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ABSTRACT 

 

 Novel imidazole-containing polyelectrolytes based on poly(1-vinylimidazole) 

(poly(1VIM)) were functionalized with various hydroxyalkyl-substituents to investigate the 

influence of charge density and hydrogen bonding on nonviral DNA delivery.  Copolymers with 

higher charge densities exhibited increased cytotoxicity, whereas increased hydroxyl 

concentrations remained nontoxic.  DNA binding affinity increased with increased charge 

densities and increased hydroxyl content.  Dynamic light scattering determined the copolymers 

which delivered DNA most effectively maintained an intermediate binding affinity between 

copolymer and DNA.  Copolymers containing higher charge densities or hydroxyl concentrations 

bound DNA too tightly, preventing its release inside the cell.  Copolymers with lower charge 

densities failed to protect the DNA from enzymatic degradation.  Tuning hydrogen bonding 

concentration allowed for a less toxic and more effective alternative to conventional, highly 

charged polymers for the development of nonviral DNA delivery vehicles.  The synthesis of 

amine-containing imidazolium copolymers functionalized with low concentrations of folic acid 

enabled the investigation of additional polymer modifications on nonviral gene delivery.   

Functionalization of 1VIM with various hydroxyalkyl and alkyl groups and subsequent 

conventional free radical polymerization afforded a series of imidazolium-containing 

polyelectrolytes.  Hydroxyl-containing homopolymers exhibited higher thermal stabilities and 

lower Tg’s compared to the respective alkyl-analog.  X-ray scattering demonstrated the polarity 

of the hydroxyl group facilitated solvation of the electrostatic interactions disrupting the
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nanophase-separated morphology observed in the alkylated systems.  Impedance spectroscopy 

determined hydroxyl-containing imidazolium homopolymers displayed higher ionic 

conductivities compared to the alkyl-containing analogs which was attributed to increased 

solvation of electrostatic interactions in the hydroxyl analogs.  

Beyond functionalizing 1VIM monomers and homopolymers to tailor various properties, 

the synthesis of novel architectures in a controlled fashion remains difficult due to the radically 

unstable N-vinyl propagating radical.  The regioisomer 4-vinylimidazole (4VIM) contains two 

resonance structures affording increased radical stability of the propagating radical.  Nitroxide-

mediated polymerization (NMP) and atom transfer radical polymerization (ATRP) failed to 

control 4VIM homopolymerizations; however, reversible addition-fragmentation chain transfer 

(RAFT) demonstrated unprecedented control.  Linear pseudo-first order kinetics were observed 

and successful chain extension with additional 4VIM suggested preservation of the 

trithiocarbonate functionality. 

Effectively controlling the polymerization of 4VIM enabled the design of amphoteric 

block copolymers for emerging applications.  The design of ABA triblock copolymers with 

4VIM as a high Tg supporting outer block and di(ethylene glycol) methyl ether methacrylate 

(DEGMEMA) as a low Tg, inner block, required the development of a new difunctional RAFT 

chain transfer agent (CTA).  The difunctional CTA successfully mediated the synthesis of the 

ABA triblock copolymer, poly(4VIM-b-DEGMEMA-b-4VIM), which exhibited microphase 

separated morphologies.  The amphoteric nature of the imidazole ring required substantially 

lower concentrations of outer block incorporation compared to traditional triblock copolymers to 

achieve similar mechanical properties and microphase separated morphologies. 
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Chapter 1:  Introduction 

1.1  Dissertation Overview

The central theme of this dissertation encompasses incorporating the imidazole ring into 

various macromolecules for nonviral gene delivery, electroactive membranes, and thermoplastic 

elastomers.  The second chapter details ring-opening polymerization of various substituted 

alkylene oxides for emerging applications and concludes with recent work on designing novel 

imidazole-containing epoxide monomers.  The development of imidazole epoxides inspired the 

polymerization of vinyl-containing imidazole monomers for numerous applications.  The third 

chapter reviews macromolecules containing 1-, 2-, and 4-vinylimidazole and highlights recent 

developments including water purification, synthetic enzymes, nonviral gene delivery, and 

controlled radical polymerization. 

 The fourth chapter focuses on the influence of charge density and hydrogen bonding of 

imidazolium copolymers on nonviral DNA delivery.  Imidazolium copolymers were synthesized 

with a variety of charge densities and hydroxyl concentrations to tailor polymer-DNA binding 

affinity through electrostatic interactions and hydrogen bonding.  We determined an intermediate 

binding affinity (25% charge density, 1 hydroxyl group) produced the most efficient DNA 

delivery vehicles as the polymer released its genetic cargo inside the cell and protected the 

nucleic acid from enzymatic degradation.  The fifth chapter describes the incorporation of folic 

acid onto imidazolium copolymers for the potential treatment of chronic diseases such as cancer 

and tumors which commonly over-express folate receptors.  Folic acid conjugation onto primary 

amine-containing imidazolium copolymers dramatically increased nucleic acid gene delivery 

efficiency in immortalized cervical cancer cells.  Copolymers lacking folic acid failed to 

transfect cells.  Fluorescence microscopy determined folic acid functionalized copolymers 

transfected similarly to positive controls Superfect™ and poly(ethyleneimine). 
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 Chapter six describes the synthesis and characterization of hydroxyalkyl-containing 

imidazolium homopolymers for electroactive devices.  Anion selection and alkyl chain length 

controlled the thermal transitions and thermal stabilities of the homopolymers.  Impedance 

spectroscopy determined that the incorporation of hydrogen bonding substituents increased ionic 

conductivities dramatically compared to alkyl-containing imidazolium homopolymers.  X-ray 

scattering demonstrated that the (hydroxy)alkyl chain length influenced backbone-to-backbone 

spacing, and more importantly, showed hydroxyl incorporation diminished the nanophase-

separated morphology present in the alkyl analogs.    

 The seventh chapter introduces a regioisomer of the commercially available 1-

vinylimidazole.  4-Vinylimidazole studied in the late 1970s and early 1980s, lacks commercial 

production, preventing its widespread use.  However, 4-vinylimidazole contains two resonance 

contributors for its propagating radical.  Reversible addition-fragmentation chain transfer 

demonstrated effective control of the homopolymerization of 4-vinylimidazole.  High molecular 

weight polymers were obtained with narrow polydispersities and linear pseudo-first order 

kinetics.  The eighth chapter describes the synthesis of ABA triblock copolymers which 

incorporated 4-vinylimidazole in the outer blocks. A new difunctional chain transfer agent 

enabled the synthesis of the triblock copolymers.  These novel, amphoteric block copolymers 

generated phase separated morphologies with sufficient mechanical properties.  The ninth 

chapter summarizes the accomplishments of the dissertation and the tenth chapter describes the 

future directions of this research with a strong focus on synthetic design for emerging 

applications. 
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Chapter 2:  Ring-Opening Polymerization of Substituted Alkylene Oxides for 

Emerging Applications 

2.1  Abstract 

The ring-opening polymerization of substituted alkylene oxide monomers with various 

functionalities offers potential for application in numerous emerging fields.  The most 

widespread substituted alkylene oxide monomers remain propylene oxide and styrene oxide; 

however, the variety of novel substituted alkylene oxide monomers has increased dramatically.  

Anionic, cationic, coordination, and photo-initiators enable the synthesis of well-defined 

macromolecules with precise molecular weight control. Substituted alkylene oxide monomers 

which generate unique macromolecules include glycidyl ether monomers and their derivatives, 

carbazolyl-containing epoxides, phosphorus-containing epoxides, fluorine-containing epoxides, 

and silicon-containing epoxides.    Ring-opening polymerization of glycidyl ether monomers and 

their derivatives and silicon-containing epoxides affords polymers for biological and 

electroactive device applications.  Carbazolyl-containing epoxides are also commonly 

polymerized for electroactive membrane applications while phosphorus-containing polymers 

exhibit high thermal stabilities and flame retardant behavior. The use of fluorine-containing 

epoxides has become popular for numerous hydrophobic and low surface energy applications. 
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2.2  Introduction 

Alkylene oxide monomers undergo anionic and cationic-initiated ring-opening 

polymerization (ROP) due to the ring strain in the three-membered ring.  Figure 2.1 depicts 

commonly polymerized alkylene oxide monomers.  

 
Figure 2.1.  Common alkylene oxide monomers: ethylene oxide (EO), propylene oxide (PO), 

styrene oxide (SO). 

 

The 60° bond angles induce ring strain in these monomers as compared to the preferred bond 

angles of 110° for the two carbon atoms and 105° for the oxygen atom.
1
  This significant bond 

angle difference creates a large amount of ring strain, and torsional strain introduces additional 

ring strain.  Torsional strain originates from the eclipsed methylene hydrogen atoms which result 

from the planar conformation of the epoxide ring. Thermodynamically, polymerization of a 

three-membered ring is highly favored due to the release of this ring strain resulting in a ΔHlc 

(liquid monomer to crystalline polymer) of -113.0 kJ mol
-1

 and ΔGlc of -92.5 kJ mol
-1

.
2
 Table 2.1 

compares the thermodynamically favorable ROP of a three membered ring versus larger rings.  

Substituents attached to the cycloalkanes decrease the thermodynamic feasibility for ROP due to 

substituent interactions in the linear polymer. 

