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Abstract Microporous organic polymers with high surface area are widely used in many applications. Among them, hypercrosslinked polymers
have been extensively concerned because of their simple processes and low-cost reagents. However, due to most state-of-the-art strategies for
HCPs based on condensation reactions, the release of small molecules such as hydrochloric acid and methanol involved in such strategies brings
about new hazards to environment. Herein, we propose a method of fabrication of hypercrosslinked polymers via self-addition polymerization of
divinyl benzene and its crosslinking with polar aromatic molecules. The hypercrosslinked polyDVB-based products are demonstrated by Friedel-
Crafts addition reaction of double bonds on DVB that can connect adjacent phenyl rings of aromatic molecules to form the crosslinked networks.
The HCPDVB-CB obtained in 1-chlorobutane as solvent has a high micropore content and displays high surface area up to 931 m?/g. Following
this finding, DVB is used as a novel external crosslinker for knitting polar aromatic molecules. When L-phenylalanine and bisphenol A are used as
the aromatic units, the obtained HCP(Phe-DVB) and HCP(BPA-DVB) could reach surface area of 612 and 471 m?/g, and have hydrogen uptake of

0.62 wt% and 0.58 wt% at 77 K and 1.13 bar by comparison with HCPDVB-CB having hydrogen uptake of 0.30 wt%, respectively.
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INTRODUCTION

Microporous organic polymers (MOPs) are characterized by
abundant micropores (pore size below 2 nm) and high surface
area that enable them to find diverse applications in many
fields, such as gas storage, drug delivery, separation, and
catalysis.'"3) Generally, MOPs are categorized into covalent
organic frameworks (COFs),*! conjugated microporous poly-
mers (CMPs),[%7) covalent triazine frameworks (CTFs),'®! porous
aromatic frameworks (PAFs),'"%""! polymers of intrinsic micro-
porosity (PIMs)," porous organic cages!'® and hypercros-
slinked polymers (HCPs).'"*'! Among them, HCPs are of simple
preparation processes and wide monomer sources, making
them suitable for scale up fabrication.l'®”]

HCPs were introduced fifty years ago, but have burst into
receiving more attention due to the demand of energy stor-
age and environmental protection in the recent decade.[819]
The first well-known type of HCPs, Davankov resin, was in-
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vented by Tsyurupa and Davankov through Friedel-Crafts
post-crosslinking of linear polystyrene or low-crosslinked
poly(styrene-co-divinyl benzene) precursors using dichloro-
molecules as external crosslinkers in the presence of Lewis
acid.29 According to the synthetic route, HCPs mainly fall
into three groups: post-crosslinking of polymeric precur-
sors,121221 direct one-step self-condensation polymerization of
functional monomers,[23-251 and “knitting” rigid aromatic
units with external crosslinkers.[26:27]

Up to date, the most efficient reaction involved in HCPs
fabrication is still based on Friedel-Crafts alkylation that has
been used to introduce functional groups onto the benzene
ring for over 100 years,[28-301 though a few reports have been
described other hypercrosslinking strategies based on radical
post-polymerization,B isocynate-urea reaction,32 and imidi-
zation reactionB3! in recent years. It is probably attributed to
carbon-carbon bond formation during Friedel-Crafts alkyla-
tion that must accompany directly connecting of alkyl groups
onto aromatic rings, leading to the rigid frameworks needed
for high surface area. From the polymerization mechanism of
view, Friedel-Crafts alkylation is categorized into two types:
Friedel-Crafts condensation polymerization and Friedel-Crafts
addition polymerization. Most of state-of-the-art strategies
for synthesis of HCPs are based on Friedel-Crafts condensa-
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tion polymerization. This process generates a new C—C
bond, and relevant hydrochloric acid when dichloro-mo-
lecules are used as crosslinkers or relevant methanol when
formaldehyde dimethyl acetal is used as crosslinker.34-361 The
release of small molecules would give rise to new hazards to
environment.

