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ABSTRACT: A macroporous dual-functional acid−base covalent
organic polymer catalyst poly(St-VBC)-NH2-SO3H was prepared
using high internal phase emulsion polymerization using vinyl-
benzyl chloride (VBC), styrene (St), and divinylbenzene (DVB) as
substrates toluene as a porogenic solvent, and subsequent
modification with ethylenediamine and 1,3-propane sultone. The
role of various amounts of toluene as the porogenic solvent as well
as the amount of 1,3-propane sultone (different ratio of acid/base
sites) on the structure of the prepared materials have been carefully
investigated. The prepared materials were characterized by Fourier
transform infrared (FT-IR), CHNS elemental analysis, energy-
dispersive X-ray (EDX), elemental mapping, field emission
scanning electron microscopy (FE-SEM), and thermalgravimetric
analysis (TGA). The catalytic activity of the poly(St-VBC)-NH2-SO3H series with different acid/base densities was assessed for one-
pot cascade C−C bond-forming reactions involving deacetylation−Henry reactions. The poly(St-VBC)-NH2-SO3H(20) sample
bearing 1.82 mmol/g of N (base site) and 1.16 mmol/g (acid site) showed the best catalytic activity. The catalyst demonstrated
superior activity compared to the homogeneous catalysts, poly(St-DVB)-SO3H+EDA, poly(St-VBC)-NH2+chlorosulfonic acid, and
poly(St-DVB)-SO3H+poly(St-VBC)-NH2 as the catalyst system. The optimized catalyst showed excellent catalytic performance with
100% substrate conversion and 100% yield of the final product in the one-pot production of β-nitrostyrene from benzaldehyde
dimethyl acetal under cascade reactions comprising acid-catalyzed deacetalization and base-catalyzed Henry reactions. It was shown
that these catalysts were reusable for up to four consecutive runs with a very slight loss of activity. The excellent performance of the
catalyst was attributed to the excellent chemical and physical properties of the developed support since it provides an elegant route
for preparing site-isolated acid−base dual heterogenized functional groups and preventing their deactivation via chemical
neutralization.

1. INTRODUCTION
Recently, porous polymers have been received much attention
because they elegantly combine the features of both porous
materials and organic polymers including high surface area,
flexible backbone, well-defined porosity, and easy synthesis and
processing in different forms such as thin films, tabular, or
individual spheres.1−3 There are various methods to develop
porous polymer: phase-separation micromolding,4 high-inter-
nal phase emulsion polymerization,5,6 block copolymer,7 and
particle or polymer leaching.8 Highly concentrated emulsions
can be used as templates for the preparation of highly ordered
porous polymeric structures. The high internal phase
emulsions (HIPEs) technique is a versatile templating
approach to produce porous polymers with interconnected
channels and tunable pore size, which has been investigated
extensively for the fabrication of porous materials with good
moisture resistance, low cost, and a simple preparation
process.9−11 Droplets in HIPEs are deformed because the

fraction of the dispersed phase is greater than 74 vol %, which
corresponds roughly to the most compact hexagonal arrange-
ment of uniform spherical droplets.12,13 Polymerization of
precursors in the continuous phase of HIPE results in
constructing a macroporous polymer (polyHIPE) with a 3D
polymer skeleton induced by the emulsion template.14,15 In
this technique, the morphology and pore structure of the
monoliths are established by the state of the emulsion before
the continuous phase is polymerized.16 Therefore, the stability
of the emulsion has a critical influence on the final structure of
the polymer and is determined by some factors like surfactant

Received: May 12, 2022
Accepted: August 12, 2022
Published: August 23, 2022

Articlehttp://pubs.acs.org/journal/acsodf

© 2022 The Authors. Published by
American Chemical Society

30989
https://doi.org/10.1021/acsomega.2c02973

ACS Omega 2022, 7, 30989−31002

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Saeed+Ghanooni"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Babak+Karimi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Nasser+Nikfarjam"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsomega.2c02973&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c02973?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c02973?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c02973?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c02973?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c02973?fig=abs1&ref=pdf
https://pubs.acs.org/toc/acsodf/7/35?ref=pdf
https://pubs.acs.org/toc/acsodf/7/35?ref=pdf
https://pubs.acs.org/toc/acsodf/7/35?ref=pdf
https://pubs.acs.org/toc/acsodf/7/35?ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsomega.2c02973?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://acsopenscience.org/open-access/licensing-options/


type and its concentration, temperature, processing conditions,
and miscibility of the phases.
Several studies have been reported on how emulsion stability

affects the cellular morphology.17−21 Notably, polyHIPE
materials possess interconnected porous microstructures
because the thin films between the droplets undergo shrinkage
during the polymerization. This phenomenon creates inter-
connections, known as pore throats22 or voids,23,24 making
polymer foams highly permeable. Although this phenomenon
is the main reason for voids, some other methods such as post-
thermal treatment and removing phase-separated surfactants
assist the structure in creating new voids and enlarging the size
of existing voids. Along this line, interesting studies on the
effect of nonreactive diluents on the HIPE templating have
highlighted the relationship between the solubility of the
components and the morphology of the final polymeric
structure.25 For example, Cameron et al. added porogenic
solvents to a divinylbenzene-based continuous phase during
the HIPE templating process and have explored its effect on
the resulting polyHIPE structure. They found that the pore
architecture was influenced by the interaction of the solvent
with the polymer network, the solvent polarity, and the degree
of solvent adsorption at the O/W interface.26