Table 2.1. Thermodynamics of the polymerization of various cycloalkanes at 25 °C.
2
 

n ΔHlc (kJ mol
-1

) ΔSlc (J mol
-1

 K
-1

) ΔGlc (kJ mol
-1

) 

3 -113.0 -69.1 -92.5 

4 -105.1 -55.3 -90.0 

5 -21.2 -42.7 -9.2 

6 2.9 -10.5 5.9 

7 -21.8 -15.9 -16.3 

8 -34.8 -3.3 -34.3 
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Metal alkoxides, hydroxides, and amides typically initiate anionic ring-opening 

polymerization.
3
  Most anionic ROP proceed as living polymerizations enabling block 

copolymer synthesis.  Cationic polymerization of epoxides occurs via a tertiary oxonium ion 

formed through use of a Lewis acid.  These are typically regioselective polymerizations, 

although in various polymerizations head-to-head and tail-to-tail structures can disrupt 

regioregularity.
4
  Initiators for cationic polymerization of alkylene oxides include trifluoroacetic 

acid, fluorosulfonic acid, and triflic acid.
5
  The counteranion (A

-
) exhibits sufficient 

nucleophilicity to initiate anionic polymerization; therefore, the presence of a strong acid 

prevents the potential anionic polymerization.  The presence of water inhibits ROP. Cationic 

photopolymerizations of alkylene oxides are also successful with use of diaryliodonium and 

triarylsulfonium salts.
6
  

Since the 1950s, coordination initiators provide an additional method to ring-open 

alkylene oxides.  This includes the Pruitt-Baggett initiator, a ferric chloride – propylene oxide 

adduct.
7
  Other initiators include Zn(OCH3)2 and ([Zn(OCH3)2]2 

.
 [C2H5ZnOCH3]6) adducts.

8,9
  

Metalloporphyrin derivatives containing zinc and aluminum to control the polymerization of 

ethylene oxide and ethylene oxide block copolymers resulting in narrow polydispersities.
10

 In 

Figure 2.2, two different types of aluminum containing metalloporphyrin derivatives are shown.  

The polymerization rates accelerate through the use of a sterically-hindered Lewis acid, which 

weakens the C-O bond making the epoxide more susceptible to nucleophilic attack.  Using a 

hindered acid prevents the acid from reacting with the propagating center of the porphyrin 

structure.
11

  The metalloporphyrin coordinated polymerizations received the term “immortal 

polymerizations” because the polymerizations remain difficult to terminate due to exchange of 

once dead polymer chains with the coordination catalyst, therefore, re-initiating polymerization.  
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Figure 2.2. Structures of aluminum-containing metalloporphyrin coordination catalysts.

11 

 

Organotin phosphate condensate catalysts (Bu2SnO-Bu3PO4) also perform ROP of oxirane 

monomers.
12,13

   

Polymerization of PO and other substituted epoxides polymerize at a slower rate than 

ethylene oxide due to steric hindrance which arises from the additional substituent.  Initially, 

industry began base-catalyzed polymerizations of PO utilizing a metal hydroxide initiator.
14

  

Abstraction of a proton from the methyl group attached to the epoxide ring resulted in chain 

transfer forming allyl and propenyl ether endgroups, lowering the degree of polymerization.
15,16

  

Crown ethers minimize chain transfer and accelerate anionic ring-opening polymerization of 

PO,
17

 however high costs prevented industrial use.  

This led to the development of double-metal cyanide (DMC) complex catalysts in the 

early 1960’s for the polymerization of PO forming polyether polyols.  Numerous improvements 

achieved narrow polydispersities, increased molecular weight control, and decreased chain 

transfer.
18-21

 However, these DMC catalysts remained problematic, which required an activation 

source and long initiation times.  Additionally, deactivation occurred when heated at 

temperatures greater than 100 °C.   



 

7 

 

 
Figure 2.3. Proposed structure of DMC catalyst using 

t
BuOH as a complexing agent along with 

a co-complexing agent.
22

 

 

Kim et al. controlled the type and amount of complexing agent during catalyst synthesis as 

shown above in Figure 2.3 to address these problems.
22

  These changes influenced catalytic 

activity, initiation time, and unsaturation of the endgroups.  Qi et al. recently synthesized an 

improved DMC catalyst based on Zn3[Co(CN)6]2, which polymerized PO under milder 

conditions.
23

  The effect of zinc halides as the metal salt in the preparation of these catalysts 

provided another avenue to tune DMC catalysts for polyol synthesis.
24

 

Recently, Moller et al. reported on the use of a phosphazene base (t-Bu-P4, Figure 2.4) 

coupled with either n-butyllithium or an alcohol efficiently ring-opened ethylene oxide 

producing well-controlled, narrowly defined poly(ethylene oxide).
25-27

  t-Bu-P4 exhibited an 

extremely high basicity similar to alkyllithium reagents and a low nucleophilicity.  The 

polymerizations remain advantageous due to the metal-free conditions, high solubility towards 

apolar solvents, mild reaction conditions, and stability towards water and oxygen.  The 

phosphazene base effectively catalyzed the alkyllithium initiated polymerization of ethylene 

oxide through coordination of the Li
+
 counterion, suppressing ion pair formation. 
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Figure 2.4. Structure of the phosphazene base utilized to ring-open ethylene oxide. 

 

Controlling the stereochemistry of these polymerizations affects the physical properties 

of the synthesized polymers.  Polymerization of the pure enantiomers of PO generates isotactic 

polymer structures when cleaved at the less sterically hindered carbon of PO.  Ninety percent of 

anionic polymerization reactions show regioselectivity for attack on this carbon.
2
  Selectivity at 

the unhindered carbon is minimal, unless a coordination catalyst is used.  Coates and coworkers 

synthesized high molecular weight >99% isotactic poly(PO) utilizing a cobalt catalyst exclusive 

to PO.
28

  Racemic PO polymerized anionically results in an atactic polymer structure.  Cationic 

ring-opening demonstrated less regioselectivity.  Numerous additional catalysts control the 

stereochemistry of PO and other substituted epoxides.
29

    

Styrene oxide has undergone both cationic
30

 and anionic
31

 ring-opening polymerizations.  

The polymerizations typically generated oligomers despite high temperatures and long 

polymerization times.  More recently, styrene oxide polymerizations occurred with dialkyl zinc 

initiators which produced slightly higher molecular weight polymers.
32-34

  Another route to 

polymerization of styrene oxide was the use of a clay catalyst, protonated-montmorillonite, 

which provided a relatively environmentally benign route for the synthesis of poly(styrene 

oxide).
35

  The use of an anionic organocatalyst, t-Bu-P4, produced high molecular weight 

poly(styrene oxide) (5,200 - 21,800 g/mol) at room temperature with narrow polydispersities for 

the first time.
36
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2.3  Glycidyl Ethers 

Glycidyl ethers are widely commercially available and inexpensive; therefore, the 

polymerization of these monomers occurs often.  Figure 2.5 shows the structure of glycidyl 

ethers.  The structure of glycidyl ethers creates a large amount of ring strain as shown previously 

in Table 2.1, which enables these monomers to undergo successful ROP utilizing anionic or 

cationic initiators.  Furthermore, the non-oxiranic oxygen allows for ionic coordination 

polymerization as an additional route for macromolecular synthesis.
37

  

 
Figure 2.5. Structure of glycidyl ether monomers. 
  

 

Glycidyl ethers remain popular monomers for cationic photoinitiated polymerizations.
38

  

Shown in Figure 2.6, Crivello proposed photoinitiated cationic ROP of cyclic ethers occurred as 

a four step mechanism.  The photoinitiator first undergoes photolysis producing both radical and 

cationic products which will react further to produce a Bronstead acid (HMtXn).  The following 

steps after photolysis are the same as acid-catalyzed cationic ring-opening polymerization of 

cyclic ethers.  The acidic solution protonates the MtXn
-
 anion forming HMtXn at the end of the 

reaction. 
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Figure 2.6. Proposed four step photoinitiated cationic ring-opening polymerization of cyclic 

ethers.
38

 
 

Various alkyl glycidyl ether monomers were synthesized and photopolymerized 

cationically.
38

  During the polymerization, a long induction period resulted due to the formation 

of a stable secondary oxonium ion.  Minimal heat continued the polymerization of the activated 

monomer.  The secondary oxonium ion for both mono- and multi-functional monomers 

underwent a frontal polymerization mechanism because hydrogen bonding from the ether 

oxygens stabilized the oxonium ion.  After applying heat in an extremely localized fashion, a 

reaction front occurred emanating from the specific, heated area.   

Deep UV microlens arrays contain glycidyl ethers because of their unique ability to 

photopolymerize easily.
39

  A triarylsulfonium hexafluorophosphate salt photoinitiator 

cationically photopolymerized a copolymer consisting of 1,4-cyclohexandedimethanol diglycidyl 

ether and trimethylolpropane triglycidyl ether (TMTG).  Successful photopolymerization 

occurred, and the high aliphatic content minimized UV absorption further proving the 

copolymers use for microlens arrays.  Additionally, incorporating TMTG increased the thermal 
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stability of these arrays.  The UV-transparency of these novel polymers produced lenses for 

AlInGaN light-emitting diodes operating at deep UV wavelengths. 

Manufacturers commonly utilize glycidyl phenyl ether (GPE) as a dye or fiber modifier
40

 

as well as a diluent in epoxy resins.
41

 GPE functions well as a model monomer in the study of 

thermo- and photo-latent initiators.
42

  GPEs underwent cationic ring-opening polymerization 

with tropylium salts as newly synthesized thermal- and photo-latent initiators shown in Figure 

2.7.
43

   

 

Figure 2.7. Polymerization of GPE using tropylium salts.
43

 

 

GPE also experienced cationic ring-opening polymerization using xanthenyl 

phosphonium salts as a thermo-latent initiator.
44

  Due to the greater reactivity of phosphonium 

salts, these initiators are preferred compared to other onium salt initiators.  Other onium salt 

cationic ROP initiators of GPE include benzylammonium,
45

 benzylsulfonium,
42

 benzyl 

pyridinium,
46

 and hydrazinium
47

 salts.   