By contrast, Friedel-Crafts addition polymerization would
be a better alternative as no byproducts are released.3!
There are only a few reports on the preparation of HCPs by
Friedel-Crafts addition reaction. Ando et al. first described the
preparation of hypercrosslinked polymers by Friedel-Crafts al-
kylation of the residual double bonds on poly(styrene-divinyl
benzene) precursors without any external crosslinkers.l37!
Zeng et al. incorporated ester or pyrrolidone group into the
PDVB precursors, then obtained more hydrophilic HCPs after
post-crosslinking of the pendant double bonds.83% |n a pre-
vious study, we fabricated hierarchical porous hypercross-
linked PDVB cryogels by combination of redox-initiated cryo-
polymerization and Friedel-Crafts postcrosslinking of pen-
dent double bonds.9 Additionally, Liu and co-workers repor-
ted a series of HCPs with high specific surface area using
octavinylsilsesquioxane (OVS), a type of polyhedral oligomer-
ic silsesquioxane (POSS) modified by double-bond, as cross-
linker to copolymerize with various aromatic molecules by
Friedel-Crafts reaction, which also proved that the strategy of
using double bond to link phenyl ring was feasible.[41:42]

DVB is a type of scale up commercial product that is widely
used as crosslinker in numerous chain polymerizations.[43-431
It is very desirable to explore polymerization of DVB by
Friedel-Crafts reaction, as it is reasonable given that DVB has
two double bonds on a benzene ring. In this work, we
demonstrate a facile way to prepare HCPs by one-step
Friedel-Crafts addition polymerization of DVB. In this reaction,
divinylbenzene shows good self-polymerization behavior in
the presence of Lewis acid, and it can also be used as an addi-
tional crosslinker to connect polar aromatic molecules, such
as phenol, bisphenol AL-phenylalanine and L-tyrosine. The
synthesis method is mild, low cost and non-polluting. The sur-
face area and porosity of the prepared HCPs can be adjusted
by reaction conditions, and the resulting materials show
promising characteristics for hydrogen storage.

EXPERIMENTAL

Materials

Divinylbenzene (DVB, containing 80% of 1,3- and 1,4-DVB
isomers) was purchased from Aladdin Chemistry Co. Ltd.
(Shanghai, China) and free from inhibitor by passing through
basic Al,O3 (Sinopharm Chemical Reagent Co., Ltd., Shanghai,
China). Phenol, bisphenol A (BPA), L-phenylalanine (Phe), L-
tyrosin (Tyr), anhydrous ferric chloride (FeCl;) and 1-chlorobu-
tane (CB) were purchased from Aladdin Chemistry Co., Ltd. Dich-
loroethane (DCE) was obtained from Fuyu Chemical Reagent
Co., Ltd. (Tianjin, China). Other solvents are of analytical grade.

Synthesis of Hypercrosslinked Polymers

Hypercrosslinked polymers were obtained by Friedel-Crafts
addition polymerization of DVB itself or the mixture of DVB and
other aromatic units in the presence of anhydrous FeCls. In a
typical synthesis, 1.84 g of DVB and 0.46 g of monomers

(DVB/monomers=4/1, W/W) were dissolved in solvents (20 mL)
in ice bath and then 0.55 g of FeCl; was added to the solution.
The resulting mixture was heated to 80 °C for 24 h. After being
cooled down to room temperature, the solid products were
washed by ethanol to remove the solvent and other
components. Then, the products were soaked in 100 mL of 1
mol/L hydrochloric acid for overnight. Finally, the products were
washed with water until the washing solution is neutral and
then dried in an oven at 50 °C until constant weight. The yield of
the polymer is defined as the ratio of the total weight of
monomer and crosslinker to the weight of the dried product.

As control, PDVB particles were obtained by radical poly-
merization under similar conditions except that AIBN was
used as radical initiator according to the previous study. ¢!
Briefly, DVB (4.36 mL), AIBN (8 wt% relative to monomers),
and acetonitrile (25.6 mL) were added in a teflonlined stain-
less-steel autoclave. After polymerization at 85 °C for 4 h, the
particles were separated and washed by methanol over a G-5
sintered glass filter, and then dried till constant weight.

