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Functional Polymers Containing Semi-Rigid Alternating Sequences 

Jing Huang 

ABSTRACT 

(Academic) 

Alternating copolymers represent a special class of copolymers in which the two 

comonomers copolymerize in a regular alternating sequence along the polymer chain. Of particular 

interest in our group are the stilbene-maleic anhydride/maleimide alternating copolymers. These 

copolymers possess sterically congested backbones and precisely placed functional groups arising 

from the strictly alternating copolymerization. The research in this dissertation is focused on the 

synthesis, characterization, and potential application of functionalized copolymers that contain 

semi-rigid alternating copolymer sequences. 

The fluorescence properties of a series of non-conjugated, tert-butyl carboxylate 

functionalized alternating copolymers were investigated. Extraordinarily high fluorescent intensity 

with excellent linearity was observed for the di-tert-butyl group-containing stilbene and maleic 

anhydride alternating copolymer in THF. We attributed the origin of the strong fluorescence to the 

“through space” π – π interactions between the phenyl rings from the stilbene and C=O groups 

from the anhydride. The fluorescence was maintained when the copolymer was deprotected and 

hydrolyzed and the resulting carboxylic acid-functionalized copolymer was dissolved in water at 

neutral pH. 

The tert-butyl carboxylate functionalized alternating copolymer sequences were 

incorporated into highly crosslinked polymer networks using suspension polymerization. After 

removing the tert-butyl groups by acidic hydrolysis, the surface area of the networks increased 

significantly. Using this facile two-step strategy, we were able to achieve nanoporous polymers 
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with BET surface area up to 817 m2/g and carboxylic acid-functionalized surfaces. The BET 

surface area of deprotected polymers increased with increasing crosslinking density, and the 

stilbene-containing polymers showed systematically higher BET surface area than the styrene-

containing polymers due to the stiffness of the alternating sequences. The resulting nanoporous 

polymers have potential to be employed as solid sorbents for CO2. 

The same tert-butyl carboxylate functionalized alternating copolymer sequences were also 

incorporated into microgels via miniemulsion polymerization. The miniemulsion technique 

ensured the successful synthesis of microgels with ~100 nm diameter using solid stilbene and 

maleimide monomers. The resulting tert-butyl carboxylate-containing microgels were converted 

into carboxylic acid-containing aqueous microgels by acid hydrolysis. These aqueous microgels 

showed good and reversible lead and copper ion adsorption capacities. 

Amine-functionalized nanoporous polymers were synthesized by the post-modification of 

highly-crosslinked divinylbenzene-maleic anhydride polymers. High amine-contents were 

achieved by covalently attaching multiamines to the acid-chloride functionalized polymer surface. 

The resulting polymers showed medium to high BET surface areas (up to 500 m2/g) and high CO2 

capture capacities. 
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Functional Polymers Containing Semi-Rigid Alternating Sequences 

Jing Huang 

ABSTRACT 

(General Audience) 

Copolymers are polymers that consist of two or more different                                                                                                             

monomers in the polymer chain. Research on copolymers can be traced back to the 1930s. Since 

the early discoveries, the research on copolymers has received considerable attention because of 

the ease of synthesis and the versatile properties and applications of these materials. Alternating 

copolymers are one of the most studied types of copolymers. In an alternating copolymer, the two 

different monomers arrange in a regular alternating sequence along the polymer backbone. Of 

special interest in our group are the alternating copolymers that contain stilbene (1,2-

diphenylethylene). The stilbene-containing alternating copolymers have relatively rigid (semi-

rigid) structures, which lead to unusual and interesting properties. The research described in this 

dissertation is focused on incorporating these semi-rigid alternating copolymers into different 

types of systems and studying their structure/property relationships. Three different polymeric 

materials and their properties were explored. 

Fluorescent materials can glow when irradiated by a certain wavelength of light. This 

property is very useful in biomedical sensing, imaging and labeling. The semi-rigid stilbene-

containing alternating copolymer exhibited fluorescence with extraordinarily high intensity, solely 

due to the conjugation from the exact juxtaposition of molecular orbitals. This high intensity 

fluorescence suggests potential application as novel light-emitting materials. 

The increasing atmospheric CO2 concentrations due to human activities like 

transportation and manufacturing have caused public concerns. Currently, liquid amine scrubbing 
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is one of the most well established methods for CO2 capture in industry. However, due to the 

solvent evaporation, degradation, and the high energy demand during the solvent regeneration, 

solid polymeric materials are considered as attractive alternative CO2 capture materials. We 

designed two kinds of polymers based on our semi-rigid alternating copolymer sequences, and 

they both exhibited pores smaller than 2 nm. With the help of different functional groups designed 

to interact with CO2, these polymers showed enhancement in CO2 capture properties, and show 

the viability as solid sorbents for atmospheric CO2. 

Heavy metal contamination in water is a severe environmental and public health problem. 

The recent Flint water crisis raised the public awareness of this problem. We synthesized a series 

of hydrogel beads with diameters in the range of 100-200 nm. The incorporation of these functional 

alternating copolymer sequence into the microgels led to fast and reversible adsorption of the lead 

and copper ions in water.  
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Chapter 1. Recent Advances in Alternating Copolymers: The Synthesis, 

Modification, and Applications of Precision Polymers 

(Adapted with permission from Huang, J.; Turner, S. R. Polymer 2017, 116, 572. Copyright 
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1.2 Abstract 

Alternating copolymers represent a special class of copolymers, in which the two 

comonomers copolymerize in a regular alternating sequence along the chain. Their interesting 

physical and chemical properties, as well as the underlying mechanism, have attracted significant 

attention in both academia and industry. The electron-donor benzylidene monomers – styrene and 

stilbene, readily form alternating copolymers with the electron-acceptor monomers – maleic 

anhydride and N-substituted maleimides. The rich chemistry of the substitution groups on these 

monomers offers enormous combinations for the synthesis of alternating copolymers for different 

applications. In this paper, we aim to provide a general overview of recent publications on the 

specific field of these benzylidene-containing alternating copolymers, and the emphasis is placed 

on the synthetic progress, structure-property relationships, and the applications of these 

copolymers. 

1.3 Introduction 

Copolymers are polymers synthesized from two or more species of monomers.1 The study 

of copolymers could be traced back to the 1930s since synthetic rubber was invented and 
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developed.2 Ever since then, the research on copolymers has received considerable attention 

because an infinite variety of different copolymer composition could be synthesized and specific 

desired properties could be tailored by varying the species and composition of the comonomers. 

Based on different arrangements of the comonomers, the copolymers can be typically categorized 

as random or statistical copolymers, block or segmented copolymers, graft copolymers, alternating 

copolymers, periodic copolymers,3 while some new types of copolymers, such as gradient 

copolymers4 and aperiodic copolymers5 emerged in recent years (Figure 1-1).6-8 

	

Figure 1-1. Types of copolymers 

In an alternating copolymer, the two comonomers arrange in a regular alternating sequence,1 

and the alternating copolymerization is characterized by the product of the two monomer reactivity 

ratios as r1r2=0, in which r1 and r2 represent the ratio of the rate constant of homopropagation to 

the rate constant of crosspropagation of each reactive propagating species.9 In other words, each 

of the propagating species prefers to add the other monomer rather than react with its own type of 

monomer. Perfect alternation happens when r1 and r2 are both equal to zero, where no dyads or 

homo-addition will be found in the copolymer, while such dyads can be found when both r1 and r2 
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are very small or one r is small and the other r is zero, where the copolymer shows alternating 

behavior but does not strictly alternate. The comonomer systems that can form alternating 

copolymers include electron donor-acceptor pairs, complexes formed with Lewis acids, Ziegler-

Natta or metallocene catalyzed ethylene and cis-olefins, zwitterion intermediates, etc. Although 

two difunctional monomers also polymerize alternatively in step growth, the polymers from step 

growth are not usually considered as alternating copolymers,10 and the two units are often seen as 

one repeat unit. Among all these systems, of special interests are in the radical polymerizable 

electron donor-acceptor pairs. The electron donor monomers, such as styrene, stilbene, vinyl ethers, 

dienes and N-vinylcarbazole, and electron acceptor monomers, such as maleic anhydride, N-

substituted maleimides, dialkyl fumarates and fumaronitriles, provide numerous combinations and 

possibilities in achieving alternating copolymers of different properties and applications. 

Several models have been proposed to explain the alternating behavior from a mechanistic 

point of view (Figure 1-2). The earliest Mayo-Lewis model suggested that the rate constant of the 

propagation of the polymer chain relates to the terminal radical and the incoming monomer (thus 

it’s also referred as the terminal model).11 The terminal model could be used to describe the 

copolymer composition as a function of monomer feed composition, but fails to explain the 

relationship of rate constant versus monomer feed composition.12 However, this relationship could 

be explained well using the penultimate unit model, which suggests that the rate of propagation of 

the polymer chain does not only rely on the terminal radical, but also on the penultimate monomer 

unit.12-15 One plausible interpretation from the theoretical calculations was that the transition state 

of the propagation can be represented by three hindered rotors, and one of the rotors is greatly 

affected by the penultimate unit.16 Another well-known model, the complex participation model 

suggests that the charge-transfer complex, which is formed via the interaction between the electron 
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donor monomer and the electron acceptor monomer pairs, participates in the copolymerization.17-

18 The existence of the charge-transfer complexes have been confirmed by spectroscopic 

evidence,18-21 but it is still questionable whether the complexes are actually added to the 

propagating radicals, or the complexes dissociate upon the polymerization and only one monomer 

is added to the propagating chain each time.22-24 Generally speaking, there still remains a debate 

over the exact mechanism of the alternating behavior, and efforts are continuously made to study 

the mechanistic steps behind alternating copolymerization. 

	

Figure 1-2. Demonstration of three models of the mechanism of alternating copolymerization, D 
and A represent donor and acceptor monomers, respectively. 

Examination of the literature shows that there is a lack of review articles on alternating 

copolymers since 2000. Cowie’s book on alternating copolymers was published in 1985,10 and a 

few reviews focusing on the mechanisms of alternating copolymerization15, 25-26 or specific 

applications of some alternating copolymers27 were reported. However, much progress has been 

made on the synthetic techniques, mechanistic studies, property evaluation and applications. In 

this review, we specifically focus on the alternating copolymers that were formed by benzylidene 

monomers styrene or stilbene with maleic anhydride or N-substituted maleimides. The detailed 

synthetic pathways, the miscellaneous modifications, fundamental structure property 
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measurements, and various applications of the alternating copolymers of styrene or stilbene with 

maleic anhydride or maleimides monomers will be discussed in this paper.  

1.4 Recent development of benzylidene-containing alternating copolymers 

1.4.1 Traditional and controlled radical copolymerization for alternating copolymers  

The alternating copolymerization of maleic anhydride with styrene was among the earliest 

academic studied copolymer systems, and one of the earliest studies by Alfrey and Lavin in the 

early 1940s28 showed that this copolymer could be prepared using common free radical initiators 

at 70–80 ˚C.29 Ever since then, the styrene-maleic anhydride (SMAh) copolymer has been one of 

the most extensively investigated alternating copolymers. The incorporation of maleic anhydride 

unit increases the heat resistance of polystyrene proportional to the maleic anhydride content.30 

The thermoplastic SMA has high glass transition temperature, high deflection temperature under 

load, high heat and chemical resistance, low melt flow rate, good impact, rigidity and dimensional 

stability.31 It was fist commercialized by Sinclair Petrochemicals in the 1960s, and in 1972, the 

injection molding SMAh resin was first used for automotive dashboards by Nova (Arco) 

Chemicals using the trade name Dylark®, which is no longer produced. Currently, the commercial 

SMAh products are by Cray Valley (Beaufort, TX, USA) as SMA®, Polyscope (Geleen, NL) as 

Xiran® and Solenis (Wilmington, DE, USA) as Scripset®.32 SMAh copolymer finds wide ranging 

applications as a molding resin in the automotive, packaging and construction industries, as well 

as a compatibilizer in plastic blends and alloys to improve their mechanical and thermal 

performance and other properties.33-34 SMAh was studied as an additive to acrylonitrile butadiene 

styrene (ABS) copolymer and poly(methyl methacrylate) (PMMA). SMAh could broaden the 

processing window and increase the surface polarity of the base resin, which is desired for molding 

and surface painting purposes, respectively. SMAh also increases the miscibility of ABS and 
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PMMA with other additives and polymers, and reduces phase separation.33-34 In addition, SMAh 

and PMMA are fully miscible, and the clear SMAh has minimal influence on the refractive index 

and transparency of PMMA polymer, which helps to maintain the attractive optical features of 

PMMA while improving its other properties. However, SMAh polymers are not resistant to UV 

degradation, therefore they require a UV-resistant protective coating when used for outdoor 

applications.31 Moreover, SMAh polymer, along with its hydrolyzed from, styrene-maleic acid 

(SMA) alternating copolymer were also applied in diverse applications such as surface sizing, 

pigment dispersion, ink modification, powder coating, leather retanning, floor care products etc. 

The early studies mostly focused on the kinetics and mechanism of the alternating 

copolymerizations.13, 19, 35-41 The SMAh copolymers are mostly synthesized using free radical 

polymerization (Scheme 1-1a). The most commonly used initiators are benzoyl peroxide (BPO) 

and azo-bis-(isobutyronitrile) (AIBN), while spontaneous initiation,40, 42 UV initiation,43 and some 

other initiators44 were also reported. The copolymerization could be conducted in bulk and 

common organic solvents such as THF, DMF, acetone, methyl ethyl ketone, benzene, carbon 

tetrachloride, and saturated hydrocarbons. Supercritical CO2 was also reported as a suitable 

synthesis media, especially for high molecular weight SMAh (Mw>106).45
 Due to the non-

homopolymerizable nature of maleic anhydride, no more than 50 mol% of it could be incorporated 

into the copolymer,28 and 13C NMR46 and pyrolysis-gas chromatography31 showed a strong 

tendency of 1:1 equimolar alternation at 1:1 infeed of styrene and maleic anhydride unless using a 

starved feeding technique, in which the infeed maleic anhydride is added in a very low level.31 

However, when the infeed maleic anhydride content is lower than 50 mol%, conventional free 

radical copolymerization may result in copolymers with compositional drifts,47 evidenced by 13C 

NMR that segments with more maleic anhydride and segments with less maleic anhydride are 
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statistically distributed along the chain.48 Controlled radical polymerization techniques provide 

better control over the alternating monomer sequence at imbalanced infeed ratio. (The details and 

mechanism of controlled radical polymerizations which were elaborated in books and review 

articles.49-51) Both nitroxide mediated polymerization (NMP) (Scheme 1-1b) and reversible 

addition-fragmentation chain transfer (RAFT) (Scheme 1-1c) are applicable to the synthesis of the 

SMAh copolymer, while atom transfer radical polymerization (ATRP) seems incompatible for 

SMAh synthesis, which may due to the interaction of maleic anhydride with the copper complex 

that is required for ATRP. However, ATRP could be used to copolymerize styrene and N-

substituted maleimides.52-55 

	

Scheme 1-1. a) Conventional free radical alternating copolymerization of styrene and maleic 
anhydride;27 and the one step synthesis of poly((styrene-alt-maleic anhydride)-b-styrene) using b) 
nitroxide mediated polymerization (NMP),56 or c) reversible addition-fragmentation chain transfer 
(RAFT) polymerization.57 

In controlled radical polymerization (CRP), the copolymerization of styrene and maleic 

anhydride showed a very strong alternating tendency even at imbalanced monomer ratio. That is 

to say, if the polymerization starts with a very low level of maleic anhydride, the copolymerization 
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will still start as an alternating copolymerization until all maleic anhydride is consumed, and then 

the homopolymerization of styrene starts.58 Eventually, it can yield a block copolymer with an 

SMAh block and a styrene block in one step (Scheme 1-1b and 1c).56, 59-61 In contrast, the same 

situation would result in a heterogeneous mixture of copolymer and homopolymer in conventional 

radical polymerization.15 This strong alternating feature has been utilized in sequence control 

polymerization (see 1.4.4). The choice of RAFT agent in alternating copolymerization is crucial, 

because it affects the reaction rate and the terminus group of the chain. An initialization period 

was found at the initial stage of the RAFT polymerization of styrene and maleic anhydride, during 

which the RAFT agent combines with either styrene or maleic anhydride to form the monomer 

adduct.62-63 The preference on monomer selectivity during this step depends on the electronic 

structure of the RAFT agent, i.e. the electron rich RAFT agent will preferably add to maleic 

anhydride. Electron spin resonance (ESR) spectroscopy showed that the intermediate propagating 

radical is predominate with maleic anhydride at the chain ends. This is probably due to the fast 

addition of the maleic anhydride chain end to the C=S of the RAFT agent.64 The composition of 

monomer feed also plays an important role, when the proportion of maleic anhydride was large, 

the copolymerization rate was faster while the control over the molecular weight and molecular 

weight distribution was poor.65 In addition to enhancing the alternating behavior of the 

copolymerization, CRP also provides pathways to synthesize hybrid composite,66 nanostructures,57, 

67-68 and different architectures, such as polymer brushes,69-70 di-blocks,71 stars and Miktoarm 

stars,72 and hyperbranch structures.73 

1.4.2 Modification and functionalization of alternating copolymers  

Maleic anhydride, or succinic anhydride when enchained, can be easily functionalized when 

the carbonyl carbons are attacked by nucleophiles.29 Although the stability of the reactive 
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anhydride groups can be troublesome when the SMAh copolymers are exposed to moisture or 

other chemical environments, they provide a reactive site for modification of the SMAh 

copolymers, and several important functionalized polymers were prepared using this chemistry.27 

One example is the styrene-maleic acid (SMA) alternating copolymer, which is hydrolyzed 

from the styrene-maleic anhydride copolymer under basic conditions (Scheme 1-2). The 

hydrophilic carboxylic acid (and/or salt) and the hydrophobic styrene impart to SMA amphiphilic 

properties, and the amphiphilicity is dependent on the pH of the local environment. The 

dissociation behavior of SMA copolymers was studied by Colby and coworkers.74-75 The two 

carboxyl groups have different pKas of 6 and 10, which means SMA bears two charges on both 

carboxyl groups at high pH, one charge at neutral pH, and is not charged at low pH.76 The 

conformation and aqueous solubility of SMA are also affected by the local pH: at high or neutral 

pH, the electrostatic repulsions of the carboxylates prevail and overcome the hydrophobic effect, 

therefore the polymer adopts a random coil conformation and shows good solubility in aqueous 

solution; at low pH (lower than pH 6), the carboxylates are protonated and the hydrophobicity of 

the styrene dominates, which results in a compact globular conformation with poor aqueous 

solubility.77 As one of the most significant interfacially active polymers, SMA has been used as a 

polymeric emulsifier or dispersing agent for various applications, such as for dispersing dyes for 

ink formulations,78 but the most common applications of SMA are in life science.27, 79 SMA forms 

stable polymeric micelles in aqueous solutions with a low critical micelle concentration.80 SMA 

micelles were found to be an excellent tumor-targeting drug delivery system for hydrophobic drug 

molecules, such as doxorubicin,81 pirarubicin,82 and zinc protoporphyrin IX (ZnPP) (Figure 1-3).83 

Because of the unique characteristics of the tumor vasculature, drug molecules of certain sizes tend 

to accumulate in tumor tissue, which is called the enhanced permeability and retention (EPR) 
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effect.84 The size of a single SMA micelle ranges from 100 to 200 nm, depends on the structure of 

the encapsulated drug and the loading. The large molecular size of SMA micelle-drug complexes 

showed great therapeutic properties due to the EPR effect.85 In addition, SMA could noncovalently 

bind to albumin, which is one of the most biocompatible macromolecules, thus the bound albumin 

could serve as the second drug carrier and further enhance the EPR effect.86 

	

Scheme 1-2. The preparation of SMA copolymer from SMAh through basic hydrolysis.27 

 

	
Figure 1-3. The micelle formation of SMA and ZnPP for drug delivery. Each ZnPP (red) is 
surrounded by four SMA chains, the benzene rings (blue) interact with ZnPP through hydrophobic 
interaction, and the carboxylic acids (green) provide aqueous solubility. Reprinted from Iyer et 
al.83 with permission. Copyright 2007 Elsevier. 
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usually requires the separation and stabilization of these hydrophobic proteins from cells. In 

OO

O

n

Hydrolysis
OH-, M+

O

O

n

O OH
+M



	 	 	 	

	 -	11	-	

traditional methods, the membrane proteins are solubilized using small molecule detergent 

micelles, but often the lipid bilayers are disturbed because of the different physical-chemical 

properties of the detergents. SMA is now considered as one of the most promising alternatives for 

membrane solubilization, because it shows a distinctive behavior than other amphiphilic materials: 

when adding to lipid membranes, it can form discoidal particles spontaneously (Figure 1-4).87-88 

Moreover, these nanodiscs could preserve the bilayer integrity of the lipid as well as the protein 

functions.89-90 Therefore, SMA showed the fascinating potential of directly extraction and 

stabilization of membrane protein from cells in one step.91 The resulting membrane nanodiscs are 

termed SMALP (SMA-lipid particles). It is noteworthy that the reported SMA polymers in 

membrane research were not strictly alternating, and had a ratio of styrene to maleic acid of 2:1 or 

3:1, therefore styrene dyads or small blocks may be presented. 



	 	 	 	

	 -	12	-	

	

Figure 1-4. The solubilization of lipid membranes by SMA copolymers. SMA first binds with the 
surface of the membrane with the modulation of the concentration of SMA, salt and negatively 
charged lipids (PX-)(I); then SMA inserts into the hydrophobic core of the membrane through the 
hydrophobic effect (II); finally the membrane is solubilized in the form of nanodiscs (III). 
Reprinted from Scheidelaar et al.88 and Dörr et al.27 with permission. Copyright 2015 Elsevier and 
2015 Springer. 
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SMA copolymer has also been utilized in nanotechnology. SMA could disperse single-walled 

carbon nanotubes as a surfactant, and in the meanwhile work as templates for binding metal ions 

and metal nanoparticles.92 At 50% protonation, SMA could self-assembly into nanotubes93 due to 

the stiffening effect of the multiple intrapolymer hydrogen bonding among the acid groups.94 SMA 

can also disperse TiO2 nanocolloidal and patterned on substrates by micro-fluid-contact printing, 

and well-defined nanostructured TiO2 layer was achieved by removing the SMA polymers by 

calcination.95 

The maleic anhydride groups in SMAh polymers can be easily modified by reacting with 

amines or hydroxyl groups and forming corresponding amic acid or acid ester, and the amic acid 

can be further converted to maleimide group with loss of water. Various functional molecules can 

be introduced to SMAh polymers utilizing this method, which is particularly useful in attaching 

drug molecules bearing amine groups. SMAh could improve the pharmacological properties of the 

drugs by increasing their circulatory half-life and increasing their lipid solubility.96 Moreover, 

SMAh showed neither teratogenic nor acute or chronic toxic effects.97 When binding tumor-

targeting drugs, they also work to enhance the EPR effect. An important example is using SMAh 

to deliver the anti-tumor protein neocarzinostatin (NCS).98-99 In the polymer-drug conjugate, 70% 

of maleic anhydride groups were reacted with butanol, and the rest were used to bind with NCS 

(Figure 1-5). The resulting SMANCS conjugate has been clinically used for liver cancer treatment, 

and commercialized in Japan.100 Other drugs and biomolecules, such as pirarubicin,101 fenoprofen, 

97 gemfibrozil,97 and laminin peptide YIGSR,102 etc.103 were also conjugated with SMAh by the 

reaction of amine group with maleic anhydride for delivery. A pH-responsive fluorescent specie, 

rhodamine-deoxylactam, was attached to SMAh, the fluorescence could be activated by lysosomal 

pH.104 The copolymer is likely to accumulate in tumor cells due to the EPR effect, and it could 
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work as a nanoprobe for detecting tumors. When binding with antimicrobial compounds, the 

modified copolymer showed high bactericidal effect,105-106 which enabled the preparation of 

antibacterial fibers by electronspinning.105, 107 In addition to bioactive groups, some functional 

groups could bring interesting properties and applications to SMAh polymer. For example, the 

insertion of the N-sulfonic acid group made SMAh polymer an efficient solid catalyst for a variety 

of organic reactions;108 and the modification with diamines,109 3-aminobenzoic acid,110 and 

aminothiophene derivatives111 turned SMAh into polymeric sorbents for toxic heavy metal ions 

like Fe(II), Zn(II), Pb(II), Cu(II), and Cd (II). 

	

Figure 1-5. The chemical structure of SMANCS. Reprinted from Maeda et al.99 with permission. 
Copyright 2013 WILEY-VCH. 

Other than binding with functional molecules, the anhydride groups could also be used for 

purposeful modification of certain surface properties, such as hydrophilicity and complex forming 



	 	 	 	

	 -	15	-	

ability. The ring-opening of the maleic anhydride would result in anionic carboxylate group, which 

show a pH-dependent amphiphilicity, and the amphiphilicity and their surface activity could be 

further tuned by binding the anhydride group with different amines or alcohols. For examples, the 

partially imidized alkyl amines-modified SMAh polymers formed stable latex in water,112 and the 

dopamine-modified SMAh polymer self-assembled into stable micelles.113 The short-chain alkyl 

amines-modified SMAh polymers showed pH-dependent membrane destabilizing activity, since 

they are hydrophilic and membrane-inactive at physiological pH, while they become hydrophobic 

and membrane-disruptive at endosomal pH.96 The cysteamine-grafted SMAh shows similar 

behavior as SMA polymer to form nanodiscs with membrane protein, in addition, the pendant SH 

groups provide sites for functionalization using thiol-reactive chemistry.114 Cationic quaternary 

nitrogen units were also inserted to SMAh polymers using the same chemistry.115 They formed 

core-shell nanoparticles and showed potential for gene delivery. When binding with aminopyrene, 

the modified SMAh worked as a “polysoap” surfactant that mimics the structure of DNA to 

disperse single-walled carbon nanotubes (SWNTs), in which the aromatic base interacts with the 

SWNT wall, while the charged backbone is at the exterior side of the micelles. Compared to DNA, 

SMAh is easily modified, more available, and the more flexible structure further improves the 

SWNT dispersion property.116 

Some modified SMAh polymers exhibited distinguishable thermal and mechanical 

properties compared to the unmodified SMAh, and attempts to use these modified SMAh polymers 

as additives to change the properties of other materials were made. A series of plant oil derivatives 

were attached to the SMAh polymer, and the epoxidized soybean oil modified SMAh showed a 

dramatic increase of storage modulus around 190 °C.117 A novel organic/inorganic polymer hybrid 

was obtained by the imidization of the SMAh polymer using an amine-containing polyhedral 
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oligomeric silsesquioxane (POSS).118 Phase separation was observed in the resulting material, and 

the films showed excellent transparency and increased hydrophobicity. The methoxyl 

poly(ethylene glycol) (MPEG) grafted SMAh polymer was added to polyethersulfone (PES) 

membranes at the phase inversion process.119 This amphiphilic additive increased the 

hydrophilicity and protein adsorption resistance of the PES membranes. Aminolyized SMAh 

polymer as an additive in the wood adhesive urea-formaldehyde (UF) resins during the synthesis 

could decrease the formaldehyde emission and improve the bonding strength.120 A smart, electro-

active material was achieved by adding the sulfonated aromatic diamine-crosslinked, imidized 

polymer to poly(vinylidene fluoride) (PVDF) as a potential material for artificial muscles.121 The 

obtained ionic membrane exhibited improvement in both electrical and mechanical performance 

compared to the Nafion-based actuator. SMAh was also used as a compatibilizer in making flame 

retardant polystyrene material by reacting with the amine groups of the flame retardant 

poly(diaminodiphenyl methane spirocyclic pentaerythritol bisphosphonate) (PDSPB).121 The 

addition of SMAh improved the limiting oxygen index and deduced the peak heat release rate.  