Ortiz et al. recently developed activated monomers for  the cationic photopolymerization 

of substituted epoxides.
48

  These novel monomers contained substituted benzyl ether groups and 

those which contained electron-donating substituents exhibited faster rates of 

photopolymerization.  The stabilization of the benzylic free radical and the benzyl carbocation 

intermediates resulted in the increased photopolymerization rate.  Benzyl alcohol additives which 

contained an electron-donating substituent for the cationic photopolymerizations of epoxide 

monomers accelerated the polymerizations.
49
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Ronda and coworkers polymerized p-Substituted GPE containing electron-donating
50

 and 

electron-withdrawing
51

 substituents utilizing various aluminum-based coordinative initiators: 

(C2H5)3Al/H2O (Vandenberg catalyst), (C2H5)3Al/CH3COCH2COCH3/H2O (Vandenberg chelate 

catalyst), [(CH3)2CHO]2Al-O-Zn-O-Al[OCH(CH3)2]2 (Teyssié catalyst) and 

[(CH3)2CHO]3Al/ZnCl2 (Price catalyst).  Although the substituents differed, the catalysts 

consistently produced polymers with high conversions and high regio- and stereo-selectivity.  

The results demonstrated non-bonding electrons (i.e. carbonyl oxygen) lowered the polymer 

conversion due to catalyst passivation.
52

  These functionalized polyethers enabled the 

construction of polymeric supports similar to polystyrene resins.
35

  Other coordination catalysts 

such as organotin phosphate (Bu2SnO-Bu3PO4) selectively ring-opened di-substituted glycidyl 

ethers resulting in the formation of polyethers containing a side-chain epoxide ring.
53

   

Enzymatic ring-opening polymerization has recently received attention as a new method 

for polymerizing glycidyl ethers.  Epoxide hydrolases derived from various species ring-opening 

epoxides forming a diol.
54,55

 The successful ring-opening created interest for enzyme use as a 

polymerization catalyst. Various lipases catalyzed enzymatic ring-opening polymerizations of 

dicarboxylic anhydrides with GPE and glycidyl methyl ether as shown in Figure 2.8.
56
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Figure 2.8. Proposed mechanism for the enzymatic ring-opening polymerization of GPE with 

succinic anhydride.
56

 

 

Glycidyl ether copolymerization with a dicarboxylic anhydride utilized a stepwise reaction 

which produced weight-average molecular weight polymers (Mw) ranging from 1050-9800 g/mol.  

A nucleophilic initiator with a lipase catalyst successfully polymerized GPE. An epoxide 

hydrolase extracted from Rhodococcus sp. NCIMB 11216 and other lipases first enzymatically 

ring-opened glycidols producing water-soluble poly(glycidol).
57

 Cationic ring-opening 

polymerizations which formed poly(glycidol)s exhibited two competing propagation 

mechanisms: monomer attacking the tertiary oxonium ion and the propagating polymer attacking  

the protonated monomer.
58,59

  This competition resulted in both secondary and primary hydroxyl 

groups.   
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Anionic ring-opening polymerization methods polymerized two novel photoresponsive 

glycidyl-containing polymers, poly(4-glycidyloxyazobenzene) and poly(4-cyano-4’-

glycidyloxyazobenzene) as shown in Figure 2.9.
60

  

 
Figure 2.9. Polymerization of poly(4-glycidyl-oxyazobenzene) and poly(4-cyano-4’-glycidyl-

oxyazobenzene).
60

 

 

The glass transition temperatures (Tg) of the polymers were 58 °C and 88 °C respectively, with 

number-average molecular weights (Mn) of 4000 g/mol and polydispersities (PDIs) greater than 

1.4 for both polymers.  Poly(4-cyano-4’-glycidyloxyazobenzene) exhibited liquid crystalline 

behavior.  Upon irradiation with UV light, both polymers underwent reversible E-Z 

isomerization. Liquid crystalline smectic behavior arose with the polymerization of benzyl 

glycidyl ethers substituted with 4-dodecyloxybenzyloxy groups.
61

 Anionic ring-opening 

polymerization of this monomer produced low molecular weight polymers with low conversion; 

however, the Teyssié catalyst produced high molecular weight polymers with increased 

stereoregularity.  Liquid crystalline behavior from the azobenzene substituents formed polyether 

structures capable of ion transport due to the weak metal coordinating ether oxygens.  
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 Another novel diglycidyl ether monomer containing azomethine linkages also showed 

liquid crystalline behavior.
62

  The monomers, seen in Figure 2.10, displayed nematic mesophases.   

Once cured with sulphanilamide, smectic organization occurred.  Substituting the side chain with 

flexible linkages produced a mesophase change and lowered the melting point and Tg. 

 

Figure 2.10. Novel azomethine-containing liquid crystalline epoxide (R = H, OCH3).
62

 

 

The cationic polymerization of allyl glycidyl ether in carbon tetrachloride and 1,2-

dimethoxyethane used boron trifluoride tetrahydrofuranate as the initiator.
63

  This selective 

polymerization prevented polymerization of the vinyl substituent.  The potential exists to employ 

this reaction for the formation of multi-centered molecules such as various classes of 

biopolymers containing different functional substituents.  Anionic ring-opening polymerization 

of ethoxyethyl glycidyl ether initiated with 3-phenyl-1-propanol, trimethylolpropane, 

di(trimethylolpropane), and dipentaerythrite produced 3-, 4-, and 6-armed star poly(glycidol 

acetal)s.
64

  These polymers were post-functionalized to generate a multi-arm ATRP initiator core 

for grafting of acrylate monomers as shown in Figure 2.11. 
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. 

Figure 2.11. Formation of star shaped polymers using ethoxyethyl glycidyl ether.
64

 
  

Poly(ethoxyethyl glycidyl ether) was also synthesized with phenothiazine endgroups 

using base catalyzed anionic ring-opening polymerization.  This created a thermosensitive 

polymer, which underwent a reversible redox response for electrocatalytic reactions.
65

 The 

incorporation of a cyclic acetal as a pendant group increased the polymer’s biological activity.  

This novel glycidyl ether, 2-(1,3-dioxolan-2-yl)phenoxymethyloxirane, underwent successful 

anionic ring-opening polymerization using a potassium hydride/crown ether catalyst.
66

     

Diglycidyl ethers are widely investigated for biological and electroactive applications.  

Various diglycidyl ethers underwent ring-opening polymerizations with numerous amines 

creating a library of eighty branched cationic polymers which delivered DNA for therapeutic 

applications.
67

  The monomer combination of 1,4-cyclohexanedimethanol diglycidyl ether and 

1,4-bis(3-aminopropyl) piperazine exhibited the highest transfection efficiency.  The polymer 

transfected more effectively and was less cytotoxic than poly(ethyleneimine), a traditional 

positive control for nonviral DNA delivery.  The curing of diglycidyl with various diamines and 
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glycidyltrimethylammonium bis(trifluoromethanesulfonyl)imide (GTMATFSI) formed an ion-

conductive thermoset.
68

  The different polymers displayed high thermal stabilities, low melting 

points and Tg’s, and high ionic conductivities with various networked polymers reaching 

conductivities above 1.0 x 10
-3

 S/m.  Figure 2.12 shows the various polymer compositions and 

the corresponding ionic conductivities associated with each polymer. 

 
Figure 2.12. Various diglycidyl ethers and diamines cured with GTMATFSI with reported ionic 

conductivities.
68

 

 

The polyether backbone promoted high ionic conductivity due to its extreme flexibility.  This 

flexibility enhanced ionic transport, and the ether oxygens assisted in the dissociation of salts, 

which further increased polymer conductivity.
69

 

Another polymer which could potentially assist in the dissociation of salts, is a novel 

ladder polymer which was synthesized using a two-step polymerization.
70

  The novel glycidyl 

ether derivative, 3-ethyl-3-oxiranylmethoxymethyloxetane, formed a fused 15-crown-4 polymer.  

The first step of the polymerization opened the oxiranyl groups of the monomer using an anionic 

initiator and the second step involved cationic polymerization of the residual oxetanyl groups 

creating a ladder polymer.  Due to the crown-ether like structure, the polymer bound cations 

effectively, especially Li
+
, making it a potentially effective polymer for a lithium polymer 
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battery application.   

2.4  Carbazole-Containing Epoxides   

The carbazole moiety is a building block in numerous electroactive polymers because it 

is inexpensive, thermally stable, forms stable radical cations, and displays high charge carrier 

mobility.
71

  Initially, various carbazolyl-substituted epoxide monomers shown in Figure 2.13 

proved difficult to polymerize.  Cationic initiators such as BF3 and SbCl3 produced oligomers 

with extremely low degrees of polymerization.
72

  Anionic polymerization initiated with KOH in 

toluene produced larger oligomers, but the reaction remained heterogeneous.  Crown ethers with 

this system produced a wide range of molecular weights.
73

  Stolarzewicz and coworkers later 

studied the initiation of 2-(9-carbazolyl)ethyl glycidyl ether (CEGE) in K
-
, K

+
 with crown 

ether.
74

 They found the epoxide ring opened at the un-substituted β-position, and potassium 

alkoxides formed during the reaction initiated the polymerization.  Also, the formation of 9-

vinylcarbazole was responsible for the wide range of molecular weights.  Potassium tert-

butoxide and potassium hydride initiators with crown ethers in THF achieved high degrees of 

polymerization.
75

   

 
Figure 2.13. Various carbazolyl-substituted epoxide monomers. 
  

 Ring-opening N-epoxypropylcarbazole with a base successfully produced a high 

molecular weight (Mw = 440,000 g/mol) polymer.  Radical chain inhibitors prevented radical 

polymerization from occurring.  The main applications of this polymer include microfilm, 
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multicolor slides, and photothermoplastic printing because of its high hole drift mobility. 
6,76,77

  

Another carbazole containing epoxide of interest is 1,3-di(9-carbazolyl)-2-propanol glycidyl 

ether (DCPGE).
78

  This monomer underwent photoinitiated cationic polymerization as a potential 

application for electrophotographic photoreceptors and electroluminescent devices.
6
  Oligomers 

with a number-average molecular weight (Mn) ranging from 1300-1600 g/mol were produced.  

