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ABSTRACT: A strategy to synthesize hyper-crosslinked polymers with strong
visible-light absorption and abundant ionic sites is discussed. This is achieved in
a one-pot reaction via the simultaneous Friedel−Crafts alkylation and
quaternization reaction between α,α′-dibromo-p-xylene (DBX) and perylene
diimide (PDI) substituted with N,N-dimethyl ethylene to result in hyper-
crosslinked ionic polymers (HIPs). These HIPs display good surface areas with
strong visible-light absorption (400−650 nm) and dispersibility in polar
solvents like water and DMSO. Importantly, our experimental and theoretical
studies indicate that PDI-HIPs possess a dynamic network with good uptake of
water up to seven times their weight. Notably, PDI in PDI-HIPs is not only
responsible for visible-light absorption but also acts as a probe to study their
dynamic nature. Moreover, the presence of ultramicropores and CO2-philic
functional groups in PDI-HIPs renders good CO2 uptake up to 2.11 mmol/g at 273 K despite their relatively low surface area.
KEYWORDS: hyper-crosslinked polymers, dynamic behavior, porous materials, perylene diimides, gas storage

■ INTRODUCTION
Porous materials derived from organic linkers, known as
porous organic polymers (POPs),1,2 are promising candidates
for gas storage3−5 and separation,6 catalysis,7 sensing,8 and
energy storage.9 POPs are further classified into various types
such as covalent organic frameworks (COFs),10 conjugated
microporous polymers (CMPs),11−13 porous aromatic frame-
works (PAFs),14 polymers of intrinsic microporosity (PIMs),15

and hyper-crosslinked polymers (HCPs).16−20 Among these,
COFs are crystalline solids, and all others are mostly
amorphous in nature. CMPs are an important class of POPs
owing to their strong visible-light absorption in addition to
their porosity. As a result, CMPs are widely explored for light-
harvesting and photocatalytic applications.21−24 Moreover,
some of the CMP networks are dynamic in nature, which
renders them superabsorbent properties.24,25 Although some
CMPs are synthesized without the aid of expensive metal
catalysts,26,27 most of the CMP syntheses requires the use of
expensive metal catalysts to carry out polymerization
reactions.28 On the other hand, HCPs are synthesized using
inexpensive starting materials and catalysts with tunable surface
areas. For example, Tan et al. synthesized HCPs with a surface
area up to 3000 m2/g using inexpensive starting materials like
benzene, triphenyl benzene, and dichloromethane in the
presence of AlCl3.

29 Li et al. reported the synthesis of
multifunctional HCPs using inexpensive Scholl reaction
conditions.30 Adams et al. synthesized HCPs by crosslinking
inexpensive starting materials such as toluene and anisole with

formaldehyde dimethyl acetal using FeCl3. The resultant HCPs
display a good surface area, swelling in organic solvents, and
uptake of chemical warfare agents.31 Another advantage of
HCPs is the incorporation of ionic functional groups into
porous structures in one pot. For example, Wang et al.
synthesized imidazolium-containing ionic HCPs using a
combination of quaternization and Friedel−Crafts alkylation.
The resultant polymers are explored for CO2 capture and
conversion.32 Despite several interesting features, HCPs with
strong visible-light absorption like CMPs and COFs are very
rare.33

Introducing strong visible-light absorbing molecules in
HCPs in addition to ionic sites would significantly broaden
their applications. However, strategies to incorporate large π
systems with strong visible-light absorption into HCPs are not
well-explored. Although HCPs are synthesized by crosslinking
perylene, their spectral coverage in the visible region is poor
(<500 nm).34 In this context, perylene diimide (PDI)-based π
systems are very interesting owing to their interesting
optoelectronic35−37 and spintronic properties38 with high
chemical and thermal stability. Moreover, PDIs are also one
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of the promising candidates for creating functional soft
materials via supramolecular self-assembly.39,40 Furthermore,
PDIs are also widely explored as an alternative to fullerenes in
solar cells owing to their good electron transporting behavior
and spectral coverage in the visible region (400−650
nm).41−43 Owing to these interesting features, PDIs are also
utilized as a building block in the synthesis of various POPs
such as porous polyimides,44−47 CMPs,48 and COFs.49 Hence,
introducing PDIs into HCPs not only broadens their synthetic
versatility but also introduces interesting functions. Moreover,
due to the presence of flexible methylene bridges in HCPs,
their network is expected to be dynamic in nature. However,
no experimental studies were reported in this direction.
Moreover, combining computational studies with the experi-
ments would be helpful for a better understanding of the
structure, stability, and dynamic behavior of polymers. In
particular, computational tools such as molecular dynamics
have proven useful in demonstrating the dynamic nature of
PDI-based assemblies and the role of solvents.50−55

