corresponded to the capacities most frequently reported
for CO; capture on various functionalized porous polymers under these conditions [2,18].
The CO; capture on the networks proceeded (under the conditions used) via the adsorption
of CO, molecules on the surface. As the individual networks had different specific surface
areas, we also report (Table 3) the CO, adsorption capacities related to 1 m? of the network

surface, acoy/s [4coz/s = aco2/ Ssetl-

Table 3. CO, adsorption capacities of the networks at an equilibrium CO, pressure of 0.2 and 1 bar
at 273.15 K (acop and acpy/s) and isosteric heats of the CO, adsorption, Qst, at the coverage of
10 mg(CO,)/g. SpeT values were obtained from Ny adsorption isotherms at 77 K.

0.2 bar 1bar
Network Code Polar ﬁ;:tﬁ /C;) ntent Sger (m?/g) 2 5 Qst (kJ/mol)
8 acoz (mg/g) acoys (ng/m?) acoz (mg/g) acoys (ng/m?)
P(M1/TEB 1:1)H 4.90 911 38.1 41.8 99.0 108.7 26
P(M1/TEB 3:1)H 9.61 534 422 79.0 87.6 164.0 29
P(M2/TEB 1:1)H 4.85 749 26.7 35.6 72.6 96.9 26
P(M2/TEB 3:1)H 9.42 409 329 80.4 75.2 184.0 27
P(pentyne/TEB 3:1) 0 810 13.5 16.7 39.2 48.3 23
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Figure 6 shows the CO, adsorption isotherms (acop /s vs. the equilibrium CO; pres-
sure) at 273 K for all networks. The values of acop/g increased significantly with increasing
content of CH=0 and CH,OH groups in the networks in the order: P(pentyne/TEB 3:1)
<P(M2/TEB 1:1)H~P(M1/TEB 1:1)H < P(M1/TEB 3:1)H~P(M2/TEB 3:1)H. It is clearly
visible that the CH=0O and CH,;OH groups significantly enhanced the efficiency of the
networks in CO, capture. The CH=0 and CH,OH groups had a very similar effect, and
the CO; capture efficiency was influenced by the content of these groups rather than
their type. To evaluate the influence of the CH=0 and CH;OH groups of the networks
on the efficiency of CO; capture at different stages of this process, we used the ratios of
the acoy/s values determined for P(M1/TEB 3:1)H and P(M2/TEB 3:1)H and the acop/s
values for P(pentyne/TEB 3:1) at the same CO; pressure and at 273 K. This ratio was de-
fined as r = acoa/s pv1/TEB3:1)H/ 4C02/5,P(pentyne/TEB3:1) in the case of P(M1/TEB 3:1)H and
¥ =4co2/s,p(M2/TEB3:1)H /aCOZ/S,P(pentyne/TEBS:l) in the case of P(MZ/TEB 31)H The values
of r were plotted versus equilibrium CO; pressure in Figure 6. It is obvious that  decreased
with increasing equilibrium CO, pressure (i.e., with increasing coverage of the surface of
the networks with CO, molecules): while at a CO, pressure of 0.05 bar, the r value was
about 6, and it decreased to ~3.5 at a CO, pressure of 1 bar. Most probably, CO, molecules
interacted with CH=0O and CH,OH groups of enhanced affinity toward CO; in the initial
stage of adsorption. In the later stages of adsorption, CO, was probably also trapped
on the hydrocarbon segments of the networks, which had a lower affinity toward CO,
molecules. The increased affinity of networks with CH=0 and CH,OH towards CO, is
also evident from the comparison of the values of the isosteric heat of CO, adsorption, Qst,
determined for the coverage of the networks with CO, of 10 mg/g. (Table 3). The Qs values
were calculated from the temperature dependences of CO, adsorption isotherms. The Qs
value of P(pentyne/TEB 3:1) was 23 kJ/mol, while the Qg values of the functionalized
networks ranged from 26 to 29 k] /mol and increased slightly with increasing content of
CH=0 and CH,OH groups in the networks. The high adsorption efficiency of networks
functionalized with CH=0 and CH,OH groups at a CO; pressure in the range of 0-0.2 bar
and the reversibility of CO, adsorption fit the requirements for adsorbents suitable for
the reversible capture of CO, from gas mixtures with a low partial pressure of CO,, for
example from flue gas [61].

&~ 200{—— PMMITEB 3:1)H 8 —~—pPM1/TEB 3:1)H
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Figure 6. CO, adsorption isotherms (273 K) on the networks (a), ratio 7 = acop/spom1,/TEB3:1)H/

4C02/5,P(pentyne/TEB3:1) and 7 = Ac02/5 P(M2/TEB3:1)H / AC0O2/5,P(pentyne/TEB3:1) Versus the equilibrium
CO; pressure (b).
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3.3. Covalent Modification of Hydrolyzed Networks

The hydrolyzed networks discussed above represent porous supports whose surfaces
could potentially be covalently modified with molecules of various functions. The covalent
anchoring of such molecules could proceed via their reaction with reactive CH=O or
CH,OH groups of the networks. We verified this possibility by modifying P(M1/TEB
1:1)H and P(M2/TEB 1:1)H networks with chiral molecules, (R)-(+)-3-aminopyrrolidine
and (5)-(+)-2-methylbutyric acid, respectively (see Supplementary Materials for details).
Networks P(M1/TEB 1:1)H and P(M2/TEB 1:1)H were selected for their high Sgpt values
(911 and 794 m? /g, respectively). The modification of P(M1/TEB 1:1)H with (R)-(+)-3-
aminopyrrolidine proceeded through the imination reaction of the CH=0 groups of the
network with the NH; groups of the modifying agent and resulted in the network labelled
P(M1/TEB 1:1)H-APy in which the chiral pyrrolidine segments were attached to the surface
via azomethine links (see Scheme 3). The modification of P(M2/TEB 1:1)H with (S)-(+)-2-
methylbutyric acid proceeded through the esterification reaction between the OH groups
of the network and the COOH groups of the modifying agent and resulted in the network
labelled P(M2/TEB 1:1)H-MeBu in which the chiral 2-methylbutyric acid segments were
attached to the surface via ester links (see Scheme 3). As expected, the covalent modification
partially deteriorated the porosity of the networks: the Sggr values of modified P(M1/TEB
1:1)H-APy and P(M2/TEB 1:1)H-MeBu were 348 and 649 m?/ g, respectively, i.e., from 20
to 60% lower than the Sggt of the networks before the modification (see Supplementary
Materials, Scheme S2, Figures S8 and S9).