The modification of SMAh could also be utilized to achieve polymers of special 

architectures. Dimethyl-N, N-propylamide imidized SMAh was found to self-assemble to 

nanotubes, which were said to arise from the π-stacking of the styrenes and the van der Waals 

interactions between the maleimide units.122 Theoretical studies showed that only racemo-

diisotactic configuration of imidized SMAh polymer could form complexes by π-stacking, when 

the phenyl groups and maleimides are symetrically distributed.123 Layer-by-layer stacking of 

SMAh and polyethylenimine (PEI) were reported to fabricate into nanotube structure using an 

alumina template.124 Dendronized copolymers were synthesized by attaching poly(amidoamine) 

dendrons to SMAh. The butylamide terminated poly(amidoamine) dendrons brought thermo-
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responsiveness to the copolymer, the copolymers showed lower critical solution temperatures 

(LCSTs) of 33.1 °C – 49.0 °C, depends on both the generation of the dendrons and the local pH 

(Figure 1-6).125 When the dendrons were terminated with the UV-responsive molecule o-

nitrobenzyl alcohol, the structure of the copolymer aggregates dramatically loosened under UV 

irradiation, which made this dendronized copolymer a candidate for drug encapsulation and 

release.126 

	

Figure 1-6. Synthesis and structures of thermo-responsive dendrimers. Reprinted with permission 
from Gao et al.125 Copyright 2009 American Chemical Society. 

Graft copolymers could be prepared by reacting SMAh with amine- or alcohol-terminated 

polymer chains, the resulting graft polymers bear negative charges on the carboxylate group next 

to the side chain, and the side chains are designed to impart to the SMAh copolymers a variety of 

useful properties. One of the commonly used side chain polymer is poly(ethylene glycol) 
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(PEG).127-128 The resulting amphiphilic graft copolymer exhibited LCST in the range of 33.7 °C – 

74.7 °C, and the LCST is highly dependent on both pH and molecular weight of the side chain 

PEG.129 Hydrogel microspheres were also prepared by crosslinking this PEG-grafted SMAh 

polymer with polyamines, the microsphere swelled in response to increased salt concentration due 

to the shielding effect of the electrostatic association.130 When the PEG side chain was attached to 

SMAh by using lithium alcoholates, the film fabricated using this graft copolymer showed 

conductivity in the range of 10-7 to 10-5 S·cm-1 due to the anion mobility with segmental motions, 

and the conductivity further increased to 5x10-4 S·cm-1 after adding BF3, which suggests this 

polymer to be considered for potential lithium battery applications.131 Polyethylenimine was 

grafted on to SMAh for gene delivery. The copolymer established effective DNA condensation 

and protect DNA from degradation by DNase.132 Another strategy to synthesize graft copolymers 

is to polymerize macromonomers with maleimide or vinylbenzyl endgroups, and which resulted 

in a highly densely grafted copolymer (graft on each monomer) with alternating side chains.133 A 

series of LCST copolymers were synthesized from the polymerization of 4-vinylbenzyl 

methoxytetra(oxyethylene) ether and N-substituted maleimides, and the transition temperature 

could be tuned by the side chain length.134 Recently, this method was employed to synthesize graft 

copolymers with sequence regulated side chains (Figure 1-7). The side chains were first 

synthesized via atom transfer radical addition to yield halide-ended sequence-controlled oligomers, 

followed by reacting the halide end with a furan-protected maleimide.135-136 After deprotection of 

the furan group, the resulting maleimide-ended macromonomer readily form an alternating 

copolymer with styrene. Some properties of the copolymers, such as solubility and Tg could be 

tuned by both the sequence of the side chain and the ratio of the two monomers in the main chain. 



	 	 	 	

	 -	19	-	

	

Figure 1-7. Graft copolymer with sequence-regulated side chains by atom transfer radical addition 
and alternating radical copolymerization. Reprinted from Soejima et al.136 with permission. 
Copyright 2015 American Chemical Society. 

Functional groups can also be incorporated by using functionalized styrene or N-substituted 

maleimide. A wide variety of functional groups could be attached onto styrene or maleimide 

monomers using easy chemistry, and the functional groups could impart a variety of physical and 

chemical properties. For example, a water soluble alternating copolymer was synthesized the free 

radical polymerization of sulfonated styrene and sodium-N-(4-sulfophenyl)-maleimide 

monomers.137 Polymers with active pendant double bonds are difficult to be prepared by direct 

radical polymerization of monomers with two different double bonds, which would result in 

crosslinked or cyclized structures in most cases. However, an active pendant double bond could 

be achieved by the direct radical polymerization of N-allylmaleimide with substituted styrene due 

to the strong alternating behavior and predominant fast cross-propagation of styreneic and 

maleimide double bonds.138 The pendant double bonds are available for future modification. The 

RAFT cyclocopolymerization of maleic anhydride and difunctional styrenic monomers that 

contain tri- or tetra(ethylene glycol) moieties led to a series of copolymers with crown ether 



	 	 	 	

	 -	20	-	

cavities.139 The crown ether cavities exhibited selectivity for dialkylammonium ions and the 

copolymers may have potential in size-selective complexations.  

1.4.3 Semi-rigid stilbene-containing alternating copolymers  

The chain-growth homopolymerization of trans-stilbene ((E)-1,2-diphenylethylene) is very 

difficult to achieve because of its steric constraints.9 However, electron-rich trans-stilbene 

monomer readily radically copolymerize with electron-poor monomers like maleic anhydride or 

N-substituted maleimides in an alternating fashion due to both the electronic effects and reduced 

steric stress.140 The first preparation of the stilbene and maleic anhydride alternating copolymer 

was reported in 1930 by Wagner-Jauregg,141 and it was also said to be the earliest report of a free 

radical-copolymerization in literature.142 The copolymer was insoluble in common solvents and 

the insolubility was assumed to be from crosslinking.140-141 Vogl, however, discovered that these 

copolymers were not crosslinked by finding that the stilbene-maleic anhydride copolymer was 

soluble in basic solution, when anhydride rings were opened and converted into salts.143 

Another possible reason of the poor solubility of unsubstituted stilbene and maleic anhydride 

is the strong aggregation of the copolymers, therefore the solubility of the substituted copolymers 

greatly increased due to the disruption of copolymer aggregation.144 Moreover, functional 

substituents work as a powerful tool in the construction of highly functional polymeric materials. 

Our group has been working on the design and synthesis of functionalized stilbene and maleic 

anhydride/N-substituted maleimide comonomers and the corresponding alternating copolymers.140, 

144-157 These novel copolymers possess sterically congested backbones and precisely placed 

functional groups arising from the strictly alternating copolymerization. We have incorporated 

these alternating sequences into block copolymers and crosslinked copolymers and studied their 

interesting properties and potential applications.  
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Most of the substituted stilbenes in our studies were synthesized by the Wittig–Horner 

reaction (Scheme 1-3).158 The substituents include methyl,144, 149 dialkyl amino,145, 148, 154-155 and 

tert-butyl carboxylate.146-147, 149-150, 152-153 Both the type and the position of the substituents on the 

stilbene monomer affect the rate of the copolymerization and the properties of the copolymers. 

Stilbene with electron-donating groups, like methyl and dialkyl amino groups undergo faster 

copolymerization while the stilbene bearing electron-withdrawing carboxylate needs a higher 

temperature to efficiently copolymerize.147 The N-substituted maleimides were usually 

synthesized from a two-step route, in which maleic anhydride was mixed with a primary amine to 

produce a maleamic acid, which was then dehydrated to form a maleimide. The substituents have 

minimal effect on the electron-deficient nature of maleimides, but different from maleic anhydride, 

maleimides can radically homopolymerize.159 Therefore, although alternating copolymerization 

predominates when stilbene or styrene monomers are present, there will be maleimide-maleimide 

dyads in the copolymers.140 

	

Scheme 1-3. Synthesis of substituted trans stilbenes using Wittig-Horner reaction. Reproduced 
from Li et al.144 with permission. Copyright 2010 Elsevier. 

Our initial studies of substituted stilbene-maleic anhydride alternating copolymers indicated 

significant chain stiffening in solution, as evidenced by a constant hydrodynamic radius (10 nm) 

in the temperature range of 10 ˚C and 40 ˚C, and no observable glass transition below 250 ˚C.155 

Furthermore, the 1H NMR of these polymers showed broad backbone and aromatic peaks,144 which 
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is related to strong homonuclear dipolar coupling and slow proton relaxation rates.160 Double-

quantum heteronuclear local field solid state NMR showed that the maleic anhydride was 

enchained in all cis configuration when N,N,N’,N’-tetraethyl-4, 4’-diaminostilbene was the 

comonomer.148 Moreover, the cast film of the stilbene and N-(2-methylphenyl)maleimide 

copolymer exhibited large negative birefringence induced from the conformational constraints.157 

All this evidence revealed the hindered rotation and the limited movement of these alternating 

copolymers due to their sterically crowded backbones. A detailed study on the chain stiffness of a 

series of tert-butyl group-containing stilbene and styrene alternating copolymers was conducted 

using SEC and SAXS, and the persistence lengths (lp) of these copolymers fell into the range of 2 

and 6 nm.147 Compared to the flexible polystyrene (lp=0.9 nm)161 and the rigid polyphenylene 

(lp=13 nm)162, these alternating copolymers are classified as semi-rigid polymers (Figure 1-8). The 

same series of copolymers also showed nanoporosity, which is due to the internal free volume 

resulted from the inefficient chain packing, and the BET surface area of these polymers increased 

as the increasing of the lp.151 When the semi-rigid stilbene-maleimide alternating sequence was 

incorporated into divinyl benzene hypercrosslinked polymers, the precursors showed increased Tg, 

which reduces some pore collapsing during the post-crosslinking step.149 
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Figure 1-8. The comparison of the persistence length of a series of semi-rigid alternating 
copolymers with other polymers. Reprinted from Li et al.147 with permission. Copyright 2012 
American Chemical Society. 

Among the various functional groups we incorporated into the alternating copolymers, the 

dialkylamino145, 148, 154-155, 157 and the tert-butyl carboxylate146-147, 150-153 groups are of special 

interests, since they can be converted to ammonium and carboxylic acid, respectively. In addition, 

the enchained maleic anhydride groups can be hydrolyzed and form two carboxylic acid groups. 

Using the chemistry described above, we synthesized a series of semi-rigid polyelectrolytes and 

polyampholytes.145, 152-154, 156 The polyampholyte diblock copolymers formed polyion complexes, 

and exhibited an unusual “like-charge” attraction in response to pH and salt changes (Figure 1-

9).145, 156 This antipolyelectrolyte effect is manifested by the semi-rigid polymer backbone induced 

dipole-dipole interactions of the condensed counter ions. The polyanions were prepared from the 

tert-butyl group protected precursors, and the organic soluble precursors facilitated accurate 

molecular weight determination by SEC.153 The resulting polyanions showed excellent anti-HIV 

activity. It is hypothesized that the increased rigidity of the polyanions enhanced the electrostatic 

interaction with the V3 loop of the HIV-1 glycoprotein 120 or glycoprotein 41.146 This deprotection 

strategy was also utilized in a novel two-step synthesis of nanoporous polymers. The semi-rigid 
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polymer backbone along with the high crosslinking density resulted in a highly functionalized 

network with high BET surface areas (up to 817 m2/g) and good potential in CO2 capture 

applications (Figure 1-10).150 

	

Figure 1-9. a) The graphic demonstration of “like-charge” attraction, and the structures of two 
block copolymers b) OEGMA-b-(TEDASti-alt-MA) and c) (DEASti-alt-MA)-b-ACMO that 
shows “like-charge” attraction. Reproduced with permission from Savage et al.,156 Mao et al.,145 
and Savage et al.,154 respectively. Copyright 2016 WILEY-VCH, 2007 American Chemical 
Society, and 2014 WILEY-VCH. 

	

Figure 1-10. Nanoporous polymers from cross-linked polymer precursors via tert-butyl group 
deprotection. Reprinted from Huang et al.150 with permission. Copyright 2015 American Chemical 
Society. 

The alternating copolymerization behavior of stilbene and maleic anhydride or maleimide 

was also used to synthesize specially structured polymers. For example, a processable polymer 
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resin was resulted from the self-polymerization of a stilbene-maleimide A-B monomer,163 and the 

single-chain polymer nanoparticles were synthesized from the alternating copolymerization of 

maleic anhydride or N-ethyl maleimide with stilbene functionalized polystyrene chains.164 

1.4.4 Sequence-controlled alternating copolymers 

Biomacromolecules, such as DNA and protein, store enormous genetic or functional 

information by arranging the sequence of nucleic acids or amino acids in their primary structures. 

However, synthetic polymerization techniques usually lack control over the monomer sequential 

arrangement. Although the library of synthetic polymers contains hundreds of thousands of 

different monomers, the potential of information storage in synthetic polymers is still limited.165 

Much effort has been invested to tap this potential in synthetic copolymer, however, the resulting 

step-by-step solid synthesis or other semibiological approaches are restricted by the speed and 

scale of synthesis.166 

Over the last decade, the unique kinetic feature of donor-acceptor alternating 

copolymerization has inspired polymer chemists to design a new strategy in the sequence-

controlled polymerization. In 2007, Lutz and coworkers first introduced a sequence-control 

strategy, which is based on the ATRP copolymerization of donor and acceptor monomer pairs 

(Figure 1-11).167 The basic principle of this method was utilized time-controlled addition of a small 

amount (usually 1 mole equiv. as compared to initiator) of the acceptor monomers (i.e. N-

substituted maleimides) during the controlled polymerization of a large excess donor monomer 

(i.e. styrene).167 The strong alternating copolymerization tendency of the newly added acceptor 

with the donor monomers leads to an immediate consumption of the acceptor monomer. Ideally, 

one acceptor monomer is inserted into each polymer chain at the same chain-location after each 

addition. However, although the alternating copolymerization is kinetically favored, the 
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distribution of the acceptor in each chain is not strictly uniform and remains statistical in a rather 

narrow range.166 Still, this method revealed new opportunities for precisely encoding information 

into polymer chains.  

	

Figure 1-11. Concept of the Sequence-Controlled Copolymerization of Styrene and Various N-
Substituted Maleimides. Reprinted from Lutz et al.180 with permission. Copyright 2011 WILEY-
VCH. 

N-substituted maleimides are mostly used as the acceptor monomer in this approach. One 

major reason is that the functionalization at the N-site is relatively easy and does not significantly 

affect the electron-deficient nature of the maleimide double bond.9 Therefore, the enormous 

stockroom of N-substituted maleimides provides abundant combinations for encoding information 

into the polymer chains. The substituents include alkyl, aryl, acyl, benzyl, propargyl, PEG, etc.166, 

168-169 Some substituents may hinder the polymerization by interfering with the radical or 

interacting with the metal catalyst, therefore substituents such as phenol,168 terminal alkynes,168, 

170-171 carboxylic acids,168 and primary amines170 need to be protected before being used in this 

sequence-controlled procedure. There are also some substituents that cannot be used in this 

procedure due to solubility or other problems, such functionalities can be achieved by post-

polymerization modification.166, 168 For example, protected alkyne-containing maleimides could 

be easily modified by Cu-catalyzed azide-alkyne “click” reaction, Glaser coupling, thio-yne 

reaction, Sonogashira coupling,166, 170-173 or self-reacted by Eglinton coupling,174 and 
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pentafluorophenyl ester-containing maleimide could attach the amine groups or add on a variety 

of functional groups using the thiol-para fluoro “click” reaction.174 

The donor monomer provides the main backbone of the polymer, therefore it defines the 

most of the properties like the chain rigidity, solubility, and crystallinity.166, 175-177 Styrene is often 

used as the donor monomer mainly because the controlled radical homopolymerization and 

copolymerization of styrene has been extensively studied and it is convenient to monitor the 

kinetics in the sequence-controlled process.167-168 Some substituted styrene monomers can also be 

employed as the donor monomer, however, only electron-donating substituents are suitable for this 

process because they are favorable to the alternating copolymerization and can ensure the precise 

insertion of the acceptor monomers into the chains.166 Therefore, para-alkyl-substituted styrene, 

167, 175 4-acetoxystyrene,178 4-tert-butoxystyrene,178 and vinyl benzyl amine179 showed better 

performances in the precise insertion of maleimides compared to the esters of vinyl benzoic acid 

or vinyl benzyl chloride.166 

Controlled radical polymerization (CRP) is crucial for this sequence controlled procedure 

because it ensures all chains grow simultaneously.167 ATRP is the most commonly used technique 

in their process,166-167, 180 while NMP was also reported.175, 177 The precision in time-controlled 

addition also affects the precision insertion of the maleimides units, therefore robotic, automated 

protocols were shown to improve the experimental conditions.181 Under such conditions, up to 8 

nonoverlapping maleimide zones could be inserted within 100 styrene units, which corresponds to 

n8 microstructure arrangements within a chain length of 100 when n kinds different maleimides 

are used. Other than encoding information on the primary structure of the polymer chains, the 

precisely enchained maleimides units could also be utilized for creating secondary structures, and 

further affect the properties of the materials. For example, the small amounts of maleimides have 
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significant influence on the side-chain crystallinity of poly(octadecylstyrene),175 and the insertion 

of maleimides which contain reactive functional groups after deprotection could result in 

intramolecular bridges170, 182 (Figure 1-12) and achieve different topology such as α-, P-, Q-, and 

8- shapes,182 periodic multi-block polymers,183 and compartmentalized single-chain objects.174 

	
Figure 1-12. Different topology (α-, P-, Q-, and 8- shapes) achieved using sequence-controlled 
polymers, i represents coppor-catalyzed azide-alkyne 1,3-dipolar cycloaddition, and ii represents 
Glaser coupling. Reprinted with permission from Schmidt et al.170 Copyright 2011 Nature 
Publishing Group. 

1.5 Conclusion 

Alternating copolymerization has origins dating back, almost 90 years, to the early days of 

synthetic polymer chemistry,141 and it has grown to be a vibrant and productive area of current 

polymer chemistry for producing new creative functional polymer structure with precise placement 

of functional groups along the polymer backbone. This feature article focuses on one important 

class of alternating copolymers – electron rich benzylidene monomers such as styrene and stilbene 

derivatives and their alternating copolymers with electron poor maleic anhydride and N-substituted 

maleimides. The unique nature of the fast cross-propagation step that leads to alternation enables 

the copolymerization of monomers that do not homopolymerize, such as stilbene and maleic 

anhydride, to form strictly alternating copolymers. The fast crosspropagation also results in 
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predominately alternating dyad placements of styrenic monomers with N-substituted maleimides 

at 1:1 comonomer feeds. 

The alternating copolymer structures provide a plethora of functional polymer backbones 

with semi-rigidity, which can be controlled by comonomer selection, that suggest unique optical, 

mechanical, solution, and biological properties. The fast cross-propagation is now enabling the 

synthesis of unprecedented sequence regulated structures providing new insights into the power of 

synthetic polymer chemistry to synthesize precision copolymers. In the future, it is no doubt that 

benzylidene based monomers will be creatively employed to make new and interesting alternating 

copolymers that assist polymer scientists in understanding fundamental polymer structure property 

relationships as well as providing new materials with desired properties for applications in 

emerging technology areas. 
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2.2 Abstract 

Hypercrosslinked polymers (HCPs) represent a class of nanoporous materials with a wide 

range of practical and potential applications such as gas sorption and separation, heterogeneous 

catalysis, drug delivery and chromatographic separation. First introduced by Davankov and 

Tsyurupa in the early 1970s, HCPs have developed rapidly over the past few decades. Mostly 

based on Friedel-Crafts chemistry, HCP materials can be prepared from the post-crosslinking of 

polystyrene-type precursors in their swollen state, or from the condensation of small building 

blocks. HCP materials manifest numerous important advantages, including moderate synthetic 

conditions, an enormous stockroom of inexpensive monomers, robust structures, and good thermal 

and chemical stabilities. This review article aims to provide an overview of recent publications on 

HCPs, and the emphasis is positioned on the synthetic approaches, theoretical studies, 

characterizations, structure-property relationships, and applications of these HCP materials.  

2.3 Introduction 

Microporous (pore width < 2 nm) and mesoporous (2 nm < pore width < 50 nm) organic 

polymers have been intensively investigated in past few decades owing to their numerous active 

or potential applications, such as gas storage and separation,1-4 catalyst and sensor substrates,5-8 
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drug delivery,9 and chromatographic separation.10 Sometimes the term “nanoporous” is used to 

include both microporous and mesoporous polymers.11 Based on different synthetic approaches 

and final structures, nanoporous organic polymers were divided into different subclasses, including 

polymers of covalent organic frameworks (COFs),12,13 conjugated microporous polymers 

(CMPs),14-16 hypercrosslinked polymers (HCPs),10,17,18 covalent triazine frameworks (CTFs),19,20 

and porous aromatic frameworks (PAFs),21,22 etc. Among them, HCPs were some of the earliest 

organic porous materials.10 The history of crosslinked polystyrene networks can be traced back to 

the 1930s,23 and after many years of research and development, they are still widely used in 

adsorption and separation. In the 1970s, Davankov and Tsyurupa first introduced HCPs, which 

possess more extensive crosslinks than conventional crosslinked polystyrene.24 The formation of 

a high level of crosslinks leads to nanoporous structures, and the rigid networks prevent the 

nanoporous structure from collapse. Compared to traditional divinylbenzene crosslinked 

polystyrene, HCPs exhibit permanent small pores, high surface areas and large micropore volumes. 

Ever since the original work, HCPs have been extensively investigated, and several new 

approaches have been utilized to synthesize HCPs. There have been a number of reviews and 

books on nanoporous organic polymers and HCPs,10,17,18,25-27 but the research about HCPs is 

proliferating and herein we aim to provide a comprehensive up-to-date overview of the HCP 

materials from a synthetic point of view. At the end of each section, there is a table summarizes 

the synthesis, porosity and potential applications of the HCPs that are discussed in the section. A 

list of abbreviations is included before the references.  

 
2.4 Synthesis of different types of hypercrosslinked polymers (HCPs) 

2.4.1 Crosslinked and hypercrosslinked polystyrene 
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2.4.1.1 Gel-type and macroporous polystyrene (first and second generations of polystyrene 

networks) 

Crosslinked polystyrene has been one of the most commonly used polymeric adsorbents 

because of its simple synthesis and diversified modification. The earliest crosslinked polystyrene 

was the divinylbenzene (DVB)-styrene network, which was reported by Staudinger in the 1930s.23 

In 1945 the application of DVB-styrene as matrices for the synthesis of ion-exchange resins was 

patented by D’Alelio.28 These networks, which was later referred to as gel-type polystyrene are 

considered the first-generation of crosslinked copolymers. These are homogeneous gels that are 

copolymerized from bulk styrene with 5-8% of DVB.25,29 The unmodified gel-type polystyrene 

network swells in organic non-polar solvents such as toluene or dichloroethane. These gels were 

functionalized with sulfonic or ammonium groups and the resulting ion-exchange resins could 

swell in water or strongly polar alcohols.25 However, the crosslinked polymer beads have very 

poor permeability even for gases when they are dry, therefore they were also called materials with 

hidden porosity. Also, no reliable measurements were made for their pore dimensions. The 

applications of these beads for adsorption of larger molecules was limited due to this poor 

permeability. The second-generation polystyrene networks, also known as macroporous polymers, 

were first patented by McBurney in 1952.30 Different from the first-generation polystyrene, the 

second-generation copolymers possess permanent porosity. The porosity was generated from 

polymerization-induced phase separation during the copolymerization of styrene and DVB (6–

12%) in presence of a monomer-miscible porogen; a higher percentage of DVB (compared with 

the first-generation) is employed in the synthesis in order to preserve the structure.10 The resulting 

heterogeneous networks show a total pore volume of about 1 ml/g and surface area of 20-300 m2/g. 

They possess channels between the gel domains, therefore they are good sorbents for larger 
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molecules.25 They have an average pore diameter of about 20 nm, although they were named 

“macroporous” (pore size>50 nm) gels.25 Rohm and Haas (now a part of Dow Chemical, 

Philadelphia, PA, USA) commercialized the second-generation networks as AmberliteTM with 

different pore sizes.31 

Crosslinked polystyrene networks are widely used as the stationary phase in chromatography. 

Although porous silica supports are also useful materials for chromatography, their application 

range is limited due to degradation by acidic or alkaline aqueous solutions. In contrast, crosslinked 

polystyrene showed a better chemical stability over a wide pH range. The first generation gel-type 

copolymers of styrene and divinylbenzene became well-known based on their use as the ion-

exchange resin for the separation of rare earths during the Manhattan nuclear weapon project.10 

However, the gel-type copolymers are not ideal to meet all the requirements as column packing 

materials10 because the ideal material for column packing should satisfy certain requirements, such 

as high sorption capacity and permeability; high osmotic resistance, as in the ability to preserve 

their volume towards the change of the external environment like pH, polarity and concentrations 

of the eluent; and high mechanical strength to carry the column bed weight and mobile phase 

pressure.25 The low osmotic resistance of gel-type copolymers results in rapid swelling/deswelling 

cycles when the external environment changes, which further shortens the lifetime of the material. 

Macroporous networks show better swelling properties, but the accessible functional sorption sites 

are mostly on the surface of the pores, therefore the sorption ability of the macroporous materials 

is usually insufficient for industrial applications.10 However, highly crosslinked macroporous 

polystyrene has shown to be suitable as the packing material for high pressure liquid 

chromatography (HPLC) and size-exclusion chromatography (SEC).32 When coated with a 

hydrophilic layer, the macroporous polystyrenes showed a high protein binding capacity and were 
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used for protein chromatography at high pressures.33,34 Other than column chromatography, when 

the macroporous styrenic monolith was attached to a glass support, it was used as the stationary 

phase of thin layer chromatography for the separation of proteins and peptides.35 

2.4.1.2 Hypercrosslinked polystyrene (third generation of polystyrene network) 

The third generation of polystyrene networks were first introduced by Davankov and 

Tsyurupa in the 1970s.36 These homogeneous networks contain high degrees of crosslinking (> 

40% by Friedel-Crafts type crosslinks), therefore they are well-known as hypercrosslinked 

polystyrene, and are also called “Davankov-type resins”.10 To synthesize this type of 

hypercrosslinked polystyrene, a linear or lightly crosslinked precursor is stirred in a 

thermodynamically compatible solvent (usually 1,2-dichloroethane) until swollen. This introduces 

free volume between polymer chains. Then catalysts (Lewis acids, such as SnCl4, FeCl3) and/or 

external crosslinkers are added to generate crosslinks, and lock the polymer chains in the swollen 

state. After the solvent is removed in vacuum, the space left by the solvent results in micropores 

and a microporous hypercrosslinked polystyrene network is generated. Figure 2-1 shows a graphic 

scheme of the synthesis described above. These networks are highly rigid and expanded, and 

usually show high specific surface areas (600-2000 m2/g).37  

	

Figure 2-1. Schematic of post-crosslinking route to hypercrosslinked polystyrene network. 
Reprinted from Germain et al.38 with permission. Copyright 2007 Royal Society of Chemistry. 
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Friedel–Crafts alkylation is a fast crosslinking reaction used to synthesize high aromatic 

density-containing hypercrosslinked polystyrene systems. Initially, Davankov and coworkers 

employed external bifunctional Friedel–Crafts crosslinking agents, such as 1,4-bis-

(chloromethyl)-diphenyl (CMDP),24 p-xylylene dichloride (XDC),39-41 1,4-bis-(p-

chloromethylphenyl)-butane (DPB),42 and tris-chloromethyl compound 1,3,5-tris-(chloromethyl)-

mesitylene (CMM),42 to crosslink polystyrene chains (Figure 2-2). Monochlorodimethyl ether 

(MCDE) was another efficient crosslinker.10,24,43-45 It introduces chloromethyl groups to the phenyl 

rings, which can further react with other phenyl rings forming methylene bridges, the obtained 

networks have BET surface areas of 680–1000 m2/g.46 However, MCDE is highly carcinogenic. 

Some less toxic alternatives, such as formaldehyde dimethyl acetal (FDA),47 carbon tetrachloride 

(CCl4),48-50 and dichloroethylene (DCE),39,51,52 were developed as replacements for crosslinking 

polystyrene by the alkylation of two phenyl rings. FDA is one of the most used crosslinking agents, 

and it has been extensively used to crosslink polymer chains and small aromatic building blocks, 

which will be elaborate in part 2.2 and part 2.4, respectively. 