Here, we report a strategy to incorporate perylene diimides
(PDIs) into the network of HCPs in a one-pot reaction to
result in hyper-crosslinked ionic polymers (HIPs) containing
PDIs. This is achieved by reacting α,α′-dibromo-p-xylene
(DBX) and PDI substituted with N,N-dimethyl ethylene in
different ratios in the presence of FeCl3 in dichloroethane at 80
°C. During the reaction, in addition to Friedel−Crafts
alkylation among benzene rings of DBX, quaternization also
takes place on PDI side chains to result in PDI-incorporated
HIPs having ammonium bromide groups. The resultant PDI-
HIPs show a BET surface area of nearly 400 m2/g with strong
visible-light absorption. Due to the presence of ionic functional
groups, PDI-HIPs show good dispersibility in polar solvents
such as water, DMSO, and isopropanol with interesting solvent
composition-controlled assembly−disassembly behavior (Fig-
ure 1). Moreover, due to the presence of ionic functional
groups, PDI-HIPs swell in water with an uptake of up to 7
times their weight. These observations further indicate that
PDI-HIPs possess a dynamic porous network. Owing to the
porous structure endowed with polar functional groups, PDI-
HIPs also show CO2 uptake of more than 2 mmol/g at 273 K

despite their relatively low surface area compared to other
POPs explored for CO2 capture.

■ RESULTS AND DISCUSSION
The synthesis of PDI-HIPs is shown in Scheme 1. A single-
step reaction has been carried out where quaternization and

Friedel−Crafts alkylation occur simultaneously to get the
desired PDI-HIPs. PDI having an N,N-dimethyl ethylene side
chain and α,α′-dibromo-p-xylene (DBX) in different ratios are
dissolved in 20 mL of DCE, and this mixture was degassed for
15 min by using N2 gas followed by the addition of anhydrous
FeCl3 at room temperature under inert conditions (Table 1).
The mixture was stirred at 80 °C for 48 h under a nitrogen
(N2) atmosphere to result in three polymers, PDI-HIP-1,

Figure 1. Schematic representation of modulation of stacking of perylene diimide (PDI) in PDI-HIPs.

Scheme 1. Synthesis of PDI-HIPs in One Step Involving the
Simultaneous Friedel−Crafts Alkylation and Quaternization
Reactions

Table 1. Surface Area Analysis of PDI-HIPs

samples

no. of
equivalents

of PDI

no. of
equivalents of

DBX
BET surface
area (m2/g)

total pore
volume
(cc/g)

PDI-HIP-1 0.1 1.00 397 0.31
PDI-HIP-2 0.25 1.00 233 0.36
PDI-HIP-3 0.35 1.00 106 0.19
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PDI-HIP-2, and PDI-HIP-3. We noticed that the formation of
the quaternary salt is negligible at room temperature. However,
at 80 °C, the formation of the quaternary salt also significantly
takes place under these reaction conditions. When we have
performed a quaternization reaction alone (without anhydrous
FeCl3) in DCE at 80 °C using benzyl bromide and perylene
diimide, we have obtained 73.8% isolated yield of benzyl
ammonium-containing PDI (B-PDI) (see Supporting In-
formation Section 3). Although it is difficult to estimate the
exact reaction rates of Friedel−Crafts alkylation and
quaternization, our observations indicate that under the
reaction conditions used for the synthesis of PDI-HIPs, both
the reactions take place simultaneously. All these PDI-HIPs
are purified through Soxhlet extraction with methanol and
chloroform. FT-IR spectra (Figure S3 and Table S2) of all
PDI-HIPs show the C�O stretching frequency corresponding
to imide groups around 1692 cm−1. This confirms the
successful insertion of PDI into the polymeric network. The
peak at around 2927 cm−1 is attributed to the methylene
linkage. The peak around 1346 cm−1 is due to the C−N
stretching frequency. In the solid-state 13C CP/MAS NMR
spectra, all the three samples showed peaks in the range of 150
to 110 ppm corresponding to substituted and nonsubstituted
aromatic carbon atoms (Figure 2a). The peak near 164 ppm is