Characterization

Fourier transform infrared (FTIR, Spectrum One; PerkinElmer,
Waltham, MA) spectroscopy was used to analyze the structures
of the samples in KBr disc in the range of 400-4000 cm™". The
content of the residual double bonds can be determined by
infrared spectroscopy according to the literature with a slight
modification.””) The residual double bond content (C,g) is
roughly estimated from the following equations:

(A +B)
= 100% 1
Y= ocp) " M
Crvg = Cug X Xvb (2)

where X, is the percentage of residual double bond content;
C,q represents the vinyl content of DVB, 15.4 mmol/g; A, B, C
and D are the unit of Kubelka-Munk (K-M) multiplied by the
peak value of the corresponding extinction coefficient height,
where the vinyl bands are assigned at both 1630 cm™' (A) and
990 cm™' (B); the characteristic bands corresponding to the
substituted benzene ring are at both 1510 cm™ (C) and
795 cm™ (D).

X-ray photoelectron spectroscopy (XPS) was used to ana-
lyze the structure of samples on Thermo ESCALAB 250XI
(Waltham, Massachusetts, America). Bruker Avance Il 400 WB
600 MHz spectrometer (Bruker Switzerland AG) was used to
record solid state '3C cross-polarized magic angle rotation
(CP/MAS) NMR spectra of the samples. The images of scan-
ning electron microscopy (SEM) were obtained by Carl Zeiss
GeminiSEM300 (Oberkochen, Germany). The dried samples
were sprayed with gold before the test. The nitrogen adsorp-
tion-desorption isotherms were collected by pore size analyz-
er Micromeritics ASAP 2020 M (Micromeritics, Norcross, GA) in
a nitrogen bath (77 K) with 99.999% purity of nitrogen. Be-
fore the experiment, a known quantity of the samples was de-
gassed in vacuum at 110 °C for 8 h. The hydrogen (H,) adsorp-
tion isotherms were determined on a Micromeritics 3 Flex in-
strument (Micromeritics, America) at 77.3 K. The thermal pro-
perties of the samples were obtained using a Diamond TG/
DTA (PerkinElmer, Shanghai, China) by heating each sample
from 25 °C to 850 °C with a heating rate of 20 °C/min under ni-
trogen atmosphere. Water contact angle measurements were
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conducted on an instrument (OCA 40, Dataphysics, Germany)
at room temperature according to literature.l*5! Before tests,
HCPs products were ground using a pestle and mortar and
then removed larger particles by a 300-mesh sieve.

RESULTS AND DISCUSSION

Selection of Solvent

Solvent plays a vitally important role in controlling the
morphology and pore size distribution of porous polymers 484!
However, there are few investigations on solvent effect on
HCPs as dichloroethane was generally chosen as the default
option. In this work, we adopted various solvents with diffe-

200
a
1000 | [ Surface area
_ - Yield
800 - 1150
G
NE 7
= 600 V) g
= % 1100 ©
g 7 =
g 77
& 400 7
150
200
0 7 '_/\ I A 2, & <> % 0 0
N, 7. (o) S & A £y \L
(3/ <, o) /(/(Q C@(} . C@(to % /éb/ /O)G %, %
%, %5, %0 o e 9 % % % 4
’06 %, e . ® %0 & Ly ’?17 (8
Y % (-4 O S, oy %
S % e Y% o, o
e % % % %
6,)0 /% %
600
d 035} ©
- —O— HCPDVB-CB
00| —{— HCPDVB-DCE
—e— HCPDVB-CB 030+
= —=— HCPDVB-DCE
~
g 400 Mg, 0.25}
5 5
g < 0201
‘é 300 S
=3
® S 015t
= <
5 200 &
o 010+
100 0.05 |
N: . . . . . 000t
0.0 0.2 0.4 0.6 0.8 1.0

Relative pressure (P/P,)