Linear polystyrene and lightly crosslinked polystyrenes (0.3-2% DVB) were most 

commonly used as precursors to HCPs.18,53 Highly crosslinked macroporous polystyrenes (up to 

30% DVB) were also used as precursors for hypercrosslinking, and in addition to the macropores, 

micropores from postcrosslinking were observed.36,53,54 The achievable crosslinking density was 

lower compared to the HCPs from lightly crosslinked precursors due to steric constraints.18 
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Figure 2-2. Crosslinkers that were used to prepare HCPs. Redrawn from Davankov et al.10 with 
permission. Copyright 2011 Elsevier. 

While external electrophiles were used as crosslinkers in Davankov’s procedures, internal 

electrophiles were first introduced by pre-chloromethylation before the crosslinking.55,56 

Chloromethylated gel-type styrene-divinylbenzene resins (5% DVB) were used as precursors and 

were post-crosslinked via Friedel-Crafts reactions. The resulting network showed surface area up 

to about 1000 m2/g.51 The rate of the conversion of the chloromethyl groups into methylene bridges 

decreased as the rigidity of the networks increased, because of the unavailability of the neighboring 

phenyl rings to the chloromethyl groups.57,58 

To completely avoid the inconvenience of chloromethylation, the copolymer of vinyl benzyl 

chloride (p-, and m-VBC) and styrene was synthesized as a precursor for post-crosslinking.59 The 

BET surface area of the hypercrosslinked polymer increased as the content of VBC increased (up 

to 691 m2/g at 90% of VBC). However, the distribution of the chloromethyl groups was not even 

due to the different reactivity ratios of VBC and styrene (1.41 and 0.71 respectively). 

In 2006, Sherrington and coworkers designed a modified route to synthesize 

hypercrosslinked polystyrene networks with high surface area (Figure 2-3).54 They directly 

copolymerized styrene and VBC with small amounts (2% or 20%) of divinyl benzene (DVB) via 

suspension polymerization, and the resulting lightly crosslinked precursor poly(S-co-VBC-co-
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DVB) was swollen in 1,2-dichloroethane before post-crosslinking by the Lewis acid catalysis. The 

resulting HCP beads have high BET surface area up to 2090 m2/g. The higher DVB content 

precursor (20%) generates HCPs with relatively lower surface area, due to the steric constraints 

and the limited accessibilities of solvent and catalyst. Also, increased styrene content in the 

precursor resulted in significantly lower surface area, because of the decrease of the crosslinkable 

functionalities (chloromethyl group). This work also compared the activities of FeCl3, AlCl3, and 

SnCl4 as catalysts, and FeCl3 was found to be the most effective catalyst for the post-crosslinking 

Friedel-Craft reaction. Tan and coworkers studied the pore size distribution and gas uptake of the 

hypercrosslinked poly(VBC-co-DVB) (HCP-VBC-DVB) systems with varying amounts of DVB 

and VBC.60 In this study, HCPs with 2% of DVB showed the highest BET surface area of 2060 

m2/g, and a high DVB content led to a high level of micropores. HCPs with DVB content higher 

than 7% contain solely micropores. It was also suggested by 13C magic angle spinning NMR that 

the formation of the second bridge on two rings is favorable since the rings are already doubly 

alkylated and electron rich, and the second bridge would result in a highly favorable six-membered 

ring.61 

	

Figure 2-3. Friedel–Crafts catalyzed hypercrosslinked reaction of poly (VBC-co-DVB) precursor. 
Redrawn from Ahn et al.54 Copyright 2006 American Chemical Society. 

The sorption properties from unfunctionalized hypercrosslinked polystyrene are mostly 

based on hydrophobic and π-π interactions,62 but functional groups could no doubt boost sorption 

properties and bring special applications to hypercrosslinked polystyrene materials. The 
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functionalization could be achieved by either post-polymerization chemical modifications or 

introducing functional group-containing monomers to produce functionalized precursors. 

Sherrington and coworkers found that the conversion of chloromethyl groups to hydroxyl groups 

via an SN1 type mechanism was much faster with para-VBC because the stabilization of the 

cationic intermediate.63 The hydroxyl groups benefited the sorption of polar sorbates and also 

affected the surface area after the hypercrosslinking step: the hypercrosslinked polymer from pure 

para-VBC has a lower surface area compared to the polymer from the mixed-VBC.  

Hypercrosslinked polystyrene beads are considered “ideal” materials for HPLC column 

packing.10 These high surface area materials were demonstrated to be chemically and mechanically 

stable, and compatible with both polar and nonpolar solvents. The micropores restrict the access 

of large molecules by size exclusion mechanism, while allow the interaction of small molecules 

with the whole hydrophobic inner surface of the material.64 This property is useful when analyzing 

drugs and drug metabolites in biological matrices like blood and plasma. When chelating dyes are 

absorbed on the hydrophobic hypercrosslinked polystyrene surface, an HPLC column can be used 

to analyze trace metal ions in aqueous samples.65 The hypercrosslinked polystyrene networks can 

be easily sulfonated by concentrated sulfuric acid even under mild conditions, and the resulting 

resins exhibit high ion exchange capacities.10  

The in situ hyprocrosslinking reactions provide an efficient way to prepare the stationary 

phase for monolithic columns. This work was pioneered by Fréchet, Svec, and coworkers.35,66-70 

The hypercrosslinking of styrene, vinylbenzyl chloride and divinylbenzene in presence of a 

porogen and a solvent afforded monolithic capillary columns with high surface area and an array 

of small pores (Figure 2-4).66 The composition of the monomers and the reaction conditions were 

optimized by mathematical design to achieve high column efficiencies for the isocratic separations 
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of small molecules.67 Functional groups such as hydroxyl,70 methyl,68 and thiol,69 can be 

introduced to the column to increase efficiency68 or for future modifications.69 The resulting 

monolithic columns showed extraordinary efficiencies both as liquid chromatographic and size-

exclusion chromatographic columns. 

	

Figure 2-4. The synthesis of hypercrosslinked monolith column. Reprint from Urban et al.66 with 
permission. Copyright 2010 American Chemical Society. 

Hypercrosslinked microporous polystyrene networks have been commercialized by several 

companies. Examples include Purolite (Hypersol-Macronet, MN-series), Dow Chemical 

(Optipore), Lanxess (Lewatit VP OC 1163 and S 7768), Jiangsu N&G Environmental Technology 

(NG-99 and NG-100) as sorbents in chemical, food and water treatment industries, and 

International Sorbent Technology (Isolute), and Merk (Lichrolut EN) as analytical-scale sorbents 

for organic compounds in water and air.71 Table 2-1 summarized the polymers in Section 2.4.1.1 

and 2.4.1.2. 
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Table 2-1. Summary of typical crosslinked polymers and HCPs in Section 2.4.1.1 and 2.4.1.2 

Polymers 
Monomers or 

precursors 
Synthetic 
strategy 

BET surface 
area (m2/g) 

Pore type 
(Potential) 

Applications 
Ref. 

Gel-type polystyrene Styrene, DVB (5-8 wt.%) 
Free radical (bulk 

or suspension) 
-  - Ion-exchange 23,28,29 

Macroporous polystyrene Styrene, DVB (6-12 wt.%) 
Suspension free 

radical 
20-300 Meso- 

Sorbents, 
chromatography 

30,32,34 

Macroporous hypercrosslinked 
styrene-divinylbenzene copolymers 

Styrene, DVB (37 wt.%) Free radical 650 - - 43 

Hypercrosslinked networks 
Linear PS with MCDE, 

XDC, CMDP, CMM 
Friedel-Crafts 240-1200 Micro- - 39,42,44,45,53 

Hypercrosslinked networks 
PS-DVB (0.3-2%) with 

MCDE 
Friedel-Crafts 60-1500 Micro- - 53 

MN-200 PS-DVB with MCDE Friedel-Crafts 1500 Micro-, Macro- HPLC 62 

Hypercrosslinked resins 
Chloromethylated gel-type 

PS-DVB (5%) 
Friedel-Crafts Up to 1000 Micro- - 51 

Autocrosslinked Resins Styrene-VBC copolymers Friedel-Crafts 145-691 
Small meso- 

(2.5 nm) 
- 59 

Hyper-cross-linked resins VBC-DVB (2 mol%) Friedel-Crafts Up to 2090 Micro- - 54 
Hyper-cross-linked resins VBC-DVB (20 mol%) Friedel-Crafts Up to 1160 Micro-, meso- - 54 

HCP-DVB-VBC VBC-DVB (0-10 mol%) Friedel-Crafts 1260-2060 Micro-, meso- H2 and CO2 adsorption 60 
HXLGp p-VBC-DVB (2 wt%) Friedel-Crafts 908 - Solid-phase extraction 63 

HXLGmix 
p-(30%), m-(70%)VBC-

DVB (2 wt%) 
Friedel-Crafts 1889 - Solid-phase extraction 63 

Hypercrosslinked monoliths 
Styrene (30 wt %), VBC 

(30 wt %), DVB (40 wt %) 
In-situ free radical 
and Friedel-Crafts 

663 Meso- 
Chromatographic 

column 
66 

Hypercrosslinked monoliths Styrene, VBC, DVB 
In-situ free radical 
and Friedel-Crafts 

Up to 631 Micro-, meso- 
Chromatographic 

column 
67 

Hypercrosslinked monolithic 
polymers 

4-Acetoxystyrene, styrene, 
VBC, DBV 

In-situ free radical 
and Friedel-Crafts 

Up to 292 Micro-, meso- 
Chromatographic 

column 
70 
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2.4.1.3 Other DVB highly crosslinked polymer networks 

Divinylbenzene provides rigid and short crosslinks, and a styrenic polymer becomes 

insoluble when copolymerized even with as little as 0.5% of divinylbenzene.72 In the synthesis of 

macroporous DVB-styrene copolymerization, the void space after the diluents are removed 

become permanent porosity only if a sufficiently large amount of crosslinking agents are used to 

hold the pore structure.10 

Technical grade (80%) DVB was often seen in publications as the crosslinking agent, 

especially in industrial scale of copolymer synthesis.10 The commercially available DVB contains 

80% of a mixture of para- and meta- isomers of DVB, while the amount of ortho- isomer is 

negligible since ortho-DVB could rapidly cyclize into naphthalene.10 The other impurities are 

mostly para- and meta- isomers of ethylstyrene and diethyl benzene. The contents of the mixture 

in DVB may cause inhomogeneity of the crosslinked copolymer. For example, while the reactivity 

of meta-DVB is close to that of styrene, the para-DVB showed higher reactivity than styrene (p-

DVB was found to polymerize 2.5 times faster than styrene at 70 ˚C and 3.5 times at 90 ˚C).73,74 

Therefore during the copolymerization, p-DVB is consumed first and the distribution of crosslinks 

can be extremely imhomogeous.10 Such inhomogeneity of the copolymers may result in poor 

swelling properties and affect potential applications in adsorption/ion exchange resins. Other than 

the p- and m- DVB isomers, the minor amount of diethylbenzene in the mixture (less than 2%) 

serves as an active chain transfer agent (telogen), and affects the length of the radical chains and 

can also lead to inhomogeneity of the final polymer.10  

The electron-deficient maleic anhydride or maleimides are readily copolymerized with 

electron-rich styrenic monomers in an alternating fashion.75,76 Styrene-DVB-maleic anhydride 

beads were reported to be synthesized using suspension polymerization, where glycerol was used 
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as the continuous phase instead of water to reduce the hydrolysis of the anhydride groups.77,78 The 

DVB-maleic anhydride network showed moderate BET surface areas around 400 m2/g.78 Different 

sized DVB-maleic anhydride particles were achieved using various polymerization techniques 

such as suspension polymerization,78 precipitation polymerization,79 and dispersion 

polymerization.80 The anhydride groups could be hydrolyzed to diacids or could react with amines 

to form amide ester.77 These highly crosslinked DVB-maleic anhydride networks were 

investigated for potential applications such as heavy metal adsorption,77 magnetite supporting 

matrix,80 and gas sorption.81 

A novel alternating copolymer-based hypercrosslinked network was prepared by the 

precipitation polymerization of bismaleimide and divinyl benzene.82 The bismaleimides were rigid 

with short middle groups like phenyl or diphenylmethane. These networks have high surface areas 

in the range of 627-841 m2/g, due to the rigid building blocks and the high crosslinking degree. 

They showed high adsorption capacities for CO2, H2 and organic vapors. 

Porosity in polymer particles could also be achieved by selectively etching a minor 

component from a crosslinked ordered block copolymer with degradable or etchable blocks such 

as polylactide (PLA) or poly(tert-butyl acrylate) (PtBA). This approach requires the etchable block 

to be accessible to the etching agent, and the remaining matrix to be rigid enough to maintain the 

porous structure from collapsing. tert-Butyl carboxylate-containing stilbene and maleimide 

copolymers were crosslinked with more than 60% of DVB via suspension polymerizations, the 

resulting polymer precursor particles were deprotected using TFA to remove the tert-butyl 

protection groups (Figure 2-5).83 These polymers showed BET surface areas up to 817 m2/g, and 

their CO2 capture ability was boosted by the surface carboxylate acid groups. 
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Figure 2-5. Nanoporous polymers from crosslinked polymer precursors via tert-butyl group 
deprotection. Reprint from Huang et al.83 with permission. Copyright 2015 American Chemical 
Society. 

Hillmyer and coworkers employed the polymerization-induced phase separation by 

crosslinking DVB and styrene (1:4) in presence of a RAFT agent which contains a chemically 

etchable PLA segment (Figure 2-6).84 The resulting copolymer microphase separated into a PLA-

rich domain and a styrene-rich domain. When the PLA segments were removed by basic hydrolysis, 

the remaining matrix maintained the resultant mesopores and formed a reticulated poly(styrene-

co-DVB) network with three-dimensional continuous pore structures. The pore diameter (in the 

range of 4-8 nm) could be tuned by using different lengths of PLA segments-containing RAFT 

agents. A similar reticulated polymer network with mesopores was prepared by the same approach, 

in which 4-vinylbenzyl chloride (VBzCl) and DVB (4:1) were copolymerized in presence of the 

PLA-containing RAFT agent, then the polymer precursor was etched under basic condition to 

remove the PLA block.85 Using the same PLA-b-poly(VBzCl-co-DVB) precursor, a hierarchically 

porous network could be obtained by hypercrosslinking through the Friedel-Crafts reaction and 

simultaneous etching of PLA by FeCl3. Both mesopores (6-15 nm) from the etching of the PLA 

block and micropores (<2 nm) from hypercrosslinking of VbzCl were observed in this network. 

Another example of a hierarchically porous polymers was by adding nonreactive poly(ethylene 

oxide) (PEO) during the polymerization of styrene and DVB using the PLA-containing RAFT 

agent.86 Simultaneous macro- and microphase separation was controlled by the molecular weight 
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or fraction of PEO. After basic etching, tunable meso- and macropores were achieved. A 

heterofunctional initiator was designed to simultaneously initiate the ring opening polymerization 

of D,L-lactide in presence of Sn(Oct)2, and work as a RAFT agent in the copolymerization of 

styrene and DVB (molar ratio 4:1).87 This one-pot thermally induced procedure resulted in a phase 

separated crosslinked block copolymer precursor, and the precursor was further converted to 

nanoporous polymer by basic hydrolysis of the PLA block.  

Solid-state polymer electrolyte membranes were synthesized by the RAFT copolymerization 

of styrene and DVB using a PEO-containing RAFT agent in presence of an ionic liquid.88-90 The 

ionic liquid was partitioning into the PEO domain, which led to a nanostructured membrane with 

a mechanically robust crosslinked polystyrene phase and an ion conductive PEO/ionic liquid phase. 

This electrolyte membrane holds potential as an alternative to liquid electrolytes for 

electrochemical devices. The HCPs that are mentioned in Section 2.4.1.3 are summarized in Table 

2-2. 
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Figure 2-6. The synthesis of hierarchically porous polymers using a PLA-containing RAFT agent, 
vinylbenzyl chloride and divinyl benzene.84,85 Reprint from Seo et al.85 with permission. Copyright 
2015 American Chemical Society. 
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Table 2-2. Summary of HCPs in Section 2.4.1.3 

Polymers Monomer or precursor Synthetic strategy 
BET surface 
area (m2/g) 

Pore 
type 

(Potential) 
Applications 

Ref. 

MA-DVB 
Maleic anhydride, DVB (50 

mol%) 
Free radical suspension Up to 460 Meso- - 78 

Crosslinked SMA 
beads 

Styrene, Maleic anhydride, DVB Free radical suspension - Meso- H2 adsorption 81 

DVB series 
alternating 
copolymers 

Bismaleimides, DVB Free radical precipitation 627-841 
Micro-, 
meso- 

H2, CO2, and organic 
vapor adsorption 

82 

STB-DVB and 
Sty-DVB 

tert-Butyl carboxylate-containing 
stilbene or styrene, maleimide 

with DVB 

Free radical suspension and 
deprotection of tert-butyl groups 

Up to 817 Micro- CO2 adsorption 83 

Nanoporous 
monolith 

PLA-CTA, styrene, DVB 
RAFT copolymerization and PLA 

degradation 
Up to 250 Meso- - 84 

P(VBzCl-co-DVB) PLA-CTA, VBC, DVB 
RAFT copolymerization and Friedel-

Crafts with simultaneously PLA 
degradation 

Up to 1180 
Micro-, 
meso- 

- 85 

(PLA-b-P(S-co-
DVB)) 

Styrene, DVB, D,L-lactide 
RAFT copolymerization and PLA 

degradation 
110 Meso- - 87 

PLA-b-P(S-co-
DVB) 

PLA-CTA, styrene, DVB, PEO 
RAFT copolymerization and PLA and 

PEO degradation 
Up to 115 

Meso-, 
macro- 

- 86 

Polymer electrolyte 
membranes 

PEO-CTA, styrene, DVB, ionic 
liquids 

RAFT copolymerization and PEO 
degradation 

- Meso- 
Polymer electrolyte 

membranes 
88-
90 
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2.4.2 Hypercrosslinked polymers from crosslinking of polymer chains with external 

crosslinkers 

Besides hypercrosslinked polystyrene, several HCP networks have also been synthesized by 

the post-crosslinking of highly solvated polymer chains through rigid bridges. Hypercrosslinked 

polysulfones were prepared by crosslinking of bromomethylated polysulfones via Friedel-Crafts 

reaction (Figure 2-7).43 The bromomethyl group was introduced to every benzene ring of the linear 

polysulfone by reacting with bromomethylalkyl ether.91 However, the benzene rings next to the 

electron-withdrawing sulfone groups were deactivated for Friedel-Crafts reaction. In addition, 

polysulfones possess more flexible chain structures compared to polystyrene because of the 

oxygen links. Both the high conformational flexibility and the less efficient crosslinking resulted 

in relatively low surface areas (up to 72 m2/g). 

	

Figure 2-7. Synthesis of hypercrosslinked polysulfone. Reprinted from Tsyrupa et al.43 with 
permission. Copyright 2002 Elsevier. 

Hypercrosslinked polyaniline was synthesized by crosslinking commercially available 

polyaniline with diiodomethane or paraformaldehyde to form methylene links between the N 

atoms (Figure 2-8).38 Interestingly, no quaternization reaction was observed. The resulting 

hypercrosslinked polyanilines have BET surface area up to 632 m2/g. In this study, the authors 
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varied the lengths of diiodoalkane crosslinkers and found that polyanilines prepared from longer 

and more flexible crosslinkers have lower surface areas. These long crosslinkers were proposed to 

be not rigid enough to maintain the pore structure when solvents were removed from the network. 

Therefore, the rigidity of the crosslinkers is crucial for achieving high surface areas in polymers. 

Other than diiodoalkanes, dihalogenbenzenes were also used as crosslinkers for hypercrosslinked 

polyanilines through Ullmann or Buchwald coupling reactions (Figure 2-9).92 The resulting 

network exhibited BET surface area up to 316 m2/g. Buchwald reaction was also utilized to 

synthesize networks from diaminobenzene and di-, or tribromobenzene. The BET surface area of 

the network synthesized from tribromobenzene (249 m2/g) is much higher than the one from 

dibromobenzene (17 m2/g) due to the higher crosslinking density. Using a similar strategy, 

hypercrosslinked polypyrroles were prepared by the reaction of polypyrroles with diiodomethane, 

triiodomethane, or triiodoborane to form CH2, CH or B links among the N atoms (Figure 2-10).93 

The short crosslinkers afforded high BET surface area up to 732 m2/g. 
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Figure 2-8. Synthesis of hypercrosslinked polyanilines using diiodoalkanes. Reprint from 
Germain et al.38 with permission. Copyright 2007 Royal Society of Chemistry. 

	

Figure 2-9. Synthesis of hypercrosslinked polyanilines using polyhalogenbenzenes. Reprint from 
Germain et al.92 with permission. Copyright 2008 American Chemical Society. 
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Figure 2-10. Synthesis of hypercrosslinked polypyrroles. Reprint from Germain et al.93 with 
permission. Copyright 2009 Royal Society of Chemistry. 

Most HCPs are synthesized based on pure organic networks and are fairly hydrophobic. The 

first hydrophilic HCP was obtained via the spontaneous N-alkylation and polymerization of the 4-

vinylpyridine monomer with p-xylylene dichloride (p-XDC) crosslinker (Figure 2-11).94 The 

reaction proceeded the best in N-methyl-N-butylimidazolium tetrafluoroborate, an ionic liquid. p-

XDC yielded a xylene linker between two 4-vinylpyridine molecules, and generated quaternary 

ammonium salts, thus the final network possessed a high density of positive charges. The surface 

area of this network is around 100 m2/g, which is much smaller than hypercrosslinked polystyrene 

synthesized using the same crosslinker. This is probably due to the extra flexibility at the 

quaternary nitrogen atom. 
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Figure 2- 11. The structure of the hydrophilic HCP based on 4-vinyl pyridine and p-XDC. Reprint 
from Pavlova et al.94 with permission. Copyright 2006 Springer. 

As previously mentioned, formaldehyde dimethyl acetal (FDA) was used as a less-toxic 

bifunctional external crosslinker which alkylates two phenyl rings of polystyrene (PS) chains via 

Friedel-Crafts reaction. This technique is especially convenient to create nanoporous structures 

using PS precursors. It was found that the BET surface area increases as the degree of 

polymerization (DP) of PS precursors up until DP=32, and no significant increase of BET surface 

area was observed beyond this DP.95 By slowly adding FDA and FeCl3 into highly diluted PS 

solution, hypercrosslinked PS can form thermodynamically stable homogeneous liquids in various 

organic solvents.96 This solution-processable hypercrosslinked PS has BET surface area up to 724 

m2/g and good gas sorption properties. Monodisperse porous nanospheres with diameters as low 

as 190 nm were synthesized by using FDA to hypercrosslink the emulsion-polymerized PS-DVB 

precursors.97 The hypercrosslinking reaction initially occurred rapidly on the periphery of the 

nanospheres and created an unreactive outer skin for each nanoshpere, which minimized the 

undesired inter-sphere crosslinking. The resulting nanospheres showed BET surface area up to 527 

m2/g. Polymeric molecular sieve membranes with tailored porosity were synthesized by FDA-

hypercrosslinking of non-porous PS membranes.98 The obtained porous membranes possess 
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interconnected hierarchical pore networks, and they show high permeability and selectivity in CO2 

separation. Three-dimensional polymeric and carbonaceous nanoscale networks were prepared by 

FDA-hypercrosslinking of self-assembled poly(methyl methacrylate) (PMMA)@PS core-shell 

nanospheres (Figure 2-12).99 The resulting polymeric nanoscale networks were carbonized, and 

the thermal decomposition of the PMMA core generates larger hierarchical porosity in addition to 

the micropores from hypercrosslinking, and the BET surface area increased from 288 m2/g to 839 

m2/g. 

	

Figure 2-12. The preparation of polymeric and carbonaceous nanoscale networks by FDA-
hypercrosslinking of self-assembled PMMA@PS core-shell nanospheres. Reprinted from Li et 
al.99 with permission. Copyright 2014 Royal Society of Chemistry. 

Lignin is the most abundant phenolic natural polymer. Bio-based renewable polymer 

organosolv lignin was crosslinked using an external crosslinker FDA to produce a 

hypercrosslinked network (Figure 2-13).100 The network showed low surface area (< 5 m2/g) and 

moderate CO2 uptake but good CO2/N2 selectivity. The high char yield (> 50%) in 

thermogravimetric analysis inspired the authors to study the pyrolysis of this network. After 

treating the network under N2 at 550 ˚C for 6 h, the surface area of the sample increased to ca. 100 
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m2/g, and the CO2 uptake increased while the selectivity was maintained.  

	

Figure 2-13. Synthesis of hypercrosslinked lignin-based polymers. Reprinted from Meng et al.100 
with permission. Copyright 2014 Wiley-VCH. 

The external crosslinker FDA was also used to crosslink with the phenyl groups on 

phenylmethylsilicone. The silicon-oxygen backbone was then etched by hydrofluoric acid. After 

etching, the BET surface area of the polymers significantly increased by a factor of two (up to 

1201 m2/g), and the resulting networks shows good adsorption capacity and selectivity towards 

CO2 (Figure 2-14).101 The HCPs that are mentioned in Section 2.4.2 are summarized in Table 2-3. 

	
Figure 2-14. Network from crosslinking of phenylmethylsilicone with FDA and etching the 
silicone backbone. Reprint from Ding et al.101 with permission. Copyright 2017 American 
Chemical Society.
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Table 2-3. Summary of HCPs in Section 2.4.2 

Polymers Monomer or precursor Synthetic strategy 
BET 

surface 
area (m2/g) 

Pore type (Potential) Applications Ref. 

Hypercrosslinked 
polysulfone 

Bromomethylated polysulfone Friedel-Crafts Up to 72 - - 78 

Hypercrosslinked 
polyaniline 

Polyaniline with diiodomethane or 
paraformaldehyde 

N-alkylation reactions Up to 632 
Micro-, 
meso- 

H2 adsorption 38 

Nitrogen-linked nanoporous 
networks of aromatic rings 

Polyaminobenzenes or aniline with 
polyhalogenobenzenes 

Ullman reaction or 
Buchwald Reaction 

Up to 316 
Micro-, 
meso- 

H2 adsorption 92 

Hypercrosslinked 
polypyrroles 

Polypyrroles with diiodomethane, 
triiodomethane or triiodoborane 

N-alkylation reactions Up to 720 Micro- H2 adsorption 93 

Hypercrosslinked 
hydrophillic networks 

4-Vinyl pyridine, p-xylylene 
dichloride 

Menshutkin N-
alkylation reactions 

100 - Ion exchange, catalysis 94 

CLPS Linear polystyrene, FDA Friedel-Crafts Up to 974 Micro- CO2 adsorption 95 

SHCP Linear polystyrene, FDA Friedel-Crafts Up to 724 
Micro-, 
meso- 

Solution-processable 
HCP, H2, CH4, CO2 

adsorption 
96 

MMPNS-CT1 Styrene, DVB, FDA 
Free radical emulsion 

and Friedel-Crafts 
527 Micro- - 97 

Hypercrosslinked polymeric 
membranes 

PS membranes, FDA Friedel-Crafts Up to 792 Micro- 
CO2/N2 and O2/N2 

separation 
98 

PMMA@PS PMMA-b-PS, FDA 
Self-assembly, Friedel-

Crafts and 
carbonization 

Up to 839 
Micro-, 
meso-, 
macro- 

CO2 adsorption, 
supercapacitor electrodes 

99 

OL-HC Lignin, FDA 
Friedel-Crafts and 

carbonization 
100 Micro- CO2 adsorption 100 

HCP/F-HCP Phenylmethylsilicone, FDA 
Friedel-Crafts and 
etching of the Si-O 

bond 
Up to 1201  

CO2 and organic vapor 
adsorption 

101 
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2.4.3 Hypercrosslinked polymers from polycondensation 

Polycondensation of multifunctional small organic molecules provides another pathway for 

obtaining rigid, open-framework structures which share similar properties with the 

hypercrosslinked polystyrene networks. Numerous organic reactions were utilized to crosslink the 

building blocks, however, some networks were named as different systems and were exhaustively 

reviewed, such as the covalent organic frameworks (COFs) via boron-based reversible 

reactions,102,103 conjugated microporous polymers (CMPs) by palladium-catalyzed Sonogashira-

Hagihara cross coupling,14,16 porous aromatic frameworks (PAFs) from nickel-catalyzed 

Yamamoto coupling,21,22 covalent triazine frameworks (CTFs) through trimerization of aromatic 

nitrile compounds,20,104 etc. This chapter mainly focuses on the networks which were synthesized 

by Friedel-Crafts mechanism and those do not fit in the networks mentioned above. 