CH,Cl,, CH;OH
25°C

o}
HOJ\l/\
| L
pPTSA, benzene
100°C
D4
P(M2/TEB 1:1)H o P(M2/TEB 1:1)H-MeBu

Scheme 3. Postpolymerization covalent modification of the hydrolyzed networks P(M1/TEB 1:1)H
and P(M2/TEB 1:1)H by chiral molecules of (R)-(+)-3-aminopyrrolidine and (S)-(+)-2-methylbutyric
acid, respectively. Networks P(M1/TEB 1:1)H-APy and P(M2/TEB 1:1)H-MeBu were prepared.

Figure 7 shows the 13C CP/MAS NMR spectra of the networks before and after cova-
lent modification. The 13C CP/MAS NMR spectra of both modified networks P(M1/TEB
1:1)H-APy and P(M2/TEB 1:1)H-MeBu contained broad partly resolved signals in the
aliphatic region, which we ascribed to the sp> carbon atoms of pyrrolidine-3-yl and 2-
methylbutyl segments, respectively (see Figure 7). The modification of P(M1/TEB 1:1)H
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to P(M1/TEB 1:1)H-APy was further accompanied by the disappearance of the signal of
carbon atoms of CH=0 groups (§ = 190 ppm) in the 1*C CP/MAS NMR spectrum of the
modified network. This signal was replaced by a weak signal at § = 163 ppm corresponding
to the resonance of the carbon atoms of the newly formed CH=N links. Similarly, the 1BC
CP/MAS NMR spectrum of P(M2/TEB 1:1)H-MeBu contained a signal at § = 192 ppm
due to the carbon atoms of the newly formed COO links. The extent of the modification
of P(M1/TEB 1:1)H to P(M1/TEB 1:1)H-APy was about 75% (based on the ratio of N
and C content in the modified network given by elemental analysis). In the modification
of P(M2/TEB 1:1)H to P(M2/TEB 1:1)H-MeBu, about 40% of the CH,OH groups were
modified by esterification with (S)-(+)-2-methylbutyric acid (based on the intensity of 1*C
CP/MAS NMR signals of P(M2/TEB 1:1)H-MeBu). Even if the above-discussed modifica-
tions were not quantitative, it was possible to introduce chiral groups into the networks in
satisfactory amounts: 3.7 mmol/g in the case of P(M1/TEB 1:1)H-APy and 1.9 mmol/g in
the case of P(M2/TEB 1:1)H-MeBu.

P(M1/TEB 1:1)H

-HC=0
f .

P(M2/TEB 1:1)H

=CH
=CH

-C:

esidual
residual -C:
-CH,-OH

P(M1/TEB 1:1)H-APy

P(M2/TEB 1:1)H-MeBu

=4
N 22, s
b )
4 —NH 1
200 150 100 50 0 200 150 100 50 0
S (ppm) 6 (ppm)

Figure 7. 13C CP/MAS NMR spectra of the hydrolyzed networks P(M1/TEB 1:1)H and P(M2/TEB
1:1)H and modified networks P(M1/TEB 1:1)H-APy and P(M2/TEB 1:1)H-MeBu.

Evidently, the modification of the P(M1/TEB 1:1)H network via imination was more
efficient than the esterification modification of P(M2/TEB 1:1)H. It should, however, be
mentioned that modification of CH=0 groups of P(M1/TEB 1:1)H via Schiff-base chemistry
may be limited by the size of the molecules of the modifying agents. Our attempts to
modify P(M1/TEB 1:1)H in reaction with dansylhydrazine (under formation of hydrazone
links) failed (efficiency < 10%), probably due to sterically hindered penetration of bulky
dansylhydrazine molecules (C12,Hi5N30,S5) into the pores. On the other hand, such a
limitation could be useful for the size-controlled separation of mixtures of primary amines
(hydrazines) through their chemisorption on P(M1/TEB 1:1)H or other CH=0 groups
containing POPs.

4. Conclusions

The chain-growth copolymerization of acetal-protected propargyl aldehyde and acetal-
protected propargyl alcohol with 1,3,5-triethynylbenzene cross-linker followed by hy-
drolytic deprotection of the products provided hyper-cross-linked micro/mesoporous
polyacetylene networks with CH=0 and CH;OH groups attached without any spacer
to the polyacetylene main chains of the networks. These networks can not be prepared
by direct copolymerization of unprotected monomers due to the high reactivity of these
monomers. The removable acetal segments not only protected the aldehyde and hydrox-
ymethyl groups of the monomers during polymerization but also served as a template
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in the parent networks. The hydrolytic removal of these segments thus simultaneously
modified the composition of the networks and their texture, which changed towards higher
microporosity and higher specific surface area. The reported two-step synthesis thus al-
lowed the preparation of micro/mesoporous networks with a tuneable content of CH=0
and CH,OH groups (up to a high value of 9.6 mmol/g) and a specific surface area ranging
from 400 to 800 m?/g.

The CH=0 and CH,OH groups in the networks served as active centres for the
physisorption of CO, and water vapour. The networks were highly effective in reversible
low-pressure CO; adsorption. The networks also exhibited high water vapour capturing
and releasing efficiency (capture capacity up to 445 mg/g at 297 K and RH = 90%), making
them promising materials for water harvesting from the air. The water vapour capturing
efficiency of the networks was controlled by the content of polar groups in the networks
(low RH) and the total pore volume (high RH). Thanks to the presence of reactive groups
CH=0 and CH,OH, the networks represent supports suitable for the covalent anchoring
of functional molecules, as shown by the modification of the networks with (R)-(+)-3-
aminopyrrolidine and (S)-(+)-2-methylbutyric acid under formation of porous networks
decorated with chiral moieties.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/polym15030743/s1, Figure S1: Thermogravimetric analysis of
the networks; Scheme S1: Copolymerization of 1-pentyne with triethynylbenzene (TEB) resulting
in P(pentyne/TEB 3:1); Table S1: The textural parameters of the P(pentyne/TEB 3:1) network;
Figure S2: 13C CP/MAS NMR spectrum of P(pentyne/TEB 3:1); Figure S3: N, adsorption and
desorption isotherms (77 K) on P(pentyne/TEB 3:1); Figure S4: Micropore size distribution of
P(pentyne/TEB 3:1); Figure S5: The time course of adsorption/desorption of water on the networks
(297 K) reported as a change in mass vs. time.; Figure S6: H,O adsorption and desorption isotherms on
the networks at 297 K. Two consecutive measurements; Figure S57: CO, adsorption and desorption on
the networks at 273, 293, 313, and 333 K; Scheme S52: Postpolymerization chemisorption modification
of the hydrolyzed networks P(M1/TEB 1:1)H and P(M2/TEB 1:1)H by chiral molecules of (R)-(+)-
3-aminopyrrolidine and (S)-(+)-2-methylbutyric acid.; Figure S8: N, adsorption and desorption
isotherms (77 K) on the networks P(M1/TEB 1:1)H, P(M2/TEB 1:1)H, P(M1/TEB 1:1)H-Apy, and
P(M2/TEB 1:1)H-MeBu; Figure S9: Changes in micropore size distributions due to the modification
of the networks with chiral moieties.
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Figure S1. Thermogravimetric analysis of the networks.