Fig. 1

Duan, Z. Y. et al./ Chinese J. Polym. Sci. 2022, 40, 310-320

rent polarity and solvation to DVB for fabrication of HCPDVB.
High yields of solid products can be obtained in most used
solvents except DMSO, isopropyl alcohol and cyclohexanone,
while the products have high surface areas only when
dichloroethane or 1-chlorobutane is used (Table S1 in the
electronic supplementary information, ESI, and Fig. 1). Our
results are significantly different from that reported in the
research for post-crosslinking of poly(divinylbenzene-co-
vinylbenzyl chloride) (DVB-VBC) precursors,”® but much similar
to that observed in the investigation on self-condensation of
dichloroxylene.’" In the first case, Sherrington and co-workers
found that a poor solvent (e.g., hexane) of polystyrene (PS) can
also yield a high surface area (~600 m?/g); by contrast, in the

Pore diameter (nm)

(a) Effect of solvent on preparation of HCPDVB; SEM images of polymers prepared in (b) dichloroethane (HCPDVB-DCE) and in (c)

1-chlorobutane (HCPDVB-CB), respectively. Nitrogen adsorption (open) and desorption (solid) isotherms (d) at 77 K and pore size
distribution (e) based on DFT calculation of HCPDVB-DCE and HCPDVB-CB, respectively.
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second case, Liu et al. observed that only choloro-containing
solvent (DCE or 1,1,2-trichloroethane) can achieve surface area
of HCPs greater than 100 m?/g. In principle, an appropriate
solvent is a thermodynamically good solvent for polymer
precursor/monomer, and is compatible with Friedel-Crafts
chemistry, simultaneously. By comparing the difference of
solvents in Hansen three-dimensional parameter (Table S1 in
ESI), it is difficult to give a unified explanation for the effect of
individual solvent. Firstly, given DMSO or isopropyl alcohol with
a greater &, that is related to hydrogen bonding, possibly
meaning that the carbonate intermediate is unsteady in such
hydrogen-bonding acceptor solvents. As a result, the self-
polymerization of DVB is prevented. Secondly, the yields of
HCPDVB products sometimes achieve greater than 100% (Fig.
1a). These phenomena were also observed in fabrication of
other HCPs. For an example, two self-condensations of 1,4-
benzenedimethanol and benzyl alcohol achieved 120% and
115% yields of the corresponding HCPs, respectively.?*! Such
phenomena may be possibly attributed to the difficulty in
complete removal of iron residues within the networks.’?
Thirdly, the effect of the used solvents on polymerization could
account for the difference in polymer yield. In view of the
difference in solvation to polymer and compatibility with F-C
reaction, the solvents used can be classified into four groups
(Table S2 in ESI). In our cases, when the solvent is favorable for
both factors: DCE or CB (type I), high yields are obtained; when
the solvent is not compatible with F-C reaction, e.g., DMSO (type
1) or isopropyl alcohol (type Ill), no products can be found; when
the solvent has a good compatibility with F-C reaction but poor
solvation to polymer, e.g., acetic acid or acetone (type IV),
greater yields are observed. Additionally, toluene is a special
solvent under the conditions used. Due to its aromatic ring,
toluene actually plays a dual role in the polymerization, ie.,
solvent and building block (monomer). This will lead to a greater
yield of the polymer than the theoretical one because of
without considering solvent contribution. Nevertheless, there
are still some contradictions, and thus more investigations on
effect of solvent are undoubtedly necessary in the future study.
Morphology and pore characteristic of HCPDVB were evalu-
ated by SEM and nitrogen adsorption. From the SEM images
shown in Fig. 1, irregular nanoparticles are accumulated into
bulk solid. In comparison with a dense structure observed in
HCPDVB-DCE prepared in DCE (Fig. 1b), a loose structure can
be observed in HCPDVB-CB obtained in 1-chlorobutane (Fig.
1c). Derived from nitrogen adsorption (Fig. 1 and Table 1),
HCPDVB-CB is tested to achieve 931 m2/g of surface area
when 1-chlorobutane was used as solvent, while HCPDVB-
DCE has 771 m?/g of surface area when DCE was used as
solvent. Nitrogen adsorption-desorption isotherms of HCP-
DVB-DCE and HCPDVB-CB are shown in Fig. 1(d). A steep rise
at relatively low pressure (P/Py<0.01) is found in the two iso-