The cellular polymeric macro-structures have been widely
used in separation and filtration media, tissue engineering
scaffold, absorbent materials, microelectronics, controlled drug
delivery, and chromatography.27,28 The wide-range applica-
tions of porous polymer structures stem from their broad
functionality and range of properties (such as high surface area
and low density), which can be easily achieved by introducing
varied functional organic precursors and/or using multiple
preparation methods.29 In this context, many studies have
recently utilized these macroporous polymers in the field of
catalysis as catalyst support, owing to their interesting
additional features, namely, the presence of interconnected
microchannels in the macro-structure provided a suitable
platform for efficient interaction of the reactants. In addition,
these structures have the excellent capability to bear a range of
functional groups, which can be introduced during the
synthesis or via a postsurface modification approach. More
importantly, the possibility of the large-scale synthesis of these
materials in multiple shapes and morphologies is another eye-
catching feature that would attract much attention for
industrial catalytic reactions. Also, simple and efficient recovery
of the prepared catalysts based on these macroporous polymers
would make this process more green, economical, and
environmentally benign.
Because of ever-increasing concerns over energy consump-

tion, recently, one-pot cascade organic reactions have received
considerable attention among organic chemists because they
can simplify the operation and preparation processes, decrease
the overall reaction time, and reduce the purification steps and
the solvent consumption by running multiple reactions in a
single operation setup.30−34 These features introduce the one-
pot cascade reactions as a green, eco-friendly, and cost-effective
process and thus present it as a valid candidate for developing
“Green Chemistry” concepts. However, the great challenge in
operating multiple catalytic reactions in the one-pot cascade
system is providing appropriate reaction conditions that allow
the suitable combination and efficient interaction of all
substrates and catalytic substances without any interference,
quenching, or occurrence of unwanted side reactions. In this
regard, many homogeneous catalysts have been applied to

cascade reactions requiring dual acid−base functionalities.35−38

However, homogeneous catalytic systems have well-known
product separation and reusability problems, increasing costs,
and environmental impacts.39 In addition, bifunctional acid−
base catalytic activity is easily quenched in homogeneous
reaction media owing to acid−base neutralization. To
overcome these limitations and inspired by the site-isolation
concepts, many researchers have recently pursued creating
solid heterogeneous bifunctional acid−base catalysts by
incorporating the acidic and basic functional groups in
different locations of a single solid matrix.40−43 These
engineered catalytic systems not only provide the best manner
to prevent catalyst deactivation or quenching, particularly in
the case of acid−base catalysts, but also present a well-defined
platform for effective cooperation of several catalytic systems,
as a single recoverable catalyst, in a series of one-pot cascade
reactions. Several research groups have attempted to design
such heterogeneous bifunctional cooperative acid−base
catalysts by targeted and engineered immobilization of active
molecules on multiple solid supports such as silica,44−49

heteropolyacids,32 metal−organic frameworks,50−52 metal
oxides,53 graphene oxide,54 and covalent organic polymers55

and their use in the cascade reactions.
Deacetalization−Henry cascade reaction is one of the most

important and interesting cascade reactions that recently has
attracted much attention among the organic chemists for
operating in a one-pot process using recoverable acid−base
cooperative catalysts.56,57 For example, bifunctional acid−base
catalysts supported/immobilized on/in yolk−shell nanoreac-
tors,49,58 MCM-4159 and hexagonal mesoporous silica,60

porous aromatic frameworks,54 mesoporous hybrid nano-
composites,61 magnetic mesoporous silica,47 double-shelled
hollow mesoporous silica,62 poly(vinyl imidazole)/ZSM-5
composite,63 and hollow nanospheres64 have been employed
successfully for catalyzing the deacetalization−Henry reaction.
Along this line, recently bifunctional acid−base catalysts based
on porous polymers have shown promising catalytic activity in
the mentioned reaction because of their promising combined
properties.65,66 In this regard, Yang et al. developed a novel
concept based on a layered Pickering emulsion system which
demonstrated efficient activity in catalyzing a series of one-pot
cascade reactions, including the deacetalization−Henry re-
action.67 Also, very recently, well-designed polymeric core−
shell microparticles containing an acidic site in the core and a
basic site in the shell were developed by surfactant-free
emulsion polymerization as an effective bifunctional catalyst
for the deacetalization-Henry reaction.68 Although the
mentioned studies have shown promising achievements in
developing bifunctional catalysts, there are still limitations from
the material design viewpoint like using relatively complex
preparation methods, the inability to synthesize the materials
in large scale, and the lack of recoverability of the catalysts that
should be resolved in future studies.
Taking care of these criteria and putting a step forward in

designing new recoverable bifunctional catalyst, herein, we
developed a series of macroporous dual-functional acid−base
covalent polymers denoted as poly(VBC-St)-NH2-SO3H using
high internal phase emulsions polymerization of vinyl benzyl
chloride (VBC), styrene (St), and divinylbenzene (DVB) in
the presence of toluene as a porogenic solvent followed by
surface-functionalization by ethylenediamine and then propane
sultone. Furthermore, the physicochemical properties of the
prepared bifunctional polymer macrostructures, and their
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catalytic activities in the one-pot deacetalization−Henry
reaction have been investigated precisely.

2. EXPERIMENTAL SECTION
2.1. Materials. 4-Vinylbenzyl chloride (VBC), divinylben-

zene (DVB, 80%), and chlorosulfonic acid were purchased
from Sigma-Aldrich. Also, styrene, Span-80 (sorbitan mono-
oleate, HLB = 4.3), potassium persulfate (K2S2O8), calcium
chloride dihydrate (CaCl2·2H2O), methanol, dimethylforma-
mide (DMF), ethylenediamine (EDA), benzaldehyde dimethyl
acetal, nitromethane, malononitrile, ethanol, and toluene were
purchased from Merck and were used as received without
further purification. Distilled water was used for all experi-
ments.
2.2. Synthesis of Catalysts. 2.2.1. Synthesis of Macro-

porous Polymer Materials (Poly(St-VBC)). The macroporous
materials were synthesized through HIPE templating based on
styrene, vinylbenzyl chloride, and divinylbenzene. The initial
polyHIPE was obtained by copolymerization of 4-vinylbenzyl