Synthesis of P(pentyn/TEB 3:1)

Copolymerization of 1-pentyne with 1,3,5-triethynylbenzene (TEB) was performed in CH2Cl> at 75 °C in a
sealed thick-wall ampoule under an argon atmosphere using the [Rh(nbd)acac] complex as a polymerization
catalyst. The reaction time was 7 days. The initial concentration of comonomers was 0,3 mol/dm® and the
concentration of [Rh(nbd)acac] was 15 mmol/dm?. The comonomer mole ratio in the feed 1-pentyne:TEB was
3:1. 600 mg of 1-pentyne and 441 mg of TEB were dissolved in 35 ml of CH2Cl.. A solution of 173 mg of the
catalyst in 4 ml of CH>Cl, was added to the solution of comonomers to start the polymerization. After 7 days,
the precipitated polymer was separated, repeatedly washed with CH2Clz, and dried under vacuum for 2 days

at room temperature. The polymer network P(pentyne/TEB 3:1) was formed in quantitative yield.

I
* [Rh(nbd)acac]
—
Z X

1-pentyne TEB
3:1

P(pentyne/TEB 3:1)

Scheme S1. Copolymerization of 1-pentyne with triethynylbenzene (TEB) resulting in P(pentyne/TEB 3:1).



Table S1. The textural parameters of the P(pentyne/TEB 3:1) network.
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Figure S2. °C CP/MAS NMR spectrum of P(pentyne/TEB 3:1).
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Figure S3. N> adsorption (full points) and desorption (empty points) isotherms (77 K) on P(pentyne/TEB 3:1).
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Figure S4. Micropore size distribution of P(pentyne/TEB 3:1).
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Figure S5. The time course of adsorption/desorption of water on the networks (297 K) reported as a change

in mass vs. time (black line). Relative humidity of the gas phase (red line).
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Postpolymerization modification of P(M1/TEB 1:1)H with (R)-(+)-3-aminopyrrolidine

The postpolymerization covalent modification of P(M1/TEB 1:1)H with (R)-(+)-3-aminopyrrolidine was
performed in the mixture of dichloromethane and methanol (2/1; v/v) at room temperature under stirring. The
reaction time was 14 days. In a typical experiment, 180 mg of P(M1/TEB 1:1)H was reacted with 385 mg of
(R)-(+)-3-aminopyrrolidine. An excess of modifier (NH> groups to CHO groups mole ratio = 5) was used to
support the modification of CHO groups. The P(M1/TEB 1:1)H network covalently modified with (R)-(+)-3-
aminopyrrolidine was separated by filtration, repeatedly washed with methanol and dichloromethane to

remove physisorbed amine and dried under vacuum at room temperature to constant weight.

Postpolymerization modification of P(M2/TEB 1:1)H with (S)-(+)-2-methylbutyric acid

The postpolymerization covalent modification of P(M2/TEB 1:1)H with (S)-(+)-2-methylbutyric acid was
performed as azeotropic esterification in benzene. In a typical experiment, 500 mg of (S)-(+)-2-methylbutyric
acid was dissolved in 50 ml of benzene and 23 mg of p-toluenesulfonic acid was added and dissolved, then
200 mg of P(M2/TEB 1:1)H was dispersed in this solution. An excess of modifier (COOH groups to OH
groups mole ratio = 5) was used to support the modification of OH groups. The mixture was stirred at 100°C
for 4 days. The reaction was terminated by adding the excess of benzene (200 ml). The P(M2/TEB 1:1)H
network covalently modified with (S)-(+)-2-methylbutyric acid was separated by filtration and repeatedly
washed with benzene to remove physisorbed carboxylic acid and dried under vacuum at room temperature to

constant weight.

Chemisorption of dansyl hydrazine on P(M1/TEB 1:1)H

The chemisorption was performed in the mixture of dichloromethane and methanol (4/1; v/v) at room
temperature under stirring. In a typical experiment, 425 mg of dansyl hydrazine (DH) was dissolved in the
mixture of 4 ml dichloromethane and 1 ml of methanol and then 100 mg of P(M1/TEB 1:1)H was dispersed
in the solution. An excess of chemisorbent (NH2 groups to CHO groups mole ratio = 3 for DH) was used to
achieve maximum chemisorption capacity of P(M1/TEB 1:1)H. After 14 days, P(M1/TEB 1:1)H with
chemisorbed DH was repeatedly washed with the mixture of dichloromethane and methanol (4/1; v/v) to
removed physisorbed DH, then separated by filtration and dried under vacuum at room temperature to constant

weight.
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Scheme S2. Postpolymerization chemisorption modification of the hydrolyzed networks P(M1/TEB 1:1)H
and P(M2/TEB 1:1)H by chiral molecules of (R)-(+)-3-aminopyrrolidine and (S)-(+)-2-methylbutyric acid,
respectively. Networks P(M1/TEB 1:1)H-APy and P(M2/TEB 1:1)H-MeBu were prepared.
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ARTICLE INFO ABSTRACT

Keywords: A new method for the formation of permanent micropores in hyper-cross-linked networks is reported. This
Microporous polymers method is based on a template approach, using small molecules (4-methylaniline and 4-methylbenzaldehyde) as
Networks templates. These molecules are covalently attached via azomethine links to parent non-porous hyper-cross-linked
Hyper-cross-linked : - .

Polvacetylenes polyacetylene networks prepared by chain-growth homo and copolymerization of ethynylated monomers. Highly
Sch)i,ff ba};e efficient and well-defined postpolymerization hydrolysis of the networks leads to (i) cleavage of azomethine links

and (ii) removal of the template molecules from the networks. Although up to 40 wt % of the mass of the
networks are removed via hydrolysis, the hyper-cross-linked scaffold of the networks is not collapsed and mi-
cropores are formed in the networks. In this way, the parent non-porous networks are transformed into networks
with permanent micropores (diameter ~1 nm) and a specific surface area up to 623 m2/g~". Simultaneously with
the formation of micropores, functional groups (NHz, CHO) are introduced into the networks. The prepared
microporous networks adsorb the model adsorptives (up to 1.73 mmol CO,/g and up to 6.53 mmol I5/g.). The
detemplating and micropores formation is confirmed by solid state NMR spectra and N2 adsorption/desorption
isotherms. The reported method of micropores formation could find a wider application for the preparation of
microporous polymers with a well-defined texture and surface functionalization. Not only azomethine links but
also many other groups with cleavable bonds could potentially be used for templating with covalently attached
small molecules.