due to the carbonyl carbons of PDI. In the same way, the peaks
from 70 to 20 ppm are due to the ethylene and methylene
linkages in the polymer network. These observations further
confirm the structure of PDI-HIPs. Since the carbon atoms of
PDI and benzyl groups appear at different ppm, the appearance
of 13C CP/MAS NMR spectra for the three PDI-HIPs is
different due to the change in the ratio of PDI and benzyl
groups. We have also characterized PDI-HIPs using X-ray
photoelectron spectroscopy (XPS). As expected, all PDI-HIPs
show the characteristic peaks corresponding to C 1s, O 1s, N
1s, and Br 3d (Figure S4). However, in PDI-HIP-3, the
characteristic peak corresponding to Fe is also observed. This
indicates that, in PDI-HIP-1 and PDI-HIP-2, Fe is effectively

removed during purification via Soxhlet extraction. In PDI-
HIP-3, probably due to the presence of a high PDI content,
the high ionic sites might trap Fe (Figure S4). The thermal
stability of all the PDI-HIPs was studied using thermogravi-
metric analysis (TGA). All the PDI-HIPs are stable up to 250
°C, and nearly 60% of the weight loss was observed by around
700 °C (Figure S5). The small weight loss (∼10%) below 250
°C could be due to the loss of volatile impurities and trapped
water molecules.

The porous nature of the polymers was confirmed with the
help of N2 sorption isotherms at 77 K (Figure 2b). All three
synthesized polymers exhibit type I−IV composite adsorption
isotherms and the hysteresis loop of type H4.56 The
considerable increase in the uptake of N2 at low relative
pressure suggests the presence of micropores. The hysteresis
observed further suggests the presence of mesopores in the
structure confirming the porous nature of the polymers.
Moreover, the steep uptake in the adsorption branch of the
hysteresis loop is observed at partial pressures close to unity
(Figure 2b).56 This indicates that the observed mesopores are
larger and could be due to the presence of agglomerates where
condensation is happening in the interparticle voids. The
presence of agglomerates with interparticle voids is further
supported by the field-emission scanning electron microscopy
(FE-SEM) images of PDI-HIPs (Figure S6). The porosity of
the polymers is further determined through the pore size
distribution (PSD) calculated by QSDFT considering the slit
pore model (Figure 2c). For PDI-HIP-1, the pores are
centered at 0.67, 2.60, and 3.38 nm with a total pore volume of
0.31 cc/g. The calculated BET surface area of PDI-HIP-1 is
the highest among all three polymers, which is 397 m2/g. For
PDI-HIP-2, the PSD shows the pores at 0.72, 2.60, and 3.38
nm with a total pore volume of 0.36 cc/g and a surface area of
233 m2/g. The PDI-HIP-3, which was synthesized by using
0.35 equiv of PDI, has pores centered at 1.09, 2.60, and 2.84
nm with a total pore volume of 0.19 cc/g and a surface area of
106 m2/g. The BET surface area of the polymers shows a
decreasing trend (see Table 1) when the PDI equivalents
increase, which could be due to the reduction in crosslinking
among DBX molecules resulting in decreasing the surface area.
Since PDI is a bigger molecule than DBX, when PDI
equivalents are increased, more space will be created between
the DBX molecules. As a result, the extent of crosslinking
between the DBX molecules decreases. So, the amount of PDI
plays a major role in surface area variation.