Some previously mentioned crosslinkers which contain chloromethyl groups could form 

HCPs by direct condensation via Friedel-Crafts mechanism. In 2002, Tsyurupa and Danvankov 

first reported the polycondensation of p-dichloroxylene (p-DCX) in the presence of SnCl4.43 In 

2007, Cooper and coworkers synthesized a series of high surface area HCPs by the homo-

polycondensation or copolymerization of bis(chloromethyl) aromatic monomers such as m-, or p-

dichloroxylene (DCX), 4,4’-bis(chloromethyl)-1,1’-biphenyl (BCMBP), and 9,10-

bis(chloromethyl)anthracene (BCMA) (Figure 2-15).105 These HCPs have BET surface areas of 

up to 1904 m2/g, and the monomer ratio in the copolymerization affects surface area. The HCPs 

synthesized from DCX and BCMBP showed high CO2 capture capacity and CO2/H2 selectivity 

under high pressure. These HCPs are proposed to be excellent candidates for the pre-combustion 

CO2 capture of syngas, which contains a high percentage of CO2 at high pressure.106 BCMBP was 

also copolymerized with a series of non-functionalized fluorene-based monomers. The rigid and 
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strongly twisted fluorene monomers afford hypercrosslinked networks with high surface areas up 

to 1800 m2/g.107 Tan and coworkers prepared an HCP via Friedel–Crafts catalyzed self-

condensation of 1,4-benzenedimethanol (BDM).108 The resulting polymer HCP-BDM yielded a 

BET surface area of 847 m2/g. They also demonstrated two HCPs synthesized by monofunctional 

monomers such as benzyl alcohol (BA) and benzyl chloride (BC), and both networks possessed 

BET surface areas around 740 m2/g. After the self-condensation of the chloromethyl group-

containing monomers, the unreacted chloromethyl groups were further reacted with N-

methylimidazole to generate a series of imidazolium salt-modified HCPs.109 These modified HCPs 

exhibited lower BET surface areas than their unmodified analogues but the CO2 uptake level 

remained basically the same. They also showed much higher catalytic activities for the reaction of 

CO2 and epoxides to cyclic carbonates compared to both homogeneous and polystyrene supported 

imidazolium salts.  

	

Figure 2-15. Difunctional and monofunctional monomers used for synthesis HCPs by 
polycondensation.43,105,106,108 

A similar strategy was also used on the polycondensation of benzyl chloride group-

terminated monomers. A monomer of m-carborane with two benzyl chloride end groups was self-

condensed and copolymerized with BCMBP to yield two HCPs (Figure 2-16a).110 The hydrogen 

adsorption properties of this material were studied and the heat of adsorption for hydrogen was 

related to the concentration of the carborane groups in the network, which could presumably be 

attributed to the strong electrophilicity of the carborane units. A hierarchically porous siloxane-
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organic hybrid HCP was synthesized by the hypercrosslinking of polyhedral oligomeric 

silsesquioxanes (POSS) containing monomer with benzyl chloride end groups via Friedel-Crafts 

reaction (Figure 2-16b).111 The 29Si MAS NMR revealed that the double-four-ring (D4R) cage 

structure in POSS was destroyed, which may due to the structural distortion and the acidic 

condition during the synthesis. However, the resulting networks showed ultrahigh surface areas 

(ca. 2500 m2/g). This work suggested a strategic concept to the synthesis highly porous siloxane-

organic hybrids by the simultaneous hypercrosslinking of organic groups and the destruction of 

the siloxane cages.  

	

Figure 2-16. The synthesis of a) m-carborane- and b) POSS-containing HCPs by the 
polycondensation of benzyl chloride end groups. Reprint from Yuan et al.110 and Chaikittisilp et 
al.111 with permission. Copyright 2011 Wiley-VCH and 2011 American Chemical Society. 

While most polycondensations require monomers to have specific functional groups to 

couple with each other, the Scholl reaction provides an alternative to prepare hypercrosslinked 

polymer networks without designing and synthesizing the monomers. Phenyl group-containing 

monomers were cross-linked with each other with the aid of a Lewis acid and a protic acid, the 

resulting networks possess porous and highly conjugated structures (Figure 2-17a).112 Pd 

nanoparticles could be immobilized in this microporous network by the reduction of the Pd ion in 

the presence of the network, the resulting ligand-free catalyst was able to catalyze the fast 
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conversion of Suzuki-Miyaura coupling even at 0.05 mmol% of Pd loading, and the catalyst 

showed excellent stability and reusability.113 A POSS-based HCP network that was prepared by 

Scholl reactions could resist relatively strong acidic conditions (Figure 2-17b).114 The steric effect 

during the Scholl reaction reduced the degree of hypercrosslinking and thus may release the 

structural stress to maintain the integrity of the D4R structure, the final HCP had a BET surface 

are of 472 m2/g. 

 	

Figure 2-17. The synthesis of HCPs using the Scholl Reaction. Reprint from Li et al.112 and Wang 
et al.114 with permission. Copyright 2014 and 2015 Royal Society of Chemistry. 

The oxidative coupling polycondensation of carbazole-containing monomers offers another 

efficient route towards hypercrosslinked polymer without the requirement of specific end groups 

for coupling (Figure 2-18).115-117 Typically, the carbazole-containing monomer was mixed with the 

suspension of FeCl3 in chloroform, and the mixture was stirred at room temperature for 18 hours 
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under N2. The resulting nitrogen-containing, conjugated, and electron-rich network may enhance 

the interaction between the sorbent and the network. Such networks have BET surface areas up to 

2440 m2/g,118 and they were investigated on their capture ability on gases such as CO2,115,118-120 

H2,118-120 and CH4,119,120 and solvents like toluene,118 methanol,120 and water.120 The porosity of the 

networks could be tuned by changing the center group,118 and when the center group was Fe(II)-

porphyrin, the network could serve as a heterogeneous catalyst for the oxidation of thioglycosides 

to glycosyl sulfoxides.118 

	

Figure 2-18. Synthesis of carbazole-containing HCPs. Reprint from Chen et al.119 with permission. 
Copyright 2013 Wiley-VCH. 

The use of sulfur-based chemistry was first reported for the preparation of HCPs by Stefan 

Bräse and coworkers.121 They tried several sulfur-related reactions on the tetrakis(thiylphenyl)-

methane monomer, but some of the reactions did not result in porous structures, and the formation 

of the porous structure highly relied on the reaction conditions. The nucleophilic substitutions with 

diiodomethane in 1,4-dioxane under acidic conditions yielded a network with 177 m2/g BET 

surface area, and the thiol-Michael addition with N-arylbismaleimide in DMAc and in DMF 

resulted in HCPs with BET surface area of 1675 and 760 m2/g, respectively, while no porous 

structure was observed for the product of the same reaction in NMP (Figure 2-19). These reactions 
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may contribute to the building of heteroatom-containing HCPs. The HCPs that are mentioned in 

Section 2.4.3 are summarized in Table 2-4. 

	

Figure 2-19. The generation of HCPs based on tetrakis(thiylphenyl)-methane 1 and the 
bismaleimide linker 15, the resulting HCP showed BET surface area of 1675 and 760 m2/g when 
the reaction was carried out in DMAc and DMF, respectively. Reprint from Monnereau et al.121 
with permission. Copyright 2015 Royal Society of Chemistry. 



	 	 	 	

	 -	82	-	

Table 2-4. Summary of HCPs in Section 2.4.3 

Polymers Monomer or precursor Synthetic strategy 
BET 

surface 
area (m2/g) 

Pore type (potential) Applications Ref. 

Hypercrosslinked 
polyxylylene p-XDC Friedel-Crafts Up to 1000 - - 78 

Hypercrosslinked 
networks XDC (ortho-, meta-, and para-isomers) Friedel-Crafts Up to 1431 Micro-, meso- H2 adsorption 105 

Hypercrosslinked 
networks p-XDC and/or BCMBP Friedel-Crafts Up to 1904 Micro-, meso- H2 and CO2 adsorption 105,106 

Hypercrosslinked 
networks p-XDC and/or BCMA Friedel-Crafts Up to 1262 Micro-, meso- H2 adsorption 105 

FLUO, s-FLUO, 
DBF, DBT BCMBP and fluorine-based monomers Friedel-Crafts Up to 1800 Micro-, meso- H2 and CH4 adsorption 107 

HCP-BDM 
HCP-BA 
HCP-BC 

BDM, BA, BC Friedel-Crafts 847, 742, 
746 

Micro-, meso-, 
macro- H2 and CO2 adsorption 108 

POM Bis-halomethylated benzenes  Friedel-Crafts Up to 1089 Micro-, meso-, 
macro- CO2 adsorption  109 

POM-IM Bis-halomethylated benzenes, N-
methylimidazole 

Friedel-Crafts and N-
alkylation Up to 926 Micro-, meso-, 

macro- 
CO2 adsorption and 

conversion 109 

PmCB-3 and PmCB-
4 

Benzyl chloride-ended m-carborane, 
BCMBP Friedel-Crafts 864, 1037 Micro- H2 adsorption 110 

PSN-5 Benzyl chloride-terminated POSS Friedel-Crafts 2500 Micro-, meso- H2 adsorption 111 

SMPs 
Naphthalene, pyrene, PPh3, meso-Tetra 

phenylporphyrin, benzyl amine, 
benzoic acid, pyrrole 

Scholl reaction Up to 1421 Micro- 

H2 and CO2 adsorption, 
catalyst substrates, 

fluorescent and 
semiconducting material 

112 

Pd/SMP-PhPh3 PPh3, H2PdCl4 
Scholl reaction and 
reduction of Pd ion 1068 Micro- 

Heterogeneous catalyst for 
Suzuk-Miyaura cross-

coupling 
113 

POPS-2 Octaphenyl POSS Scholl reaction 472 Micro-, meso- H2 and CO2 adsorption 114 

CPOPs Carbazole-based monomers Oxidative coupling 
polymerization Up to 2440 Micro-, meso- H2, CH4, CO2 and organic 

vapor adsorption 115-120 

CPOPs Carbazole-based monomers with 
hydroxylmethyl groups Friedel-Crafts Up to 780 Micro-, meso- H2, CO2 and organic vapor 

adsorption 116 

Sulfur-based HCPs Tetrakis(thiylphenyl)-methane, N-
arylbismaleimide Thiol-Michael addition Up to 1675 Micro-, meso- - 121 
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2.4.4 Hypercrosslinked polymers from the crosslinking of small building blocks with external 

crosslinkers 

In 2011, Tan and coworkers introduced a novel approach to synthesize hypercrosslinked 

polymers, and they called it the “knitting” strategy.122 Aromatic ring-containing small organic 

molecules were crosslinked through methylene bonds by FDA as an external crosslinker via the 

Friedel-Crafts mechanism by the catalysis of a Lewis acid FeCl3 (Figure 2-20). The resulting 

network showed high thermal stability (Tdec > 400 ˚C) and microporous structure. Furthermore, 

the specific surface area, porous properties and gas sorption properties could be controlled by 

changing the ratio of the aromatic molecules and the crosslinkers. The highest BET surface area 

of the networks from benzene and FDA was 1391 m2/g, when using a 1:3 ratio of benzene and 

FDA (assuming that each benzene ring has three reactive sites). This network showed a 

chemoselective swelling phenomenon in CO2, which resulted in an unusual isotherm shape and 

high CO2/H2 selectivity. These materials are robust enough to tolerate water and concentrated 

acid.123  

	

Figure 2-20. The knitting strategy using FDA to prepare hypercrosslinked polymers. Reprint from 
Li et al.122 with permission. Copyright 2011 American Chemical Society. 

Monomers of different structures that contain phenyl groups were also reported to yield 

hypercrosslinked networks by the “knitting” strategy, such as naphthalene,124 anthracene,124 

phenanthrene,124 biphenyl,122 1,3,5-triphenylbenzene,122,124 tetraphenylmethane,125,126 

triptycene,127 and inorganic group polyhedral oligomeric silesquioxane (POSS).114 It is worth 
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noticing that the network prepared by the three-dimensional (3D) monomers tetraphenylmethane 

and triptycene showed the highest BET surface areas (1470 m2/g and 1426 m2/g, respectively) 

among all the hypercrosslinked networks using the “knitting” strategy, and the theoretical model 

on the tetraphenylmethane network showed that the most regular and ordered structure was 

achieved by connecting each tetraphenylmethane at the para position in a diamond arrangement.126 

All these polymer networks showed an intense brown color, and UV-Vis and FT-IR have confirmed 

the formation of quinonoid chromophores from the dehydrogenation of the para or ortho methylene 

groups (-CH2-) among the aromatic rings.124 The low bonding and anti-bonding energy gaps in 

these polymers caused the strong absorbance of light from 1000 to 200 nm, and these materials 

are proposed to have potential in research on semiconductors, solar cells and optical applications.  

Other than FDA, 1,4-dimethoxybenzene,128 formaldehyde, glyoxylic acid,129 and dibromo-

p-xylene130 could all be used as the external crosslinker in the “knitting” strategy with FeCl3 as the 

Friedel-Craft catalyst. 

Aromatic heterocyclic monomers, like thiophene, pyrrole, and furan,131 and fused-

heterocyclic rings, such as carbazole,132-134 benzothiophene,132 tricarbazolyltriptycene,135 

benzofuran,132 dibenzofuran132 or triazine,134 are also compatible with this approach to form 

hypercrosslinked networks. The resulting heteroatoms-rich, microporous networks showed high 

adsorption capacity and selectivity (over N2) of CO2. In particular, the network based on pyrrole 

showed an extraordinary high selectivity of 117 of CO2/N2 at 273 K. 

Functional groups can be introduced by using specific functional monomers such as 

chlorobenzene and phenol. The network based on phenol exhibited a BET surface area of 400 m2/g, 

but a rather high CO2 adsorption capacity of 9.4 wt%.122 This may result from the polar phenolic 

hydroxyl groups, which can affect the porous structure and also interact with CO2 molecules. 
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Cooper and coworkers reported a series of hydroxyl-containing hypercrosslinked networks using 

polycyclic aromatic monomers. The monomers include naphthols, dihydroxynaphthalene, chiral 

and racemic bi-2-naphthol (BINOL), biphenol and bisphenol A.136 Under idealized, dry conditions, 

the BINOL networks showed higher CO2 adsorption capacities than their analogues, while under 

wet conditions the BINOL networks showed lower CO2 adsorption capacities than their 

hydrophobic analogues, which suggested that the idealized laboratory experiments on measuring 

CO2 capture capacities do not necessarily indicate the CO2 capture potential of the material under 

realistic conditions. Because aryl amines can complex with Lewis acid and thus hinder Friedel-

Crafts reactions, it is difficult to incorporate amine groups into hypercrosslinked networks, 

although amine groups are well-known to enhance the selectivity and capacity of CO2 capture. 

Dawson et al. reported the synthesis of amine-containing hypercrosslinked networks from the 

reaction of aniline and benzene.137 The network synthesized of only aniline was non-porous, while 

the copolymer of aniline and benzene showed BET surface area up to 1100 m2/g. As the aniline 

content was increased, the surface area decreased but the CO2/N2 selectivity was improved. 

Other than gas sorption, microporous hypercrosslinked networks with high surface areas also 

showed potential in water purification and treatment.127 The network from triptycene crosslinked 

with FDA showed promising absorption capability for organic dyes, such as Congo Red, Methyl 

Blue, and Methylene Blue, and organic solvents such as chloroform, dimethyl sulfoxide (DMSO), 

toluene, N,N-dimethylformamide (DMF), methanol, acetonitrile, ethyl acetate, and hexanes. 

Remarkably, this material adsorbs 1100-3100 wt% of organic solvents, which is higher than the 

value of commercial activated carbon and common adsorbents. The high adsorption capacity was 

attributed to the high surface area and the hierarchical porosity which facilitated the organic 

compounds uptake by both adsorption and hierarchical pore filling. 
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The network synthesized from benzene and triphenylphosphine with FDA by the “knitting” 

method could be used to immobilize organometallic catalysts.112,138,139 Triphenylphosphine serves 

as a ligand to chelate the metal. The heterogeneous microporous structure of the network enhanced 

the dispersion of the active metal sites and also improved the diffusion of the organic starting 

materials. Palladium (II) ion was immobilized in the hypercrosslinked network, and the network 

showed a protective and facilitative effect on the Pd catalyst in promoting aqueous Suzuki-Miyaura 

cross-coupling under mild conditions.138,139 The catalyst complex could be recovered by filtration 

and reused for 3-9 cycles with no more than 5% of Pd leaching in each run. N-heterocyclic carbenes 

(NHCs) were found to work as dual ligands to coordinate with Pd, and compared to 

triphenylphosphine, NHCs are stronger electron-donors, and have shorter metal–ligand bond 

lengths, stronger metal–ligand bond energies, and greater bond dissociation energies (Figure 2-

21).140 When triphenylphosphine was replaced with NHC-containing units, the resulting networks 

showed excellent stability, and the catalyst Poly-NHC-2–Pd2+ could be reused to promote Suzuki-

Miyaura reaction for at least 5 cycles without significant activity decrease.140 The same Poly-NHC 

network could also be utilized to support copper (I, II and III) catalysts.141 The obtained catalyst 

complexes HCP-NHC-Cu series were used to catalyze the oxidative condensation reaction of 

indole, 1,3-dicarbonyl compounds and phenylglyoxal monohydrate, the three-component click 

reactions of NaN3, phenylacetylenes and alkyl halides, the Ullmann C–N coupling and Glaser 

coupling reactions in high yields.  
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Figure 2-21. The synthesis of hypercrosslinked NHC-Pd2+. Reprint from Xu et al.140 with 
permission. Copyright 2014 Royal Society of Chemistry. 

The carbonization at above 500 ˚C of the microporous hypercrosslinked networks prepared 

via a knitting strategy resulted in porous carbon materials with improved surface areas and 

controlled pore structures. They were studied as substrates for supporting metal 

nanoparticles.142,143 The porous carbon-supported Pd nanoparticle catalysts were synthesized from 

the carbonization network of triphenylbenzene, benzene or chloromethyl polystyrene.143 The 

heterogeneous catalysts showed not only high activity in promoting Heck coupling, but also high 

thermal stability, reusability, and low oxygen sensitivity. The similar porous carbon-supported Pd 

catalysts were also employed to catalyze oxygen reduction reactions.142 The NHC-containing 
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porous carbon showed the best catalytic performance since the NHCs helped to anchor the Pd 

nanoparticles and inhibit aggregation. 

The “knitting” strategy and the simple condensation of properly functionalized small 

molecules provide an efficient way to synthesize hypercrosslinked networks. The scope of a wide 

variety of monomers introduces various kinds of functional groups for different potential 

applications such as selective gas adsorption and catalyst immobilization. The relatively 

inexpensive monomers and reagents, as well as the high yields and mild conditions of the reaction 

offer the possibility of large-scale production. The HCPs that are mentioned in Section 2.4.4 are 

summarized in Table 2-5. 
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Table 2-5. Summary of HCPs in Section 2.4.4 

Polymers Monomer or precursor Synthetic strategy 
BET 

surface 
area (m2/g) 

Pore 
type (potential) Applications Ref. 

MOPs FDA with benzene Friedel-Crafts Up to 1391 Micro- H2 and CO2 adsorption 122,123 

MOPs 
FDA with biphenyl, or 1,3,5-

triphenylbenzene, or methylbenzene, or 
chlorobenzene, or phenol 

Friedel-Crafts Up to 1059 Micro- H2 and CO2 adsorption 122 

HCPs FDA with benzene, or other fused 
aromatic monomers Friedel-Crafts Up to 924 Micro- CO2 adsorption 124 

MOP-E or mPAF FDA with tetraphenylmethane  Friedel-Crafts 1470 Micro- CO2 and CH4 adsorption 125,126 

THPS FDA with triptycene Friedel-Crafts 1426 Micro-, 
meso- 

H2, CO2, organic solvents 
and dyes adsorption 127 

HCCMPs 1,4-Dimethoxybenzene with benzene 
and other phenyl- containing monomers Friedel-Crafts Up to 800 Micro- H2 and CO2 adsorption, 

fluorescent material 128 

TOPF Paraformaldehyde or glyoxylic acid 
with triptycene-based monomers Friedel-Crafts Up to 1444 Micro-, 

meso, Organic vapor adsorption 129 

HMP-1 Carbazole and dibromo-p-xylene Friedel-Crafts 913 Micro-, Solid acid catalyst 
substrate 130 

Hypercrosslinked 
polycarbazoles FDA with carbazole-based monomers Friedel-Crafts Up to 1845 Micro-, 

meso- 
CO2, H2, and CH4 

adsorption 132-135 

Hypercrosslinked 
heterocyclic porous 

polymers 
FDA with fused heterocyclic monomers Friedel-Crafts Up to 1022 Micro- CO2 and CH4 adsorption 132 

Aromatic heterocyclic 
microporous polymers 

FDA with thiophene, or pyrrole, or 
furan Friedel-Crafts Up to 966 Micro-, 

meso- CO2 adsorption 131 

Hydroxyl-containing 
MOPs 

FDA with hydroxyl-containing 
monomers Friedel-Crafts Up to 1015 Micro- CO2 adsorption 136 

Aniline/benzene co-
polymer networks FDA with aniline and benzene Friedel-Crafts Up to 1097 Micro- CO2 adsorption 137 

KAPs(Ph-PPh3) FDA with triphenylphosphine Friedel-Crafts 1036 Micro-, 
meso- Pd catalyst substrate 138,139 

Poly-NHC FDA with benzene and N-heterocyclic 
carbenes Friedel-Crafts Up to 1229 Micro-, 

meso- 
Pd, and Cu catalyst 

substrate 
140,141 

Carbonized KAPs FDA with benzene or PhPh3, or NHC, 
and PdCl2 

Friedel-Crafts, 
carbonization and gas 

phase reduction 
Up to 933 Meso- Pd catalyst for oxygen 

reduction reaction 142 

Carbon supported Pd NP FDA with benzene, or PhPh3, or  
PS-CH2Cl and PdCl2 

Friedel-Crafts, Pd 
impregnation, 

carbonization, and H2 
reduction 

Up to 924 Meso- Pd catalyst for Heck 
reaction 143 
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2.5 Simulations of hypercrosslinked polymers 

As a complement to instrumental characterization techniques, atomistic and molecular 

simulations provide valuable information about the structure and properties of hypercrosslinked 

polymers.144 However, due to the complexity of the amorphous network structure, the accurate 

simulations of hypercrosslinked polymers are quite challenging.105,144,145 Computational modeling 

of the crosslinked networks usually probes representative clusters which are “synthesized” by 

mimicking the experimental synthesis routes.144,145 The simulated polymerization starts with a 

simulated box with monomers, which are then crosslinked according to pre-determined rules until 

forming a network. 

HCPs based on the self-condensation of p-DCX were simulated to investigate their porous 

properties and gas sorption abilities.105,146,147 A simplified p-DCX dimer was used to create the 

poly(p-DCX) cluster (Figure 2-22). The simulation slightly underestimated the absolute and bulk 

densities and overestimated the surface area, micropore volume and both H2 and methane uptakes. 

Inaccessible pores that are not interconnected or are too small for sorbate gases are likely to be the 

reason. The simulated gas sorption isotherms fit with the experimental data better when an 

arbitrary scaling factor Φ was introduced.105,146 The construction of the simulated structure was 

further adjusted using a Monte Carlo approach. A nonarbitrary method, which considered the 

solvent-accessible surface area, was shown to be more representative of the real physical system 

in estimation of the gas sorption isotherms.146 Poly(p-DCX) was also simulated using an algorithm 

that the crosslinking and chain formation occur in cycles with equilibrations (Figure 2-23).145,148 

This virtual polymerization algorithm was generalized and released as an open-source software 

called Polymatic, and was shown to be a useful tool in the study of network polymers.144,145,148-151 

The gas sorption properties of hydrogen and methane were obtained using grand canocial Monte 
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Carlo (GCMC) simulations. The simulated and experimental hydrogen adsorption isotherms were 

quantitatively consistent, while the simulated methane adsorption was underestimated due to the 

larger methane molecule diameter. Two factors were found to be crucial to achieve microporous 

networks: a low concentration of the system during crosslinking that ensures the formation of the 

pores; and the high degree of crosslinking that locks the network in the expanded state.  

 

 

Figure 2-22. Molecular simulation of p-DCX (a) a simulation box; (b) three-dimensional array of 
eight amorphous cells, the Connolly surface (molecular surface) is blue/gray; (c) two dimensional 
“slice” through an array of amorphous cells, occupied and unoccupied volumes are in red and blue, 
respectively; and (d) H2 sorption properties, H2 molecules are in red/orange. Reprint from Wood et 
al.105 with permission. Copyright 2007 American Chemical Society. 
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Figure 2-23. Crosslinking procedure flowchart. In which DOC represents the degree of 
crosslinking. Reprint from Abbott et al.145 with permission. Copyright 2011 American Chemical 
Society. 

Atomistic simulation was also employed to study the FDA-knitted HCPs. The benzene-based, 

biphenyl-based, and 1,3,5-triphenylbenzene-based networks were simulated, and the calculated 

surface areas were found to have the same trend as the experimental Langmuir surface area.122 The 

simulated pore size (3-20 Å) was smaller than the experimental value, because the model simulated 

only micropores. The tetraphenylmethane (TPM)-based network was simulated and an ideal 

crystal structure was optimized (Figure 2-24).126 The simulation predicted closely the narrow 

micropores with pore sizes around 5.82 Å, but underestimated the mesoporous region (between 20 

and 60 Å). The argon, carbon dioxide, and methane sorption properties were simulated by Monte 
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Carlo techniques. The model showed higher gas uptake values than experimental values, but the 

simulated and experimental isotherms were in good agreement with low pressure experiments, 

indicating that the model has a good description of the microporous region of the network. 

	

Figure 2-24. Ideal simulated structure of FDA-knitted TPM network. (a) Unit cell; (b), 2x2x1 
supercell; (c) 2x2x6 supercell with 3D channel structure. Reprint from Errahali et al.126 with 
permission. Copyright 2014 American Chemical Society. 

During the synthesis of hypercrosslinked polystyrene networks, different amounts of 

monomers and crosslinkers in the precursor and final networks, as well as other synthesis 

conditions, could result in networks with significantly different properties.60 Molecular simulation 

of hypercrosslinked polystyrene can provide guidance in the optimization of the systems. 

Molecular dynamics (MD) simulation was performed on a polystyrene network by three steps: the 

creation of linear polystyrene bearing different amount of crosslinkable chloromethyl groups; the 

crosslinking stage; and the relaxation of the network.152 It was found that the steric hindrance of 

the substitution, as well as the velocity of the crosslinking, affected the final network structure. 