Covalent templating
Gas sorption

1. Introduction

After about two decades of intensive research, Porous Organic
Polymers (POPs) or Microporous Organic Polymers (MOPs) have gained
an important position among porous materials. POPs are organic or
organometallic materials with permanent porosity and a high specific
surface area in the order of hundreds to several thousand rnz/g [1-5].
Due to the predominantly organic nature of POPs, these materials can be
prepared in a variety of covalent structures and with a wide spectrum of
different functional groups. Thanks to their covalent and textural di-
versity, POPs are promising for applications in various areas, especially
in (i) gas separation and reversible storage [6-10], (ii) separation of
solutes [11-13], (iii) heterogeneous catalysis [14-19], (iv) optoactive
materials and sensors construction [20-22], (v) energy transformation
and storage [23,24], and (vi) analytical chemistry [25,26].

Most POPs possess the architecture of highly cross-linked polymer

* Corresponding author.
** Corresponding author.

networks composed mainly of rigid cyclic and aromatic segments. The
rigidity and the high degree of cross-linking prevent tight packing of the
network segments, as a result, the networks contain unoccupied space
forming micropores (i.e. pores with a diameter <2 nm). Micropores form
directly during polymerization. The diameter of the micropores was in
some cases controlled by the size and molecular geometry of the
monomer molecules used for the synthesis. It was reported, for example,
by Cooper et al. in the case of poly(arylenethynylene)-type POPs pre-
pared via coupling polymerization [27] and by Wang et al. in the case
POPs with adamantane knots prepared by condensation polymerization
[28].

To prepare POPs containing, in addition to micropores, larger mes-
opores (diameter from 2 to 50 nm) and/or macropores (diameter >50
nm) various templating approaches were applied. In this case, micro-
pores were formed due to polymerization and cross-linking while large
pores resulted after removal of the template. Ding et al. hyper-cross-
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linked phenylmethylsilicone oligomers via Friedel-Crafts knitting reac-
tion into microporous POPs. Postpolymerization decomposition of Si-
containing segments led to the formation of mesopores in these POPs
[29]. Seo et al. used readily hydrolyzable polylactide as a template to
introduce mesopores into hyper-cross-linked POPs prepared by a com-
bination of radical polymerization and Friedel-Crafts knitting reaction
[30]. Pore size distribution was controlled by the molar mass of the
polylactide template and the covalent composition of POPs [31,32]. A
combination of polymerization and High-Internal-Phase-Emulsion
templating was efficient for preparing POPs containing both micro-
pores and macropores [33,34].

The template technique was also applied in several cases to modify
the microporous texture of POPs. Lee and Seo prepared primary net-
works by radical copolymerization of 4-(chloromethyl)styrene, 4-(tri-
methylsilyl)styrene, and divinylbenzene. The secondary
(postpolymerization) cross-linking of these networks through the reac-
tion of CICH,- groups with benzene rings was accompanied by the
removal of (CHg)3Si- side groups. This facilitated the cross-linking pro-
cess. Simultaneously, the removal of (CH3)3Si- groups (serving as the
low-molecular-weight template) caused the formation of additional
voids in POPs. This was manifested by an increase in micropore volume
and diameter in comparison with similar POPs prepared from co-
polymers free of (CHs3)3Si- template groups [35]. Huang et al. used
radical copolymerization of mixtures of monomers (di-tert-butyl-4,
4’-stilbene dicarboxylate, tert-butyl 4-vinylbenzoate, tert-butyl 4-malei-
midobenzoate, and divinylbenzene cross-linker) to prepare micropo-
rous POPs. The postpolymerization thermal or chemical modification
(with CF3COOH or ZnBry) led to an increase in the micropore volume
and the specific surface area of these POPs. This was ascribed to the
removal of tert-butyl groups and the formation of additional voids in
POPs [36].

In this paper, we report the formation of micropores in
polyacetylene-type hyper-cross-linked networks containing 4-methyla-
niline and 4-methylbenzaldehyde molecules as a covalently attached
template. Postpolymerization hydrolytic removal of template molecules
led to the transformation of the parent non-porous networks into POPs
with a microporous texture and a specific surface area up to 623 m?%/g.
At the same time, functional groups (NHz, CHO) were introduced into
the networks. The removal of the template was monitored by solid state
NMR spectroscopy which confirmed the high selectivity and efficiency
of this process.

2. Experimental section/Methods

2.1. Materials: (Acetylacetonato)(norbornadiene)rhodium(I), [Rh
(nbd)acac], (>98%), tetrakis(4-ethynylphenyl)methane, TEPhM
(>98%) (both TCI Europe) were used as received. Dichloromethane
(99.95%, Lach-Ner) was distilled with P,Os. Methanol (99.99% Lach-
Ner) was used as obtained. N-(4-Ethynylbenzylidene)-4-methylaniline
(M1) and N-(4-methylbenzylidene)-4-ethynylaniline (M2) were pre-
pared according to Refs. [37,38] Preparation of N-(3,5-dieth-
ynylbenzylidene)-4-methylaniline (M3) is described in Supporting
Information. The following precursors for the synthesis of M1, M2, and
M3 were used as received: 4-ethynylaniline (>98%, TCI Europe), 4-ethy-
nylbenzaldehyde (95%, abcr), 3,5-diethynylbenzaldehyde (98% Spectra
Group Limited, Inc.), 4-methylaniline (99.7% Sigma-Aldrich) and
4-methylbenzaldehyde (97% Sigma-Aldrich).

2.2. Polymerization: (i) M3 was homopolymerized, (ii) M1 and M2
were copolymerized with TEPhM in CH2Cl; at 75 °C in the sealed thick-
wall ampoules. Complex [Rh(nbd)acac] was used as the polymerization
catalyst. The mole ratios of the comonomers in the copolymerization
feeds were: M1:TEPhM = 4:1, M2: TEPhM = 4:1. The reaction time was 7
days, the overall initial concentration of monomer(s) = 0.3 mol/dm, the
concentration of [Rh(nbd)acac] = 15 mmol/dm. In a typical polymeri-
zation, 1 g of monomer(s) was used. The polymerizations were started
by adding the catalyst solution to the solution of monomer(s). After 7
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days, the precipitated polymer network was separated, washed repeat-
edly with CH,Cly, and dried under vacuum (i) for 2 days at room tem-
perature and then (ii) for 5 h at 110 °C. The yield was determined
gravimetrically.