chloride, styrene, and divinylbenzene in the presence of
toluene as a porogenic solvent in the continuous phase of
water-in-oil high internal phase emulsion stabilized by span 80
(Scheme 1). The detailed synthesis procedure is presented in
Table 1. For example, for the poly(St-VBC)-T=100 sample, 4-
vinyl benzyl chloride (0.63 mmol), styrene (1.30 mmol),
divinylbenzene (0.42 mmol), toluene (0.9 mmol), and span 80
(20 wt %) were mixed in a PET mold (vial 5 mL) and stirred
at 600 rpm for 30 min. The mixture was purged for 10 s with
nitrogen, and then an aqueous solution containing K2S2O8 and
CaCl2 (also purged with nitrogen) was added dropwise over 20
min under stirring of 600 rpm. The water-in-oil emulsion type
was determined by the conductivity measurement (Metrohm
712, Switzerland) and drop test. Finally, the vial was sealed
thoroughly with Teflon tape to prevent air from entering the
emulsion and also evaporation of monomers and solvents. The
emulsion in a PET mold was cured at 70 °C for 24 h followed
by Soxhlet extraction with deionized water and then toluene
(48 h with a circulating time of around 20 min for each
extraction) and dried in an oven at 60 °C for 24 h. The

Scheme 1. Preparation of Poly(St-VBC)-NH2-SO3H(20−500)

Table 1. Formulated HIPE Emulsions to Prepare Poly(St-VBC) Samples Containing Different Amounts of Toluene as a
Porogenic Solventa

Sample VBCb (mmol) DVBb (mmol) Stb (mmol) Tolueneb (mmol) St/VBC St+VBC/DVB φwater (V%) φoil (V%)

Poly(St-VBC)-T = 0 0.63 0.42 1.3 0 2.06 4.6 80 20
Poly(St-VBC)-T = 50 0.63 0.42 1.3 0.4 2.06 4.6 80 20
Poly(St-VBC)-T = 100 0.63 0.42 1.3 0.9 2.06 4.6 80 20
Poly(St-VBC)-T = 150 0.63 0.42 1.3 1.3 2.06 4.6 80 20

aThe following materials were used for all emulsions; K2S2O8 (0.0015 wt % related to the water phase) as initiator, span 80 (20 wt % related to the
oil phase) as a surfactant, and CalCl2.2H2O (0.016 wt % related to the water phase) as a preventer of Ostwald ripening phenomenon. bRelated to
the oil phase.
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extraction with water and toluene was used, respectively, to
remove CaCl2/residual of K2S2O8 initiator and unreacted
monomers. The size of at least 400 pores was manually
measured by JMicrovision 1.2.7 software, and each data point
was multiplied by a factor k = 2/√3 to have a better
estimation of the real pore diameter.68 Then the average
diameter of pores (d̅) was calculated from the equation d =
∑nidi/∑ni where ni is the number of pores with a diameter of
di.
2.2.2. Determination of Chloride Content. The chloride

content of all the manufactured polyHIPEs was determined
through potentiometric titration. First, 0.02−0.03 g of
materials was mixed with 5 mL of pyridine in a 10 mL
round-bottomed flask and heated under reflux for 2 h at 90 °C.
After cooling, the mixture was transferred to a 50 mL
volumetric flask followed by the addition of 10 mL of DMF
and 7 mL of nitric acid. Finally, the mixture was diluted with
water to 50 mL, and the content of chloride was determined
through potentiometric titration using 0.001 M AgNO3. For
titration, 20 mL aliquots were used, and the chloride content
was calculated from the required amount of AgNO3.
2.2.3. Synthesis of Poly(St-VBC)-NH2-SO3H. Three class of

catalysts were synthesized as follows: catalysts bearing only
acid sites (Poly(St-DVB)-SO3H, see the Supporting Informa-
tion for details of the synthesis), catalysts bearing only base
sites (Poly(St-VBC)-NH2), and catalysts bearing both base
and acid sites simultaneously (Poly(St-VBC)-NH2-SO3H). For
poly(St-VBC)-NH2 samples, fresh poly(St-VBC)-T=100 (0.10
g) was added to 5 mL of DMF, and it was mildly stirred at
room temperature for 1 h. Then ethylenediamine (EDA) (150
mmol) was added slowly, and the mixture was stirred at room
temperature for another 1 h. Finally, the solid mixture was
slowly stirred at 70 °C for 24 h (Scheme 1). In the end, the
mixture was filtered and washed successively with DMF,
ethanol, ethanol/H2O (ratio volume 1:1), ethanol/THF (ratio
volume 1:1), and THF (3 mL × 3) and finally dried in a
vacuum oven at 60 °C for 24 h to yield poly(VBC-St)-NH2.

69

For poly(St-VBC)-NH2-SO3H samples, 0.05 g of poly(St-
VBC)-NH2 was placed in 30 mL of dry toluene and slowly
stirred at 60 °C for 2 h under argon atmosphere (Scheme 1).
Next, 1,3-propane sultone (20, 100, 200, 500 μL) dissolved in
2 mL of toluene was added dropwise into the poly(St-VBC)-
NH2 suspension over 20 min, and the resulting mixture was
stirred for 24 h at 60 °C. Then the mixture was filtered and
washed with distilled toluene (3 mL × 6) and ethanol (3 mL ×
6), and dried in the vacuum oven at 60 °C to yield,
respectively, poly(St-VBC)-NH2-SO3H(20), poly(St-VBC)-
NH2-SO3H(100), poly(St-VBC)-NH2-SO3H(200) and poly-
(St-VBC)-NH2-SO3H(500).
2.3. Catalytic Reactions. 2.3.1. One-Pot Deacetylation−