2.5  Phosphorus-Containing Epoxides  

Poly(alkylene phosphate)s were synthesized in the late 1980s; however, these polymers 

were not derived from the ring-opening of an alkylene oxide ring.
79

 Anionic ring-opening of a 

cyclic phosphate, followed with oxidation of the poly(alkylene phosphite) produced 

poly(alkylene phosphate)s as shown in Figure 2.14.   

 

 
Figure 2.14. Two-step synthesis of poly(alkylene phosphate).

79
 

 

 

Phosphorus-containing epoxides in which the phosphorus atom is attached directly to the α or β 

position on the epoxide ring remain unachievable due to the substitution reactions 

simultaneously opening the epoxide ring.  As a result, indirect attachment of the phosphorous 

atom to the epoxide ring prevents epoxide ring opening as shown in Figure 2.15.  These epoxides 

exhibit high thermal stabilities and typically reside in epoxy resin thermosets. 
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Figure 2.15. Structures of phosphorus-containing epoxide monomers. 

 

Epoxy resin thermosets are industrially appealing because of low shrinkage, electrical 

insulation, excellent adhesive properties, and resistance to numerous chemicals.
80

  Phosphorus-

containing epoxy resins display high thermal stabilities and flame retardant characteristics.
81,82

   

Derouet et al. synthesized a phosphorus-containing epoxy resin through the reaction of 4,4’-

diglycidylether of bisphenol A (DGEBA) with dialkyl phosphates which underwent curing with 

a sulfone-containing diamine.
83

  Diphenylphosphate grafts improved the flame retardant nature 

of this resin.  Bis-glycidyloxy phenylphosphate (DGPP) when cured with diamines showed high 

char yields and fire retardant behavior as seen in Figure 2.16.
84

  They observed a two-step weight 

loss which indicated the phosphorus segments decomposed then formed a residue which 

prevented further decomposition resulting in a high char yield.  High char yields remain 

important for flame retardant behavior because the minimized combustion prevents release of 

volatile and potentially harmful gases.  
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Figure 2.16. TGA thermogram of DGPP cured with various diamines.

85
 

  

When blended with DGEBA, the mechanical properties of the polymer improved significantly.  

Also, DGPP cured with various aromatic diamines formed organophosphorus nematic liquid 

crystalline thermosets.
85

   

A novel glycidyl compound, isobutylbis(glycidylpropylether) phosphine oxide (IBPO), 

was synthesized and polymerized to provide an environmentally friendly flame retardant 

material.
86

  Previously, numerous phosphorus-containing diglycidyl ether compounds were 

synthesized containing the hydrolytically unstable P-O-C bond.  This novel polymer contained 

P-C bonds which exhibited greater chemical stability.  The anionic catalyst, 4-

dimethylaminopyridine, successfully polymerized this monomer while cationic ring-opening 

failed to generate polymer.  Cadiz et al. also synthesized another novel monomer, 9,10-dihydro-

9-oxa-10-phosphaphenantrene-10-oxide (DOPO), where the glycidylic group attached directly to 
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the phosphorus atom.
87

  This novel monomer polymerized cationically, but anionic 

polymerization and amine curing both failed.   

Shi et al. synthesized a novel multi-functional monomer, tri(3,4-epoxycyclohexylmethyl) 

phosphate (TECP), which underwent cationic photopolymerization.
88

  This monomer was of 

interest because most UV curable epoxy resins are flammable, but the incorporation of the 

phosphate group into this monomer imparted fire-retardant behavior.  The flame retardancy of a 

cycloaliphatic epoxy resin showed an improvement from 21 to 27 on the limiting oxygen index 

scale, a measure of flame retardance, upon 50% incorporation of the TECP monomer. Tensile 

properties of the resin also improved.  

2.6  Fluorine-Containing Epoxides 

Fluorinated epoxide monomers have gained interest due to their low surface energy, 

excellent chemical and thermal stability, low refractive index, and low friction coefficient.
89-93

  

Gard et al. synthesized fluorinated aliphatic epoxides containing sulfonyl fluoride end groups 

which underwent a photocatalyzed copolymerization with a cycloaliphatic diepoxide as shown in 

Figure 2.17.
94-96

  The sulfonyl fluoride groups coated the outer surface of the cross-linked film at 

the film-air interface.  The polymerization advantageously created a thin film coating while using 

small quantities of expensive fluorinated monomer.  These polymers have potential applications 

as ion-exchange resins or surfactants.   

 
Figure 2.17. Two fluorinated epoxide monomers cured with a cycloaliphatic diepoxide.

94
 

 

 



 

23 

 

Priola et al. also photopolymerized novel difunctional fluorinated epoxide monomers.
97

 These 

monomers were synthesized through allylation of a fluorinated diol followed with epoxidation as 

seen in Figure 2.18.   

  

Figure 2.18. Synthetic of difunctional fluorinated epoxide monomers (n = 4, 8).
97

 
 

 

The UV cured polymers and the fluorine-containing epoxides cured faster than 

hexanediol glycidyl ether as a result of the decreased nucleophilicity of the glycidyl oxygen due 

to the electronegativity of the fluorine atoms.  The homopolymers formed glassy networks and 

the fluorinated monomer : HDGE comonomer (1:1 ratio) formed a homogeneous copolymer 

network which underwent post-curing polymerization.  The surfaces of the fluorinated 

homopolymer films showed hydrophobic character as did the copolymer films due to the 

location of the fluorinated segments at the film-air interface as shown in Table 2.2.  Gard and co-

workers reported a similar photopolymerization surface coating phenomenon.
94

   

Table 2.2. Contact angle measurements of various UV cured fluorine-containing epoxides. 

UV cured sample Θ (deg) 

HDGE 70 

F8 95 

F16 110 

HDGE:F8 1:1 98 

HDGE:F16 1:1 112 

 

Ring-opening polymerization of 1,2-epoxy-4,4,4-trifluoro-2-methylbutane was 

successfully reported using a bis(diisobutylaluminum oxide) catalyst.
98

  Deprotonation of the 

methyl group limited the molecular weight of the polymer (Mn = 2,100 g/mol) due to the catalyst 
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binding to the least hindered face of the epoxide ring which placed the methyl group properly for 

regioselective deprotonation.  Poly(3,3,3-trifluoropropylene oxide) was first polymerized using 

both cationic and anionic initiators with the use of successful endgroup determination.
99

  

 
Figure 2.19. Polymerization of 3,3,3-trifluoropropylene oxide.

99,100
 

 

Aluminum chloride or boron trifluoride successfully polymerized the fluorinated epoxide 

monomer cationically with hydroxyl endgroups as shown in Figure 2.19. However, BF3 initiated 

polymers contained unsaturation as did polymers synthesized anionically utilizing potassium 

hydroxide, as a result of fluoride ion and proton abstraction respectively.  Initiation with 

monosodium salt of hexafluoropentanediol afforded a monofunctional polymer containing only 

hydroxyl endgroups; ideal for incorporation into polyurethanes. The molecular weights obtained 

using these polymerizations ranged between 1000-4300 g/mol. 

Fluorinated epoxides were also successfully polymerized with controlled regiochemistry.  

A zinc complex or KOH initiator generated poly(3,3,3-trifluoropropylene oxide) and its 

copolymers to control the polymerization regioselectivity.
100

  Nozaki et al. developed an 

improved initiator/catalyst system using C6F6 as the solvent and MePPh3Br as the initiator.
101

  

This initiator produced more regioregular fluorine-rich epoxides due to better solubility of the 

epoxide as compared to zinc complex or KOH systems.  They concluded the monosubstituted 

enantiopure epoxide monomers afforded optically active isotactic polyethers, and the 

corresponding racemic monomers produced atactic polyethers utilizing anionic 

polymerization.
102
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2.7  Silicon-Containing Epoxides 

High reactivity and rapid cationic photopolymerization characterize silicon-containing 

epoxides.  Applications including paper treatments and coatings for wood and plastics commonly 

utilize these monomers.
103

  Addition of functional silanes to epoxides containing double bonds 

was the first reported synthesis of silicon-containing epoxides.
104,105

  Crivello synthesized novel 

silicon-containing epoxide monomers with similar reactions.
6
 Various derivatives included 

different amounts and placements of the epoxide rings.  The epoxide rings attached to 

cycloaliphatic rings underwent cationic photoinitiated polymerization at a faster rate than 

conventional epoxides.  Ortiz et al. synthesized novel highly reactive monomers for cationic 

photopolymerization through the modification of the silicon-epoxide monomer with substituted 

benzyl ether groups.
103

  Monomers, shown in Figure 2.20, modified with methoxy groups 

exhibited faster rates of polymerization.   

 

Figure 2.20. Modified silicon-epoxide monomer for cationic photopolymerization. 

 

This was a result of stabilization of the carbocation formed during polymerization.  The 

improved rate of polymerization proved suitable for potential photocurable applications which 

required a high speed, automated process. 

Another application of silicon-containing epoxides is to improve holographic 

performance, specifically increasing the information packing density of optical storage data.  The 

photopolymerization of original monomers resulted in volume shrinkage.  It was found that ring-

opening polymerization prevented volume shrinkage.  Siloxane components targeted for this 
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application exhibit optical clarity and high thermal stability above 300 °C.  The incorporation of 

the siloxane-containing bicyclic epoxide monomer improved diffraction efficiency and 

morphology of the holographic gratings.
106

  Figure 2.21 shows SEM images of the original 

polymer and the newly synthesized polymer cured with the siloxane-containing bicyclic epoxide 

monomer.  An increase in optical clarity and grating space is evident in the SEM images. 