The hypercrosslinked styrene-VBC networks were simulated using the previously mentioned 

software Polymetic.144 The degree of crosslinking was adjusted by using difference amounts of 

VBC, and the polymer swelling during crosslinking was controlled by setting the density of the 
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simulations. This process allows the observation of each stage during the virtual synthesis, which 

is not currently plausible experimentally. They found that the networks have greater porosity when 

the crosslinking occured at lower density and with higher degrees of crosslinking, and this trend 

was consistent with available experimental data. When sterically crowded monomers, 4-methyl 

stilbene (4MSTB) and N-(3-methylphenyl) maleimide (3MPMI), were added to the system, the 

simulated surface areas using Polymetic , as well as the experimental results, decreased due to both 

the dilution of crosslinking functionality (VBC) and the loss of chain mobility.151 To resemble the 

actual synthesis of hypercrosslinked polystyrene, DVB was incorporated into the simulated 

system.150 The simulated BET surface areas and pore volumes are consistent with the experimental 

values. The simulation also demonstrated that the structural properties of the network can be tuned 

by varying the DVB content, but no obvious improvement on H2/CO2 gas separation applications 

was observed from the simulated isotherms. The sulfonated poly(styrene-co-divinylbenzene) ion 

exchange resins were simulated using a generation-relaxation strategy.153 Two different 

approaches, which are based on the generation of homogeneous polymeric matrices and the 

heterogeneous growth of the network, were used for the generation of the initial microstructure. It 

was found that the homogeneous topology leads to an overestimation of the density and an 

underestimation of the porosity. However, the density and the porosity from heterogeneous 

generation are in good agreement with the experimental results. During the heterogeneous 

approach, “super-crosslinks”, which refer to the topological loops consist of two or more crosslinks, 

were shown to be essential to accurately describe the microstructure of the resins. (Figure 2-25) 

The “super-crosslinks” also affect the distribution of the sulfonic group, and the frequency of co-

facial π-π stacking interactions. Monochlorodimethyl ether (MCDE) post-crosslinked polystyrene 

networks were studied by atomistic molecular simulations.154-156 The consecutive stages of the 



	 	 	 	

	 -	95	-	

algorithm include the atomistic molecular dynamics simulation of a polystyrene solution, the 

mapping of the structure onto coarse-grained model, the crosslinking, the reverse-mapping, the 

relaxation of the structure in dichloroethane and in dry state, and calculations of the properties. 

(Figure 2-26) It was found that the elastic modulus and specific surface area increased with the 

increase of the concentration of MCDE in the system.154 The rate of the crosslinking also affects 

the nework properties, and the more slowly formed networks showed smaller surface area, lower 

density and larger pores.155 

 

	
Figure 2-25. The demonstration of a super-crosslink loop. Reprint from Perez-Macia et al.153 with 
permission. Copyright 2015 Royal Society of Chemistry. 

	
Figure 2-26. The MCDE crosslinked polystyrene in the framework of coarse-grained model. 
Reprint from Glagolev et al.155 with permission. Copyright 2016 Elsevier. 
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2.6 Conclusions 

Since their discovery in the early 1970s, HCP materials have continuously received attention 

from researchers. HCPs evolved from the original styrene-divinylbenzene crosslinked gels, and 

have grown to be a versatile platform for chemists in developing nanoporous materials with desired 

properties. In recent years, besides the improvement in traditional applications such as 

chromatographic packing materials, gas capture and storage matrices, and aqueous pollutant 

sorbents, HCP materials are now investigated extensively as heterogeneous catalyst substrates, 

drug delivery carriers and sensors. The inexpensive starting monomers and precursors, diverse 

synthetic approaches, and moderate reaction conditions enable HCPs to have enormous 

possibilities in producing new and creative polymer structures, which may lead to other potential 

important applications. 

However, several different challenges remain to be resolved in the future. For example, 

although techniques such as porosity measurements and solid state NMR have been employed to 

characterize HCPs, the nanostructures of HCP materials are not completely studied and understood. 

Also, due to the insoluble nature of most HCPs, the processing of these materials into functional 

devices can be troublesome. Moreover, the incorporation of specific functionalities, especially 

amine groups for improved CO2 sorption properties is still a significant challenge, due to the 

unfavorable side-reactions of these functional groups in Friedel-Crafts reactions. Furthermore, 

obstacles remain in the industrialized large-scale production of HCP materials due to the massive 

amount of heat and corrosive hydrogen chloride generated in the hypercrosslinking process. 

These scientific challenges, as well as the development of novel applications for HCP materials 

will certainly motivate chemists and material scientists to continue to conduct inspiring and 

exciting research on new functional HCPs. 
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3.2 Abstract 

In recent years, non-conjugated, fluorophore-free organic polymers have emerged as 

potentially useful light-emitting materials. The fluorescence properties of a novel class of non-

conjugated, tert-butyl carboxylate functionalized stilbene-containing alternating copolymers were 

investigated in this work. These sterically crowded, semi-rigid copolymers exhibit very strong blue 

fluorescence in organic solvents upon irradiation. The origin of the fluorescent band with high 

quantum yield was attributed to the “through space” π – π interactions between the phenyl rings 

from the stilbene and C=O groups from the anhydride groups. To the best of our knowledge, the 

di-tert-butyl group-containing stilbene and maleic anhydride alternating copolymer showed one of 

the highest fluorescent intensities among all fluorophore-free polymers. The excellent linearity of 

the luminescence property of this copolymer is an important attribute for future potential 

quantitative applications. The fluorescence is maintained when the tert-butyl groups are removed 

and the resulting carboxylic acid-functionalized copolymer is dissolved in water at neutral pH, 

which can render these copolymers as attractive candidates for diagnostic and therapeutic 

applications. 
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3.3 Introduction  

Fluorescent materials have attracted enormous attention from both academia and industry, 

owing to their remarkable potential in a wide range of applications such as drug delivery,1-3 

chemical sensing,4, 5 cellular bio-imaging,2, 6, 7 protein labeling,8-10 bacterial detection,11, 12 organic 

light-emitting diodes (OLEDs),13, 14 etc. There is a broad variety of materials that exhibit 

fluorescence upon excitation, including small organic dyes such as pyrene15 and fluorescein;16 

fluorescent biomacromolecules such as phycobiliproteins;17 organometallic molecules such as 

lanthanide complexes20 and [Ru(bpy)3]2+;18, 19 inorganic nanoparticles (NPs)21 such as quantum 

dots (QDs)8, 22 and dye-doped silica NPs;23 and fluorescent polymers.24 Traditional fluorescent 

polymers usually feature fluorescent moieties such as rare earth metals or conjugated π-aromatic 

units.25 These polymers typically either consist of conjugated polymer backbones, or have 

fluorophores attached to non-fluorescent backbones.4 However, the incorporation of the 

fluorophores can change the physicochemical properties of the polymers, especially their polarities 

and solubilities.25-27 

In recent years, conventional fluorophore-free organic polymers have emerged as alternative 

light-emitting materials.26 A variety of fluorophore-free organic polymers have been reported, 

including non-conjugated polymer dots (NCPDs);27, 28 tertiary amine-containing dendritic and 

hyperbranched polymers;29-32 and alternating copolymers which contain maleic anhydride or 

maleimide units or homopolymers of substituted maleimides.26, 33-36 For fluorescent polymers, by 

and large, more rigid chromophore structures lead to stronger light emissions.37 This is mainly 

attributed to the restricted freedom of chain movement preventing the excitons from relaxation 

through non-radiative routes. Nevertheless, most of these materials only exhibit relatively weak 

emission.38 
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It is well-known that electron deficient maleic anhydride and maleimide monomers can 

readily form alternating copolymers with electron rich monomers such as styrene, α-methyl 

styrene, stilbene, vinyl acetate, etc.39 Of particular interest in our group are the stilbene-maleic 

anhydride/maleimide alternating copolymers.39-54 First prepared by Wagner-Jauregg in 1930,55 the 

stilbene-maleic anhydride copolymer was regarded to be the earliest reported chain-growth 

synthetic copolymer in literature.56 Our previous studies on stilbene-containing alternating 

copolymers show that they possess semi-rigid backbones due to steric hindrance from the pendant 

phenyl rings.49 This backbone steric crowding results in unique optical42 and surface area 

properties.40, 41, 57 Recent publications on photoluminescent properties of maleic anhydride or 

maleimide-containing alternating copolymers26, 33, 34, 36, 38 inspired us to investigate the 

fluorescence behavior of stilbene-containing alternating copolymers. Morawetz reported 

fluorescence of stilbene-containing alternating copolymer when poly(stilbene-alt-maleic 

anhydride) was used as a control in the excimer effect study of polystyrene analogues.58 In this 

communication, we report for the first time the extraordinarily strong blue fluorescence of the tert-

butyl carboxylate-functionalized stilbene and maleic anhydride copolymer (III in Scheme 3-1a). 

We also aim to investigate the fluorescence properties of a series of alternating copolymers with 

different chain stiffness, as well as the influence of different solvents and varied concentrations on 

the fluorescence properties, which may pave the way for the better understanding and harnessing 

of the luminescence properties of alternating polymers analogs.  

3.4 Results and discussion 

It is documented that unsubstituted stilbene and maleic anhydride copolymers have poor 

solubility in common solvents due to strong aggregation,52, 59 therefore we selected a series of tert-

butyl carboxylate substituted stilbene and styrene alternating copolymers for this study. These 
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copolymers are soluble in common organic solvents such as THF, chloroform, DMF, and NMP, 

which offers convenience in solution based characterization such as SEC, UV-Vis and 

fluorescence. These copolymers possess semi-rigid polymer backbones with persistence lengths 

between 2 and 6 nm,49 and they exhibit microporosity due to inefficient chain packing.40 Moreover, 

these copolymers were easily converted into a series of polyelectrolytes by hydrolysis of the tert-

butyl carboxylate groups and the anhydride rings, and subsequent neutralization of the pendant 

carboxylic acids to their corresponding salts.46 All four tert-butyl carboxylate-containing 

alternating copolymers in this study were synthesized via free radical polymerization based on 

previously published procedures.49 Their structures are shown in Scheme 3-1a, detailed synthetic 

procedure and characterization results are presented in Section 3.8 the supporting information. 

 

Scheme 3-1. a) Chemical structures of the alternating copolymers in this study; b) conversion of 
copolymer III into a polyelectrolyte  

The UV-Vis absorption spectra of the copolymers in THF are shown in Figure 3-S2 and 3-

S3. All four samples showed adsorption peaks at ca. 240 nm, which are assigned to the π–π* 
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transitions of the phenyl rings (Figure 3-S2). This assignment is consistent with the massic 

absorbance coefficient (MAC) values (Table 3-S2), in which the MAC values increase as the 

number of phenyl rings per repeat unit increases. The stilbene copolymers III and IV exhibited 

appreciable UV adsorption peaks at about 330 nm, while above 300 nm the adsorption of styrene 

copolymers I and II were very weak (Figure 3-S3). The adsorption at around 330 nm was attributed 

to the π–π* transitions from the conjugated π orbital of the phenyl rings and C=O groups of the 

tert-butyl ester to the π* orbital from the interactions of the phenyl rings and C=O groups from 

both the ester carbonyl and the carbonyl in maleic anhydride or maleimide units. Such π–π* 

transition requires certain juxtaposition and distance between orbitals. The position and distance 

in III and IV are regulated by the more semi-rigid chain structure, however the position distance 

in I and II are not favorable for the π–π* transition therefore the absorption is weak. 

Despite the absence of conventional fluorophores, these copolymers typically exhibited 

fluorescence of different intensities when they were irradiated by UV light of the wavelength in 

the range of 260-350 nm (Figure 3-1). No obvious fluorescence was observed at 230-240 nm, 

which are the maximum UV absorption wavelengths for the copolymers. III exhibited two 

distinctive fluorescence bands when irradiated at 250-270 nm and 290-350 nm, and the 

corresponding fluorescence peaks are at 290 nm and 380 nm, respectively. The fluorescence peak 

at ca. 380 nm has a much higher intensity even with lower concentration, and the highest intensity 

is achieved by irradiation at 330 nm. IV only exhibited fluorescence peaks at around 380 nm, and 

similar to III, the irradiation using 330 nm light affords the highest emission intensity. Both 

styrene-containing copolymers I and II showed weak fluorescence when irradiated by UV light in 

the range of 290-350 nm, and the emission redshifted as the excitation wavelength increased. I 
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exhibited stronger fluorescence than II at most excitation wavelengths, while the highest emission 

intensity of both copolymers occurred for excitation at 300 nm. 

 
Figure 3-1. Fluorescence spectra of alternating copolymer solutions in THF excited by UV light 
of different wavelengths. a)-d) represent Copolymers I-IV, respectively. The excitation 
wavelengths of the highest emission peaks are labeled in each graph. 

Figure 3-2a displays fluorescence spectra of the copolymers in THF at their highest emission 

intensities. The two stilbene-containing copolymers III and IV exhibited high fluorescence at ca. 

380 nm, while the styrene-containing copolymers I and II exhibited weak fluorescence at ca. 330 

nm. The quantum yields of the copolymers in THF are shown in Table 3-S3. Remarkably, III 

exhibited an extraordinarily high-intensity fluorescence at even very low concentration (30-40 

$g/mL) with high quantum yield (71.2%) when excited at 330 nm. IV showed lower intensity, but 
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it also absorbs less light in the UV-Vis spectrum, thus it also showed a high quantum yield (65.9%). 

Both of the styrene copolymers I and II showed low quantum yields (2.6% and 3.1%, respectively). 

Table 3-1 summarized the excitation and emission wavelengths and quantum yields of each 

polymer. 

 

Figure 3-2. a) Fluorescence spectra of alternating copolymers in THF at their maximum emissions 
(excitation wavelength: 330 nm for III and IV, 300 nm for I and II); b) Fluorescence spectra of the 
copolymer III in different solvents; c) Linear fit of the fluorescence intensity at 380 nm versus 
concentration; d) effect of pH on fluorescence intensity of deprotected Copolymer III in water 
(concentrations: 1 mg/ml). 
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Table 3- 1. The fluorescence excitation (Ex) and emission (Em) wavelengths, and quantum yields 
(QY) of the copolymers in THF, “-“ means weak or no peak. 

Sample 
Ex 1 
(nm) 

Em 1 
(nm) 

QY 
(%) 

Ex 2 
(nm) 

Em 2 
(nm) 

QY 
(%) 

I 260 - - 300 350 2.6 
II 260 - - 300 340 3.1 
III 260 290 1.0 330 380 71.2 
IV 260 - - 330 380 65.9 

 

Trans-stilbene exhibits weak fluorescence in aqueous or common organic solvents.60, 61 The 

fluorescence comes from the excitation of π-electrons of the conjugated ethenediyl group into the 

π* orbitals, and the weak intensity is because of the facile isomerization into the cis-configration.61, 

62 In the alternating copolymerization of trans-stilbene with maleic anhydride or maleimide, this 

conjugated structure is interrupted since the ethenediyl groups are converted into ethylene groups. 

The fluorescent spectrum of tert-butyl carboxylate-containing trans-stilbene solution in THF was 

measured (Figure 3-S4), and no obvious emission was observed with 330 nm irradiation, which 

confirmed that the strong fluorescence of the stilbene-containing alternating copolymers was not 

from residual trans-stilbene monomer. 

As previously mentioned, the fluorescence of stilbene-maleic anhydride alternating 

copolymer was reported in 1975.58 In that study, the copolymer solution in dioxane was irradiated 

at 260 nm, and fluorescence emission peaks at 285 nm, and 320-360 nm were observed, which 

corresponds to the phenyl ring emission and excimer emission, respectively. Studies on the 

fluorescent properties of α,ω-diphenylalkanes showed that it is necessary to have at least three 

atoms between two phenyl rings in order to form excimers.63 Therefore the excimer should be 

formed between the phenyl rings from two neighboring stilbene units separated by one maleic 

anhydride unit. The same excimer effect was also observed on the alternating copolymer of 
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acenaphthylene and maleic anhydride when irradiated at 293 nm.64 Similarly, when irradiated by 

260 nm light, III exhibited two fluorescence bands at 285 nm and 360 nm (Figure 3-S5), which 

corresponds to phenyl ring emission and excimer emission, respectively. The lack of fluorescence 

emission at 260 nm excitation of IV is likely because the bulky substituents on the maleimide units 

hindered the intramolecular excimer formation between two neighboring stilbenes. 

Previous studies on the fluorescence of maleic anhydride or maleimide-containing polymers 

attributed the fluorescence to clustering of the locked carbonyl groups or the “space conjugate” of 

the carbonyl and the neighboring phenyl groups.26, 34, 36, 58 For our alternating copolymers, it is 

likely that the fluorescence of 330 nm irradiation also comes from the π-π interactions between the 

phenyl rings and C=O groups from the anhydride groups through space. We used density 

functional theory (DFT) to calculate the molecular orbitals in order to find out if the fluorescence 

of the alternating copolymers can also result from the “space conjugate”. Molecular simulation 

was conducted on III using the B3LYP/6-311+g** theory in Gaussian (Figure 3-S6). It was found 

that the conjugated π orbital of one phenyl ring in stilbene and C=O group of the tert-butyl ester 

acts as the HOMO, and the π-π interactions between the other phenyl ring in stilbene and C=O 

group from both the anhydride groups and the ester group act as the LUMO. Previous studies 

found that non-fluorescent units generate fluorescence properties when the distance between the 

“space conjugate” units is within 3.25 Å.65 The optimized structures showed that the space between 

the carbonyl in maleic anhydride and to the nearest phenyl ring is 3.18 Å, which is consistent with 

the “space conjugate” π-π interactions through space as the source of the fluorescence. 

The fluorescence properties of styrene-containing alternating copolymers were reported to 

exhibit low to medium intensities.26, 33, 36 Compared to styrene-containing alternating copolymers, 

stilbene-containing alternating copolymers in this study showed much higher fluorescence 
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intensities when irradiated at 330 nm. The extra phenyl groups on stilbene units not only form 

more “through space” conjugates with the carbonyl groups of the neighboring maleic anhydride 

or maleimide units, but also add rigidity into the polymer backbone due to the steric congestion 

effect.49 The stiffened chain may also bolster the fluorescence of the stilbene-containing alternating 

copolymers since a rigid structure can restrict the chain freedom and avert non-radiative relaxation. 

Figure 3-2b depicts the fluorescence spectra of III in different solvents. The relative fluorescence 

intensity decreases as the solvent polarity increases while the emission wavelengths remain the 

same. The environment polarity is known to affect the fluorescence intensity, and similar solvent 

effects were also observed in other fluorescent systems.26, 66 

For practical applications of fluorescent materials, especially for quantitative measurements, 

it is important that the fluorescent intensities have a linear relationship with the concentration of 

the solution. Figure 3-S7 displays the spectra of III in THF at different concentrations. The peak 

fluorescence intensity at 380 nm exhibited a linear relationship in the concentration range of 1 

µg/ml to 30 µg/ml (Figure 3-2c). We also investigated the aggregation effects on III in THF (good 

solvent) and deionized water (poor solvent) at different ratios (Figure 3-S8). The fluorescence 

intensity decreases as the water content increases, which is consistent with the aggregation-caused 

quenching (ACQ) effect of the fluorescence.67 

As one of the most commonly used protecting groups for carboxylic acids, tert-butyl groups 

are facilely removed under acidic conditions, and the tert-butyl carboxylate groups are converted 

to corresponding carboxylic acids. The four alternating copolymers I-IV are hydrolyzed to their 

deprotected forms using trifluoroacetic acid (TFA) (Scheme 3-1b). Figure 3-S9 depicts the 

fluorescence spectra of the aqueous deprotected copolymer solutions. The deprotected III 

continues to show strong fluorescence at ca. 380 nm while other deprotected samples exhibited 
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very weak fluorescence. We investigated the fluorescence properties of the deprotected III in 

response to pH change since carboxylic acids are known to have pH-responsiveness (Figure 3-2d 

and 3-S10). The fluorescence intensity increased with the increased pH values until neutral, and 

then the fluorescence intensity slightly decreased and remained constant till pH 10.0. At lower pH, 

the carboxylates in the polymers are protonated and the chains are aggregated more due to the lack 

of the ionic repulsions, which may result in the aggregation-caused quenching (ACQ) effect. The 

decrease of the fluorescence intensity at higher pH is probably because the deprotonated 

carboxylate groups become weaker electron acceptors and affect the interaction with the phenyl 

rings.54 Previously, the deprotected III was shown to have activities against HIV strains;50 the 

newly discovered fluorescence properties provide the possibility of diagnostic and therapeutic 

applications. 

3.5 Conclusions 

In summary, we synthesized four alternating copolymers with semi-rigid backbones and 

studied their fluorescence properties. Indeed we have discovered that steric crowded tert-butyl 

carboxylate substituted stilbene-maleic anhydride alternating copolymer exhibited extraordinarily 

high fluorescent emission in organic solvents, and the luminescence property is proportional to the 

concentration of the solution. The fluorescence is maintained when the tert-butyl groups are 

removed and the resulting polymer is dissolved in water. The enhanced fluorescence property 

likely results from the extra phenyl groups and the “through-space” conjugation of the phenyl 

groups and the carbonyl groups. A further study of the fluorescence properties of the functionalized 

stilbene-containing alternating copolymers may lead to the design of novel inherently fluorescent 

polymeric materials with the potential for technological applications. Further investigation on the 

effects of molecular weight and different substitution groups is the subject of our on-going research. 
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3.8 Supporting information for chapter 3 

3.8.1 Experimental section 

3.8.1.1 Materials 

The monomers (E)-di-tert-butyl-4, 4’-stilbene dicarboxylate (DTBSC), tert-butyl 4-

maleimidobenzoate (TBMI), and tert-butyl 4-vinyl benzoate (TBVB) were synthesized and 

characterized as previously reported.[1] Trifluoroacetic acid (TFA, Oakwood Chemical, 99%), 

sodium hydroxide (Fisher, certified ACS grade), tetrahydrofuran (THF, Fisher, certified HPLC 

grade without stabilizer), chlorobenzene (Sigma-Aldrich, 99%) were used as received without 

further purification. Maleic anhydride (MAH, Sigma-Aldrich, 99%) was recrystallized from 

toluene. 2, 2’-azobisisobutyronitrile (AIBN, Aldrich, 98%) and dicumyl peroxide (DCP, Aldrich, 

99%) was recrystallized from methanol. Deionized water (house DI water) was provided by 

Virginia Tech. 

3.8.1.2 Instrumental characterization.  

The structures of the synthesized monomers were determined by proton nuclear magnetic 

resonance (1H NMR, Varian Inova 400 MHz). The incorporation of the functionalized stilbene and 

maleimide comonomers and the deprotection of tert-butyl groups were confirmed by infrared 

analysis (IR, Agilent Cary 630 FT-IR Spectrometer). The thermogravimetric analysis (TGA) of 

the copolymers was measured with a TA instrument model Q5000), samples were heated from 50 

to 550 ºC at a heating rate of 10 ºC/min under nitrogen. The fluorescence spectra were obtained 

using an Agilent Cary Eclipse fluorimeter in a 1 cm path length quartz cuvette, with the excitation 

and emission slits fixed at 5 nm. The UV-Vis spectra were obtained using an Agilent Cary 5000 

UV-Vis-NIR spectrophotometer. Molecular weights of the polymers were determined using an 

Agilent size exclusion chromatograph (SEC) equipped with a Wyatt light scattering detector in 
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THF at 30 ̊ C. Data were analyzed utilizing a universal calibration made with polystyrene standards 

to obtain absolute molecular weights. 

3.8.1.3 Synthesis of the alternating copolymers.  

The alternating copolymers were synthesized via solution free radical polymerizations.[1, 2] 

The two styrene-containing copolymers Copolymer I and II were prepared at 60 ˚C in THF using 

AIBN as initiator, and the two stilbene-containing copolymers Copolymer III and IV were 

prepared at 110 ˚C in chlorobenzene using dicumyl peroxide (DCP) as initiator. For example, to 

synthesize Copolymer III, DTBSC (0.96 g, 2.5 mmol), MAH (0.25g, 2.5 mmol) and DCP (0.012 

g, 1.0 wt%) were dissolved in 4.5 mL chlorobenzene in a 50 mL septum-sealed serum bottle with 

a stir bar. The bottle was purged with argon for 20 min and the solution was stirred at 80 °C for 24 

h. A white solid was recovered by precipitating with hexanes (500 mL). The polymer was 

redissolved in a minimum amound of THF and precipitated with hexanes. The polymer was filtered 

and dried under vacuum at 60 °C overnight (0.81 g, 66%). 

3.8.1.4 Synthesis of the deprotected polymers.  

0.5 g polymer was dissolved in 3 mL dichloromethane (DCM), 3 mL TFA was added at room 

temperature. The mixture was stirred for 24 h, then filtered and washed with DCM. Then the 

polymer was stirred in 0.1 M NaOH solution for 24 h and dialyzed with DI water. The aqueous 

contents were then frozen in liquid nitrogen and lyophilized for 24 h to yield a white fluffy solid. 
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3.8.2 Supplemental tables and figures 

Table 3-S1. The yields, molecular weights, PDI of the alternating copolymers 

Samples Yield (%) Mn g/mol Mw g/mol PDI 

Copolymer I 86 41,000 64,600 1.5 

Copolymer II 71 54,990 97,600 1.8 

Copolymer III 66 39,730 42,810 1.1 

Copolymer IV 59 19,850 47,700 2.4 

 

Table 3-S2. The UV-Vis absorption peak wavelengths (Abs) in THF and the calculated massic 
absorbance coefficients (MAC). MAC is calculated using [MAC=absorbance 
intensity/(concentration*cell width)]. “-“ means weak or no peak. 

Sample 
Abs 1 
(nm) 

MAC 1 
(g-1Lcm-1) 

Abs 2 
(nm) 

MAC 2 
(g-1Lcm-1) 

Abs 3 
(nm) 

MAC 3 
(g-1Lcm-1) 

I 237 4.77 - - - - 
II 239 5.09 - - - - 
III 237 5.94 260 0.6236 330 1.22 
IV 235 8.05 - - 330 0.05 

 

Quantum yields of the copolymers. Quinine sulfate was chosen as the external standards for 

fluorescence quantum yield calculations. The quantum yields of the copolymers were measured 

by comparing the integrated photoluminescence intensities and the absorbance values with the 

reference quinine sulfate. The quinine sulfate was dissolved in 0.1M H2SO4 (refractive index (η) 

of 1.33) and the copolymers were dissolved in THF (η=1.407).  

 

 Usually the solutions with UV-Vis absorption should be controlled between 0.2 and 0.01. 

However, because of the weak fluorescence emission of Copolymer III at excitation wavelength 

260, the UV absorption was controlled at 2.80. The quantum yields of polymers are calculated 

using: 



	 	 	 	

	 -	137	-	

Φ = Φ( ∙
*
*(
∙ +(+ ∙ ,

-

,(-
 

where Φ is the quantum yield, Φ( is the quantum yield of the reference Quinine sulfate 

(Φ(= 0.54), I is the measured integrated emission intensity, A is the measured absorption intensity, 

and , is the refractive index. 

Table 3-S3. The excitation and emission wavelengths, and quantum yields of the copolymers in 
THF 

Sample 

Excitation 

wavelength 

(nm) 

Emission 

wavelength 

(nm) 

Emission 

Intensity 

(a.u.) 

Absorption at 

excitation 

wavelength (a.u.) 

Quantum Yield Φ 

Copolymer III 
330 380 319.06 0.062 0.712 

260 290 201.78 2.821 0.010 

Copolymer IV 330 380 155.41 0.033 0.659 

Copolymer I 300 350 31.28 0.168 0.026 

Copolymer II 300 340 31.37 0.141 0.031 

	

Figure 3-S1. TGA graph of alternating copolymers, the first stage of weight loss represents the 
loss of tert-butyl groups. 
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Figure 3-S2. UV/Vis spectra of the alternating copolymers (Concentration 25 µg/mL) 

	

Figure 3-S3. UV/Vis spectra of the alternating copolymers at 290-400 nm region with higher 
concentration (Concentration of I, II and IV: 1 mg/mL, III: 100 µg/mL) 
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Figure 3-S4. Fluorescence spectrum of tert-butyl carboxylate-containing trans-stilbene solution in 
THF, no obvious fluorescence was observed. 

 

	

Figure 3-S5. Fluorescence spectrum of Copolymer III in THF when irradiated by 260 nm 
(concentration 30 µg/mL). The sharp emission corresponds to the phenyl emission and the broad, 
red-shifted peak corresponds to the excimer emission. 
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Figure 3-S6. Optimized geometry, HOMO and LUMO of Copolymer III in vacuum using the 
B3LYP/6-311+g** theory in Gaussian. 