Henry Reaction. In a typical reaction, benzaldehyde dimethyl
acetal (1 mmol), poly(St-VBC)-NH2-SO3H(X) (20 mg),
nitromethane (5 mL), and H2O (20 μL) were mixed in a
reaction tube fitted with a condenser. The reaction mixture was
kept at 90 °C under magnetic stirring for 24 h (the reaction
was carried out under nitrogen gas flow), and aliquots of the
reaction mixture were extracted using a filter syringe and
analyzed on a gas chromatographer equipped with an CP-Sil 8
CB (25m × 0.32 mm × 1.2 μm) column to determine the
conversion and yield of trans-β-nitrostyrene.
2.4. Characterization. 2.4.1. Fourier-Transform Infrared

Spectroscopy (FT-IR). The poly(St-VBC), poly(St-VBC)-NH2,
and poly(St-VBC)-NH2-SO3H were characterized using FT-IR

spectroscopy (Bruker vector 22 spectrophotometer, Germany)
by preparing their KBr pellets from 400 to 4000 cm−1. The
samples were dried before characterization with a vacuum oven
at 60 °C for 24 h.
2.4.2. Thermogravimetric Analysis (TGA). The thermal

properties and composition of the prepared polyHIPEs were
investigated using thermogravimetric analysis (NETZSCH
STA 409 PC/PG) under an N2 atmosphere with a flow rate
of 20 mL/min and a heating rate of 10 °C/min from 30 to 800
°C. The samples were dried before characterization with a
vacuum oven at 60 °C for 24 h.
2.4.3. Elemental Analysis. The chemical compositions of

the obtained materials were determined by using a C−H−N-S
elemental analyzer (Vrio EL III, Elementar Germany). The
samples were dried before characterization with a vacuum oven
at 60 °C for 24 h.
2.4.4. FE-SEM Analysis of PolyHIPE Macroporous Poly-

mers. The prepared polyHIPEs were cut, coated with a gold
layer, and then imaged by the field emission scanning electron
microscopy (FE-SEM, Hitachi S4160 operating at 20 kV) to
investigate the surface morphology and pore size.
2.4.5. Porosity. The porosity of polyHIPE macroporous was

determined manually using the following equation; ρ = 1 −
(ρfoam/ρbulk) × 100, where ρfoam and ρbulk were, respectively, the
density of foam (prepared polyHIPEs) and bulk state of the
synthesized polymer based on St, VBC, and DVB monomers
through bulk polymerization in the same molar ratio of
monomers used for the synthesis of polyHIPE. Both samples
(polyHIPE and bulk polymer) were cut in a defined cubic
shape, and then their weight, volume, and densities were
measured. The measurements were replicated, and average
density values and errors were reported.

3. RESULTS AND DISCUSSION
3.1. Synthesis of Materials. The poly(St-VBC)-NH2-

SO3H materials were prepared via the following three-step
procedure according to the presented routes in Scheme 1: (a)
synthesis of poly(St-VBC) through HIPE templating method
using styrene, 4-vinylbenzyl chloride, divinylbenzene as cross-
linker, and toluene as a porogenic solvent; (b) modification of
poly(St-VBC) with ethylenediamine in DMF to give poly(St-
VBC)-NH2, and (c) functionalization of poly(St-VBC)-NH2
with various amounts of 1,3-propane sultone (20, 100, 200,
500 μL) in dry toluene to prepare poly(St-VBC)-NH2-SO3H
catalysts with different acid contents. The chloride content of
poly(St-VBC) was first precisely determined (15.35 mmol/g),
and then the ethylenediamine content was used in around
100× molar excess based on the determined chloride content
of materials to ensure the complete reaction of chloride
functionality.
3.2. Catalyst Characterization. The surface area of the

polyHIPE compounds increases remarkably by combination of
three factors: (1) high cross-linker level, (2) an inert diluent
(porogen) added to the continuous phase containing
monomers, and (3) a high-level surfactant concentration.70,71

In this work, the cross-linking degree and surfactant content
were kept constant as high as possible and the effect of toluene
as a porogen agent was investigated. In this mechanism, after
dissolving the porogenic solvent in the reaction medium and
completing the polymerization process, the porosity in the final
polymer increases after washing and removing the porogenic
solvent. Basically, porosity arises from the phase separation
from the porogen and the growing polymer chains during
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polymerization.71 Porogens with a low solubility undergo early
phase separation and tend to form larger pores and, therefore
materials with lower surface areas. Conversely, porogens with
higher phase solubility separate late in the polymerization to
provide materials with smaller pore size distributions and
greater surface area.71

Based on the literature and our experiments, the macro-
porous polymer prepared by toluene as a porogen solvent
showed a better appearance, structural integrity, and no chalky
materials. We performed further experiments to investigate the
effect of toluene solvent on the morphology of pores and pore
size and void size distributions.71

To investigate the exact role of toluene as the porogenic
solvent, we prepared various samples with different amounts of
toluene (T = 0, 50, 100, 150 μL). The manual measurements
and calculations revealed that the porosity of the poly(St-
VBC)-T=0, poly(St-VBC)-T=50, poly(St-VBC)-T=100, and
poly(St-VBC)-T=150 was, respectively, 80 ± 1.4, 84 ± 1.7, 96
± 1.2, and 90 ± 1.9%. Also, the morphology of the obtained
materials was examined by using field emission scanning
electron microscopy (FE-SEM). Our preliminary observations
revealed that as the toluene content increases the total porosity
of the poly(St-VBC)-T increases (Figure 1). The evaluation of
FE-SEM images well showed that the pore and void size were
increased by increasing the toluene amount and therefore
decreasing monomer content (Figure 1). Also, the statistical

analysis on the structures exhibited that the numerical
distribution of pore and void sizes has shifted to the higher
values with decreasing monomer content and increasing
toluene content (Figure 2A,C, Figures S1 and S2). The
calculated average pore and void size increased gradually with
decreasing monomer content or decreasing toluene content.
With the increase in the toluene content, the average pore size
increased from 5.5 to 7.5 μm (Figure 2B), and the average void
size increased from 1.1 to 1.5 μm (Figure 2D). The reason lies
in forming a thin polymer layer around the droplets in the high
content of toluene or low content of monomers. Therefore, the
high shrinkage rate of this polymeric thin layer around the
droplets can lead to bigger voids. Also, the coalescence
probability of droplets during the polymerization can be
enhanced due to the diminished strength of the formed thin
polymer layer leading to the larger pores. Another reason that
can be considered is the low viscosity of the continuous phase,
permitting the droplets to find each other and fuse easier
(coalescence phenomenon) to form the larger droplets and
consequently the larger pores and voids in the final
macroporous structure, while in the samples with low toluene
content the droplet mobility and penetration are limited due to
the high viscosity of the continuous phase of the emulsion,
leading to the smaller pores and voids in the final macroporous
structure. Assuming Stokes’ law Ddiff = kBT/6πηr3 is applicable
here (where kB is the Boltzmann constant, T is the absolute