 

Figure 2.21. SEM images of original holographic polymer (a) and synthesized silicon-containing 

epoxide polymer (b).
106

 

 

2.8  Conclusions 

The ring-opening polymerization of substituted alkylene oxide monomers with various 

functionalities offers a variety of avenues to tailor polymer properties for emerging applications.  
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Propylene oxide and styrene oxide ROPs remain widely important for industrial applications; 

however, recent development of novel substituted alkylene oxide monomers has enabled the 

design of macromolecules for an assortment of biological and materials science applications. 

Numerous initiators and catalysts including anionic, cationic, coordination, and photoinitiators 

afford the synthesis of well-defined macromolecules with precise molecular weight control. 

Substituted alkylene oxide monomers which undergo ROP include glycidyl ether monomers, 

carbazolyl-containing epoxides, phosphorus-containing epoxides, fluorine-containing epoxides, 

and silicon-containing epoxides.    ROP of glycidyl ether monomers and silicon-containing 

epoxides generate macromolecules for biological applications including nonviral gene delivery 

and optical device storage applications.  Carbazolyl-containing epoxides are also commonly 

polymerized for electroactive membrane applications due their high thermal stability and 

inexpensive costs.  Phosphorus-containing polymers also exhibit high thermal stabilities and 

flame retardant behavior. The use of fluorine-containing epoxides has become popular for 

numerous hydrophobic coatings due to the low surface energy and low coefficient of friction of 

these systems.  The incorporation of a wide variety of these molecules into homopolymers and 

copolymers affords the design of novel polymer architectures for a wide array of future 

technologies.  
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3.1  Abstract 

 The imidazole ring remains one of the premiere bioactive molecules utilized significantly 

for the design and synthesis of functional macromolecules.  Found in the amino acid histidine, 

the imidazole substituent executes vital activities within the human body including oxygen 

capture, enzymatic catalysis, and metal ion complexation.  The intense focus on the ubiquitous 

imidazole ring has propelled imidazole-containing polymers to the forefront of materials design 

due to their facile functionalization, biological relevance, and amphoteric nature.  Researchers 

widely utilize the monomers, 1-, 2-, and 4-vinylimidazole regioisomers, which highlight 

imidazole as a focal point for synthetic macromolecular design.  Additionally, free radical 

polymerization of these monomers allows for the development of novel polymer architectures.  

The propagating radical instability of 1-vinylimidazole limits the generation of precise polymer 

structures for future materials; whereas, the increased radical stability of 4-vinylimidazole 

generates polymers with well-defined molecular weights and precise architectures utilizing 

controlled radical polymerization strategies.  These vinyl monomers inspired the generation of 

synthetic enzymes, water purification membranes, oxygen-transport materials, electroactive 

devices, nucleic acid therapeutics, and numerous additional applications.  The synthetic 

versatility afforded through the incorporation of these vinylimidazole regioisomers into 

macromolecules remains integral as the drive towards a sustainable future continues.        
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3.2  Introduction 

From delivering therapeutics for the treatment of chronic disease to the fabrication of 

membranes for electromechanical transducers, imidazole-containing macromolecules comprise 

an area of intense research focus.  The planar, five membered imidazole ring, contained in the 

amino acid histidine, serves a variety of bioactive functions due to its amphoteric nature.
1
  The 

acidic N1 and basic N3 nitrogens catalyze ester hydrolysis in the active site of enzymes,
2
 

participate as a coordinating ligand in metalloproteins,
3
 and aid in protein folding.

4
  The 

biologically relevant molecule histamine contains the imidazole ring to mediate inflammatory 

responses.
5
  Additionally, the imidazole ring undergoes facile modification to generate ionic 

liquids.
6
  The asymmetry associated with this organic cation and bulky counterion lowers the 

melting point of the ionic salt below 100 °C.  Imidazolium ionic liquids exhibit high chemical 

and thermal stability, negligible vapor pressure, and high ionic conductivity.  These properties 

have resulted in a wide variety of applications including batteries, fuel cells, and catalysis.    

The sustained focus to derive fundamental polymer design parameters from nature and 

the high impact of ionic liquid research fueled the incorporation of the imidazole ring into 

numerous macromolecules (Figure 3.1).  The amphoteric, heterocycle spans various research 

thrusts in polymer chemistry from components in electroactive devices to building blocks for 

nucleic acid therapeutics.  Taking inspiration from histidine, researchers have designed 

imidazole-containing polymers for metal complexation to investigate new avenues for water 

purification,
7
 and have begun to develop synthetic enzymes for industrial applications.

8,9
  From 

water purification to CO2 capturing membranes
10

 to renewable feedstocks,
11,12

 imidazole-

containing macromolecules remain integral as the effort towards increased sustainability 

continues. 
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Figure 3.1. Incorporating the imidazole ring into a wide variety of applications. 

 

A wide array of synthetic polymers incorporate the imidazole ring including polypeptides, 

polyesters, polyurethanes, ionenes, meth(acrylics), meth(acrylamides), and styrenics.
1,13,14

  A 

unique class of chain growth monomers, vinylimidazoles, incorporates the imidazole ring 

attached directly to the polymer backbone without the influence of additional functional groups.  

Three regioisomers exist (Figure 3.2): N- or 1-vinylimidazole (1VIM), 2-vinylimidazole (2VIM), 

and 4-vinylimidazole (4VIM).  The synthetic versatility afforded through the incorporation of 

these vinylimidazole regioisomers into macromolecules remains integral for the generation of 

novel materials.  1VIM remains the most heavily investigated monomer due to its inexpensive 

cost, commercial availability, and facile functionalization; the additional regioisomers currently 

remain unavailable through commercial resources. The synthesis of 4VIM requires the 

decarboxylation of urocanic acid,
15

 whereas, the synthesis of 2VIM consists of a complex, multi-

step procedure.
16

   

 

Water Purification

Nucleic Acid
TherapeuticsSustainability

Synthetic Enzymes
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Figure 3.2. Structures of vinylimidazole regioisomers. 

 

The limited availability of these two regioisomers has prevented the integration of these 

monomers into an array of macromolecules.    This review aims to focus on the polymerization 

of vinylimidazole monomers in materials science for emerging applications. 

3.3  1-Vinylimidazole 

 1VIM remains the most commonly studied vinylimidazole regioisomer due to its 

widespread commercial availability.  Unlike the amino acid histidine, the vinyl substituent at the 

1-position eliminates intermolecular hydrogen bonding, lowering the monomer melting point 

below -50 °C.
17

  Conventional free radical homopolymerization of 1VIM affords homopolymers 

with a number-average molecular weight (Mn) less than 100,000 g/mol with a glass transition 

temperature (Tg) around 180 °C.  Poly(1VIM) remains thermally stable to 350 °C.  

Copolymers incorporate 1VIM to impart various properties including metal binding 

affinity,
18

 catalytic activity,
19

 biocompatibility,
20

 and polyelectrolyte behavior.
21

  Petrak et al. 

utilized conventional free radical copolymerization and determined reactivity ratios of 1VIM 

with various monomers including styrene, vinyl acetate, and methyl methacrylate (MMA) (Table 

3.1).
22

   

Table 3.1. Copolymerization reactivity ratios of various monomers with 1VIM (M1). 

Comonomer (M2) Reactivity Ratios Reference 

 

r1 = 0.10 + 0.02 

r2 = 10.0 + 0.2 
22 

 

r1 = 1.50 + 0.02 

r2 = 0.2 + 0.02 
22 
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r1 = 0.03 + 0.01 

r2 = 4.10 + 0.02 
22 

 

r1 = 0.95 + 0.01 

r2 = 0.17 + 0.01 
22 

 

r1 = 0.10 

r2 = 3.10 
23 

 

r1 = 0.35 + 0.02 

r2 = 3.47 + 0.2 
24 

 

r1 = 0.28 + 0.04 

r2 = 1.32 + 0.12 
25 

 

r1 = 0.54 + 0.06 

r2 = 1.3 + 0.3 
21 

 

r1 = 0.23 + 0.01 

r2 = 2.6 + 0.2 
21 

 

r1 = 0.30 + 0.02 

r2 = 0.51 + 0.03 
26 

 

r1 = 0.13 Acidic 

r2 = 0.30 Acidic 

r1 = 0.10 Basic 

r2 = 4.1 Basic 

27 

 

r1 = 0.24 + 0.01 

r2 = 0.12 + 0.2 
28 

 

The copolymerization of 1VIM (r1 = 0.10) and styrene (r2 = 10.0) resulted in 

homopolymerization of each monomer.  Conversely, copolymerization with MMA (r1VIM = 0.03 
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and rMMA = 4.1) produced copolymers with substantially more MMA in the copolymer than in 

the feed.  Armes et al. copolymerized 1VIM with 4-aminostyrene to synthesize a steric stabilizer 

for polyaniline colloids; however, a lack of reactivity ratio determination and inadequate 

characterization failed to confirm the synthesis of a styrenic copolymer.
29

  Copolymerizations of 

1VIM with diisopropyl-p-vinylbenzyl phosphonate (DVBP) produced a proton-conducting 

copolymer through hydrolysis of the phosphonate group.
23

  The obtained reactivity ratios (r1VIM 

= 0.10; rDVBP = 3.10) suggested the synthesis of copolymers with significantly higher 

incorporation of DVBP into the copolymer relative to the monomer feed.   