Due to the presence of ionic functional groups in PDI-HIPs,
they form good dispersions in polar solvents like DMSO and
water.57 Recently, we reported that ionic π systems show
supramolecular depolymerization behavior in the mixture of
two poor solvents.50 For example, for PDI-based ionic π
systems, water and amphiphilic organic solvents (THF and
IPA) are poor solvents as PDIs exist in the assembled form in
these solvents. However, in the mixtures of water and
amphiphilic solvents, PDIs disassemble and exist as mono-
mers.50 If PDI-HIP networks are dynamic, they also should
show similar assembly−disassembly behavior depending on the
solvent composition. However, so far, there are no reports that
study the dynamic nature of HIPs and HCPs. Hence, we have
explored the dynamic behavior of PDI-HIPs (0.025 mg/mL)
in water, IPA, THF, and their mixtures by probing the
absorption and emission changes of PDIs. The absorption
spectra of PDI-HIPs in water show the peaks corresponding to
the PDI core in the range of 400 to 600 nm (Figure 3a and

Figure 2. (a) Solid-state 13C NMR spectra of PDI-HIP-1, PDI-HIP-
2, and PDI-HIP-3. (b) N2 sorption isotherms and (c) pore size
distribution curves of PDI-HIP-1, PDI-HIP-2, and PDI-HIP-3
measured at 77 K.
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Figures S7−S10). The appearance of absorption spectra
indicates the presence of face-to-face stacking of PDIs in the
PDI-HIPs as the ratio of absorbance of the 0−0 transition to
the 0−1 transition is 0.5 (<1). Interestingly, when the vol % of
IPA gradually increases in water, PDIs in the PDI-HIPs
undergo disassembly, and at 60 vol % of IPA in water, the
absorption spectra of PDI-HIPs indicate the isolated nature of
PDIs without any π−π stacking interactions (Figures S7−S9).
This is further supported by 1.5 times higher absorbance of the
0−0 transition than 0−1 (Figure 3a and Figures S7−S9). A
further increase in vol % of IPA in water resulted in the
decrease of monomer absorbance between 400 and 550 nm,
and the appearance of a broad peak above 550 nm indicated
the presence of π−π stacking interactions among PDIs (Figure
3a and Figures S7−S9). The behavior of PDI-HIPs is also
similar in THF−water mixtures as evidenced by the changes in
the electronic absorption spectra (Figure S10). The assembly−
disassembly of PDIs in PDI-HIPs depending on the solvent
composition is further supported by the high fluorescence
intensity of PDIs in a 60 vol % amphiphilic solvent (IPA or
THF) in water compared to pure water or in an above 90 vol
% amphiphilic solvent (THF or IPA) in water (Figure 3b and
Figures S8−S10). Moreover, the solution photographs of PDI-
HIPs taken in water having various vol % of amphiphilic
organic solvents (IPA or THF) also support the observations
made from absorption and emission spectroscopy (Figure 3c,d
and Figures S8−S10). The photographs of assemblies of PDI-
HIPs in water and in an above 90 vol % amphiphilic solvent
(THF or IPA) in water show a visible color change compared
to the solutions of isolated PDIs having a 60 vol % amphiphilic
solvent (THF or IPA) in water (Figure 3c and Figures S8−
S10). As expected, under UV light, PDI-HIPs having a 60 vol
% amphiphilic solvent (THF or IPA) in water show bright
fluorescence owing to the isolated nature of PDIs compared to
their assembled state in pure water and water having a more
than 90 vol % amphiphilic solvent (THF or IPA) (Figure 3d
and Figures S8−S10). All the above observations unambigu-
ously prove the modulation of assembly of PDIs in PDI-HIPs
by modulating the composition of water and amphiphilic
organic solvents. The assembly and disassembly of ionic PDIs

can be easily expected in the small molecule state. However, in
PDI-HIPs, PDIs are covalently crosslinked into a porous
network. Despite this covalent crosslinking, the change of
assembly and disassembly of PDIs depending on the solvent
composition is surprising. This clearly indicates the dynamic
nature of the PDI-HIPs networks, which can reorganize
according to the solvent environment.

To further support our observations on PDI-HIPs, we have
used B-PDI as a model compound. From the absorption and
emission spectra, we found that B-PDI undergoes self-
assembly in water and in an above 90 vol % amphiphilic
solvent (THF or IPA) in water (Figures S11 and S12). In the
solvent mixture having a 60 vol % amphiphilic solvent (THF or
IPA) in water, B-PDI disassembles into monomers as
evidenced by the absorption and emission spectra and
photographs of the solutions (Figures S11 and S12). This
clearly indicates that the solvent composition-dependent
absorption and emission changes observed for PDI-HIPs are
due to assembly−disassembly of crosslinked PDI in PDI-HIPs
and not due to any solvatochromic effects.