2.3. Hydrolytic detemplating: In a typical experiment, 300 mg of a dry
polymer network with azomethine groups were dispersed in methanol
(60 ml) containing HCI and stirred in this solution for 5 days at room
temperature. The mole ratio of HCI to azomethine groups was 10/1. The
hydrolysed network was then washed with water. Hydrolysis of the
networks with M1 and M3 units yielded networks containing both
benzaldehyde and benzaldehyde dimethyl acetal groups. To convert the
benzaldehyde dimethyl acetal groups to benzaldehyde groups the
freshly hydrolysed networks were treated with 100 ml of HCl water
solution (1 wt %) for 2 days (under stirring) at room temperature.
Finally, the networks were washed thoroughly with water and dried
under vacuum (i) for 2 days at room temperature and then (ii) for 5 h at
110 °C. The hydrolysis of the network with M2 units provided a network
in which the aniline groups were partly protonated. Therefore, the
freshly hydrolysed network was treated (under stirring) with 100 ml of
aqueous K»COg3 solution (10 wt %) for 2 days at room temperature.
Finally, the network was washed thoroughly with water and dried under
vacuum (i) for 2 days at room temperature and then (ii) for 5hat 110 °C.

2.4. Techniques: All 3C Cross-Polarization Magic Angle Spinning
(CP/MAS) NMR spectra were measured at 11.7 T using a Bruker Avance
I1I 500 WB/US NMR spectrometer (for details see Supporting Informa-
tion) [39]. The adsorption/desorption isotherms of nitrogen (at 77 K), as
well as CO; (at 273 and 293 K) on the polymer networks were measured
using a Triflex V4.02 apparatus (Micromeritics). Before the sorption was
measured, all samples were degassed on a Micromeritics SmartVacPrep
instrument as described elsewhere [9]. The Brunauer-Emmett-Teller
specific surface area, Spgr, was determined utilizing nitrogen adsorp-
tion data in the relative pressure range from 0.05 to 0.2. The micropore
volume, Vp,;, was determined on the base of nitrogen amount trapped at
p/po = 0.1 (pp = 101325 Pa). The total pore volume, Viy, was deter-
mined on the base of nitrogen amount trapped at p/py = 0.97.

To evaluate the pore size distribution semi-empirical method of
Horvath Kawazoe was used. Model for the slit pore geometry (original
Horvath Kawazoe) with carbon-graphite adsorbent was used for calcu-
lation of the size of the pores.

3. Results and discussion

Here we report a new path to polymers with permanent micropo-
rosity through postpolymerization modification of originally nonporous
hyper-cross-linked networks.

Two Schiff-base-type monomers, N-(4-ethynylbenzylidene)-4-meth-
ylaniline (M1) and N-(4-methylbenzylidene)-4-ethynylaniline (M2)
were prepared according to Refs. [37,38] Both M1 and M2 contained
one polymerizable ethynyl group per molecule and one azomethine
group connecting two benzene rings in the molecule (Scheme 1). Mon-
oethynylated aromatic Schiff bases of this type are known to polymerize
readily in a chain growth polymerization manner into linear poly-
acetylenes with Schiff base pendant groups [40-42]. Various Rh(I)
complexes were described as efficient catalysts of these polymerizations
due to their high compatibility with azomethine groups of the mono-
mers. To prepare polyacetylene networks with monomeric units derived
from M1 and M2 we copolymerized (independently) with tetrakis
(4-ethynylphenyl)methane (TEPhM) comonomer serving as a
cross-linker (Scheme 1). The mole ratios M1:TEPhM and M2:TEPhM in
the feed were 4:1, [Rh(nbd)acac] complex was used as a polymerization
catalyst [43] (for more details see Experimental part). Both co-
polymerizations provided quantitative yields of respective poly-
acetylene networks, P(M1/TEPhM) and P(M2/TEPhM) (Scheme 1).

The networks were brown solids that did not swell in CHCly,
toluene, tetrahydrofuran, and methanol. The 3C CP/MAS NMR spectra
of P(M1/TEPhM) and P(M2/TEPhM) are shown in Fig. 1. A broad, partly
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Scheme 1. Preparation of microporous networks via template approach.

resolved signal in the region from 5 = 120-150 ppm dominating the 3C
CP/MAS NMR spectra of both networks corresponded to the resonance
of aromatic carbon atoms and carbon atoms of the unsaturated polyene
main chains. The sharp signal at 20 ppm corresponded to the methyl
groups of the monomeric units formed from M1 and M2. The weak signal
at 65 ppm was due to the central sp® carbon of the cross-linking units
formed from TEPhM. The '3C CP/MAS NMR spectra of both networks
contained the distinct signals at about § = 160 ppm corresponding to the
carbon atoms of azomethine groups that confirmed the preservation of
these groups in P(M1/TEPhM) and P(M2/TEPhM). In contrast, the
spectra of both networks did not contain pronounced signals charac-
teristic of sp carbon atoms of ethynyl groups (region from § = 70-90
ppm). This confirmed that not only the ethynyl groups of the mono-
ethynylated M1 and M2 but also most of the four ethynyl groups of the
TEPhM cross-linker were transformed to vinylene segments of the main
chains during polymerization. The high conversion of the ethynyl
groups of TEPhM confirmed a high extent of cross-linking (hyper-cross-
linking) of P(M1/TEPhM) and P(M2/TEPhM) networks (see Scheme 1).

P(M1/TEPhM) and P(M2/TEPhM) were characterized using

standard nitrogen adsorption/desorption at 77 K (see Experimental) to
evaluate the porosity of the networks. However, both networks adsorbed
only a negligible amount of N» i.e. both networks were virtually non-
porous (see Table 1). This was despite the high extent of cross-linking
and the rigidity of polyacetylene main chains forming the networks. It
should be noted that TEPhM is an efficient cross-linker frequently used
for the synthesis of various microporous polymers utilizing both step-
growth [44,45] and chain-growth [15] polymerizations.