Figure 1. FE-SEM images on the cross-sectional area of poly(St-VBC)-T obtained by HIPE templating with different amounts of toluene as
porogenic solvent (T refers to the amount of toluene added to the formulation, and it ranges from 0, 50, 100, to 150 μL).
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temperature, η is the continuous phase viscosity, and r is the
radius of the droplets72−74), the higher viscosity of the
continuous phase of the emulsion leads to the lower diffusion
coefficient (Ddiff), and thus, the probability of droplet collision
and coalescence is reduced.
The integrity of the obtained macroporous structures was

diminished with increasing toluene content (decreasing
monomers content) due to the increasing number and size
of pores and voids. Thus, the higher content of toluene in the
sample poly(St-VBC)-T=150 resulted in a chalky structure.
This issue may reduce the applicability of macroporous
polymer materials with too high porosity and weak mechanical
strength.
Toluene, as porogen solvent, significantly affects the surface

morphology of pores. FE-SEM images demonstrated that as
the toluene content increases, pores’ uniformity and internal
surface morphology are changed from smooth to rough. In the
case of poly(St-VBC)-T=0, the inner surface of pores is
perfectly smooth and uniform, while it turns to the rough and
protruded morphology for the samples containing toluene
(Figure 3). As the toluene content increases, polymer and
solvent-rich regions are formed due to the possible phase
separation in the polymeric layer around the droplets during
the polymerization, resulting in a rough surface on the inner
surface of pores.75 Consequently, the surface area of pores
increases dramatically with an increase in the pore’s roughness.
This enhanced surface area is an interesting feature of these
polymeric macroporous materials for their catalytic application
purposes.
Our findings showed that the porogen solvents (here,

toluene) positively affected the porosity. However, in the
higher content of toluene, the samples lost their integrity.
Based on these results, one could conclude that the sample

poly(St-VBC)-T=100 could be a good candidate as a solid
substrate for catalytic applications due to its high porosity and
surface area. Therefore, the macroporous sample poly(St-
VBC)-T=100 was first modified with ethylenediamine followed
by modification with 1,3-propane sultone (Scheme 1) to
obtain dual-functional catalysts containing active acid−base
sites simultaneously. The following parameters are very

Figure 2. Number distribution of pore (A) and void (C) and also calculated average of pore size (B) and void size (D) of prepared macroporous
poly(St-VBC)-T with different content toluene (T refers to the amount of toluene added to the formulation and ranges from 0, 50, 100, to 150 μL).
The data were fitted by Gaussian equation using OriginPro v.9.2. software.

Figure 3. FE-SEM images of surface of inner wall of pores in poly(St-
VBC)-T=0, poly(St-VBC)-T=100, and poly(St-VBC)-T=150.
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effective in the tandem reactions that should be considered:
the surface area of catalyst, the density of active acid−base
sites, the distance between active sites, and homogeneously
dispersed active sites on the structure.48

The FT-IR spectra showed that the functionalities of −NH2

and −SO3H were grafted on the porous structure, and
therefore, it was found that the samples poly(St-VBC),
poly(St-VBC)-NH2, and poly(St-VBC)-NH2-SO3H were

successfully synthesized (Figure 4A). In more detail, the
observed peak at about 1492, 1450, 1602 cm−1 in all of the
spectra characteristic of an aromatic ring confirmed the
aromatic nature of the main skeleton of all substrates resulted
from styrene, vinylbenzyl chloride, and divinylbenzene. Also,
the peaks at 2850−2950 and 674 cm−1 are related, respectively,
to the stretching vibration of aliphatic C−H and C−Cl.76 After
functionalization of poly(St-VBC) with ethylenediamine, new

Figure 4. (A) FT-IR spectra of poly(St-VBC), poly(St-VBC)-NH2, and poly(St-VBC)-NH2-SO3H(20) and (B) extended normalized absorption
spectra in 800−500 cm−1.

Figure 5. Thermogravimetric analysis (TGA) (A and C) and differential thermogravimetric analysis (DTG) (B and D) of the prepared
macroporous polymer catalysis.
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characteristic peaks are observed for stretching vibrations of
C−N (1386 cm−1) and bending vibration of N−H aliphatic
amines, while the intensity of peak related to the C−Cl was
dramatically decreased (Figure 4B). In addition, the broad
peak at 3000−3600 cm−1 is shifted to the lower wavenumbers
due to addition of aliphatic amines to the structures. It is
believed that this broad peak results from overlapping of
stretching vibration of N−H amines occurs at 3310−3350
cm−1 and stretching vibration of O−H occurs around 3400
cm−1 caused by the trapping of water molecules during the
washing process.77,78 These results proved that the EDA is
successfully grafted onto poly(St-VBC).79,80 The dual-
functionalized poly(St-VBC)-NH2-SO3H showed O�S�O
stretching vibrations (symmetric and asymmetric) at 1027−
1214 cm−1 and stretching vibration of C−S at 626 cm−1

relating to the sulfonic acid group, indicating the presence of a
−SO3H group attached to the amine moiety of the substrate
through propyl chain.81,82