 

	

Figure 3-S7. Fluorescence spectra of the copolymer III in THF at different concentration 
(excitation wavelength: 330 nm). 

Optimized	structure

3.18	nm

HOMO LUMO



	 	 	 	

	 -	141	-	

	

Figure 3-S8. Aggregation effects of Copolymer III in THF and DI water at different ratios. 

	

Figure 3-S9. Fluorescence spectra (excitation wavelength: 330 nm) of deprotected copolymers in 
deionized water (concentrations: 1 mg/mL) 
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Figure 3-S10. Fluorescence spectra of deprotected III in DI water at different pH values 
(concentration 1 mg/mL). 
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Chapter 4. Nanoporous Polymers from Crosslinked Polymer Precursors via 

tert-Butyl Group Deprotection and Their Carbon Dioxide Capture Properties 
(Adapted with permission from Huang, J.; Zhou, X.; Lamprou, A.; Maya, F.; Svec, F.; Turner, S. 

R. Chem. Mater. 2015, 27, 7388. Copyright 2015 American Chemical Society.) 

4.1 Authors 

Jing Huang,† Xu Zhou,† Alexandros Lamprou,‡ Fernando Maya,‡ Frantisek Svec‡ and S. Richard 

Turner*,† 

†Department of Chemistry, and Macromolecules and Interfaces Institute, Virginia Tech, 

Blacksburg, VA 24061, United States 

‡The Molecular Foundry, E.O. Lawrence Berkeley National Laboratory, Mailstop 67R6110, 

Berkeley, CA 94720-8139, United States 

4.2 Abstract 

A two-step synthetic strategy has been developed to achieve functionalized nanoporous 

polymers via the deprotection of the crosslinked polymer precursors containing tert-butyl 

carboxylate-functionalized stilbene or styrene and N-phenylmaleimide alternating sequences. 

Three different deprotection methods to generate nanoporosity were examined in this work. The 

resulting nanoporous polymers showed a significant increase in BET surface area. The effects of 

crosslinking density and the stiffness of the alternating sequences on the nanoporosity of these 

polymers were studied. The resulting nanoporous polymers were also investigated as potential CO2 

sorbents. 

4.3 Introduction 

Since the 1980s, global warming has become a major issue in climate change.1 Now 

overwhelming scientific consensus has correlated global warming to the escalating amount of CO2 
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in the atmosphere.2 The combustion of fossil fuels, coal, petroleum, and natural gas provides more 

than 80% of the worldwide energy supplies3 and is responsible for more than 86% of global CO2 

emissions.4 While looking for alternative energy sources—hydrogen, solar and wind—that do not 

emit CO2, governments and scientists now consider CO2 capture and storage (CCS) as a promising 

technology to control atmospheric CO2 levels.5 Currently, amine scrubbing using amine-

containing solvents, such as monoethanolamine (MEA) and diethanolamine (DEA), is one of the 

most well established methods for CO2 capture in industry.6 However, due to the solvent emission, 

degradation, and the high energy demand during the solvent regeneration, researchers are seeking 

new materials for CCS.7-8 Solid sorbents, such as zeolites and metal organic frameworks (MOFs), 

are considered as replacements to solvent absorption for CO2 capture.9 

Nanoporous (pore size < 100 nm) organic polymers have attracted substantial interests from 

both academia and industry, due to their various potential applications such as heterogeneous 

catalyst substrates,10-12 chromatography separation materials,13 drug delivery systems,14 sensing 

materials,15 and gas sorption/separation matrices.16-17 Recently, the CO2 capture properties of a 

number of nanoporous organic polymers were investigated.18-21 High surface area, good 

physicochemical stability, low skeleton density and synthetic diversity make these materials good 

candidates as solid sorbents for CO2.16, 20 During the capture, CO2 physically or chemically adsorbs 

onto the surface of nanoporous organic polymers, and desorbs via a thermal or pressure driven 

process, which requires less regeneration energy.22 Most nanoporous organic polymers are non-

volatile at the desorption temperature,16 which avoids pollution through solvent emission. 

Various synthetic routes have been employed to achieve nanoporosity in organic polymers. 

One typical approach involves covalent bonding of small building blocks in highly ordered 

structures. This strategy is usually utilized in the synthesis of polymers such as covalent organic 



	 	 	 	

	 145	

frameworks (COFs),19, 23-24 conjugated microporous polymers (CMPs),18, 25-26 porous aromatic 

frameworks (PAFs),21, 27 etc. Another strategy, as in the synthesis of hypercrosslinked polymers 

(HCPs), is to crosslink monomers or polymer chains in their swollen state by crosslinking 

groups/agents. The nanopores are generated from the void space of the leaving solvents.13, 28 In 

addition to the two strategies mentioned above, nanoporous polymeric materials can also be 

prepared by selectively etching a minor component from an ordered block copolymer with 

degradable or etchable blocks such as polylactide (PLA)29 or poly(tert-butyl acrylate) (PtBA).30 

This approach requires the etchable segments to be physically accessible to the reagents, and the 

remaining matrix to be able to hold the resultant nanoporous structure from collapsing.30 The 

resulting materials are mostly found to have mesopores (2 nm < pore size < 5 nm), and applications 

such as nanoobject templates31-32 and separation membranes33 were developed for these materials.  

Sterically crowded, functional group-containing, semi-rigid alternating copolymers are under 

investigation in our group.34-44 These copolymers can be synthesized via conventional or controlled 

free radical polymerizations. We are able to incorporate various functional groups, such as amine, 

ether, alkyl, tert-butyl carboxylate, into these copolymers by using different substituted monomers. 

Of special interest are the tert-butyl carboxylate-containing copolymers which can be converted 

to polyelectrolytes, by the deprotection of the tert-butyl carboxylates into corresponding 

carboxylic acids.37 The tert-butyl carboxylate functionalized alternating copolymers showed 

nanoporosity with modest BET surface areas of 20–40 m2/g, which increased as the copolymer 

persistence length increased. The tert-butyl carboxylate groups in these copolymers interfere with 

the efficient chain packing and the semi-rigid backbone prevents chains from relaxing, therefore 

leading to nanoporosity.40 Recently, we reported a model system which incorporated the methyl-

functionalized alternating copolymer sequences into HCPs via suspension polymerization and a 
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post-crosslinking reaction. The incorporation of these semi-rigid, alternating copolymer sequences 

showed an enhancement of the Tg of the lightly-crosslinked precursor, which would potentially 

reduce the possibility of pore collapsing during the post polymerization process.44  

In this study, we realized a facile and efficient two-step synthetic route that combines the 

synthesis of crosslinked copolymers and the removal of protection groups from the backbone to 

prepare nanoporous polymers with high surface area, micropores and carboxylic acid functional 

groups. The Tg enhancing stilbene and maleimide comonomers with the hydrolysable tert-butyl 

carboxylate functional groups were crosslinked by divinylbenzene (DVB) in the suspension 

polymerization, and the tert-butyl carboxylate groups were then converted to carboxylic acids via 

post-deprotection reactions. We hypothesized that during the deprotection, the space that the tert-

butyl groups used to occupy became nanopores, and resulting a higher surface area (Figure 4-1). 

Previously, Gupta et al. reported the increase of surface area in a metal-organic framework (MOF) 

by the deprotection of NH-Boc to NH2.45 However, the resulting MOF after deprotection showed 

no surface area unless it was activated by supercritical CO2 to obtain a BET surface area of 1381 

m2/g. Our strategy avoided the sample handling and treatment after deprotection and achieved a 

significant increase of surface area. The chemical and structural compositions of the crosslinked 

nanoporous polymers were characterized by elemental analysis, thermogravimatric analysis, and 

infrared spectroscopy. The specific surface areas, nanoporosities, and CO2 capture abilities of these 

polymers were also explored and discussed.  



	 	 	 	

	 147	

	
Figure 4-1. Nanoporous polymers from crosslinked polymer precursors via tert-butyl group 
deprotection 

4.4 Experimental section 

4.4.1 Materials 

The tert-butyl carboxylate group containing monomers (E)-di-tert-butyl-4, 4’-stilbene 

dicarboxylate (DTBSC), tert-butyl 4-maleimidobenzoate (TBMI), and tert-butyl 4-vinyl benzoate 

(TBVB) were synthesized and characterized as previously reported.37 Divinylbenzene (DVB, 

Sigma-Aldrich, technical grade, isomer of p- and m-, 80% purity), trifluoroacetic acid (TFA, 

Oakwood Chemical, 99%), toluene (Fisher, HPLC grade), poly(vinyl alcohol) (Aldrich, 87-89% 

hydrolyzed), sodium chloride (Fisher, certified ACS crystalline), zinc bromide (Aldrich, ≥98.0% ) 

dichloromethane (DCM, Fisher, HPLC grade) were used as received without further purification. 

2, 2’-azobisisobutyronitrile (AIBN, Aldrich, 98%) was recrystallized from methanol. Deionized 

water was provided by Virginia Tech. 

4.4.2 Instrumental characterization 

The structures of the monomers were determined by proton nuclear magnetic resonance (1H 

NMR, Varian Inova 400 MHz). The incorporation of the functionalized stilbene and maleimide 

comonomers and the deprotection of tert-butyl groups were confirmed by infrared analysis (IR, 

Agilent Cary 630 FT-IR Spectrometer). Elemental analysis was performed by Atlantic Microlab 

(Norcross, GA). The thermogravimetric analysis (TGA) of the copolymers was conducted by TA 
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instrument model Q5000), samples were heated from 50 to 550 ºC at a heating rate of 10 ºC/min 

under nitrogen. SEM micrographs of the copolymers were obtained using a LEO (Zeiss) 1550 field 

emission scanning electron microscope. Nitrogen adsorption/desorption isotherms at 77 K were 

obtained using Micromeritics TriStar II 3020 surface area analyzer, the samples were degassed at 

140 °C overnight before measurements. The surface areas were calculated using the Brunauer-

Emmett-Teller (BET) equation,46 the pore sizes determined from nitrogen adsorption isotherm by 

the two-dimensional non-local density functional theory model with heterogeneous surfaces (2D-

NLDFT-HS) using SAIEUS software.47-49 The CO2 uptakes were measured at 273 K and 298 K 

by a Micromeritics ASAP 2020 instrument. 

4.4.3 Synthesis of crosslinked polymer precursors 

The crosslinked copolymer precursors were synthesized via suspension polymerization 

(Scheme 4-1). For example, DTBSC (1.90 g, 5.0 mmol), TBMI (1.37 g, 5.0 mmol), and DVB (1.95 

g, 15 mmol) were dissolved in 40 mL toluene in a 500 mL three-neck round bottom flask equipped 

with a mechanical stirrer, a condenser and a N2 gas inlet. Then 250 mL of deionized water was 

added to the flask, followed by adding poly (vinyl alcohol) (0.52 g, 9.4 wt%) and NaCl (2.60 g, 

50 wt%). The mixture was purged with N2 for 15 min while stirring. AIBN (26 mg, 0.5 wt%) was 

added to initiate the polymerization. The suspension mixture was stirred under N2 at 80 ˚C for 24 

h. The resulting polymer beads were filtered and purified using Soxhlet extraction with toluene 

and water for 24 h to further remove the unreacted monomer, poly(vinyl alcohol) and NaCl. The 

resulting off-white beads were dried in vacuum oven at 50 ̊ C for 24 h (65.6%–74.0%). The general 

nomenclature for these copolymers, STB-#DVB or Sty-#DVB, is employed. STB stands for the 

stilbene comonomer DTBSC�Sty stands for the styrene comonomer TBVB, and # stands for the 

mol% of DVB. For simplification, TBMI is not shown in the abbreviations since it is always 



	 	 	 	

	 149	

charged in a 1:1 molar ratio with DTBSC or TBVB. For example, STB-60DVB represents the 

copolymer of DTBSC and TBMI with 60 mol% of DVB.  

	

Scheme 4-1. Synthesis of tert-butyl group-containing crosslinked polymer precursors 

4.4.4 tert-butyl group deprotection 

Three methods were explored to deprotect the copolymer precursors prepared from 

suspension polymerization (Scheme 4-2). For thermal deprotection, the polymer was placed in a 

vacuum oven at 220 ˚C for 30 min. For TFA deprotection, 0.5 g polymer was swollen in 3 mL 

dichloromethane (DCM), 3 mL TFA was added at room temperature. The mixture was stirred for 

24 h, then filtered and washed with DCM. The resulting white powder was further dried in vacuum 

at room temperature for 24 h. For ZnBr2 deprotection, 0.5 g polymer was swollen in 5 mL 

dichloromethane, 2 g solid ZnBr2 (500 mol% to tert-butyl groups) was added. The mixture was 

stirred for 24 h at room temperature, then 5 mL water was added and stirred for 2 h. and the polymer 

was filtered and washed by water. The resulting white powder was dried in vacuum oven at 50 ˚C 

for 24 h. A general nomenclature for these copolymers, STB-#DVB-d or Sty-#DVB-d, is employed. 

STB or Sty stands for the stilbene comonomer DTBSC or styrene comonomer TBVB, # stands for 

the mol% of DVB, and d is short for deprotection.  
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Scheme 4-2. Three methods to deprotect the tert-butyl group from polymer precursor 

4.5 Results and discussion 

The nanoporous polymers were synthesized by a two-step procedure. In the first step, a series 

of crosslinked polymer precursors were prepared via suspension polymerization of tert-butyl 

carboxylate-functionalized stilbene or styrene and tert-butyl carboxylate-functionalized N-

phenylmaleimide in the presence of divinylbenzene as the crosslinker. The polymer precursors 

were then deprotected to cleave the tert-butyl groups. Three different deprotection methods were 

investigated. Nitrogen isotherms were obtained to study the nanoporous structures of the polymers. 

CO2 uptakes of these polymers at two different temperatures were also measured. 

4.5.1 Synthesis of tert-butyl carboxylate-containing crosslinked polymer precursors 

We synthesized the tert-butyl group-containing crosslinked polymer precursors via a 

modified suspension polymerization procedure.50-51 During the polymerization, the tert-butyl 

carboxylate-containing stilbene monomer DTBSC or styrene monomer TBVB, and the tert-butyl 

carboxylate containing maleimide monomer TBMI were copolymerized with the crosslinker DVB. 

Toluene was added as a porogen and a solvent for dissolving the solid monomers. Spherical beads 

in the range of 20 – 200 µm were obtained (see Figure 4-S1 for SEM image). 

Since the electron rich monomers DTBSC or TBVB preferably polymerize with the electron 

poor monomer TBMI in an alternating fashion, we assume the ratio of DTBSC: TBMI or TBVB: 

TBMI in each polymer is 1:1. Elemental analysis data of the crosslinked polymer precursors are 

shown in Table 4-1. The experimental elemental contents are in general agreement with the 

theoretical values. The precursors contain 0.85–2.66 wt% of N, indicating that the maleimide 
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monomers were successfully copolymerized into the precursors. For the DTBSC materials, it is 

possible that the higher N content arises from the higher amount of TBMI incorporation due to the 

selective cross propagation of TBMI and DVB.44 The incorporation of the tert-butyl group-

containing monomers was also confirmed by thermogravimetric analysis (TGA). The first stage 

of weight loss at 220 ̊ C in TGA curve indicates the thermal cleavage of the tert-butyl group (Figure 

4-S2 and Figure 4-2). 

Table 4-1. Elemental analysis of polymer precursors 

Sample 
Theoretical (wt%)  Experimental (wt%) 

C H N  C H N 
STB-40DVB 75.92 6.82 1.70  74.25 6.21 2.66 
STB-60DVB 79.36 7.05 1.34  80.71 6.95 1.80 
STB-80DVB 84.31 7.31 0.83  84.10 7.49 0.93 
Sty-40DVB 76.24 6.86 2.15  76.09 6.76 2.29 
Sty-60DVB 80.25 7.08 1.61  80.49 7.32 1.66 
Sty-80DVB 85.39 7.37 0.92  84.22 7.78 0.85 

4.5.2 Deprotection of tert-butyl groups 

The next step after successful synthesis of the tert-butyl carboxylate-containing crosslinked 

polymer precursors was to deprotect the tert-butyl groups. We hypothesized that after deprotection, 

the space that was occupied by the bulky tert-butyl groups became void space, and the pore volume 

and surface area of the polymer would increase. 

The tert-butyl group is one of the most commonly used protecting groups for carboxylic 

acids.52 The tert-butyl carboxylate can be easily hydrolyzed to the corresponding carboxylic acid 

under acidic condition through an SN1 mechanism,53 and the generated tert-butyl cation is then 

transformed to one molecule of isobutylene and a proton. Both protic acids52 such as TFA and HCl, 

and Lewis acids such as ZnBr2
54 and CeCl3·7H2O-NaI55 can promote the deprotection. The 

cleavage of the tert-butyl group can also be achieved by thermolysis at ca. 220 ˚C.56  

In our previous work, the alternating copolymers containing tert-butyl carboxylates were 
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deprotected by reacting with TFA in DCM to form the alternating polyanions.39 In this study, in 

addition to the protic acid-promoted hydrolysis by TFA, we also examined the deprotection of the 

tert-butyl carboxylates under Lewis acid-promoted hydrolysis and thermolysis.  

The 60 mol% DVB crosslinked polymer precursor STB-60DVB, which has a BET surface 

area of 44 m2/g, was used for the deprotection. The protic acid-promoted hydrolysis was conducted 

by mixing STB-60DVB beads with excess TFA in dichloromethane (DCM). FT-IR was used to 

confirm the deprotection of tert-butyl groups (Figure 4-S3), and the O-H stretch of COOH was 

observed at 3300 cm-1 for the deprotected polymer STB-60DVB-d (TFA). The BET surface area 

of STB-60DVB-d (TFA) increased over 12-fold to 559 m2/g. STB-60DVB beads were also treated 

with the suspension of ZnBr2 in DCM. A 11-fold increase of BET surface area to 513 m2/g. Since 

both TFA and ZnBr2 deprotection were carried out in DCM, STB-60DVB was swollen in DCM 

without any acid catalysts as a control experiment. After drying in vacuum oven, the BET surface 

area of STB-60DVB slightly decreased (Control (DCM) in Figure 4-3), which confirms that the 

increase of the porosity was not from the swelling of the polymer precursor in DCM. The slightly 

decreased BET surface area may be caused from the chain relaxing for more efficient packing or 

chain collapse during drying.  

The thermolysis of STB-60DVB was carried out at 220 ˚C under vacuum for 30 minutes. 

The BET surface area of the deprotected polymer STB-60DVB-d (thermal) only showed a 2-fold 

increase to 85 m2/g. The thermolysis temperature is higher than the previously reported Tgs of 

poly(styrene-alt-N-phenylmaleimide)57 and the divinylbenzene lightly crosslinked poly(4-

methylstilbene-3-methyl maleimide-4-vinylbenzyl chloride)44. It is highly likely that during 

thermolysis, with the cleavage of the tert-butyl groups, some of the newly generated nanopores 

collapsed due to the chain motion.58 
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The TGA curves were shown in Figure 4-2, the weight loss at 220 ˚C corresponds to the loss 

of tert-butyl groups. All three deprotection methods exhibited less than 16% of residual tert-butyl 

groups, conforming effective deprotections. The residual tert-butyl groups were possibly buried 

inside the particle and not physically accessible by the acid catalysts,30 and in thermal deprotection 

it sometimes requires higher temperature (ca. 290 ̊ C) to completely remove all tert-butyl groups.59 

The pore sizes distributions of all samples were in the range of 1.1-1.3 nm (Figure 4-S4). Figure 

4-3 summarizes the BET surface areas of STB-60DVB and STB-60DVB-d samples. TFA 

deprotection gives the highest BET surface area, therefore it is used in our following studies. 

 

	

Figure 4-2. The TGA curves of STB-60DVB (blue square) and its corresponding deprotected 
samples using TFA (red circle), zinc bromide (green triangle), and thermal deprotection (orange 
diamond). 
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Figure 4-3. BET surface areas of STB-60DVB (before dashed line) and deprotected STB-60DVB-
d samples (after dashed line) using different methods. 

 

4.5.3 Porosity and BET surface area  

Nitrogen adsorption/desorption isotherms of the polymer precursors and the deprotected 

polymers are shown in Figure 4-4. The precursors and deprotected polymers exhibited Type I 

isotherms with high gas uptake at low pressures according to the International Union of Pure and 

Applied Chemistry (IUPAC) classification, which indicates that these polymers possess 

micropores (pore width < 2 nm).60 The pore size distributions are in the range of 1.1-1.3 nm, which 

further confirm the microporosity of these materials. Figure 4-5 shows the BET surface areas of 

the polymer precursors and deprotected polymers. The detailed BET surface areas, pore volumes 

and pore sizes of the polymer precursors and deprotected polymers are listed in Table 4-S2. 
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Figure 4-4. Nitrogen adsorption (closed symbol)/desorption (open symbol) isotherms of a) 
DSTBC-60DVB and DSTBC-60DVB-d, b) DSTBC-80DVB and DSTBC-80DVB-d, c) Sty-
60DVB-d, d) Sty-80DVB and Sty-80DVB-d at 77 K. 

 	
Figure 4- 5. BET surface areas of a) STB-DVB and STB-DVB-d series and b) Sty-DVB and Sty-
DVB-d series versus DVB contents, the protected samples are shown in blue square and TFA 
deprotected samples are shown in red circles 
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The stilbene-containing polymer precursors STB-40DVB, STB-60DVB and STB-80DVB 

were synthesized using an increasing amount of DVB. As expected, at low DVB content (40% in 

feed), no porosity was observed for polymer precursor STB-40DVB and the deprotected polymer 

STB-40DVB-d. This is probably because the crosslinking density is too low to maintain the porous 

structures. Similar total loss of porosity was also observed in our previous work,44 when more than 

60 mol% of substituted stilbene and maleimide comonomers were incorporated into the 

hypercrosslinked polymers. When the DVB content increased to 60%, the crosslinked precursor 

STB-60DVB exhibited small surface areas of 44 m2/g. As previously discussed, after TFA 

deprotection, the BET surface area was a notable 559 m2/g. Due to the high crosslinking density, 

STB-80DVB exhibited a BET surface area of 583 m2/g; and after deprotection, the BET surface 

area of the polymer STB-80DVB-d increased to 817 m2/g.  

The similar trend in the BET surface areas was also observed in the styrene-containing 

crosslinked polymers, but with systematically lower values. Previously, we found that the more 

rigid DTBSC-TBMI is better for preventing pore collapse and therefore exhibited higher surface 

area.38 In addition, DTBSC possesses twice the concentration of tert-butyl group than TBVB, thus 

during deprotection, there was more pore volume generated in the stilbene-containing polymers. 

Therefore a systematically lower surface area of the styrene-containing polymers compared to 

stilbene-containing polymers was observed.  

These results suggested that to achieve high surface areas in these crosslinked polymers, it 

is important to have a rigid polymer network. Previously, Fréchet, Svec and coworkers also found 

that the rigidity of the polymer backbone is crucial for maintaining high surface area since 

decreasing the flexibility in a hypercrosslinked polymer could hinder the collapse of pore 

structures.61 In our polymers, the rigidity comes from both the Tg enhancing comonomers and high 



	 	 	 	

	 157	

crosslinking density. Therefore the surface area increased as the increase of DVB contents, and the 

stilbene-containing polymers exhibited higher surface area than the styrene-containing polymers. 

 

4.5.4 CO2 adsorption 

Recently, the CO2 capture properties of a number of nanoporous organic polymers were 

investigated.18-21 Previous calculation and experimental results have shown that the CO2 uptakes 

in nanoporous materials depend not only on the specific surface area or pore volume, but also on 

functional groups, pore sizes, and other variability at the molecular level.18, 62-66  

We investigated the CO2 sorbent characteristics of our polymers by measuring the CO2 

uptakes up to 0.95 bar at 273 K (Figure 4-6a) and 298 K (Figure 4-6b). The CO2 uptakes of 

polymers at 0.95 bar are compared to their BET surface areas in Table 4-2. STB-60DVB-d showed 

the highest CO2 uptake at both 273 K and 298 K, absorbing 1.29 mmol/g and 1.05 mmol/g at 0.95 

bar, respectively. These CO2 uptakes values are comparable to some organic polymer networks 

with similar surface areas, such as the CMP series reported by the Cooper group.18 Although the 

BET surface area of STB-80DVB is higher than STB-60DVB-d, it absorbed less CO2 at 0.95 bar 

at both temperatures. The similar effect was observed for the styrene-containing polymers Sty-

60DVB-d and Sty-80DVB. The computational studies of a series of MIL-53 based MOF showed 

that polar groups would benefit the CO2 sorption while bulky nonpolar groups would hinder the 

CO2 sorption.62 This prediction was further validated in the CMP networks, in which COOH 

showed enhancement in the adsorption to CO2 compared to other functional groups.18 Therefore 

STB-60DVB-d and Sty-60DVB-d with polar carboxylate acid groups exhibited higher CO2 

uptakes than STB-80DVB and Sty-80DVB with bulky nonpolar tert-butyl groups.  
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Figure 4-6. CO2 adsorption isotherms at a) 273 K, and b) 298 K up to 0.95 bar 

Table 4-2. CO2 uptakes of the polymers 

Sample 
BET  

surface area 
(m2/g) 

CO2 uptake at 273 K, 0.95 
bar 

(mmol/g) 

CO2 uptake at 298 K, 0.95 
bar 

(mmol/g) 
STB-60DVB-d 559 1.29  1.03  
STB-80DVB 583 1.09  0.67  
STB-80DVB-d 817 1.29  0.83  
Sty-60DVB-d 315 1.00  0.54  
Sty-80DVB 299 0.76  0.46  
Sty-80DVB-d 581 1.16  0.76  

4.6 Conclusions 

A series carboxylate acid-functionalized nanoporous polymers were synthesized via a two-

step procedure. The tert-butyl carboxylate-containing crosslinked polymer precursors synthesized 

by suspension polymerization were then deprotected to generate the nanoporous polymers. Protic 

acid-, Lewis acid- and thermal deprotections were conducted on the polymer precursors, and the 

protic acid-promoted deprotection by TFA was chosen as the most efficient method to generate 

nanopores. The BET surface area of deprotected polymers increased as the increase of DVB 

content, and the stilbene-containing polymers showed systematically higher BET surface area than 

the styrene-containing polymers due to the actual DVB content and the stiffness of the alternating 

sequences. This work provides a novel deprotection strategy to functionalized, easily synthesized, 
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nanoporous polymers with tunable porosity, and merits additional studies. The resulting 

nanoporous polymers hold potential as solid CO2 sorbents. We continue to investigate other 

functional group-containing nanoporous polymers, e.g. amine and phosphine, as well as the effect 

of environmental factors such as humidity on the gas sorption properties of these polymers. 
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4.9 Supporting information for chapter 4 

4.9.1 Materials 

Potassium tert-butoxide (tBuOK, Sigma-Aldrich, ≥98%), tert-butanol (HOtBu, Sigma-

Aldrich, anhydrous, ≥99.5%), N-bromosuccinimide (NBS, Aldrich, 99%), p-toluic acid (Aldrich, 

98%), formaldehyde (Aldrich, 37 wt. % in H2O), triphenylphosphine (Alfa Aesar, 99%), thionyl 

chloride (Alfa Aesar, ≥99.0%), acetic anhydride (Sigma-Aldrich, ≥98.0%), sodium acetate 

(Sigma-Aldrich, ≥99.0%), 4-aminobenzoic acid (Sigma-Aldrich, ≥99.0%), divinylbenzene 

(Sigma-Aldrich, technical grade, isomer of p- and m-, 80%), trifluoroacetic acid (TFA, Oakwood 

Chemical, 99%), poly(vinyl alcohol) (Aldrich, 87-89% hydrolyzed), sodium chloride (Fisher, 

certified ACS crystalline) were used as received without purification. Maleic anhydride (Aldrich, 

≥99.0%) was recrystallized from toluene, 2, 2’-azobisisobutyronitrile (AIBN, Aldrich, 98%) was 

recrystallized from methanol. (E)-Dimethyl-4,4'- stilbenedicarboxylate (DMSC) was received as 

a donation from Eastman Chemical Company. Tetrahydrofuran (Fisher, HPLC grade), hexanes 

(Fisher, HPLC grade), methylene chloride (CH2Cl2, Fisher, HPLC grade), diethyl ether (Fisher, 

HPLC grade), toluene (Fisher, HPLC grade), benzene (Sigma Aldrich, anhydrous, ≥99.8%), and 

acetone (Fisher, HPLC grade) were used without further purification. Water was deionized before 

use. 