The chain-growth homopolymerization of TEPhM performed under
the conditions used in this study provided highly microporous homo-
polymer network P(TEPhM) with the Brunauer-Emmett-Teller specific
surface area, Sggr, of 885 m2/ g (see Supporting Information for details).
Therefore we concluded that the non-porous character of P(M1/TEPhM)
and P(M2/TEPhM) could reflect the bulkiness of N-benzylidene aniline
substituents that could occupy the potential micropores in the networks.
As can be seen from Scheme 1, the substituents of P(M1/TEPhM) and P
(M2/TEPhM) were designed so that the possibility of the post-
polymerization reduction of the size of these substituents could be
investigated. Thus, P(M1/TEPhM) and P(M2/TEPhM) were submitted to
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Fig. 1. 3¢ cP/MAS NMR spectra (A1, A2), N5 adsorption (full points), and desorption (empty points) isotherms (77 K) (B1, B2) and micropore size distribution
(C1, C2).

Table 1
Specific surface area (Sggr), micropore volume (Vy,;), total pore volume (Vi,), and adsorption capacities of the networks.
Parent networks Hydrolysed networks
Network code Amax N2’ [mmol Ny/ Network code Amax N2 [mmol Ny/ Sper [m?%/ Vi [em®/ Viot [em®/ amax,cozb [mmol CO,/ Amax,2” [mmol I/
gl gl gl gl gl gl gl
P(M1/ 0.59 P(M1/TEPhM) 9.58 623 0.25 0.33 1.73 5.51
TEPhM) H
P(M2/ 0.21 P(M2/TEPhM) 8.22 522 0.21 0.28 1.58 6.53
TEPhM) H
P(M3) 0.08 P(M3)H 7.32 464 0.19 0.25 1.67 -

? @max N2 amount of nitrogen adsorbed at p/po = 0.97 and 77 K.
b Amax,co2 amount of carbon dioxide adsorbed at p/po = 0.97 and 273 K.
¢ @max,12 amount of iodine adsorbed at 25 °C and equilibrium pressure of iodine vapour of 41 Pa.
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the hydrolysis in HCl/methanol (see Experimental Part) to decompose
CH=N bonds, release 4-methylaniline [from P(M1/TEPhM)] and 4-
methylbenzaldehyde [from P(M2/TEPhM)] and reduce the size of the
substituents of M1 and M2 monomeric units (Scheme 1). Optimization
of the hydrolysis of P(M1/TEPhM) and P(M2/TEPhM) showed that a
relatively long reaction time (5 days and intensive mixing) was required
to ensure high efficiency of this process.

The hydrolysis of P(M1/TEPhM) with HCl/methanol provided a
network in which, in addition to benzaldehyde groups, benzaldehyde
dimethyl acetal groups were present (confirmed by '3C CP/MAS NMR
spectroscopy). Therefore, subsequent treatment of this network with
HCl/H0 was necessary to convert benzaldehyde dimethyl acetal groups
to benzaldehyde groups. The treatment of P(M1/TEPhM) with HCl/
methanol and then with HCl/H;0 provided a network labelled as P(M1/
TEPhM)H. Similarly, the hydrolysis of P(M2/TEPhM) with HCl/meth-
anol had to be followed by treating the hydrolysed network with an
aqueous solution of KoCO3 to convert the anilinium chloride groups of
the networks to aniline groups. Treatment of P(M2/TEPhM) with HCl/
methanol and then with K3CO3/H30 gave the P(M2/TEPhM)H network.

Fig. 1 compares '>C CP/MAS NMR spectra of hydrolysed networks [P
(M1/TEPhM)H and P(M2TEPhM)H] and their parent counterparts. The
efficient decomposition of azomethine groups of parent networks was
manifested by the absence of signals at 5 = 160 ppm in '3C CP/MAS
NMR spectra of P(M1/TEPhM)H and P(M2TEPhM)H. The intensity of
the signals of methyl groups (6 = 20 ppm) in the spectra of the hydro-
lysed networks was strongly diminished compared to the intensity of
these signals in the spectra of the parent networks. This suggested that
the decomposition of the azomethine groups covalently attaching 4-
methylaniline and 4-methylbenzaldehyde to the networks was accom-
panied by efficient diffusion of free 4-methylaniline and 4-methylben-
zaldehyde molecules from the networks into the liquid phase. 3¢ cp/
MAS NMR spectroscopy further confirmed the presence of new func-
tional groups in the hydrolysed networks: signal at § = 190 ppm in the
spectrum of P(M1/TEPhM)H corresponded to the resonance of carbon
atoms of aldehyde groups, the signal at 5§ = 125 ppm in the spectrum of P
(M2/TEPhM)H confirmed the presence of aniline substituents in the
network (see Fig. 1 for the assignment). The presence of new functional
groups in the hydrolysed networks was confirmed also by IR spectros-
copy: the aldehyde groups in P(M1/TEPhM)H were manifested by a
strong IR band at 1703 cm ™}, the presence of aniline segments in P(M2/
TEPhM) was manifested by IR bands at 1604 and 1280 cm™! (see Fig. S5
in Supporting Information for the IR spectra of the hydrolysed
networks).

The Ny adsorption/desorption characterization (77 K) unambigu-
ously showed that the above-described postpolymerization hydrolytic
treatment of non-porous P(M1/TEPhM) and P(M2/TEPhM) led to the
establishment of a porous texture in both final networks, P(M1/TEPhM)
H and P(M2/TEPhM)H. The N; adsorption/desorption isotherms on P
(M1/TEPhM)H and P(M2/TEPhM)H are shown in Fig. 1. According to
IUPAC classification, the shape of adsorption isotherms corresponded to
the Type I isotherm characteristic for microporous materials. The
micropore volume (Vy,;) ascertained from the adsorption isotherms was
0.25 cm®/g in the case of P(M1/TEPhM)H and 0.21 cm®/g in the case of
P(M2/TEPhM)H. In both cases, Vy,; values represented about 75% of
total pore volume, Vi, (see Table 1). Both microporous networks had
micropore size distributions over a broader range of micropore di-
ameters with maxima at about 0.75 nm. The (apparent) Sgrt values were
623 m?/g [P(M1,/TEPhM)H] and 522 m?/g [P(M2/TEPhM)H].