therms, demonstrating that the two polymers have abund-
ant microporous structures. A hysteresis loop at medium
pressure (P/P,=0.4-0.7) is also found in both isotherms, sug-
gesting the existence of mesoporous. Such hierarchical por-
ous structures could also be confirmed by the pore size distri-
bution (Fig. 1e). Notably, micropore contribution in HCPDVB-
CB is significantly greater than that in HCPDVB-DCE, indicat-
ing that chlorobutane is a better choice for obtaining high
surface area under the conditions used. These results could
be responsible for the better compatibility between
chlorobutane and DVB80 than that between DCE and DVB80,
as the solubility parameter of chlorobutane (17.2 MPa'/2) is
much closer to that of DVB80 (18.1 MPa'/2) compared to that
of DCE (20.8 MPa'/2),

Other effects on yield and surface area of polymer were
also investigated (Table S3 in ESI). The catalyst amount largely
affects the polymerization process. With an increase in cata-
lyst content, the polymerization rapidly yields high polymer
content and maintains complete transformation when FeCl;
content is equal or above 10 wt%. Meanwhile, the surface
area displays a bell shape change, and the highest surface
area is achieved when FeCl; content is in the range of 10
wt%—20 wt%. This is distinctively different from most reports
on fabrication of HCPs, in which a great consumption of cata-
lyst is needed, normally two-fold greater than precursors
weight. Additionally, the reaction temperature was also found
to have a significant effect on surface area of polymer. In
comparison with room temperature, a higher reaction tem-
perature (80 °C) brought about around six-fold increase in
surface area. This is in accordance with the mechanism of
step-growth polymerization but much different from that of
ionic polymerization.

Mechanism of Friedel-Crafts Addition Polymerization
of DVB

These phenomena above stimulated us to find a reasonable
understanding to explain how DVB polymerizes in the presence
of Lewis acid. Since Heuer and Staudinger reported the
synthesis of polymerization of styrene-DVB initiated by radical
initiator, various polymerizations of styrenes have been
developed, leading to the foundation of modern polymer
industry.*¥ It is well known that styrenes are very prone to
free radical polymerization as well as ionic polymerization
dependent on reaction conditions. In numerous literature on
the preparation of HCPs, DVB usually first polymerizes with
styrene by free radical polymerization to form a precursor that
can be further intercrosslinked by crosslinkers. The polyme-
rization in this case normally involves the reaction between the
double bonds on the side chains. In practice, the second double
bond of DVB has relatively low reactivity, and is thus difficult to
react completely, resulting in polymers of low crosslinking

Table 1 Porosity properties of HCPDVB-CB and HCPDVB-DCE obtained by Friedel-Crafts addition polymerization.

Sample Sger®(M¥9)  Smico (M%) PV € (cm3/g) MPV 9 (cm3/g) Micropore ratio © (%) Average pore size (nm)
HCPDVB-CB 931 412 0.72 0.18 443 34
HCPDVB-DCE 771 198 0.56 0.11 25.7 2.9

2 BET surface area calculated from nitrogen adsorption isotherms at 77.3 K using the BET equation. P Micropore surface area calculated from nitrogen
adsorption isotherms at 77.3 K using the t-plot equation. ¢ Pore volume calculated from the nitrogen isotherm at P/P, = 0.99, 77.3 K. ¢ Micropore volume
calculated from the nitrogen isotherm at P/P, = 0.15, 77.3 K using the t-plot equation. ¢ Surface area ratio of micropore surface area to the total BET surface
area.
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Fig.2 Comparison of polymerization mechanism of DVB by radical polymerization and by Friedel-Crafts addition polymerization.

degree (Fig. 2a). By contrast, in our case, we speculate that the
double bonds on DVB are rearranged onto benzyl carbocation
with methyl under the catalysis of Lewis acid, and then
connected with benzene ring of another DVB molecule to form
an extensive crosslinked network (Fig. 2b). The arrangement of
benzyl rings of the polymers is the main difference in the
polymer structures between the two polymerization reactions.
The backbone of the polymer is composed of the benzyl rings
under Friedel-Crafts reaction, while it consists of alkyl chain with
the benzyl rings locating in the side chains of the polymer under
radical polymerization.*"!