4.9.2 Monomer synthesis1 

(E)-di-tert-butyl 4,4’-stilbenedicarboxylate (DTBSC). (E)-di-tert-butyl 4,4’-

stilbenedicarboxylate was synthesized via transesterification of (E)-dimethyl-4,4’-

stilbenedicarboxylate and potassium tert-butoxide (Scheme 4-S1). A suspension of (E)-dimethyl-

4,4’-stilbenedicarboxylate (5.92 g, 20 mmol) in toluene (100 mL) was refluxed at 110 ˚C for 15 

min, then the solid potassium tert-butoxide (6.73 g, 60 mmol) was added portionwise for 30 min. 
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The reaction mixture was slowly cooled down to room temperature and stirred overnight. The 

reaction mixture was then poured into saturated NH4Cl aqueous solution (50 mL), and the aqueous 

layer was extracted with toluene. The organic layer was combined and dried over Na2SO4. The 

crude product was obtained by rotary evaporation of toluene and further purified by column 

chromatography (hexanes/ethyl acetate 98:2 v/v). The white crystalline solid was obtained with a 

yield of 82%. 1H NMR (CDCl3, 400MHz) δ ppm: 7.99 (d, J=8.6 Hz, 4H), 7.56 (d, J=8.6 Hz, 4H), 

7.21 (s, 2H), 1.61 (s, 18H). 13C NMR (CDCl3, 400MHz) δ ppm: 165.6, 140.9, 131.4, 130.0, 129.9, 

126.5, 81.2, 28.3. Melting point: 168.6-169.1 ˚C (Lit.:170 ˚C)37. 

	

Scheme 4-S1. Synthesis of (E)-di-tert-butyl 4,4’-stilbenedicarboxylate 

tert-Butyl 4-maleimidobenzoate (TBMI). tert-Butyl 4-maleimidobenzoate was 

synthesized by a multistep procedure (Scheme 4-S2). The mixture of 4-aminobenzoic acid (10.0 

g, 73 mmol) and thionyl chloride (43.4 g, 365 mmol) was stirred at 80 ˚C for 4 h. Excess thionyl 

chloride was passed through a NaOH solution and removed by vacuum. The resulting 4-

sulfinylaminobenzoyl chloride A was further purified by azotropic distill with dichloromethane 

twice (yield: 99%). To the solution of A (4.4 g, 22 mmol) in 30 mL dichloromethane, the solution 

of HOtBu (6.58 g, 66 mmol) in 10 mL dichloromethane was added dropwise at 0 ˚C. The resulting 

mixture was stirred for 12 h before the dichloromethane was removed by vacuum. The yellow 

solid was suspended in ethyl acetate and filter. Then the solid was suspended in sat. NaHCO3 

solution (60 mL) and the resulting mixture was extracted by dichloromethane. The crude product 

O O

OO

O OMe

OMeO

KOtBu, toluene
r.t. 12 h

82%
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B is achieved after removing solvents in vacuum (yield: 57%). To the solution of B (2.43 g, 12.6 

mmol) in 20 mL THF, maleic anhydride was added at room temperature. The resulting mixture 

was stirred at room temperature for 12 h. Then the precipitate of maleic acid C was filtered and 

washed with diethyl ether before drying in vacuum for 12 h (yield: 79%). In the solution of C (1.65 

g, 5.7 mmol) in acetic anhydride (5.2 g, 51 mmol), sodium acetate (0.23 g, 2.84 mmol) was added. 

The resulting mixture was stirred at 80 ˚C for 24 h. The solution was neutralized by sat. NaHCO3 

solution and extract by dichloromethane. The crude product D was further purified by column 

chromatography (hexane: ethyl acetate 5:1 v/v) as a light yellow solid (Yield: 80%). 1H NMR 

(CDCl3, 500 MHz) δ ppm: 8.08 (d, J=8.9 Hz, 2H), 7.45 (d, J=8.9 Hz, 2H), 6.87 (s, 2H), 1.59 (s, 

9H). Elemental Analysis: calculated C, 65.93; H, 5.49; N, 5.13; Found C, 65.88; H, 5.47; N, 5.07. 

Melting point: 115˚C (Lit.: 114.8-115.4 ˚C)37. 

	

Scheme 4-S2. Synthesis of tert-butyl 4-maleimidobenzoate 

tert-butyl 4-vinyl benzoate (TBVB). tert-butyl 4-vinyl benzoate was synthesized by a 

previous reported procedure (Scheme 4-S3)37. To the refluxing suspension of p-toluic acid (20.07g, 

147.6 mmol) in 200 mL benzene, N-bromosuccinimide (27.60 g, 155.0 mmol) and AIBN (0.48 g, 

1 wt%) was added portionwise over 30 min. The reaction mixture was then stirred and refluxed 

for another 1.5 hour before it was cooled to room temperature. The precipitate was filtered and 

washed with toluene. The crude product A was recrystallized from methanol (yield: 89%). The 

mixture of A (8.96 g, 41.67 mmol) and triphenylphosphine (10.92 g, 41.67 mmol) was refluxed in 

320 mL acetone for 2 h. The mixture was then cooled to room temperature and filtered, washed 
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with diethyl ether, and vacuum dried to afford B (yield: 95 %). To the mixture of B (4.77 g, 10 

mmol) and formaldehyde (24 mL, 37% solution in water) in 15 mL DI water, the solution of NaOH 

(3 g, 75 mmol) in 15 mL DI water was added dropwise at room temperature. The mixture was 

stirred at room temperature for 1 h before filtration. The aqueous filtrate was acidified with 1 N 

HCl till pH reached 1. The solid C formed was filtered and washed with water, and vacuum dried 

at 50 ˚C for 24 h (yield: 90%). C (1.0 g, 7.3 mmol) was added protionwise to the flask of well-

stirred SOCl2 (4.34 g, 36.5 mmol) at 0 ˚C. The mixture was then warmed to room temperature and 

stirred for 4 h, and then stirred at 40 ˚C for 1 h. The excess SOCl2 was removed by vacuum. The 

crude product D was further purified by azotropic distillation with 5 mL dichloromethane twice 

(yield: 99 %). To a solution of D (2.02 g, 10 mmol) in 15 mL THF, an ice-water bath, HOtBu (7.48 

g, 100 mmol) was added slowly. Then KOtBu (1.68 g, 15 mmol) was added portionwise for 15 min. 

The mixture was stirred at room temperature for 1 h, and at 60 ˚C for 6 h, and 80 ˚C for 1 h. The 

resulting orange mixture was then cooled to room temperature. 1 M HCl solution was added to 

quench the reaction, and sat. NaHCO3 solution was added to neutralize excess HCl. The aqueous 

layer was extracted by diethyl ether, dried by Na2SO4. After removing solvents, the crude product 

E was further purified by column chromatography (pure hexanes) as a colorless liquid (yield: 

82 %). 1H NMR (CDCl3, 400 MHz) δ ppm: 7.92 (d, J=8.4 Hz, 2H), 7.39 (d, J=8.6 Hz, 2H), 6.69 

(dd, J=17.6 Hz, 1H), 5.80 (d, J=17.6, 10.9 Hz, 1H), 5.31 (d, J=10.9 Hz, 1H), 1.56 (s, 9H). 13C 

NMR (CDCl3, 400MHz) δ ppm: 165.6, 141.4, 136.1, 131.2, 129.7, 125.9, 116.1, 80.9, 20.1. 

	

Scheme 4-S3. Synthesis of tert-butyl 4-vinyl benzoate 
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4.9.3 Supplemental figures and tables 

	

Figure 4-S1. SEM image of STB-60DVB (scale bar: 20 um) 

	

Figure 4-S2. TGA curve of STB-60DVB, weight loss of 15.86% at 220 ˚C is very close to the 
theoretical weight loss 16.11%.  
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Figure 4-S3. FT-IR spectra of STB-60DVB and STB-60DVB-d 

Table 4-S1. BET surface area, pore volumes and pore sizes of STB-60DVB and STB-60DVB-d 
samples	

Polymers 
SABET 
(m2/g) 

Vp,
mic 

(cm3/g)a 
Vp,

tot 
(cm3/g)b 

Pore size 
(nm)c 

STB-60DVB 44 0.021 0.030 1.3 
STB-60DVB(DCM) 38 0.020 0.027 1.3 

STB-60DVB-d (TFA) 559 0.234 0.328 1.1 
STB-60DVB-d (ZnBr2) 513 0.217 0.306 1.1 

STB-60DVB-d (thermal) 85 0.038 0.042 1.2 
aMicropore volumes determined from nitrogen adsorption isotherm at P/P0 = 0.14; bTotal pore 
volumes determined from nitrogen adsorption isotherm at P/P0 = 0.98; cPore sizes determined from 
nitrogen adsorption isotherm by 2D-NLDFT.  
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Figure 4-S4. The pore size distributions (PSD) from nitrogen isotherms at 77 K by non-local 
density functional theory method (NLDFT). The curves for a) STB-60DVB, b) STB-60DVB-d 
(TFA), c) STB-60DVB-d (ZnBr2), d) STB-60DVB-d (thermal) are shifted vertically by 2.75, 1.50, 
0.25, 0.00 cm3 nm g-1, respectively. 

Table 4-S2. BET surface area, pore volumes and pore sizes of polymer precursors and deprotected 
polymers 

Sample SABET (m2/g) 
Vp,

micro 
(cm3/g)a 

Vp,
total 

(cm3/g)b 
Pore size 

(nm)c 
STB-DVB40 0 - - - 

STB-DVB40-d  0 - - - 
STB-60DVB 44 0.021 0.030 1.3 

STB-60DVB-d  559 0.234 0.328 1.1 
STB-DVB80 583 0.235 0.411 1.3 

STB-DVB80-d  817 0.326 0.745 1.3 
Sty-DVB40 0 - - - 

Sty-DVB40-d  0 - - - 
Sty-60DVB 0 - - - 

Sty-60DVB-d  315 0.129 0.190 1.2 
Sty-DVB80 299 0.120 0.190 1.3 

Sty-DVB80-d 581 0.235 0.336 1.3 
aMicropore volumes determined from nitrogen adsorption isotherm at P/P0 = 0.14; bTotal pore 
volumes determined from nitrogen adsorption isotherm at P/P0 = 0.98; cPore sizes determined from 
nitrogen adsorption isotherm by NLDFT.  
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Chapter 5. Highly Functionalized Microgels via Miniemulsion Polymerization 

for Aqueous Lead and Copper Ion Removal 

5.1 Authors 

Jing Huang,†,‡ Xi Geng,†,‡ Brian M. Tissue,† and S. Richard Turner*,†,‡ 

†Department of Chemistry, Virginia Tech, Blacksburg, VA 24061, United States 

‡Macromolecules Innovation Institute, Virginia Tech, Blacksburg, VA 24061, United States 

5.2 Abstract 

Microgels are gel particles with diameters in the range of 50 nm to 5 µm. They have been 

investigated for applications such as sensing, drug delivery and adsorption. Compared to 

macrogels, they showed faster responsive rate to external stimuli such as pH and temperature. 

Traditional synthetic methods for microgels such as emulsion polymerization and precipitation 

polymerization usually require liquid or aqueous-soluble monomers; therefore hydrophobic solid 

monomers are rarely used. In this work, using a miniemulsion polymerization technique, we 

successfully achieved microgels with 100-200 nm diameters from tert-butyl carboxylate-

containing hydrophobic solid monomers. The obtained organic microgels were then converted to 

aqueous hydrogels by removing the tert-butyl group using acidic deprotection. The resulting 

hydrogel particles showed good swelling properties as well as high and reversible lead and copper 

ion adsorption ability. 

5.3 Introduction 

Heavy metal contamination in water is a severe environmental and public health problem.1-

4 Heavy metal ions are persistent in the environment, and they tend to accumulate in living 

organisms.5-6 Industrial waste water from mining, metal plating, tanning, and manufacturing of 

fertilizers, batteries, electronics, paper, and pesticides, which are directly or indirectly discharged 
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into the environment, constitutes the major source of heavy metal pollution in water.7 Furthermore, 

lead and copper ions can easily enter drinking water by the corrosion of plumbing materials such 

as water pipes, plumbing fittings, fixtures, solder, and flux.8 Exposure to lead and copper ions even 

at low concentrations can cause various diseases and disorders to humans. Recognizing this 

problem, in 1991, the U.S. Environmental Protection Agency (EPA) first published the Lead and 

Copper Rule (LCR) to control the level of lead and copper in drinking water.9 The rule established 

an action level of 15 ppb (0.015 mg/L) of lead or 1.3 ppm (1.3 mg/L) of copper. Once the level is 

exceeded, actions, including water quality parameter monitoring, corrosion control treatment, 

public education, and lead service line replacement, must be taken. The recent Flint water crisis 

raised the public awareness of the LCR.10 The corroded lead pipeline and the resultant polluted 

toxic water with high levels of lead and copper ions affected over 100,000 households in Flint.11-

12 With these dangers in mind, it is both necessary and urgent to investigate new techniques to 

remove lead and copper from drinking water. 

Adsorption is one of the most studied methods for heavy metal ion removal. Various 

materials, from biomaterials such as chitosan,13-15 lignin,16-17 sawdust,18-21 nutshells,22-23 to 

synthetic materials, such as nanoporous silica,24-26 carbon nanotubes,27-30 and chelating resins,31-33 

have been investigated as sorbent for heavy metal ions. Hydrogels are a class of crosslinked 

hydrophilic polymers. Hydrogels with sulfonic,34-35 phosphoric,36-37 and carboxylate groups38-40 

have been used as sorbent to capture heavy metal ions. These groups serve as chelating sites to 

bind with heavy metal ions. Additionally, these groups can be ionized or deionized based on pH, 

and the hydrophilicity, along with the swelling property of the hydrogels is changed in response to 

pH.40 

Aqueous microgels are a special category of hydrogels; they are hydrogel particles with 
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diameters in the range of 50 nm to 5 µm.41 Compared to their analogue macrogels, microgels 

response faster to external stimuli such as pH and temperature, and their dispersion has lower 

viscosity.41 The most common techniques to synthesize microgels are by traditional emulsion 

polymerization or aqueous precipitation polymerization. However, these techniques all require 

liquid monomers or monomers that can be soluble in water or minimum amount of organic solvent, 

which limits the use of solid and less soluble monomers in microgel synthesis. Larger quantities 

of organic solvent can be used to dissolve monomers in suspension polymerization, but the 

resulting particle size is in the range of 0.1-10 mm, which is too large for microgels.  

Miniemulsion polymerization provides an effective solution. Miniemulsion polymerization 

takes place in submicron monomer droplets, which are stabilized by surfactants at low 

concentration (well below critical micelle concentration). A costabilizer, which is a low molecular 

weight and non-aqueous-soluble compound, is added to prevent Ostwald ripening. Previously, 

miniemulsion polymerization was employed to polymerize a wide variety of monomers, such as 

acrylates,42 methacrylates,43 styrene,44 and vinyl acetate.45 However, to the best of our knowledge, 

all these monomers are either liquid or have good aqueous solubility. In this research, we report 

for the first time, the synthesis of microgels using hydrophobic solid monomers by miniemulsion 

polymerization.  

Sterically crowded, functional group-containing, semi-rigid stilbene and N-phenylmaleimide 

alternating copolymers have been investigated in our group.39, 46-58 The incorporation of these 

semi-rigid alternating copolymer sequences into crosslinked copolymers can introduce specific 

functional groups by using different substituted stilbene and N-phenylmaleimide monomers.48-49, 

56 Recently, we reported the two-step synthesis of a series of carboxylate acid-containing 

nanoporous crosslinked polymers by the deprotection of the tert-butyl carboxylate-functionalized 
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polymer precursors. These polymers showed high surface areas and significant CO2 adsorption 

ability.56 These carboxylic acid functionalized crosslinked polymers inspired us to incorporate the 

same monomers into microgels and investigate the properties of these new materials. Herein, we 

describe the synthesis of highly functionalized microgels using hydrophobic solid monomers – 

tert-butyl carboxylate substituted trans-stilbene and N-phenylmaleimide via miniemulsion 

technique. These tert-butyl carboxylate-containing microgels were also hydrolyzed to their 

carboxylic acid-containing aqueous microgel analogues. The swelling properties and lead and 

copper adsorption abilities of the aqueous microgels were also explored and discussed. 

5.4 Experimental section. 

5.4.1 Materials.  

The monomers (E)-di-tert-butyl-4, 4’-stilbene dicarboxylate (DTBSC), tert-butyl 4-

maleimidobenzoate (TBMI), and tert-butyl 4-vinyl benzoate (TBVB) were synthesized and 

characterized as previously reported. Divinylbenzene (DVB, Sigma-Aldrich, technical grade, 

isomer of p- and m-, 80% purity), trifluoroacetic acid (TFA, Oakwood Chemical, 99%), toluene 

(Fisher, HPLC grade), sodium dodecyl sulfate (SDS, Sigma-Aldrich, 98%), hexadecane (Sigma-

Aldrich, 99%), sodium hydroxide (Fisher, certified ACS grade), sodium chloride (Fisher, certified 

ACS crystal-line), dichloromethane (DCM, Fisher, HPLC grade), lead(II) nitrite (Sigma-Aldrich, 

ACS grade, >99.0%), copper(II) nitrite hemi(pentahydrate) (Sigma-Aldrich, ACS grade, 98%) 

were used as received without further purification. Maleic anhydride (MAH, Sigma-Aldrich, 99%) 

was recrystallized from toluene. 2, 2’-azobisisobutyronitrile (AIBN, Aldrich, 98%) was 

recrystallized from methanol. Deionized water was provided by Virginia Tech. 

5.4.2 Instrumental characterization.  
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The structures of the synthesized monomers were determined by proton nuclear magnetic 

resonance (1H NMR, Varian Inova 400 MHz). The incorporation of the functionalized stilbene and 

maleimide comonomers and the deprotection of tert-butyl groups were confirmed by infrared 

analysis (IR, Varian 670 FT-IR Spectrometer). Elemental analysis was performed by Atlantic 

Microlab (Norcross, GA). The thermogravimetric analysis (TGA) of the copolymers was 

conducted by TA instrument model Q5000, samples were heated from 50 to 600 ºC at a heating 

rate of 10 ºC/min under nitrogen. The miniemulsification was achieved by ultrasonicating using a 

Branson CV 33 sonicator. The particle size was measured using a Brookhaven Instruments BI-

200SM machine equipped with a TurboCorr Digital Correlator and a HeNe laser diode (35mW, 

637 nm). Very dilute samples were used for sample preparation and filtered through 1.0 µm or 5.0 

µm (for aggregated samples) PTFE syringe filter. TEM analysis was performed on a Philips 

EM420 at an accelerating voltage of 120 kV. The concentration of heavy metal ions in solution 

was determined using an Agilent 200 flame atomic absorption spectrophotometer. 

5.4.3 Synthesis of non-aqueous microgels using miniemulsion polymerization.  

The precursors were synthesized via miniemulsion polymerization (Scheme 5-1). For 

example, DTBSC (1.82 g, 4.75 mmol), TBMI (1.30 g, 4.75 mmol), and DVB (0.065 g, 0.5 mmol) 

were dissolved in 5 mL toluene in a 100 mL round bottom flask, then 25 mL of deionized water 

was added to the flask, followed by adding SDS (0.25 g, 4 wt% of organic phase), hexadecane 

(0.34 mL, 6 vol% of organic phase) and AIBN (0.011g, 1 wt%). The mixture was stirred for 30 

min under N2, then ultra-sonicated under 70% intensity for 2 min under an ice bath. The white 

miniemulsion was then stirred under N2 at 75 ˚C for 24 h. The resulting mixture was shaken 

vigorously with 2 g of NaCl to break the emulsion, and then dialyzed against DI water for 48 h to 

remove salt, unreacted monomer, surfactant and costabilzer. The off-white fluffy microgels were 
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obtained by freeze drying (yield 59.1%–65.6%). tert-Butyl 4-vinyl benzoate (TBVB) was also 

used in replace of DTBSC to synthesize a microgel as a control. A general nomenclature GSTB-tbu 

and GSty-tbu were employed, in which G is short for gel, STB or Sty stands for the stilbene 

comonomer DTBSC or styrene comonomer TBVB, and tbu represents the tert-butyl protecting 

group. For both copolymers, the crosslinking density was held at 5 mol% of DVB. 

	

Scheme 5-1. Synthesis of tert-butyl group-containing microgels (a) GSTB-tbu (b) GSty-tbu 

5.4.4 Synthesis of aqueous microgels.  

As shown in scheme 5-2, 0.5 g gel precursor was swollen in 3 mL dichloromethane (DCM), 

and 3 mL TFA was added at room temperature. The mixture was stirred for 24 h, then filtered and 

washed with DCM. Next, the gel was stirred in 0.1 M NaOH solution for 24 h before being filtered 

and washed thoroughly with DI water. The resulting white solid was further dried in vacuum at 

room temperature for 24 h.  

	

Scheme 5-2. Conversion of organic microgels to aqueous microgels by deprotection of tert-butyl 
groups. 

 5.4.5 Adsorption/desorption experiments.  

A weighted gel sample (~100 mg) was added to a flask containing 50 mL metal ion solution 

of a certain concentration (500 ppm for Pb2+, and 200 ppm for Cu2+), and the resulting mixture 
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was stirred on a magnetic stir plate for a specific period of time (3 min – 480 min, see Figure 5-4) 

at room temperature. The pH of the solution was adjusted with diluted HCl (0.01 M) to pH 5.5, 

measured using a pH meter. The gel-solution mixture was then filtered and the concentration of 

the residual metal ion remaining in the solution was then analyzed by an Agilent flame atomic 

absorption spectrophotometer. The amount of adsorption was calculated using the following 

equation: 

Quantity	adsorbed	(mg/g) = (AB − AD) ∙
E
F 

in which AB  (ppm, mg/L) and AD  (ppm, mg/L) are the initial and final metal ion 

concentrations of the solution, respectively, V (L) is the volume of the metal ion solution, and m 

(g) is the mass of the hydrogel.  

The regeneration of the hydrogel was achieved using HCl as the desorbing agent. The 

hydrogel resulting from the adsorption experiment was soaked in 50 mL of 0.2 M HCl aqueous 

solution. The resulting mixture was stirred for 2 hours before filtering off. The desorption process 

was then repeated one more time and the hydrogel was washed with DI water and dried at 60 ˚C 

under vacuum for 24 h before using for another cycle of adsorption. The adsorption time in each 

cycle is fixed to 8 hours. 

5.5 Results and discussion. 

5.5.1 Synthesis and characterization 

 The synthesis of the tert-butyl carboxylate-containing organic microgels is depicted in 

Scheme 5-1, in which the hydrophobic solid momoners (E)-di-tert-butyl-4, 4’-stilbene 

dicarboxylate (DTBSC) and tert-butyl 4-maleimidobenzoate (TBMI) were crosslinked with 5 mol% 

of divinylbenzene in miniemulsion copolymerization. Toluene was added to dissolve the solid 

monomers, SDS served as the surfactant, hexadecane was used as the hydrophobe to costabilize 
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the monomer droplets, and AIBN was used as the radical initiator. After emulsification using a 

high power ultrasonicator in an ice-bath, the resulting miniemulsion remained stable for more than 

3 days at room temperature. After stirring the miniemulsion at 75 ̊ C for 24 hours, saturated sodium 

chloride solution was added to break the miniemulsion, and the mixture was dialyzed against DI 

water for 48 hours to remove unreacted monomers, surfactant, organic solvent, and salt. The 

detailed synthesis procedure is described in supporting information. Elemental analysis and 

thermogravimetric analysis (TGA) were used to confirm the composition of the copolymers. The 

weight loss in TGA curves at 220 ˚C corresponds to the thermal cleavage of the tert-butyl group 

(Figure 5-1c). The electron rich monomers DTBSC or TBVB preferably polymerize with the 

electron poor monomer TBMI in an alternating fashion, therefore we calculate the theoretical 

elemental contents based on 1:1 ratio of DTBSC: TBMI or TBVB: TBMI in each polymer. The 

experimental elemental analysis data is in general agreement with the theoretical value (Table 5-

1). The representative TEM micrographs of GSTB-tbu and GSty-tbu deposited from diluted DCM 

suspensions are shown in Figure 5-1a and 5-1b. Spherical particles with diameters in the range of 

80-160 nm were observed. Dynamic light scattering (Figure 5-1d) showed that GSTB-tbu and GSty-

tbu have hydrodynamic diameters of 153nm and 137 nm, respectively.  
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Figure 5-1. a) Typical TEM micrograph of GSTB-tbu; b) Typical TEM micrograph of GSty-tbu; c) 
TGA curves of GSTB-tbu and GSTB-COOH; d) DLS CONTIN plots of GSTB-tbu and GSty-tbu.  

Table 5-1. Elemental analysis of the organic microgels 

Sample 
Theoretical (wt%)  Experimental (wt%) 

C H N  C H N 

GSTB-tbu 72.07 6.65 2.10  74.20 8.74 2.02 

GSty-tbu 71.03 6.57 2.85  70.53 7.35 2.83 

 

The TFA-catalyzed deprotection was carried out in DCM at room temperature for 24 hours, 

and the resultant gel was dried and neutralized using 0.1 M NaOH solution.56 The corresponding 

aqueous microgels were named GSTB-COOH and GSty-COOH, respectively, in which COOH 

stands for the carboxylic acid groups. Fourier Transform Infrared spectroscopy (FT-IR) was used 

to study the deprotection. The FT-IR spectra of GSTB-tbu and GSTB microgels are shown in Figure 

a) b)

c) d)



	 	 	 	

	 183	

5-3. After deprotection, the typical ester C=O stretch peak at 1735 cm-1 was almost completely 

gone; while two new bands at 1700 cm-1 and 1550 cm-1 appeared, corresponding to the C=O stretch 

of the carboxylic acid and the sodium carboxylate salt, respectively. Additionally, the broad peak 

from O-H stretch of COOH was observed at 3300 cm-1 for GSTB-COOH. After deprotection, the 

TGA curve showed less than 10% of residual tert-butyl groups, conforming effective deprotection 

(Figure 5-1c).  

	

Figure 5-2. FT-IR spectra of GSTB-tbu and GSTB-COOH. 

5.5.2 Swelling properties. 

The pH-responsive swelling properties of aqueous microgels GSTB-COOH and GSty-COOH 

were investigated using dynamic light scattering. Figure 5-3 depicts the intensity-weighted 

hydrodynamic diameters of GSTB-COOH and GSty-COOH at different pH values. From the plot, 

both microgels underwent a similar volume change with an increase in pH. In particular, the size 

of the gels first increased until neutral pH, then decreased when pH was continually increased. 