Copolymerization kinetics determined 1VIM and ethyl methacrylate (EMA) 

copolymerized successfully with reactivity ratios of r1 = 0.35 and r2 = 3.47 respectively.
24

  A 

complex formation between the carbonyl group on EMA and the imidazole residue on 1VIM 

produced a reactive EMA propagating radical.  This resulted in substantially higher EMA 

incorporation into the copolymers compared to the monomer feed.  A derivatized methacrylate 

monomer, 1-pyrene methyl methacrylate (PyMMA), copolymerized successfully with 1VIM to 

produce a fluorescent imidazole-containing copolymer (Figure 3.3).
25

   

 
Figure 3.3. Fluorescence emission spectrum of poly(1VIM-co-PyMMA) in a DMF/water co-

solvent. Reproduced with permission from reference [25]. 
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The reactivity ratios (r1VIM = 0.28; rPyMMA = 1.22) suggested a copolymerization with preferential 

addition of the methacrylate monomer, which was in good agreement with various methacrylate 

polymerizations mentioned previously.  The copolymerization of (meth)acrylic acid with 1VIM 

to synthesize hydrophilic polyampholytes resulted in copolymers contaminated with 1VIM due 

to coordination of the imidazole ring to the carboxylic acid groups.  Annenkov et al. prevented 

the acid-base interaction through the conversion of the acids into the sodium salt forms and 

found similar reactivity ratios to 1VIM copolymerizations with methacrylic monomers.
21

  1VIM 

also copolymerized successfully with 4-vinyl-1,2,3-triazole.
26

 

Free radical copolymerizations of 1VIM with acrylate, acrylamide, and methacrylamide 

monomers remain extremely limited.  The copolymerization of 1VIM and N-

isopropylacrylamide (NIPAM) generates stimuli-responsive copolymers for biomedical 

applications; however, no reports on the reactivity ratios of these monomers exist.
30-38

 Schmidt-

Naake et al. copolymerized a methacrylamide monomer, 2-acrylamido-2-methyl-1-

propanesulfonic acid (AMPS) and its sodium salt with 1VIM to synthesize proton conducting 

polymer films.
27,39,40

  The reactivity ratios in acidic solution varied from rAMPS = 0.30 and r1VIM = 

0.13 to rAMPS = 4.1 and r1VIM = 0.10 in basic and neutral conditions.
27

  Under acidic conditions, 

the monomers behaved as an electron donor/acceptor complex which produced copolymers with 

a more alternating comonomer sequence.  NaAMPS reacted faster than AMPS complexed with 

the protonated imidazole monomer.  The smaller sodium cation exhibited a tighter ionic bond 

with the sulfonate anion, thereby reducing electrostatic repulsion between anionic monomers, 

favoring NaAMPS incorporation.  Copolymerization of 1VIM with acrylonitrile produced 

alternating copolymers due to donor-acceptor interactions between the imidazole ring and nitrile 
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groups on the monomers.
28

  These copolymers formed a melt processable carbon fiber due to 

1VIM’s ability to disrupt PAN’s crystallinity for wound healing applications (Figure 3.4).   

 

Figure 3.4. Poly(1VIM-co-AN) fibers coated with poly(caprolactone) to control the release of 

nitric oxide for wound healing.  Reprinted with permission from reference [41]. 

 

Additionally, these copolymers effectively encapsulated metal nanoparticles for drug delivery 

and catalyst support appications.
41-43

  Copolymerizations with maleic anhydride (MAH) failed to 

produce an alternating copolymer as the charge transfer complex between 1VIM and MAH did 

not participate in propagation.
44

  The copolymerization proceeded spontaneously upon addition 

of MAH to 1VIM in dioxane and produced low molecular weight copolymers.   

3.3.1 Metal chelation 

Numerous researchers have investigated the ability of poly(1VIM) to chelate various 

metal ions.  The interest began decades ago, when researchers discovered the binding sites of 

metal-binding proteins consisted of histidine residues.
45-47

  Gurd and Goodman delved deeper 

into the proteins and attributed metal ion complexation to the imidazole ring.
48

  They found four 

imidazole rings participated in the complexation of Zn
2+

 and Cu
2+

 ions.  Gregor and co-workers 

previously investigated the binding of metallic ions with acrylic and methacrylic polymers and 
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applied this expertise to imidazole-containing macromolecules.  They determined poly(1VIM) 

also displayed a preferred coordination number of four when complexing Cu
2+

 ions, similar to 

biological enzymes.
18,49

 Poly(1VIM) coordinated additional ions including Ag
+
 (N = 

coordination number = 2) and Zn
2+

 (N = 4).
18,50

  Pekel et al. studied the complex formation of 

poly(1VIM) hydrogels with trivalent metal ions in aqueous solution.
51

  They found poly(1VIM) 

formed a N = 4 with V (III), Cr (III), and Fe (III).  Annenkov et al. investigated the interaction of 

poly(1VIM) with an additional trivalent metal ion, Al
3+

.
52

  Through the titration of AlCl3 and 

Al(NO3)3, they discovered unlike previous imidazole-metal complexes, the imidazole ring did 

not complex the Al
3+

 ions.  Instead, cooperative hydrogen bonding of the imidazole ring to 

aluminum hydroxide promoted the formation of alumina particles. 

These metal-binding properties of poly(1VIM) more recently generated interest in 

removal of heavy metals for water purification.  Rivas et al. designed poly(1VIM) hydrogels 

crosslinked with N,N’-methylenebisacrylamide to chelate metal ions in aqueous solutions.
7
  The 

hydrogels demonstrated effective binding of Cu
2+

, Co
2+

, Ni
2+

, Zn
2+

, Cd
2+

, and Hg
2+

 ions.  

Subsequent elution of the metal ions with an acidic aqueous solution regenerated the hydrogel 

for further metal chelation.  Crosslinked copolymers of poly(1VIM) with either acrylic acid or 

AMPS effectively bound similar ions.
53

  The inclusion of the sulfonic acid comonomer increased 

metal binding affinity. These same copolymers bound uranyl ions with higher affinity than the 

respective homopolymers to demonstrate the recovery of uranium from contaminated water 

sources.
54

  The resins underwent four cycles of loading and metal elution, but progressively lost 

metal ion affinity with each cycle.  Tarley et al. synthesized poly(1VIM)-silica hybrid 

copolymers for Pb
2+

 ion removal, and the copolymers displayed selectivity for Pb(II) over Cu(II), 

Cd(II), and Zn(II).
55

 Asayama and co-workers complexed Zn
2+

 ions with poly(1VIM) and 
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subsequently bound this complex with DNA for nonviral gene delivery.
56

  The complexes 

displayed stimuli-responsive release of Zn
2+

 at acidic pH and significant transfection efficiency 

in HepG2 cells with minimal cytotoxicity.  Additionally, the incorporation of poly(L-lysine) 

conjugated with lactose formed ternary complexes for nonviral gene delivery and exhibited 

higher transfection efficiency than PEI (Figure 3.5).
57

 

 

 

Figure 3.5. Diagram of poly(1VIM) complexed with Zn
2+

 ions and lactosylated poly(L-lysine) 

for nonviral gene delivery with subsequent transfection efficiencies.  Reprinted with permission 

from reference [57]. 

 

Polymer-supported transition metal complexes continue to generate widespread attention 

amongst researchers.  Ideally, these supports should immobilize the catalyst with high activity 

and selectivity.  The most common polymer supports consist of polystyrene crosslinked with 

divinylbenzene; however, these supports are plagued with numerous problems including catalyst 

leaching, active site heterogeneity, and reactant inaccessibility.  These difficulties have led to the 

investigation of ligands which form multidentate complexes with metal ions to resolve the 

aforementioned problems.   
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As mentioned previously, 1VIM complexes effectively with metal ions probing further 

investigation of this monomer into polymer-supported transition metal complexes.  Terpolymers 

of styrene, divinylbenzene, and 1VIM complexed Rh(I) and catalyzed the hydrosilylation of 

cyclohexanone and acetone with triethylsilane and diphenylsilane.
58,59

  These supports exhibited 

high activity and selectivity during five cycles which suggested high stability over prolonged use.  

Similar columns demonstrated Cu
2+

 ion complexation for the immobilization of proteins 

including α-amylase to hydrolyze polysaccharides such as starch.
60-62

  The crosslinked spherical 

beads with rough surfaces are shown in Figure 3.6. 

 
Figure 3.6. SEM image of poly(1VIM) microbeads crosslinked with divinylbenzene.  Reprinted 

with permission from reference [60]. 

 

Kara et al. also showed these crosslinked materials effectively chelate Cr
4+

.
63

  Alginic 

acid/poly(1VIM) polyelectrolyte complexes immobilized tryosinase within the network, but the 

enzyme activity sharply decreased after use due to diffusional effects and structural instability.
64

 

  Free radical polymerization of a tri-functional 1VIM derivative N,N’,N”-chelate ligand 

tris[2-(1-vinylimidazolyl)]phosphine produced a highly crosslinked polymers with a high density 

of binding sites for Cu(II) chelation to promote phosphoester hydrolysis.
65

  Incorporation of 



 

43 

 

ethylene glycol dimethacrylate (EGDMA) lowered the binding site density allowing for isolated 

binding sites to catalyze phosphoester hydrolysis.  Crosslinked poly(3-butyl-1-vinylimidazolium 

bromide) microspheres supported platinum nanoparticles and exhibited improved 

electrooxidation of methanol than pure platinum nanoparticles.
66

  The recyclable catalysts also 

demonstrated selectivity for the oxidation of benzyl alcohol.  A similar method functionalized 

these ionic liquid microspheres with gold and palladium nanoparticles to catalyze the 

hydrogenation of cyclohexene.
67

  

Andersson et al. synthesized poly(1VIM-co-MMA) copolymers which incorporated 4 

mol % and 44 mol % 1VIM for coordination to Cu
2+

 and Zn
2+

 ions.
68,69

  Coordination to the 

metal ions formed crosslinked polymers which required strongly coordinating solvents such as 

DMSO or acetonitrile to redissolve the copolymers.  The Cu
2+

 ions when bound to the imidazole 

units, crosslinked the copolymer chains inhibiting polymer chain segmental motion as depicted 

in Figure 3.7.
70

   

 
Figure 3.7. Schematic depicting crosslinked chains of poly(1VIM-co-MMA) due to the 

complexation of metal ions.  EPR spectroscopy confirmed metal coordination occurred through 

the imidazole substituents.  Reprinted with permission from reference [68]. 