By comparing the FTIR spectra of samples shown in Fig.
3(a), the structure change in polymerization of divinyl ben-
zene can be observed. The most obvious change is the disap-
pearance of the double bond at 1630 cm~', which proves the
occurrence of reaction. Friedel-Crafts reactions achieve great-
er than 99% double bond conversion, while radical polymer-
ization leads to 26.4% double bond left in the matrix (Table S4
in ESI). This result strongly confirmed that Friedel-Crafts reac-
tion possesses much higher reactivity compared with radical
polymerization, which is similar to the phenomenon ob-
served in the post-crosslinking reaction of PDVB.[“01 Another
difference from PDVB particles obtained by radical polymeriz-
ation, HCPDVB networks show complex peaks at around 3000

cm~ that is the characteristic spectra of the Friedel-Crafts re-
action, indicating that polysubstitution occurs on the ben-
zene ring.53 The band at 854 cm~" represents the vibration of
C—H band in the benzene ring with para-functional groups,
and the band decreases after the reaction, further confirming
the formation of the hypercrosslinked structure.’>%

Solid-state 3C CP/MAS NMR spectroscopy was used to fur-
ther analyze the chemical structures of networks, as shown in
Fig. 3(b). Three main peaks of the spectra were observed at
39, 125 and 139 ppm, corresponding to the methine cross-
linked point, the non-substituted aromatic carbons, and the
substituted aromatic carbons, respectively (Table S5 in ESI).
The peak at 20 ppm is a significant mark of methyl, which, to-
gether with the peak at 39 ppm, confirmed the rearrange-
ment in the Friedel-Crafts reaction of DVB. As we hypothesi-
zed, the double bonds on DVB were rearranged onto benzyl
carbocation with methyl under the catalysis of Lewis acid, and
then crosslinked with benzene ring of another molecule to
form a hypercrosslinked network. The formed structures tend
to be polysubstituent, as indicated by wide peaks at 125 and
139 ppm.5354 Notably, the two peaks at 112 and 137 ppm
corresponding to double bond were observed in HCPDVB-
ACN but almost disappeared in HCPDVB-CB, HCPDVB-DCE
and HCPDVB-EAC, which further confirmed the effect of
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solvent on polymerization reaction. Additionally, the appear-
ances of the peaks at above 180 ppm and their symmetrical
peaks could be possibly attributed to spinning side bands
caused by instruments.33.53.541

XPS analysis indicates that three types of carbon bond are
clearly found in the C 1s spectra of HCPDVB products (Figs. 3¢
and 3d). The peaks at 285.4, 285.0, and 284.4 eV correspond
to carbon-oxygen bond, carbon-carbon bond, and carbon-
carbon double bond, respectively. The peak at 285.4 eV is
possibly caused by combining with the water in the air.’5!
There is no difference of carbon bond type in between HCP-

HCPDVB—CB/\/\

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

3t 285.0 2844

285.4

290.7 289.3
N
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Binding energy (eV)

DVB-CB and HCPDVB-DCE. Thermal gravity curves derived
from TGA analysis show that HCPDVB polymer has a higher
initial decomposition temperature (400 °C) than that (350 °C)
observed for PDVB obtained by radical polymerization (Fig.
3e), possibly because the extensive crosslinked HCPDVB has
more rigid structure, leading to the greater heat-resistance.

DVB as External Crosslinker

In addition to the ability for self-addition polymerization, the
presence of two double bond on DVB allows for its use as a
new type of external crosslinker for HCPs. Unlike common

b
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Fig.3 FTIR spectra (a) and '3C CP/MAS NMR spectra (b) of monomer and polymers, * represents spinning side bands. High resolution C
1s XPS spectra of HCPDVB-DCE (c) and HCPDVB-CB (d); TGA curves of PDVB obtained by radical polymerization and HCPDVB-DCE

obtained by Friedel-Crafts addition polymerization (e).
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crosslinkers based on condensation reactions, the double-bond
crosslinker results in free of byproduct. Traditionally, HCPs are
intrinsic hydrophobicity as the starting materials, including
precursor, monomer, and crosslinker, are all hydrophobic
molecules. It is normally believed to be difficult to obtain
hydrophilic HCPs by one-step polymerization.”*>% To investi-
gate the superiority of DVB as external crosslinker, we chose
phenol, bisphenol AL-phenylalanine and L-tyrosine as polar
aromatic units to copolymerize with DVB. The possible Friedel-
Crafts copolymerization processes are illustrated in Fig. 4
according to the proposed mechanism in this study.