In order to understand the assembly and disassembly
behavior of PDI-HIPs in a mixture of solvents, we performed
all-atom molecular dynamics (MD) simulations to determine
the solvation mechanism and the stability of PDI-HIPs at
various concentrations of amphiphilic organic solvents in
water.58 For this purpose, we have taken B-PDI as shown in
Figure S13 and solvated it in 0, 50, and 95 vol % of IPA in
water. Figure 4 shows the radial distribution functions (RDF)

and coordination numbers between PDIs and the solvent
obtained from MD simulations (Figure S14). The coordina-
tion number is calculated by integrating the RDF up to the first
peak maximum (Figure 4b). For the RDF between PDI
ammonium groups and water oxygen, with an increase of the
vol % of IPA, the intensity of the first peak increases in
magnitude while its position changes marginally, and in
addition, the peak also becomes broader (Figure 4a). It
indicates that water exhibits greater affinity for the ammonium
group at 95 vol % of IPA possibly because there are almost no
neighboring water molecules that force it to participate in
hydrogen bonding with the remaining water molecules.
Furthermore, water molecules in the first solvation shell also
interact with the carbonyl group through hydrogen bonding
(Figure S15). It can be seen from Figure 4b that the
corresponding coordination number decreases with increasing

Figure 3. (a) Electronic absorption spectra and (b) emission spectra
(λex = 470 nm) of PDI-HIP-1 (0.025 mg/mL) in water having
different vol % of IPA. Photographs of PDI-HIP-1 (0.025 mg/mL) in
water having different vol % of IPA (c) under normal and (d) UV
light.

Figure 4. (a) Radial distribution functions (RDF) and (b)
coordination numbers between PDI ammonium groups and the
oxygen of either water (thick line) or IPA (dashed line) molecules at
different vol % of IPA in water.
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vol % of IPA, indicating the overall decrease of solvation of the
ammonium groups. In contrast, the RDF between IPA and
ammonium groups shows no change in the intensity of the first
maxima while the corresponding coordination number doubles
upon increasing the vol % of IPA from 50 to 95 (Figure 4a).
The presence of the phenyl ring in the side chain has a minimal
impact on the solvation structure surrounding the ammonium
group.50 Further, we calculated the spatial distribution function
(SDF) that shows the average density distribution of solvent
molecules in a three-dimensional space around the solute.
Figure 5 displays the SDF of water (green) and IPA (pink)

around the PDI dimer in 95% IPA in water. It should be noted
that a density map cannot be obtained around peripheral side
chains due to their flexibility. Figure 5 indicates that the
aromatic regions of PDI are solvated by IPA molecules,
whereas the periphery of the PDI core is solvated by water
molecules.

As evidenced from MD simulations, in pure water, the
solvation is mainly around the ionic sites and promotes π−π
stacking among PDIs. On the other hand, in the 1:1 mixture of
IPA−water, the IPA molecules are mainly around the
hydrophobic PDI cores and benzyl groups, whereas water is
again concentrated around ammonium ions (Figures 1 and 5).
Due to the solvation of both hydrophobic aromatic cores and
hydrophilic ionic groups, PDIs exist as monomers without any
π−π stacking interactions consistent with experimental
observations. In 95% IPA in water, the solvation of ionic
groups and the π surface of PDI are limited, and as a result,
restacking of PDIs takes place. Here, it is important to note
that, unless the PDI-HIP networks are dynamic, the assembly
and disassembly of PDIs in PDI-HIPs are not feasible. Hence,
our experimental and theoretical studies uncover the dynamic
nature of HIPs. These are further supported by different
degrees of swelling of PDI-HIPs depending on the nature of
the solvent and the state of PDI in PDI-HIPs (Figure 6). To
study the swelling behavior, solvents such as water or IPA or
the water−IPA mixture were added to PDI-HIPs and
sonicated to have a proper mixing of the solvent and polymers.
The solvent was added to a fixed amount of PDI-HIPs until

there was no leaking of the solvent when the sample vial was
tilted (Figure 6). Interestingly, all the PDI-HIPs exhibited
strong uptake of water up to 7 (70 mg of water for 10 mg of
PDI-HIP) times their weight (Table 2). However, the solvent

uptake is decreased significantly for a 1:1 water−IPA mixture
followed by pure IPA compared to water alone (Table 2). This
is due to the higher coordination number for water molecules
in PDI-HIPs compared to IPA as evidenced from MD
simulations (Figure 4b). This is further supported by a
significant volume increase of PDI-HIPs in water due to
swelling compared to the 1:1 water−IPA mixture and IPA
(Figure 6). The macroscopic swelling behavior of PDI-HIPs
also further confirms their dynamic nature. Although swelling
behavior was previously observed for few HPCs in organic
solvents, molecular-level insights as discussed in this manu-
script are missing.31