The stretching vibration of aromatic C�C occurred at 1450
cm−1 was considered as internal reference (Figure 4B) and
substitution degree of chloride by ethylenediamine was
calculated according to the following equation
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where I1450 and I674 are related to the intensity of internal
reference and C−Cl groups, respectively. The substitution
degree of 84.2% was calculated.
In addition, the thermal stability of poly(St-VBC), poly(St-

VBC)-NH2, and poly(St-VBC)-NH2-SO3H was evaluated by
TGA (Figure 5). The TGA/DTG thermograms of poly(St-
VBC) showed a significant weight loss in the temperature
range of 300−430 °C, which resulted from the overlapping of
chlorine removal (as HCl and/or Cl2) with Tmax of around 340
°C and decomposition of the main skeleton of the poly(St-
VBC) structure with a Tmax of about 380 °C (Figure 4). For
the poly(St-VBC)-NH2, three weight losses were observed at
<170, 190−270, and 340−450 °C (Figure 4). The first one can
be related to removing physically adsorbed water/solvents, the
second one with Tmax around 230 °C relates to removing
amine groups, and the third one with Tmax around 410 °C
attributes to the decomposition of the main skeleton of the
structure, which shifted from 380 to 410 in the absence of
chloride function (Figure 5). In the thermogram of poly(St-
VBC)-NH2, the peak related to the chlorine removal was
disappeared entirely, and the peak associated with the
decomposition of the main skeleton shifted to the higher
temperatures, consider shifting of Tmax from 380 °C for
poly(St-VBC) to 410 °C for poly(St-VBC)-NH2 (Figure 5B).
These observations indicate that the chlorine groups were
completely replaced with ethylenediamines. Finally, the
thermogram of poly(St-VBC)-NH2-SO3H showed two main
weight losses in the range of 280−350 and 350−455 °C
(Figure 5). The first one with Tmax around 327 °C can be
related to removing alkyl sulfonic acid, and the second one
with Tmax around 410 °C relates to the decomposition of the
main skeleton of the structure. The disappearance of peaks
related to the alkyl amine groups can be a sign of complete

reaction of amine groups of structures with a 1,3-propane
sultone (Figure 5B). The thermogravimetric analysis was also
conducted for all of the poly(St-VBC)-NH2-SO3H(X) samples
with different acid content. Based on the results, as the acid
content (X = 100, 200, and 500) increases, the Tmax of samples
decreases from 441 to 431 and 410 °C for X = 100, 200, 500,
respectively (Figure 5D). Or in other words, the thermal
stability of samples decreases with the increase of acid content.
Therefore, one can conclude that the −SO3H groups can
catalyze the decomposition of the polymeric matrix of samples
during the analysis conditions. These observations indicate
that acid fixation with different content on the amine group has
been efficiently accomplished. Consequently, the prepared
acid−base dual-functional macroporous catalysis exhibited
excellent thermal stability up to around 340 °C, indicating
that the pores desired for mass transfer in organic catalysis
retain their identity and are not collapsed even at high
temperature.
Energy-dispersive X-ray (EDX) confirmed the presence of

chlorine, amine, and acid functional groups on the prepared
macroporous samples (Figure S3). Elemental mapping was
also performed to investigate further the elemental composi-
tion of the prepared poly(St-VBC)-NH2-SO3H. The mapping
images showed the presence of carbon, nitrogen, and sulfur
and their homogeneous distribution throughout the polymer
matrix in the final dual-functional acid−base catalyst (Figure
S4).
To confirm further and quantify functional groups (−NH2

and SO3H groups) immobilized into/onto the poly(St-VBC)
supports, CHNS elemental analysis was conducted. As shown
in Table 2, all samples have significant amounts of nitrogen

and sulfur (except for the poly(St-VBC)-NH2), confirming the
successful accomplishment of the functionalization process.
The results indicated that the S/N content ratio (which might
be attributed to the molar ratio of acid to base) of modified
poly(St-VBC)-NH2-SO3H(X) samples increases when the
added amount of 1,3-propane sultone to the formulation
increases. These findings suggest the successful step-by-step
functionalization of amine groups in the poly(St-VBC)-NH2
with propane sultone.
3.4. Catalytic Efficacy of Poly(St-VBC)-NH2-SO3H(X)

Samples. To investigate how the intrinsic functionalities of an
acid/base antagonistic catalyst work cooperatively, two differ-
ent sets of reactions have been typically evaluated: a nitroaldol
reaction and a one-pot deacetalization−nitroaldol reaction.
The condensation of nitroalkanes with carbonyl compounds,
the so-called Henry reaction, is a well-established and
thoroughly verified chemical procedure to generate nitro-
alkenes, which are essential for the synthesis of pharmaceutical
(such as antibacterial, rodent-repelling, and antitumor
activities) products. However, selective formation of a
nitroalkene using conventional strong bases is difficult since