To prepare P(M1/TEPhM)H and P(M2/TEPhM)H, a pair of co-
monomers differing in their functions had to be used as starting mate-
rial. The M-type comonomer (M1 or M2) contained covalently attached
template molecules, the TEPhM comonomer served as a cross-linker.
Subsequently, we managed to combine templating and cross-linking
functions of the above comonomers in a new monomer, N-(3,5-dieth-
ynylbenzylidene)-4-methylaniline (M3) (see Supporting Information for
M3 synthesis). The M3 molecule contained a releasable 4-methylaniline
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segment and two ethynyl groups (on the benzylidene ring), the poly-
merization of which was to ensure cross-linking of the product (see
Scheme 1). The [Rh(nbd)acac] catalysed chain-growth homopolymeri-
zation of M3 provided a non-porous polyacetylene network P(M3) in
quantitative yield. 13C CP/MAS NMR spectroscopy confirmed the pres-
ervation of azomethine groups in P(M3) and revealed that some ethynyl
groups remained unreacted in P(M3) (see signals due to sp carbon atoms
in the region from 6 = 75-85 ppm in '3C CP/MAS NMR spectrum in
Fig. 2). Thus, P(M3) contained, in addition to the cross-linking units in
which both ethynyl groups were reacted and inbuilt in polyene chains,
also linear units in which one ethynyl group remained unreacted.
However, P(M3) was totally insoluble in CH,Cly, toluene, tetrahydro-
furan, and methanol and did not swell in these solvents. This indicated a
sufficient degree of cross-linking of P(M3).

The hydrolysis of P(M3) in HCl/methanol and subsequently in HCl/
H30 provided a network P(M3)H. 13¢ cP/MAS NMR spectrum of P(M3)
H confirmed the high efficiency of cleavage of azomethine groups of P
(M3) and efficient removal of free 4-methylaniline template molecules
from the network (see Fig. 2).

13C CP/MAS NMR spectroscopy further confirmed the presence of
aldehyde groups in P(M3)H (signal at 5 = 190 ppm) and showed that a
small number of aldehyde groups was remaining in the form of dimethyl
acetal in P(M3)H (signals at 6 = 54 ppm and 103 ppm due to CHz and CH
(OMe), carbon atoms of benzaldehyde dimethyl acetal segments,
respectively, see Fig. 2). We did not manage to fully decompose these
residual acetal groups even by additional long-term hydrolysis (10 days)
of P(M3)H with HCl/H50.

Nitrogen adsorption at 77 K confirmed the microporous texture of P
(M3)H (see Fig. 2 for N3 adsorption/desorption isotherms and micropore
size distribution). The Sggr and V,; values of P(M3)H, 464 mz/g, and
0.19 cm®/g, respectively, were only slightly lower than those achieved
for the detemplated copolymer networks P(M1/TEPhM)H and P(M2/
TEPhM)H. Evidently, the hydrolytic detemplating of homopolymer
network P(M3) was also accompanied by the efficient formation of
micropores.

Thermogravimetric Analysis (TGA) confirmed the high thermal sta-
bility of detemplated microporous networks P(M1/TEPhM)H, P(M2/
TEPhM)H, and P(M3)H (see Fig. S6 in Supporting Information for the
TGA curves). A mass loss of 5 wt% was observed at the following values
of temperature, tgse,: 293 [P(M1/TEPhM)H], 303 [P(M2/TEPhM)H],
and 290 °C [P(M3)H]. The values of tgsy, of the parent networks P(M1/
TEPhM), P(M2/TEPhM), and P(M3) were about 60 °C higher (see Sup-
porting Information), probably due to the compactness of these non-
porous networks.

Microporous networks P(M1/TEPhM)H, P(M2/TEPhM)H, and P
(M3)H were active in CO4 adsorption (see Fig. S7 in Supporting Infor-
mation for COy adsorption isotherms). The COy capture capacities,
Gmaxcoz, achieved at 273 K and CO pressure of 100 kPa ranged from
1.58 to 1.73 mmol/g (see Table 1). The values of isosteric heats of CO»
adsorption at the lowest amount adsorbed, Qy, obtained from the tem-
perature dependences of CO, adsorption isotherms, ranged from 27 to
29 kJ/mol (see Supporting Information, Fig. S8). The values of amaxco2
corresponded to the medium values of CO; capture capacities often re-
ported for POPs, the values of Qs were in the range typical for the
physisorption nature of CO capture [6,9,46]. It should be noted that the
parent polymer networks P(M1/TEPhM), P(M2/TEPhM), and P(M3)
also showed some (low) activity in CO2 capture. The values of amaxcoz
achieved at 273 K and CO; pressure of 100 kPa were as follows 0.50
mmol/g for P(M1/TEPhM), 0.49 mmol/g for P(M2/TEPhM), and 0.41
mmol/g for P(M3), (see Fig. S9 in Supporting Information). Most likely,
the penetration of CO5 into non-porous networks was due to a certain
flexibility of the network segments at 273 K allowing the formation of
non-permanent pores in the networks, as already proposed in the liter-
ature [47,48].

P(M1/TEPhM)H and P(M2/TEPhM)H were also tested as adsorbents
for iodine vapour capture. The adsorption was performed in air at
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ambient pressure at 298 K (corresponding iodine vapour pressure of 41
Pa, ref. [49]). The iodine capture capacities, amaxi2, achieved after 3 days
of adsorption were as follows: 5.51 mmol/g, i.e. 140 wt% (P
(M1/TEPhM)H) and 6.53 mmol/g, i.e. 165 wt% (P(M2/TEPhM)H)
(Table 1). Further prolongation of the adsorption time did not lead to a
measurable increase in amaxi2. The values of amaxio achieved on P
(M1/TEPhM)H and P(M2/TEPhM)H were among the higher values re-
ported for POPs applied to I, sorption under similar conditions [50,51].
Both P(M1/TEPhM)H and P(M2/TEPhM)H were efficient also in the
capture of Iy dissolved in CH,Cly. 10 mg of P(M2/TEPhM)H removed
95% of I from 2 ml of I, solution (concentration = 0.2 mg/ml) within 5
h. Using P(M1/TEPhM)H as an adsorbent, the same effective capture
was achieved after 240 h. Evidently, P(M2/TEPhM)H decorated with
NH, groups was more efficient in Iy capture than P(M1/TEPhM)H
decorated with aldehyde groups. The high efficiency of NH, containing
P(M2/TEPhM)H in Iy capture is in agreement with the literature
describing porous materials with amino groups as promising sorbents
for I, capture in various applications [51].