The porous nature and presence of polar functional groups
in PDI-HIPs further encouraged us to investigate their CO2
adsorption capacity at 273 K. PDI-HIP-1, which possesses the
highest surface area, exhibits the highest CO2 uptake of 2.11
mmol/g (Figure 7). Of the three HCPs studied here, PDI-
HIP-1 has the highest fraction of ultramicropores (<0.7 nm)
(Figure 2c). In terms of pore sizes, ultramicropores are the
most favorable adsorption sites for CO2, and the presence of
these ultramicropores in PDI-HIP-1 results in steep CO2
uptake at low relative pressures. Plots of the specific surface
area and the micropore surface area against the amount of CO2

Figure 5. Spatial distribution of solvent molecules (color code for the
density: green - water and pink - IPA) around the PDI dimer in 95%
IPA in water as obtained from the molecular dynamics simulations.
Top and bottom panels show the PDI dimer in top and side views,
without and with a density map. Water and IPA density maps are
plotted using the isosurface values of 1.71 and 0.004, respectively.
Color code: gray - C; white - H; red - O; blue - N.

Figure 6. Photographs showing the swelling behavior of PDI-HIP-1
(a) in water, (b) in a 1:1 water−IPA mixture, and (c) in IPA.

Table 2. Summary of Solvent Uptake Capacities of PDI-
HIPs

water/PDI-
HIPs (wt/wt)

water−IPA 1:1 mixture/
PDI-HIPs (wt/wt)

IPA/PDI-HIPs
(wt/wt)

PDI-
HIP-1

7 4.5 3.5

PDI-
HIP-2

7 3.6 3.1

PDI-
HIP-3

6 3.6 3.1
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adsorbed at a given pressure (∼1.17 bar) reveal an almost
linear relationship for CO2 uptake with a specific surface area
(Figures S16 and S17). It should be noted that although the
surface areas of our PDI-HIPs are relatively lower, their CO2
uptake capacities are comparable to PIPs,59 COFs,60 and
HIPs61,62 (Table S3 and Figure S18). This can be attributed to
the presence of ultramicropores, which helps to adsorb CO2
even at low relative pressures (Figure 3c and Figure S17).
Moreover, the presence of CO2-philic polar functional groups
such as ammonium and imide also increase the uptake of CO2
gas in PDI-HIPs (Figure S18).

■ CONCLUSIONS
We have designed and synthesized dynamic HIPs having
visible-light absorbing PDIs in a one-pot synthesis through the
copolymerization of PDI and DBX. Additionally, we have also
provided an approach for understanding the dynamic nature of
hyper-crosslinked polymers using ionic PDI as a probe. The
polymers exhibit good dispersibility in polar solvents such as
water and DMSO. Interestingly, owing to the dynamic nature
of the PDI-HIP network, PDIs assemble through π−π stacking
in both water and amphiphilic organic solvents and exist as
isolated PDIs in their mixtures. This is due to the fact that the
ionic part is effectively solvated by water molecules and the
hydrophobic part by hydrocarbon chains of amphiphilic
organic solvents, as demonstrated by molecular dynamics
simulations. As a result of the strong coordination between
water and PDI-HIPs, their water uptake could reach seven
times their weight. Additionally, these polymers exhibit
excellent CO2 uptake up to 2.11 mmol/g at 273 K and 1.17
bar despite their relatively low surface areas compared to
various other porous materials (Figure S18). The approach
presented in this manuscript is useful for synthesizing various
HIPs having large π systems with potential applications in the
field of photocatalysis and optoelectronics. We believe that
aside from the ease of synthesis of HIPs with tunable surface
areas, the properties (dynamic, strong visible-light absorption
and solvent composition-modulated assembly) reported here
will expand their scope and applications in various fields of
materials science.63,64
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