 

 

Differential scanning calorimetry determined the Tg’s of the copolymer increased when 

coordinated to Cu
2+

 ions.  Furthermore, copolymers of poly(1VIM-co-MMA) functioned as a 
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polymeric support, binding Cu(II) to catalyze the oxidation of ethyl benzene to acetophenone 

with molecular oxygen.
71

  A more hydrophilic copolymer poly(1VIM-co-acrylic acid) effectively 

sequestered Cu
2+

 ions.
72

  The copolymer chelated the metal ions through the carboxylate groups 

of the acrylic acid repeat units and not the imidazole rings; however, the combination of repeat 

units strengthened complexation through intramolecular interactions of 1VIM and AA.  

Additionally, the homopolymers of each respective monomer were mixed together with Cu
2+

 

ions which acted as a bridging ion between the interpolymer complexes.  Poly(4-vinylpyridine-

co-1VIM) treated with various bromoalkanes complexed Cu(II) to generate a Cu(0) metal 

nanocatalyst for the reduction of 4-nitrophenol.
73

  The copolymers also removed arsenic from 

aqueous solution and demonstrated efficiency as a drug delivery vehicle for naproxene sodium 

salt. 

Vos et al. first coordinated poly(1VIM) with hydrated bis(2,2’-bipyridyl)ruthenium(II) 

dichloride to form ruthenium-poly(VIM) complexes.
74

  This spurred investigations into 

photoinduced electron transfer reactions involving these complexes to potentially design a 

synthetic photosynthesis complex.  To achieve an artificial photosynthetic complex, the design of 

a highly efficient oxidation-reduction complex is required.  Suzuki and co-workers thoroughly 

investigated various photosensitive reactions with a poly(1VIM) terpolymer (QPIM) containing 

repeat units complexed with Rh(II)(bpy)2, quaternized repeat units with a long alkyl chain, and 

unfunctionalized repeat units as shown in Figure 3.8.
75-95

  Scheme 3.1 shows the investigated 

photosensitized oxidation-reduction reaction. 
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Figure 3.8. Structures of imidazolium copolymers investigated in photosensitized oxidation-

reduction reactions.  QPIM terpolymers lack the viologen repeat unit. 

 

 

 

Scheme 3.1. Photosensitized oxidation-reduction reaction involving QPIM and a ruthenium-

based complex to design an artificial photosynthesis mimic. Reproduced with permission from 

reference [89]. 

 

The Ru(II)QPIM terpolymer acts as a photosensitizer, the alkylated viologen (R-V
2+

; 1,1’-

Dialkyl-4,4’-bipyridinium dications) acts as an electron acceptor, and triethanolamine (TEOA) 

undergoes oxidation (TEOAox) acting as a sacrificial donor to regenerate the Ru(II)QPIM 

complex.  They found the rate of viologen radical formation increased as the alkyl chain length 

increased on the polymer, but decreased with the incorporation of higher charge densities.  

Electrostatic repulsions, sterics, and π-π interactions between the terpolymer and the viologen 

were identified as three possible factors impacting the rate of the oxidation-reduction reaction.
95

 

The terpolymers generated hydrogen gas when irradiated in aqueous solution for 25 light cycles 

after which the platinum catalyst became inactivated; however, the films maintained their 
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photosensitizing ability over 200 cycles.
89,91,93

  Covalent attachment of the viologen to the 

terpolymer produced an orange to blue color change in the polymer film in response to 

irradiation and temperature.
94

 The polymer chains contained at least four Ru(II) complexes per 

polymer chain.
90

 Suzuki and co-workers also studied the effect of L-tyrosine esters on the 

photosensitized oxidation-reduction reactions involving these polymer systems.
76,77,82,88

  In 

photosynthesis, photoinduced electron transfer occurs through tyrosine residues in polypeptides.  

The incorporation of L-tyrosine into a methanol solution enhanced viologen radical formation 

aiding in photoinduced electron transfer from the ruthenium complex to the viologen.     

 In the 1970s and 1980’s, interest in designing artificial oxygen carriers developed.  It 

became necessary to design polymers to interact with the heme group or other porphinatoiron 

complexes to prevent irreversible oxidation.  Isolation from myoglobin or hemoglobin resulted in 

iron’s immediate oxidation to its ferric (III) state preventing its use as an oxygen carrier.  The 

iron-porphyrin complexes when attached to a polymer chain or modified to incorporate bulky 

groups to sterically functionalize the complexes prevented oxidation in aprotic solvents; however, 

aqueous media caused irreversible oxidation.  Pratt and others attempted to understand the 

coordination chemistry that occurred in the active site of hemoproteins and discovered imidazole 

and subsequently poly(1VIM) coordinated to Fe(III) protoporphyrin IX (hemin) in organic 

solvents.
96-98

  Tushida et al. showed for the first time the interaction of the heme (reduced form 

of hemin) group with imidazole on poly(2-methyl-1VIM) formed the five coordinate heme 

complex and prevented irreversible oxygen binding in aqueous solution.
99

  Picket fence 

cobaltporphyrin also complexed to poly(1VIM) to improve oxygen-binding specificity and 

reversibility as shown in Figure 3.9.
100,101

  The copolymerization of octyl methacrylate with 

1VIM resulted in an oxygen-sensitive polymer for optical sensors.
102-104

  Copolymerization with 
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fluoroalkyl methacrylates extended the operational life time of these sensors to over one month 

and displayed a selective and reversible response to oxygen in an aqueous environment.
105,106

   

 

Figure 3.9. Interactions of heterocyclic-containing polymers with picket fence cobalt-porphyrin.  

Reprinted with permission from reference [105]. 

 

 

Molecular imprinted thermosensitive copolymers containing trifluoromethacrylic acid 

demonstrated catalytic activity towards p-nitrophenyl acetate (PNPA) above 40 °C (temperature 

required to dissociate the copolymer intermolecular interactions).
107

   Additionally, Co(II) 

chelation prepared a molecularly imprinted polymer for an enhanced rate of hydrolysis of PNPA 

with high specificity.
108,109

   

 Researchers have employed enzyme-based electrodes for biosensors, bioreactors, and 

biofuel cells due to their high substrate selectivity, low cost, and mild operation conditions.
110

  

The electron transfer between the enzyme and the solid conducting support however limits 

performance.  The electrodes require the wiring of an enzyme to the electrode to transport the 

discharged electrons from the enzyme to the electrode.  The wiring (a redox polymer) must bind 

to the protein without modifying or denaturing the macromolecule, connect the protein to the 

electrode, and subsequently establish the electrical connection between the enzyme and 

electrode.
111

  The ability for poly(1VIM) to bind to protein and complex metals established the 

polymer as a potential wiring agent to tether a protein to an electrode.  Heller et al. determined a 
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redox polymer hydrogel consisting of poly(1VIM) complexed to osmium-(4,4’-dimethylbpy)2Cl 

adequately conducted electrons from the redox site of glucose oxidase (GOX) to the 

electrodes.
112

  These hydrogels when immobilizing either GOX or lactate oxidase served as 

glucose or lactate sensing electrodes.
113

  Other researchers explored poly(1VIM)-osmium redox 

polymers to wire gram-positive and gram-negative bacteria to electrodes without penetrating the 

inner cytoplasmic membrane as shown in Figure 3.10.
114-117

   

 
Figure 3.10. Diagram of Bacillus subtilis wired to an electrode with poly(1VIM)-osmium redox 

polymers to transport electrons from the gram-positive bacteria cell to the electrode.  Reprinted 

with permission from reference [114]. 

 

Additional articles focus on electrode fabrication and enzyme selection through the incorporation 

of poly(1VIM)-osmium redox polymers.
118-126

  Vansco et al. designed a new redox-responsive 

organometallic hydrogel which contained 1VIM grafted onto a poly(ferrocenylsilane) backbone 

with subsequent crosslinking of 1VIM.
127

 

3.3.2 Synthetic Enzymes 

 The design of synthetic enzymes to replace natural proteins for catalytic production of 

small molecules on an industrial scale with selectivity and specificity remains popular.  Enzymes 
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exhibit a high selectivity and efficiency toward structurally similar substrates typically 

depending on a concerted action between various functional groups in the active site of the 

enzyme.  This includes hydrophobic and electrostatic interactions which promote the binding of 

a substrate into the active site in an enzyme.  Deriving their inspiration from nature, numerous 

researchers have investigated incorporating the imidazole ring into synthetic macromolecules to 

mimic the active site of numerous natural enzymes.  Poly(2-ethyl-1VIM) quaternized with ethyl 

bromide and lauryl bromide catalyzed the flavin oxidation of thiols due to the activation of the 

thiolate anion.
128

  Similar copolymers catalyzed the decarboxylation of 6-nitrobenzisoxazole-3-

carboxylate.
129

 The balance of the hydrophobic lauryl domains with the cationic imidazolium 

rings enabled the tuning of the polymer’s catalytic activity.
130

  These copolymers also served as 

apoenzymes binding various thiol-containing coenzymes including coenzyme A and glutathione 

to catalyze the hydrolysis of PNPA.
131

  The coenzymes required binding to an apoenzyme to 

exhibit high enzymatic reactivities.  The lauryl substituents established a hydrophobic 

environment necessary to bind the thiolate anions on the coenzymes.  Additionally, the cationic 

polyelectrolyte poly(1-butyl-3-vinylimidazolium chloride) strongly bound proteins including 

lysozyme and anion exchange tuned the polymer morphology and thermal properties; however, 

enzymatic studies were not performed.
132

   

Salamone et al. fully quaternized poly(1VIM) with methyl and hexadecyl substituents to 

study the effect of the polymer side chains on the alkaline hydrolysis of PNPA and p-nitrophenyl 

laurate (PNPL).
133

  The quaternization failed to influence the hydrolysis of PNPA; however, the 

hexadecyl-functionalized polymer exhibited an enhanced rate of hydrolysis due to the increased 

hydrophobicity of the polyelectrolyte.  Brembilla confirmed poly(3-alkyl-1-vinylimidazolium)s 

formed hydrophobic microdomains in aqueous solution with fluorescent probes and viscosity 
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measurements.
134

  A highly crosslinked, quaternized imidazolium homopolymer facilitated the 

one-step synthesis of cyclic carbonates through the catalysis of the coupling of CO2 with 

epoxides.
135

  As shown in Figure 3.11, the catalyst retained 100% selectivity over a period of 

five cycles, but lost approximately 20% of its activity over the same period. 