4. Conclusions

P(M1/TEPhM)H, P(M2/TEPhM)H, and P(M3)H are microporous
polymers in which permanent micropores (diameter ~1 nm) were
achieved exclusively by removing covalently attached low-molecular-
weight template segments from non-porous precursors. A combination
of polyacetylene chemistry and Schiff-base chemistry was used for this
purpose. It should be noted that Schiff-base chemistry involving the
decomposition or, conversely, the formation of azomethine links is a
frequently used tool for the postpolymerization modification of various
polymers. In most cases, however, soluble polymer chains or swollen
polymer gels with well-solvated segments were modified in this way
[52]. In contrast, P(M1/TEPhM), P(M2/TEPhM), and P(M3) were
compact non-porous, and non-swellable materials. Nevertheless, we
have achieved high efficiency in cleaving azomethine links in these
compact networks as well as in removing released aniline and benzal-
dehyde segments from the networks. The scaffold of networks did not
collapse after this detemplating. This was most probably due to the ri-
gidity of the conjugated main chains of the networks, in which double
and single bonds alternated between carbon atoms. In addition to the
formation of micropores, new functional groups (NH; and CHO) were
also introduced into the networks through detemplating process. The
prepared microporous networks physisorbed the model adsorptives
(CO4, I). The sorption capacities were similar to the capacities reported
for microporous polymers, microporosity of which was generated during
polymerization (i.e. without templating).
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Supporting Information

Microporous Polymers Prepared from Non-Porous Hyper-Cross-Linked Networks by
Removing Covalently Attached Template Molecules
Bogdana Bashta *)  Lucie Havelkovd”, Jiri Sokol”, Jiri Brus®, Jan Sedlacek*"

DDepartment of Physical and Macromolecular Chemistry, Faculty of Science, Charles

University, Hlavova 2030, 12843 Prague 2, Czech Republic

DInstitute of Macromolecular Chemistry, Czech Academy of Sciences, Heyrovsky Sq. 2,
Prague 6, 162 06 Czech Republic

Synthesis of N-(3,5-diethynylbenzylidene)-4-methylaniline (M3)

575.5 mg (3.73 mmol) of 3,5-diethynylbenzaldehyde (98 %, purchased from ChemApproach)
were dissolved in 10 mL of methanol and 400 mg (3.73 mmol) of 4-methylaniline (99.7 %,
purchased from Aldrich Chemistry) were dissolved in 2 mL of methanol. These two solutions
were mixed and stirred for 48 h at room temperature. After 48 h, the precipitated product was
separated by filtration, washed with cold methanol, and dried under vacuum at room
temperature. Yield 85 %, m/z (HRMS ESI) measured 244.1123, M+H; calculated 244.1121.
'"H NMR (400 MHz, CD,Cl,) & 8.42 (s, H"), 8.00 (d, J= 1.5 Hz, 2H>), 7.69 (t, J = 1.6%(2) Hz,
1H?), 7.23-7.13 (m, 2H° 2H'%), 3.22 (s, 2H"), 2.37 (s, 3H'?).

B3C NMR (100 MHz, CD>Cl») § 157.4 C7, 149.1 C¥, 137.9-137.2 C3,C5,C!!, 132.7 C°, 130.4

C'9,123.7C% 121.4C° 82.4C% 79.0 C!, 21.3 C™2.
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Figure S1. 'H (A) and '3C (B) NMR spectra of monomer M3.

Homopolymerization of tetrakis(4-ethynylphenyl)methane, (TEPhM)

TEPhM was polymerized in CH>Cl> under argon atmosphere at 75 °C using [Rh(nbd)acac] as
the polymerization catalyst. The reaction time was 7 days. The initial concentration of
monomer was 0.3 mol-dm™, the concentration of [Rh(nbd)acac] was 15 mmol-dm™. 400 mg
of TEPhM were dissolved in 2 mL CH>Cl,. A solution of 14 mg of the catalyst in 1.5 mL of
CH>Cl, was added to the solution of the monomer to start the polymerization. After 7 days,

the precipitated polymer was separated, washed repeatedly with CH2Cly, and dried under



vacuum for 2 days at room temperature. The quantitative conversion of monomer to

poly[tetrakis(4-ethynylphenyl)methane], P(TEPhM) was achieved.

MICROPOROUS

Scheme S1. Homopolymerization of TEPhM.
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Figure S2. 1°C CP/MAS NMR spectrum of P(TEPhM).

All 3C Cross-Polarization Magic Angle Spinning (CP/MAS) NMR spectra were measured at

11.7 T using a Bruker Avance III 500 WB/US NMR spectrometer in a double resonance

4 mm probehead at a spinning frequency of 18 kHz. The length of 90° ("H) pulse was 2.5 s,

the strength of spin-locking field Bi('H, '*C) expressed in frequency units w1/2n = yB1 was

64 kHz, the recycle delay was 6 s and cross-polarization contact time was 3 ms. During the

acquisition of NMR signals heteronuclear TPPM (two-pulse phase-modulated) decoupling at

w1/2n = 89.3 kHz was applied. Active cooling was used to compensate frictional heating of

rotating samples.
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Figure S3. N> adsorption (full points) and desorption (empty points) isotherms (77 K) on
homopolymer network P(TEPhM).
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Figure S5. FTIR spectra on hydrolysed networks P(M1/TEPhM)H, P(M2/TEPhM)H, and
P(M3)H.
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Figure S6. TGA curves of the networks.

CO: adsorption on the networks

The adsorption isotherms of CO; on the polymer networks were measured using a Triflex
V4.02 apparatus (Micromeritics). Prior to the sorption measurements, all samples were
degassed on a Micromeritics SmartVacPrep instrument as follows: starting from room
temperature the polymer was degassed at 353 K (heating ramp of 0.5 °C-min’!). Hold pressure
10 mmHg. After a 1 h delay at 353 K, the temperature was further increased up to 383 K with

the same heating ramp, and samples were degassed for 5 h.
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Figure S7. Temperature dependence of CO; adsorption isotherms on P(M1/TEPhM)H,
P(M2/TEPhM)H, and P(M3)H.
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Figure S8. Isosteric heat of CO» physisorption on polymer networks.
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Figure S9. CO; adsorption isotherms on P(M1/TEPhM), P(M2/TEPhM), and P(M3) at 273
K.



Iodine adsorption on the networks

Adsorption of iodine vapour

The adsorption of I vapour was performed in air at ambient pressure at 298 K (corresponding
iodine vapour pressure of 41 Pa). A vessel containing 100 mg of a network was placed in a
closed glass jar in which solid iodine was in the bottom. At given times the vessel with the

network was withdrawn and quickly weighed to determine the amount of adsorbed iodine.

Adsorption of iodine dissolved in CH2Cl:

10 mg of the network were dispersed in 2 mL of iodine solution (CH2Cl, initial concentration
0.2 mg-mL™"). The suspension was subsequently shaken using a lab shaker at room
temperature. At given times the concentration of iodine in the liquid phase was determined

spectrophotometrically at A = 504 nm using UV/VIS 2401 PC Shimadzu spectrometer.
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Figure S10. Time decrease of 1> concentration in CH2Cl; solution due to I, adsorption on
P(M1/TEPhM)H and P(M2/TEPhM)H (room temperature, 10 mg of network, 2 mL of I

solution).
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