This observation is consistent with other carboxylic acid containing microgels59 and macrogels.60 
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At lower pH, the carboxylates in the polymers are protonated and the swelling ratio is small due 

to the lack of the ionic repulsions. With increasing pH, the carboxylic acid groups started to 

disassociate, and the charge density of the gel particles also increased. At the same time, the 

increasing concentration of the mobile counter ion also caused the increasing internal osmotic 

pressure, which further enhanced the swelling of the gels until the maximum of ionization. The 

pKa of the pendent benzoic acid is around 4.5, therefore the carboxylic acid groups are basically 

fully ionized at pH 7. With continually increasing pH, the high NaOH concentration in the solution 

decreased the difference between the interior mobile ion concentration and the ion concentration 

in the solution. Also, due to the screening effect, the carboxylate groups are more highly shielded, 

which results in a decrease of charge density. Both the decreasing internal osmotic pressure and 

charge density caused the decrease in the swelling ratio of the microgels at high pH. It is also worth 

noticing that flocculation occurs for both GSTB-COOH and GSty-COOH at pH 3, as evidenced by 

the high hydrodynamic diameter of 4.6 µm and 4.2 µm, respectively. The flocculation at low pH 

is caused by the low electrostatic stabilization and the high Hamaker constants of the particles and 

the solvent due to deswelling.59 
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Figure 5-3. Intensity-weighted hydrodynamic diameter of microgels at different pH values 

5.5.3 Microgel on lead and copper adsorption 

The adsorption properties of the GSTB-COOH were evaluated by measuring the Pb2+ and 

Cu2+ uptakes at pH 5.5. Figure 5-4 illustrates the adsorption capacities of GSTB-COOH microgel 

over time. For both ions, the same trend was observed. The adsorption quantity increased rapidly 

over the first 30 minutes, then the increase of adsorption slowed down between 30 minutes and 4 

hours, and the adsorption quantity remained basically stable after 4 hours. The fast adsorption rate 

in the beginning stage is attributed to the rapid interaction of the carboxylate groups with the ions 

on the gel surface, along with the ions also migrating into the gel particles through osmotic 

permeation. The divalent ions can work as crosslinking sites that may lead to deswell, thus 

decreasing the adsorption rate at the later stage. The lead and copper ion adsorption capacities of 

GSTB-COOH microgel are comparatively higher than some of the previously reported materials.7, 

22, 27, 61-62 Such high adsorption capacities are related to the high content of carboxylate groups in 

the gels. 



	 	 	 	

	 186	

	

Figure 5-4. a) Lead and b) copper ions adsorption of GSTB-COOH microgel as a function of time. 

In order to study the regeneration ability of the microgels, five adsorption and desorption 

cycles of Pb2+ (Figure 5-5a) and Cu2+ (Figure 5-5b) ions were conducted on the GSTB-COOH 

microgel. Each adsorption capacity was compared with the capacity of the first adsorption (100%). 

The first time after the desorption using 0.3 M HCl solution, the regenerated microgel showed 

obvious decrease in adsorption capacity towards both ions, and then the capacity remained 

basically constant for the rest four cycles. After five cycles, the adsorption capacity only decreased 

to 13% compared to first Pb2+ adsorption and 19% of first Cu2+ adsorption, indicating good 

regeneration ability. 
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Figure 5-5. The adsorption efficiency of five adsorption and desorption cycles of GSTB-COOH 
microgel towards a) Pb2+ and b) Cu2+ ions. 

5.6 Conclusions 

We have broadened the monomer choices for microgels by using miniemulsion 

polymerization to synthesize microgels from hydrophobic solid monomers. The addition of the 

costabilizer allowed the use of organic solvents for dissolving the solid monomers. Spherical 

microgel particles with diameters between 100-200 nm were achieved. The resulting tert-butyl 

carboxylate-containing organic microgels were converted to aqueous gels by acidic hydrolysis. 

The rich carboxylic acid groups in the aqueous microgels enhanced the adsorption ability of lead 

and copper ions. Our future study will involve efforts to control particle sizes by varying the ratio 

of surfactant, costabilizer, and organic solvent. 
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Chapter 6. Nanoporous Hypercrosslinked Polymer Networks with Covalently-

Bonded Amines for CO2 Capture 

6.1 Authors 

Jing Huang,†,‡ Jie Zhu,†,‡ Xi Geng,†,‡ Samuel Snyder,†,‡ Amanda J. Morris,†,‡ and S. Richard 

Turner*,†,‡ 

†Department of Chemistry, Virginia Tech, Blacksburg, VA 24061, United States 

‡Macromolecules Innovation Institute, Virginia Tech, Blacksburg, VA 24061, United States 

6.2 Abstract 

Amine-containing polymers are considered to be promising CO2 capture materials and 

considerable research effort has been invested in designing and preparing new high surface area 

materials containing various amine structures. In this work, a series of nanoporous 

hypercrosslinked polymers (HCPs) with covalently bonded amines were prepared by post-

modification of hypercrosslinked DVB-MAH precursor with various diamines. The successful 

incorporation of the diamines was confirmed using Fourier transform infrared spectroscopy (FT-

IR), thermogravimetric analysis (TGA) and elemental analysis. The resulting amine-containing 

HCPs possessed both micropores and mesopores, and they exhibited BET surface area of 183-500 

m2/g. The CO2 capture capacity of these polymers varied in relation to the amine content in the 

HCP network. The inexpensive starting material, facile synthesis, good thermal stability, and high 

CO2 adsorption capacity make them potential candidates as solid sorbents for CO2. 

6.3 Introduction 

For the past decades, increasing atmospheric CO2 concentrations due to the combustion of 

fossil fuels and other anthropogenic emissions have caused public concerns.1-3 CO2 capture and 

sequestration (CCS) was proposed to be an effective technology option in controlling atmospheric 
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CO2 levels.4 Liquid amine scrubbing is currently the most mature technology for industrial CO2 

capture, the reversible reaction between amine groups and CO2 ensures effective and selective 

sorption of CO2.5-6 Nonetheless, due to solvent emission and degradation, equipment corrosion, 

and intensive energy-demand during the regeneration, scientists and governments are shifting their 

attention toward new, efficient, and cost-effective materials for CO2 capture.7-8 In particular, 

porous solid sorbents, including organic, inorganic, or organic-inorganic hybrid materials, appear 

to be promising alternatives.9 Various attempts have been made to incorporate amines onto porous 

solid sorbents to achieve selective CO2 sorption. For example, amines were immobilized onto 

mesoporous silica,10-15 metal-organic frameworks (MOFs),16-17 and polymer networks,18 either 

physically via wet impregnation,12 or covalently by grafting10-11, 13, 15, 17 or cocondensation14, 18. 

The disadvantages of liquid amine scrubbing can be easily overcome by using solid amine sorbents, 

and these materials exhibit fast adsorption kinetics, low operating temperatures and high 

selectivity.15 However, challenges, such as low immobilized amine content, low thermal stability, 

and high cost, still remain prior to the actual CCS applications.13, 19-20 

Nanoporous (pore width < 50 nm) hypercrosslinked polymers have generated increasing 

attention owing to their advantages such as synthetic diversity, high surface area, good 

physicochemical stability, and low skeleton density.21-24 Divinylbenzene (DVB) is one of the most 

commonly used crosslinking agents, since it provides rigid and short crosslinks. As an analogue 

of the electron-rich styrenic monomer, DVB could quickly cross-propagate and crosslink with 

electron-deficient maleic anhydride (MAH) or maleimide monomers.25-26 Previously we reported 

a two-step synthesis of carboxylic acid functionalized porous polymers via the deprotection of 

DVB-crosslinked alternating copolymer precursors. The resulting polymer networks showed high 

BET surface area and moderate CO2 capture capacity.27 In this study, we report a facile approach 
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to covalently immobilize amines onto nanoporous DVB-MAH to prepare solid amine sorbents 

with high amine contents. Their CO2 capture abilities are also explored and discussed. 

6.4 Experimental section 

6.4.1 Materials 

Divinylbenzene (DVB, Sigma-Aldrich, technical grade, isomer of p- and m-, 80% purity, 

toluene (Fisher, HPLC grade), poly(vinyl alcohol) (Aldrich, 87-89% hydrolyzed), sodium chloride 

(Fisher, certified ACS crystal-line), dichloromethane (DCM, Fisher, HPLC grade), thionyl 

chloride (Sigma-Aldrich, 97%), p-phenylenediamine (Sigma-Aldrich, 99%), ethylenediamine 

(Sigma-Aldrich, 99%), 1,4-diaminobutane (Sigma-Aldrich, 99%), diethylenetriamine (Sigma-

Aldrich, 99%), and pentaethylenehexamine (Sigma-Aldrich, 99%) were used as received without 

further purification. Maleic anhydride (MAH, Sigma-Aldrich, 99%) was recrystallized from 

toluene. 2, 2’-azobisisobutyronitrile (AIBN, Aldrich, 98%) was recrystallized from methanol. 

Deionized water was provided by Virginia Tech. 

6.4.2 Instrumental characterization.  

The successful incorporation of the amines was confirmed by infrared analysis (FT-IR, 

Agilent Cary 630 FT-IR Spectrometer). Elemental analysis was performed by Atlantic Microlab 

(Norcross, GA). The thermogravimetric analysis (TGA) of the copolymers was conducted by TA 

instrument model Q5000, samples were heated from 50 to 550 ºC at a heating rate of 10 ºC/min 

under nitrogen. SEM micrographs of the copolymers were obtained using a LEO (Zeiss) 1550 field 

emission scanning electron microscope. Nitrogen adsorption/desorption isotherms at 77 K were 

obtained using a Quantachrome Autosorb 1 surface area analyzer, and the samples were degassed 

at 140 °C overnight before measurements. The surface areas were calculated using the Brunauer-

Emmett-Teller (BET) equation. The pore sizes were determined from nitrogen adsorption isotherm 
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by the two-dimensional non-local density functional theory model with heterogeneous surfaces 

(2D-NLDFT-HS) using SAIEUS software. The CO2 uptakes were measured at 273 K and 298 K 

by a Quantachrome Autosorb 1 instrument. 

6.4.3 Synthesis of the DVB-MAH precursor 

The DVB-MAH precursor was synthesized via suspension polymerization (Scheme 6-1). 

DVB (1.95 g, 15.0 mmol), and MAH (1.47 g, 15.0 mmol) were dissolved in 5 mL toluene in a 250 

mL three-neck round bottom flask equipped with a mechanical stirrer, a condenser, and an N2 gas 

inlet. Then 250 mL of de-ionized water was added to the flask, followed by adding poly (vinyl 

alcohol) (0.21g) and NaCl (1.13 g). The mixture was purged with N2 for 15 min while stirring. 

AIBN (44 mg, 1.3 wt%) was added to initiate the polymerization. The suspension mixture was 

stirred under N2 at 80 ˚C for 24 h. The resulting polymer beads were filtered and purified using 

Soxhlet extraction with toluene and water for 24 h to further remove the unreacted monomer, 

poly(vinyl alcohol) and NaCl. The resulting off-white beads were dried in vacuum oven at 50 ˚C 

for 24 h (72.0%-78.5%).  

	

Scheme 6-1. Synthesis of the DVB-MAH precursor by suspension polymerization 

6.4.4 Preparation of amine-grafted DVB-MAH networks 

The DVB-MAH precursor was hydrolyzed by stirring with 0.5 N NaOH aqueous solution at 

60 ˚C for 24 h. After filtration and thorough washing using DI water, the resulting polymer beads 

were immersed into 0.5 N HCl solution and stirred for 2 h at room temperature. The beads were 

then filtered and dried in a vacuum oven for 24 h at 80 ˚C. Then the polymers were stirred with 
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thionyl chloride at 80 ˚C for 2 h, and the excess thionyl chloride was removed by vacuum with an 

acid trap (0.5 N NaOH solution). The resulting acid-chloride functionalized polymer networks 

were immediately dispersed in excess diamine (2.0 mole eq. to theoretical acid chloride units) 

solutions in anhydrous CH2Cl2. The resulting mixtures were stirred at room temperature for 24 h 

and then filtered and washed thoroughly by DCM and 0.5 N NaOH solution. After drying in 

vacuum for 24 h, light brown or yellow powders were obtained. The general nomenclature for 

these copolymers, HCP-X, is employed, in which HCP stands for hypercrosslinked polymer, and 

the letter X represents the functional group on the surface (eg. COOH) and different diamines A-

E (Scheme 6-2). 

 

Scheme 6-2. Preparation of amine-grafted HCP networks by post-modification of DVB-MAH. 

6.5 Results and discussion 

6.5.1 Synthesis and characterization. 

DVB-MAH copolymers of different microstructures were synthesized using various 

polymerization techniques such as suspension polymerization,28-29 precipitation polymerization30, 

O

O

Hypercorsslinked
Polymer (HCP)

O

1) NaOH, H2O, 60 ˚C, 24 h

O

O

OH
OH

80 ˚C, 2 h
SOCl2

O

O

Cl
Cl

O

O

NH

NH

R

R

NH2

NH
O

H2N
H
N NH2

H2N
H
N N

H

H
N N

H
NH2

NH2H2N H2N
NH2H2N

NH2NH2-R-NH2 :
A B C

D E

2) HCl, H2O, r.t., 2 h
HCP

HCP HCP
2) NaOH, H2O

1) NH2-R-NH2
DCM, r.t., 24 h



	 	 	 	

	 200	

and dispersion polymerization31. Nanoporous DVB-MAH copolymers were previously reported 

using suspension polymerization, in which poly(vinylpyrrolidone) was the suspension stabilizer, 

and a mixture of 1,4-dioxane and n-dodecane was used as a pore-forming diluent.29 These 

copolymers showed BET surface area from 4 to 535 m2/g, and the average pore diameter was 

around 4.5 nm. In this work, using poly(vinyl achohol) as the stabilizer and toluene as the organic 

solvent and porogen, we were able to obtain DVB-MAH beads with a higher BET surface area 

(667 m2/g). The SEM micrograph of DVB-MAH under low magnification is shown in Figure 6-

1a. Spherical structures with diameters in the range of 10-300 µm were observed, which are typical 

for the products of suspension polymerization. Rough surfaces were observed under higher 

magnification, although the narrow nanopores (pore width < 5 nm) are too small to be observed 

under such magnification (Figure 6-1b). 

 

Figure 6-1. SEM micrographs of DVB-MAH particles at a) low magnification (scale bar 100 µm), 
and b) higher magnification (scale bar 200 nm) 

The modification of DVB-MAH consisted of two major steps. First, the anhydride groups 

were converted to acid chlorides by basic hydrolysis, acidification, and then then chlorination with 

thionyl chloride. This was followed by the amidation of the acid chloride functionalized 

crosslinked polymers with excess of diamine. 

The HCPs were first investigated using Fourier transform infrared (FT-IR) spectroscopy. 
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Figure 6-2a illustrates the full FT-IR spectra of DVB-MAH, the hydrolyzed HCP-COOH, and the 

amine grafted HCP-A to HCP-E. For better observation, Figure 6-2b depicts the spectra of DVB-

MAH and HCP-COOH in the wavenumber range of 3500-1600 cm-1. A broad peak at 3367 cm-1 

was observed for HCP-COOH, which is attributed to the O-H stretch of the carboxylic acid. This 

broad peak was also observed in the spectrum of DVB-MAH, which indicates the anhydride units 

are partially ring-opened to the acid form during the suspension polymerization. The characteristic 

anhydride twin peaks at 1859 and 1781 cm-1 were observed for DVB-MAH, which corresponds to 

the C=O stretch of the anhydride carbonyl groups. The C=O stretch peak of the carboxylic acid at 

1716 cm-1 was observed for both HCP-COOH and DVB-MAH, which further suggests the partial 

hydrolysis of the anhydride units in DVB-MAH. Figure 6-2c is the spectra of HCP-A to HCP-E in 

the range of 1700-1000 cm-1. The characteristic peaks at 1664 cm-1 (secondary amide C=O stretch), 

1605 cm-1 (N-H bend) and 1085 cm-1 (C-N stretch) can be seen. Moreover, all five modified 

polymers showed broad amide and amine peaks at around 3400 cm-1 (Figure 6-2a). 
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Figure 6-2. a) Full FT-IR spectra of DVB-MAH, HCP-COOH, and HCP-A to HCP-E; b) FT-IR 
spectra of DVB-MAH and HCP-COOH in the range of 3500-1600 cm-1; c) FT-IR spectra of HCP-
A to HCP-E in the range of 1700-1000 cm-1. 

The incorporation of diamines was further confirmed by elemental analysis (Table 6-1). 

HCPs contain 4.39-9.71 wt% of nitrogen, which are lower than the values assuming each 

anhydride unit is attaching to one diamine unit. It is likely that some acid chloride groups did not 

react with diamines, or some diamine monomers react with two acid chlorides on both primary 

amine ends.  

The thermal stability of a porous material is important in practical applications; therefore, 

we examined the thermal stability of the polymers using thermogravimetric analysis (TGA) 

(Figure 6-3). The DVB-MAH precursor has a 5% degradation temperature of 308 ˚C, while all the 

a) b)

c)
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modified HCPs showed two-stage degradation curves. For the modified HCPs, the first weight loss 

starting at ca. 180 ˚C is attributed to the decomposition of the grafted diamines,32 and the second 

stage degradation around 300 ̊ C corresponds to the degradation of the hypercrosslinked backbone.  

	

Figure 6- 3. TGA curves of DVB-MAH and modified HCPs. 

6.5.2 Porosity and BET surface area. 

Nitrogen adsorption/desorption isotherms of the polymers in this study are shown in Figure 

6-4. All the polymers in this work exhibited Type I isotherms.33 The high gas uptakes at low 

pressure indicate that these polymers possess both micropores (pore width < 2 nm), and the 

hysteresis loops suggest the presense of mesopores (2 nm < pore width < 50 nm).33-34 The pore 

size distributions were assessed by the non-local density functional theory method (NLDFT) on 

nitrogen adsorption isotherms by using the SAIEUS program.35 The calculated pore size 

distribution also reveals the presence of both micropores and mesopores (Figure 6-5). Surface 

areas were calculated using the Brunauer-Emmett-Teller (BET) equation.36 The detailed BET 

surface areas and pore volumes of the polymers are listed in Table 6-1. 
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Figure 6-4. Nitrogen adsorption (closed symbol)/desorption (open symbol) isotherms at 77 K for 
the polymers in this study 

 

	

Figure 6-5. The pore size distributions (PSD) from nitrogen isotherms at 77 K by the non-local 
density functional theory method (NLDFT). 
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Table 6-1. Porous properties and elemental analysis of polymers 

Sample 

BET 
surface  

area 
(m2/g) 

Micro pore 
volume  
(cm3/g)a 

Total pore volume  
(cm3/g)b 

Elemental analysis (wt%) 

C H N 

DVB-MAH 667 0.28 0.64   - 
HCP-COOH 607 0.24 0.7 - - - 

HCP-A 412 0.16 0.59 75.83 6.79 4.39 
HCP-B 500 0.19 0.61 69.78 6.71 9.71 
HCP-C 346 0.13 0.57 73.71 6.34 5.93 
HCP-D 343 0.13 0.55 69.42 6.82 9.38 
HCP-E 183 0.06 0.29 70.39 6.74 8.45 

aMicropore volumes determined from nitrogen adsorption isotherm at P/P0 = 0.14; bTotal pore 
volumes determined from nitrogen adsorption isotherm at P/P0 = 0.98 
 

As previously mentioned, the DVB-MAH precursor from suspension polymerization 

exhibited a BET surface area of 667 m2/g. After hydrolysis, the resulting HCP-COOH showed a 

slight decrease in surface area to 607 m2/g. After grafting the diamines onto the precursor, obvious 

decrease in BET surface areas was shown in all samples. Interestingly, it was observed the larger 

size of the diamine molecule resulted in relatively lower surface area, and the micropore volume 

decreased faster than the total pore volume. The most obvious example is HCP-E, which has the 

pentaethylenehexamine graft. The BET surface area of HCP-E decreased by 73% to 183 m2/g 

compared to DVB-MAH, and it only showed 0.06 cm3/g of micropore volume, which suggests 

that the grafting of bulky diamines results in blocking of micropores. However, the BET surface 

area of HCP-A only decreased to 412 m2/g although p-phenylenediamine is also a large diamine. 

This is probably because less p-phenylenediamine was incorporated, as evidenced by the elemental 

analysis. HCP-B is grafted with the smallest ethylenediamine, therefore it has the highest BET 

surface area among the five modified polymers. 1,4-diaminobutane and diethylenetriamine are 

similar in their size, which means that HCP-C and HCP-D have close BET surface area, micro- 

and total pore volume. 
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6.5.3 CO2 adsorption. 

The CO2 adsorption properties of the polymers were investigated at 273 K and 298K up to 

1 bar (Figure 6-6). The CO2 uptakes of polymers at 1 bar are compared to their BET surface areas 

in Table 6-2. The precursor DVB-MAH showed CO2 uptakes of 0.99 mmol/g at 273 K and 0.87 

mmol/g at 298 K, which is close to other polymer networks with similar BET surface area. HCP-

D showed the highest CO2 uptake at both 273 K and 298 K, even with a relatively low BET surface 

area. This suggests that the extra secondary amine groups provided a favored site for the reaction 

of CO2 to reversibly form carbamates.37-38 With similar BET surface area, HCP-C showed 25% 

lower CO2 uptake than HCP-D at 273 K. This is likely due to the lack of secondary amine in 1,4-

diaminobutane, and the flexible 1,4-diaminobutane may facilitate the formation of amides with 

both terminal amine groups, which can further decrease the available sites for specific CO2 

adsorption. The CO2 uptake of HCP-B was slightly lower than HCP-D, which is a result of both 

the high surface area and higher amine content. The CO2 uptake of HCP-E was close to the 

unmodified DVB-MAH even with such a low BET surface area, thanks to the abundant secondary 

amine groups in the grafted pentaethylenehexamine. However, the low BET surface area and pore 

volume limited the CO2 adsorption ability of HCP-E.  

It is also worth noticing that the CO2 adsorption/desorption isotherms of modified HCP-A to 

HCP-E all showed hysteresis. This is because the strong interaction between CO2 and the amine 

groups makes the desorption process more difficult. The similar hysteresis on CO2 isotherms was 

also observed for some other amine-containing materials. 
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Figure 6-6. CO2 adsorption isotherms at a) 273 K, and b) 298 K up to 1 bar 

Table 6-2. CO2 uptakes of the polymers 

Sample 
BET surface area 

(m2/g) 

CO2 uptake at 1 bar (mmol/g) 

273 K 298 K 

DVB-MAH 667 0.99 0.87 
HCP-A 412 1.21 0.96 
HCP-B 500 1.46 1.26 
HCP-C 346 1.15 0.95 
HCP-D 343 1.53 1.30 
HCP-E 183 0.96 0.87 

 

6.6 Conclusion 

A series of amine-containing nanoporous polymers were prepared by post-modification of 

the DVB-MAH precursor with various diamines. High amine-contents were achieved by 

covalently reacting a series of multiamines with the acid-chloride functionalized polymer surface. 

With good thermal stability and good CO2 adsorption capacity, these amine-functionalized 

polymers hold potential as solid CO2 sorbents. This work also provides an efficient strategy for 

grafting amine to anhydride- or carboxylic acid-functionalized polymer surface. Together with our 

previous work on synthesizing carboxylic acid-containing nanoporous polymers,27 our future work 

DVB-MAH
HCP-A
HCP-B
HCP-C

HCP-E
HCP-D

DVB-MAH
HCP-A
HCP-B
HCP-C

HCP-E
HCP-D

273 K 298 K

a) b)
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will involve developing other amine-rich porous polymer networks for CCS applications. 
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Chapter 7. Overall Summary, Conclusions, and Future Work 
 

This dissertation described the incorporation of functionalized semi-rigid stilbene and maleic 

anhydride/maleimide alternating copolymer sequences into different polymer systems. The 

resulting polymeric materials exhibited interesting chemical and physical properties. The 

dissertation consists of seven chapters, including two literature reviews, four research manuscripts, 

and the current chapter on the summary, conclusion and future work. 

 

Chapter 1 

An overview on the state-of-art progress of alternating copolymers was provided in this 

chapter, which was published as a feature article in Polymer. Emphasis was placed on alternating 

copolymers that were formed by benzylidene monomers such as styrene or stilbene with maleic 

anhydride or N-substituted maleimides. Detailed synthetic and modification pathways, structure-

property relationship measurements, and various current and potential applications of these 

copolymers were also discussed in this chapter. 

 

Chapter 2  

This chapter, which was published in Polymer Reviews, described the history and recent 

advances on hypercrosslinked polymers. Synthetic approaches, theoretical studies, 

characterization, structure-property relationships, and applications of these materials were the 

focus of this chapter. Our work on the incorporation of alternating copolymer sequences into 

hypercrosslinked polymers1-2 was also included in this review. 
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Chapter 3 

The non-conjugated, tert-butyl carboxylate functionalized stilbene-containing alternating 

copolymers described in Chapter 3 exhibited fluorescence of extraordinarily high intensity and 

excellent linearity versus concentration. The enhanced fluorescence property likely results from 

the “through-space” conjugation of the phenyl groups and the carbonyl groups. The semi-rigidity 

backbone of these polymers forced the functional groups to locate at a favorable juxtaposition for 

the conjugation to take place. The fluorescence is maintained when the tert-butyl groups are 

removed and the resulting polymer is dissolved in water.  

 

For future work, the effects of molecular weight and different substitution groups on the 

fluorescence properties of these polymers are opportunities to probe this effect in more details. 

The molecular weight of stilbene-containing alternating copolymers can be controlled using RAFT 

polymerization.3 It would be interesting to find the lowest molecular weight that can still generate 

the fluorescence. Other than tert-butyl carboxylate, we have successfully synthesized alternating 

polymers with other functional groups, such as methyl4 and diakylamino5 groups, on the phenyl 

rings. It is important to investigate how the size, the electron effect, and the substitution position 

of the functional groups can affect the fluorescence properties of the alternating copolymers. 

 

Chapter 4 

In this chapter published on Chemistry of Materials, we reported that a series of carboxylic 

acid-functionalized nanoporous polymers were achieved using a two-step synthetic strategy. The 

first step involves the suspension polymerization of tert-butyl carboxylate-functionalized stilbene 

or styrene and tert-butyl carboxylate-functionalized N-phenylmaleimide in the presence of 
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divinylbenzene as the crosslinker. In the second step, the polymer precursors were deprotected to 

cleave the tert-butyl groups. The spaces that were occupied by the bulky tert-butyl groups became 

pores. The BET surface area of deprotected polymers increased as the increase of DVB content, 

and the stilbene-containing polymers showed systematically higher BET surface area because the 

more rigid polymer backbone may help to maintain the pore structure from collapsing. The 

resulting nanoporous polymers were also investigated as potential CO2 sorbents, and the 

carboxylic acid groups showed enhancement in the CO2 adsorption.  

 

Possible future work involves incorporating other functional groups into nanoporous 

polymers. For example, it is proposed that amine functionalized nanoporous polymer materials 

can be prepared using a similar two-step strategy to that which was described above by using boc-

protected amine-containing stilbene and maleimide monomers. The amine-functionalized 

nanoporous polymers are expected to show improvement in both capacity and selectivity for CO2 

adsorption. 

 

Chapter 5 

This chapter described the synthesis of microgels from hydrophobic solid monomers using 

miniemulsion polymerization. The addition of the costabilizer allowed the use of organic solvents 

for dissolving the solid monomers. The resulting tert-butyl carboxylate-containing organic 

microgels were then converted to aqueous hydrogels by removing the tert-butyl group using acidic 

deprotection. These hydrogel particles showed good lead and copper ion adsorption ability. 

 

Using the same miniemulsion strategy, we should be able to synthesize other microgels using 
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various vinyl monomers with different functional groups. One kind of interesting monomer is vinyl 

functionalized macromonomers. Microgels with grafted on microstructures may be synthesized 

using miniemulsion polymerization. 

 

Chapter 6. 

In this chapter, a series of nanoporous polymers with covalently bonded amines were 

prepared by post-modification of hypercorsslinked DVB-MAH precursor with various diamines. 

The modified polymers showed high CO2 capture capacity because of the high amine content. 

 

We proposed another novel synthetic method to covalently incorporate amines into porous 

crosslinked polymers. Benzyl chloride can be used as a cationic initiator for the synthesis of 

poly(2-oxazoline).6 A short chain poly(2-ethyl-2-oxazoline) with a phenyl chain end can be 

achieved. The phenyl chain end can then be crosslinked using the “knitting” strategy by reacting 

with formaldehyde dimethyl acetal (the “knitting” strategy is described in 2.4.4). Then the grafted 

poly(2-ethyl-2-oxazoline) can be converted to polyethylenimine by acidic or basic hydrolysis.7 

The resulting network would likely possess high crosslinking density and high secondary amine 

contents. It is also expected to have good thermal stability and CO2 adsorption property. 
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