The surface morphology of the copolymers was observed
by SEM (Fig. S2 in ESI). The similar morphology was found in
both HCP(BPA-DVB) and HCP(Phe-DVB) to that of HCPDVB-
CB. In the FTIR spectra of copolymers (Fig. 5a), the disappear-
ance of the double bond at 1630 cm~! is also observed. The
band near 3300 cm~' is attributed to O—H or N—H stretch-
ing vibration, and the band near 1744 cm~' corresponds to
C=0, which are absent in the spectra of HCPDVB products,
indicating the successful linking of polar aromatic molecules
to DVB. As same as HCPDVB, both HCP(BPA-DVB) and
HCP(Phe-DVB) show resonance peaks near 139 and 120 ppm
in 13C CP/MAS NMR spectra (Fig. 5b), which are possibly at-
tributed to the substituted aromatic carbon and the non-sub-
stituted aromatic carbon, respectively. The peak at 20 ppm at-
tributed to methyl further confirmed the similar reaction
mechanism of polymerization of polar aromatic molecules
with DVB to that of self addition of DVB. Figs. 5(c)-5(f) show
the full dataset and the wide range of C environments for XPS
characterization of samples. The products mainly consist of
carbon and oxygen, and HCP(Phe-DVB) contains a few
amounts of N element when phenylalanine was used as
monomer (Fig. S3 in ESI). The signal of aromatic sp? carbon
(284.3 eV) is obvious, and the peak at 285.0 eV is caused by
the aliphatic carbon groups which are the connection units of
benzenes. The peak at 285.6 eV represents C—O carbons of
partial monomers, possibly derived from the combined water
in the air as well as from carboxyl group on Phe. The peak at
289.8 eV corresponds to C—CO;, which could be attributed to
the combination of CO, in air according to the description by
Robshaw and co-workers.57] Energy dispersive spectrometer

FeCl;
HCP(Phenol-DVB) m ‘

HCP(Tyr-DVB)

X

2X=CH,
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(EDS) was used for the elemental determination of HCP(BPA-
DVB) and HCP(Phe-DVB) (Figs. 5g and 5h). A large amount of
C and O are observed in HCP(BPA-DVB) and HCP(Phe-DVB),
and a small amount of N is found in HCP(Phe-DVB), indicating
that the polar aromatic molecules successfully copolymer-
ized with DVB. As shown in Fig. S4 and Table S6 (in ESI), after
copolymerization of DVB and polar aromatic compounds,
water contact angles decreased from 146.2° to 107.5° to
some extent, showing an improvement on hydrophilicity of
copolymers. The fall ranges of WCAs seem not to be solely
dependent on the solubility of the polar aromatic compound
in water.

Nitrogen sorption isotherms were used to further study the
porous properties of copolymers (Fig. 6 and Table 2). A com-
bination of Type | and Type IV isotherm characteristics of iso-
therms is also observed in all the four copolymers. The relat-
ively abundant microporous and mesoporous structures were
found in the products, but the total surface area of the co-
polymers decreased compared to that of HCPDVB, possibly
because the addition of nucleophilic aromatic units reduced
the activity of Friedel-Crafts alkylation. In comparison with
bisphenol A, phenol molecule has one more substitute ac-
tive site on the phenyl ring, possibly resulting in greater mi-
cropores of HCP(Phenol-DVB) than those of HCP(BPA-DVB). A
similar phenomenon was observed in HCP(Phe-DVB) and
HCP(Tyr-DVB). The micropore surface area of HCP(Phe-DVB)
is about 18 times larger than that of HCP(Tyr-DVB). Another
factor affecting F-C reactivity is molecular electrophilicity.
Compared to phenol and L-tyrosin, bisphenol A and L-
phenylalanine have higher electronic cloud density on phenyl
rings, probably leading to higher F-C reactivity. Combined
with the two factors, HCP(BPA-DVB) and HCP(Phe-DVB) dis-
play greater surface areas than HCP(Phenol-DVB) and
HCP(Tyr-DVB).