Table 2. CHNS Elemental Analysis of the Prepared
Materials

Samples N (mmol/gr) S (mmol/gr) S/N

Poly(St-VBC)-NH2 1.47
Poly(St-VBC)-NH2-SO3H(20) 1.82 1.16 0.68
Poly(St-VBC)-NH2-SO3H(100) 0.83 1.85 2.23
Poly(St-VBC)-NH2-SO3H(200) 0.74 2.24 3.03
Poly(St-VBC)-NH2-SO3H(500) 0.56 2.07 3.69
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the conjugate addition of the nitroalkane to the C−C double
bond of the nitroalkene gives bis-nitro compounds (nitro-
alkanes, hydroxylamines, amines, ketones, oximes) in a side
reaction. They also react with a variety of nucleophiles and
constitute powerful dienophiles for Diels−Alder reactions. It is
well-established that solid catalysts with compartmentalized
functionalities have the potential to perform notably different
reactions in a single pot. To study this concept, we used our
prepared poly(St-VBC)-NH2-SO3H materials with well-
defined porosity and dual functionality in a model cascade
reaction of acid-catalyzed hydrolysis of benzaldehyde dimethyl
acetal (1) and base-catalyzed Henry reaction between
benzaldehyde (2) in the presence of nitromethane to form
β-nitrostyrene (3). Considering the suitable porosity, organic
nature, which can facilitate the substrate penetration, and high
density of strong basic and acidic sites, we hypothesized that
the performance of poly(St-VBC)-NH2-SO3H as a bifunctional
solid catalyst in the case of acid−base-catalyzed tandem
reactions involving the deacetalization and subsequent Henry
reaction (Table 3) might be promising. To check our
hypothesis, we performed multiple control experiments to
evaluate the structure−reactivity relationship in the case of our
prepared catalysts. For example, we have investigated the
influence of type (the first, second, and third type) and
concentration of amines and the concentration of acidic sites
immobilized in a single heterogeneous catalyst on the
deacetylation-Henry cascade reaction. Also, we examined the
impact of the presence and absence of porogenic solvent

during the synthesis of the materials on the final catalyst
activity in the tandem deacetylation−Henry reaction.
Our investigations revealed that poly(St-VBC)-NH2-SO3H-

(20) could effectively catalyze the transformation of
benzaldehyde dimethyl acetal (1) into 2-nitrovinylbenzene
(3) in almost quantitative yield and 100% conversion of 1
within 24 h (Table 3, entry 1). Interestingly, when using
poly(St-VBC)-NH2-SO3H(100), poly(St-VBC)-NH2-SO3H-
(200), and poly(St-VBC)-NH2-SO3H(500) in the same
reaction conditions, although the quantitative conversion of
1 was observed in all cases, the yield of benzaldehyde was
gradually increased to 58, 79 and 87%, respectively, and at the
same time, the yield of 3 was decreased to 42, 21 and 13%,
respectively (Table 3, entries 2−4). These observations are
entirely in agreement with the simultaneous enhancement of
acid density and decreasing the availability of basic sites in the
structure of the catalyst. Based on our results, it seems that the
most favorable tuning of acid−base functionality has been
achieved in the case of poly(St-VBC)-NH2-SO3H(20), which
demonstrated the best product yield for β-nitrostyrene in
comparison with the other catalysts. Therefore, the subsequent
experiments were accomplished using this system. Decreasing
the reaction times to 18, 14, and 6 h in the presence of poly(St-
VBC)-NH2-SO3H(20), under other same reaction conditions,
resulted in a gradual drop in both conversion of 1 and yield of
3; while, the selectivity of 3 is still satisfactory even at lower
conversions (Table 3, entries 5−7). Comparatively, the
employment of the monofunctional poly(St-DVB)-SO3H (for
the synthesis process, please see the Supporting Information)

Table 3. One-Pot Deacetalization−Henry Reaction Using the Prepared Catalysts

*Based on GC analysis. Reaction condition: benzaldehyde dimethyl acetate (1 mmol), CH3NO2 (5 mL), deionized water (20 μL), catalyst (20
mg), temperature (90 °C), time (24 h); aThe initial poly(St-VBC) support is poly(St-VBC)-T=100 in which 100 μL of toluene has been used as
the porogenic solvent during the synthesis; bReaction time: 18 h. cReaction time:14 h. dReaction time:6 h. e20 mg of each was used as catalyst.
fTotal catalyst amount; 30 mg = 20 mg solid part + 10 mg homogeneous part.
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with strong acidity as a catalyst afforded only the benzaldehyde
product (2) (Table 3, entry 8), while a negligible amount of 3
was obtained when the reaction was catalyzed by the
monofunctional poly(St-VBC)-NH2 which has only base
functionality (Table 3, entry 9). These results, evidently
suggested the requirement of coexistence of both strong basic
site and active amine functionality in our bifunctional poly(St-
VBC)-NH2-SO3H catalyst to catalyze the one-pot deacetaliza-
tion−Henry reaction effectively.
To evaluate the effectiveness of our strategy to prepare the

stable supported dual-functional acid−base catalyst, we
performed a series of experiments to check the reaction in
the presence of homogeneous as well as the mixture of
homogeneous and heterogeneous acid and base catalysts.
Equal amounts of free chlorosulfonic acid and ethylenediamine
as a catalyst system, could not drive the deacetalization−Henry
reaction due to the rapid neutralization of catalyst components
in the reaction system (Table 3, entry 10). Moreover, a very
low conversion of 1 and yield of 3 could be detected when a
stoichiometric amount of ethylenediamine was added to
Poly(St-DVB)-SO3H due to the formation of ion pairs,
thereby quenching the active acidic sites (Table 3, entry 11).
On the other hand, when a mixture of Poly(St-VBC)NH2 and
a stoichiometric amount of Cl-SO3H was used as the catalyst
system, 89% of 2 was produced while the amount of 3 was low
(Table 3, entry 12). This could be again attributed to the
deactivation of basic sites through the ion-pair formation of
functional groups. Interestingly, the same trends were observed
when the reaction was accomplished in the presence of
Poly(St-VBC)-NH2-SO3H(20) and stoichiometric amounts of
chlorosulfonic acid or ethylenediamine as catalyst systems
(Table 3, entries 13 and 14). All of these results highlight the
notion that our developed poly(St-VBC) is excellent solid
support with the capability to isolate and stabilize the two
antagonistic strong acid and base sites with an elegant
nanoengineered site-isolation mechanism and prevent their
neutralization during the reaction.
After confirming the stability of both acid and base