We further tested the effect of functional monomer on H,
adsorption performance of the polymers. HCPDVB-CB ob-
tained by self-polymerization of DVB was composed of car-
bon and hydrogen atoms, and achieved 0.30 wt% of H, up-
take. After the addition of oxygen-rich molecule (bisphenol A)
and oxygen/nitrogen-rich molecule (L-phenylalanine), the H,
adsorption of the copolymers shows a significant improve-

Knitting to Phe
—_—
[¢]

OH
NH,

Phe

FeCl;
80°C,24h

NCH,

Knitting to BPA
L

HOOH

BPA

HCP(BPA-DVB)

Fig.4 Synthesis of hypercrosslinked polymers by DVB-knitting via Friedel-Crafts addition polymerization.
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Table2 Porosity properties of the HCPs obtained by DVB-knitting.

Sample Sger 2 (M?/g) Semicro ° (M2/) PV ¢ (cm3/q) MPV 9 (cm3/q) Micropore ratio (%)  Average pore size (nm)
HCP(Phenol-DVB) 113 113 0.25 0.04 100.0 338
HCP(Tyr-DVB) 161 12 0.21 0 7.5 3.06
HCP(BPA-DVB) 477 77 0.66 0.03 16.1 5.93
HCP(Phe-DVB) 612 218 0.76 0.01 35.6 3.42

The weight ratio of crosslinker to monomer was fixed at 4/1, and the weight ratio of catalyst to monomer was 3/1 in all recipes. @ BET surface area calculated
from nitrogen adsorption isotherms at 77.3 K using the BET equation. ® Micropore surface area calculated from nitrogen adsorption isotherms at 77.3 K using
the t-plot equation. ¢ Pore volume calculated from the nitrogen isotherm at P/Py=0.99, 77.3 K. ¢ Micropore volume calculated from the nitrogen isotherm at
P/Py=0.15, 77.3 K using the t-plot equation. ¢ Volume ratio of micropore volume to the total pore volume.
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Fig.7 H, adsorption isotherms of HCPDVB-CB, HCP(BPA-DVB) and HCP(Phe-DVB) at 77 K.

ment, reaching 0.58 wt% of H, uptake for HCP(BPA-DVB) and
0.62 wt% of H, uptake for HCP(Phe-DVB), respectively (Fig. 7).
The novel copolymers have comparable hydrogen storage
with POSS-based HCPs,!#158] and relatively lower than recent
heteroatom-based HCPs.59601 However, given that DVB and
amino acids are easily available, especially and that amino
acids are chiral molecules, the resultant HCPs knitted by DVB

are believed to find more applications, such as chiral separa-
tion, enzyme immobilization, drug delivery, and so on.

CONCLUSIONS

In summary, an environmentally and atom-economically be-
nign process was provided to fabricate hypercrosslinked
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polymers by self-addition polymerization of divinyl benzene
and its knitting to polar aromatic molecules. 1-Chlorobutane, a
compound with a single chlorine atom, was used as solvent and
proven to be a better alternative than 1,2-dichloroethane in the
F-C reaction. The surface area of HCPDVB obtained by self-
addition polymerization of DVB can reach 931 m?/g without
removing harmful small molecules. Additionally, the ability of
DVB as a novel double-bonded small molecule crosslinker was
demonstrated for knitting polar aromatic compounds by F-C
reaction to form hypercrosslinked networks. The HCP(Phe-
DVB) and HCP(BPA-DVB) prepared using phenylalanine and
bisphenol A as functional monomers can obtain 612 m%g and
471 m?/g, respectively. These products containing nitrogen and
oxygen rich component could improve their hydrogen storage
than HCPDVB. Based on the advantages of the addition
reaction, the proposed process to produce HCPs with high
atom efficiency is expected to find a wide range of applications.
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