functional groups in the prepared catalyst system, we then
evaluated the possible synergy originating from the coexistence
of functional groups in the single support in the one-pot
deacetalization-Henry reaction. Our experiments revealed that
the physical combination of poly(St-DVB)-SO3H and poly(St-
VBC)-NH2 catalysts in the one-pot cascade reaction gives the
product yield (3) of 98% after 24 h reaction at 90 °C (Table 3,
entry 15). For a more exact comparison with the reactivity of
Poly(St-VBC)-NH2-SO3H(20), the same reaction was carried
out in a shorter reaction time. The results indicated that the
reaction proceeded with 56% conversion, while 45% of 3 was
produced in the presence of Poly(St-DVB)-SO3H + Poly(St-
VBC)-NH2 within 14 h, which is slightly lower than that of
Poly(St-VBC)-NH2-SO3H(20) (compare entries 6 and 16 in
Table 3). This observation confirms the fact that our
developed polymeric catalyst support not only stabilizes the
two antagonistic acid and base functional groups from
chemical neutralization but also can provide a catalytic
synergism between these two function groups, thus enhancing
the catalytic efficiency in the model one-pot acid/base-
catalyzed cascade reactions by decreasing the mass-transfer
problems.
In the next part, to examine the role of porogenic solvent

employed during the preparation of poly(St-VBC) support and
its effect on the physicochemical properties of the synthesized

poly(St-VBC)-NH2-SO3H dual functionalized catalysts, the
prepared catalysts with different amounts of porogenic solvent
(toluene) were assessed in the context of catalyzing the
deacetalization−Henry reaction. When the reaction was
carried out in the presence of poly(St-VBC)-T(0, 50, 100,
150)-NH2-SO3H (with the amount of toluene = 0, 50, 100,
and 150 μL, respectively), the complete conversion of 1 was
observed in all reactions but 43, 57, 100 and 73%, respectively,
of the 2-nitrovinylbenzene product were achieved after 24 h at
90 °C (Table 3, entries 1, 17, and 18). These results well-
documented the influence of porogenic solvent on the catalytic
activity of the polymer substrate. It seems that by increasing
the porogenic solvent content due to the increase in the
porosity, roughness, and pore and void size, the product yield
enhanced significantly. In contrast, at higher volumes of
porogenic solvent (toluene = 150 μL), the substrate’s integrity
and thermal stability decrease, and this issue might be resulting
in the collapse of prepared catalysts and is responsible for a
decrease in the final yield of β-nitrostyrene.
To prove that the catalytic activity is originated from

covalently bonded base and acid groups rather than the free
base and acids leached out, we performed the Sheldon
filtration test.35 The studied cascade reactions were performed
for 10 h achieving 49% product (3) yield. After hot filtration of
catalyst from the reaction at this point, the reaction mixture
was allowed to stir for another 24 h, but the yield did not
increase further. This observation indicated that the prepared
poly(St-VBC)-NH2-SO3H catalyst is a truly heterogeneous
catalyst operating via surface-bond functional groups. More-
over, it can be concluded that both the acidic and basic
functional groups are highly stable on the support material and
undergo negligible leaching from the support even at 90 °C
within 24 h.83

Finally, we checked the recoverability of our developed
catalyst in the model reaction under the optimized reaction
conditions. Poly(St-VBC)-NH2-SO3H can be readily recycled
by filtration and reused at least four times without considerable
loss of its catalytic activity (Figure 6). A slight decreasing in the
catalytic activity is likely due to small losing the mass of
catalyst during its repeated filtration and transferring to the
reaction pot for the next runs. The high recoverability of the
catalyst could be attributed to the tightly covalent anchoring of
catalytically active sites and robust framework of the support.

Figure 6. Recycling of poly(St-VBC)-NH2-SO3H(20) catalyst in the
one-pot cascade reaction.
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4. CONCLUSION
In summary, we developed an efficient and simple high internal
phase emulsions polymerization method for the synthesis of a
series of macroporous polymers using vinylbenzyl chloride
(VBC) and styrene (St) as monomers, divinylbenzene (DVB)
as a cross-linking agent, and toluene as the porogenic solvent.
We studied the effect of various amounts of porogenic solvent
on the structural properties of the prepared polymer. The
results indicated that the increase in toluene amount (as the
porogenic solvent) in the formulation increased the surface
area, pore, and void sizes. In the next part, the prepared
macroporous polymers were modified with ethylenediamine
and subsequently with 1,3-propane sultone to give a dual-
functionalized acid−base heterogeneous catalyst. The prepared
catalyst demonstrated outstanding activity in the one-pot
production of β-nitrostyrene from benzaldehyde dimethyl
acetal under cascade reactions comprising acid-catalyzed
deacetalization and base-catalyzed Henry reactions. The
catalyst showed excellent catalytic performance with 100%
substrate conversion and 100% yield of the final product in the
mentioned transformation.Interestingly, it was found that
when the same reaction was accomplished using both/either
homogeneous acid and/or base catalysts, the reaction was not
proceeded efficiently, confirming the fact that our support
provides a suitable platform for single-site isolation and
stabilization of both active acidic and basic functional groups
in the channels and prevent them from deactivation through
the chemical neutralization. In addition, our experiments
confirmed that the concomitant immobilization of two acid
and base catalysts on a single polymeric support could provide
a catalytic synergism between these antagonistic sites in the
model cascade deacetalization−Henry reaction, besides their
stabilization against the chemical neutralization. The catalyst
could be recovered easily by simple filtration and was reusable
for at least four sequential runs without significant losing
activity. All in all, the high catalytic activity, recoverability,
stability, and durability of the catalyst during the long reaction
period might be attributed to the developed support’s excellent
chemical and physical properties. For example, its highly stable
nature prevents the catalyst against decomposition. Its suitable
structural features such as the interconnected microchannels
and organic nature facilitate the penetration of all substrates to
the proximity of active sites without any considerable diffusion
problems. On the other hand, the covalently bounded active
sites on the support is another crucial point in providing the
observed catalyst’s stability. We think that the developed
material in this study might attract attention in the future
among the material and catalyst designers since it provides a
new route for developing site-isolated acid−base dual-
functionalized heterogeneous catalysts.
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