 
Figure 3.11. Stability and recyclability of a crosslinked, quaternized imidazolium homopolymer 

catalyst for cyclic carbonate synthesis.  Reprinted with permission from reference [135]. 

 

Additionally, Pourjavadi et al. coated magnetic nanoparticles with a quaternized 

vinylimidazolium homopolymer which created a recoverable and recyclable heterogeneous 

catalyst for organic synthesis as shown in Figure 3.12.
136

 

  

 
Figure 3.12. Separation of heterogeneous nanoparticles catalysts from reaction solution through 

application of an external magnet.  Reprinted with permission from reference [136]. 
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Poly(1VIM) and poly(4-vinylpyridine) effectively catalyzed the ester hydrolysis of 

nitrophenyl esters containing an anionic charge including 4-acetoxy-3-nitrobenzenesulfonate, but 

the polymers failed to complex with structurally similar, neutral substrates suggesting an 

electrostatic interaction between substrate and catalyst.
137

  Poly(1VIM) promoted the ester 

hydrolysis of  acrylic acid-2,4-dinitrophenyl p-vinylbenzoate copolymeric substrates through the 

electrostatic complex of the carboxylate anion to the protonated imidazole ring.
138

  Neither 

imidazole nor methylimidazole exhibited similar reactivity towards the polymeric substrate.  

Additionally, structurally similar substrates (e.g. 2,4-dinitrophenyl p-isopropylbenzoate) failed to 

complex with poly(1VIM) due to the lack of electrostatic interactions demonstrating the 

importance of electrostatic charge in nucleophilic catalysis in synthetic macromolecular systems.  

Letsinger et al. also found poly(1VIM) catalyzed the hydrolysis of the nitrophenyl ester 

derivative of poly(uridylic acid) due to the anionic charges present in the sugar-phosphate 

backbone.
139

  Interestingly, poly(L-histidine) catalyzed the hydrolysis more rapidly than 

poly(1VIM). 

Khokhlov and co-workers approached the design of synthetic enzymes with inspiration 

from computer-aided biomimetic design of functional copolymers.
140

  They realized two 

important parameters that were not discussed previously: proteins are globular and soluble in 

aqueous medium.  To mimic these attributes a synthetic polymer requires a hydrophobic core 

with a hydrophilic shell.  N-vinylcaprolactam copolymerized with 1VIM in a 10% aqueous 

DMSO solution which produced a copolymer that behaved similar to a protein in aqueous media.  

The copolymers which contained 10-15 mol % 1VIM when heated to 70 °C did not precipitate 

and at 35 °C underwent a conformation transition from a coil to globule.  These copolymers 

along with poly(NIPAM-co-1VIM) exhibited a coil-to-globule transition upon heating in water 
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or water-isopropanol solutions due to the LCST behavior of the hydrophobic monomers.  The 

transition to a globule resulted in enhanced catalytic activity attributed to the existence of 

numerous hydrophobic polymer/solvent interfaces for the binding of PNPA as shown in Figure 

3.13.
141

   

 
Figure 3.13. Diagram demonstrating poly(NIPAM-co-1VIM) coil to globule transition with 

subsequent hydrolysis of PNPA at the aggregate surface.  Reprinted with permission from 

reference [141]. 

 

The hydrophilic 1VIM appeared in a high concentration at the water/polymer interface; therefore, 

a high concentration of the active species (catalyst and substrate) were localized in close 

proximity to each other enabling a faster rate of catalysis compared to poly(1VIM).  At high 

temperatures however, the polymers rate of catalysis decreased due to the formation of an 

unstable globule attributed to the random structure of the copolymer.   

To overcome this problem, Liu et al. successfully synthesized NIPAM-1VIM block 

copolymers with xanthate RAFT agents.
142

  These were the first 1VIM block copolymers 

synthesized to catalyze esterolytic reactions.  The block copolymers behaved similarly to the 

random copolymers (Figure 3.14) and exhibited enhanced catalytic activity above the LCST of 

NIPAM.   
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Figure 3.14. Illustration of NIPAM-1VIM block copolymer nanoreactors for the hydrolysis of 

PNPA.  Reprinted with permission from reference [142]. 

 

The blocky nature of the copolymers maintained micellization to high temperatures (> 45 °C) 

unlike the random copolymers.  Yuan et al. utilized a similar copolymer system, poly(NIPAM-

co-1-ethyl-3-vinylimidazolium bromide (EVIM-Br)), to stabilize multi-walled carbon nanotubes 

in aqueous solution through temperature and ionic strength.
143

 

3.3.3 Polymerized Ionic Liquids for Conductive Applications 

 Organic salts with a melting point below 100 °C compose ionic liquids.  These designer 

molecules enable facile control of chemical properties including polarity, solubility, thermal 

stability through cation and anion selection.  The imidazolium cation remains an area of intense 

focus in the ionic liquid literature due to its high chemical and thermal stability, high ionic 

conductivity, and negligible vapor pressure.  Numerous reviews provide a comprehensive 

evaluation on polymerized ionic liquids and their applications.
13,14,144,145

  Quaternization of 

1VIM and post-polymerization functionalization with alkyl halides produced ionic liquid 

monomers and polymers.  Salamone et al. synthesized, characterized, and polymerized the first 

quaternized 1-vinylimidazole and 2-methyl-1-vinylimidazole monomers.
146

  Previously, 

researchers synthesized poly(1VIM) and through post-polymerization reactions functionalized 
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poly(1VIM) with difficulty obtaining 100% functionalization.
147

  Various n-alkyl iodides (n = 1 

– 16) quaternized the 3-position of the imidazole ring producing the respective n-alkyl-

vinylimidazolium iodide monomers.  The free radical initiator, 4,4’-azobiscyanovaleric acid, 

successfully homopolymerized all respective monomers.   

Almost thirty years later, the interest in these quaternized systems was reignited as 

research in the field of ionic liquids accelerated.  Mecerreyes et al. synthesized and 

homopolymerized n-ethyl-3-vinylimidazolium bromide and n-butyl-3-vinylimidazolium 

bromide.
148

  After polymerization, the homopolymers underwent anion exchange from the 

bromide counterion to various hydrophobic counterions to investigate the impact of anion 

exchange on polymer solubility.  Additionally, methyl, propyl, and perfluorodecyl-substituted 

monomers were synthesized and characterized for use in dye sensitized solar cells.
149

  When 

doped with ionic liquid, the polymers exhibited room temperature conductivities between 10
-3

-

10
-7

 S/cm.  Microwave irradiation of these homopolymers in DMF dealkylated the homopolymer 

resulting in mainly poly(1VIM) with minor amine, formamide, and alkene side products.
150

  

1VIM functionalized with t-butylbromoacetate produced foamable polymerized ionic liquids 

through microwave irradiation due to isobutylene release (Figure 15).
151

   

 
Figure 3.15. Microwave accelerated isobutylene release forming foamable polymerized ionic 

liquids.  Reprinted with permission from reference [151]. 
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Salamone and others functionalized 1VIM with sulfobetaine substituents to generate zwitterionic 

imidazolium monomers,
152

 nitrile substituents,
153

 and vinylsulfonic acid and 3-sulfopropyl 

acrylate.
154

  Copolymerizations of 1VIM and the ionic liquid derivatives with styrene determined 

the reactivity ratios of those systems (r1VIM = 0.10, rstyrene = 10.0) which suggested the polymers 

failed to copolymerize and resulted in homopolymer formation.
22

  The imidazole-containing 

monomers successfully copolymerized with vinyl acetate and methyl methacrylate. 

   Long et al. additionally characterized the influence of anion and alkyl substituent length 

on the thermal and conductivity properties of similar systems.
155

  An increase in alkyl chain 

length decreased the Tg and the normalized ionic conductivity of these samples decreased due to 

an increase in polymer backbone-to-backbone spacing as shown in Figure 3.16.
156

   

 

Figure 3.16. Schematic depicting the spacing observed in X-ray scattering and the Tg-

independent ionic conductivities.  Reprinted with permission from reference [156]. 

 

A decrease in Tg and an increase in thermal stability occurred as the anion exchanged to a bulkier, 

less basic anion (i. e. bis(trifluoromethanesulfonyl)imide (Tf2N
-
)).  Nakamura et al. investigated 

the dielectric relaxation of poly(EVIM) and poly(BVIM) to further investigate the effect of 

polymer structure on ionic conductivity.
157-159

  The Tg influenced polymer segmental motion, 

side chain motion remained independent of Tg and counterion structure, and anion size controlled 
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ion-pair life times.  These observations led to the conclusion that counterion translational 

diffusion above Tg and counterion transportation due to dynamic ion-pair formation and 

dissociation above and below Tg contributed significantly to ionic conductivity values. 

 Wan et al. synthesized 1VIM monomers functionalized with anthraquinone imide  

pendant groups to generate near-infrared electrochromic polyelectrolytes.
160

  This novel 

monomer underwent copolymerization with 3-butyl-1-vinylimidazolium bromide to improve 

polymer solubility.  The polymer film without electrolyte additives exhibited color change at a 

wavelength of 810 nm with a response time of 1 s.  Electropolymerization of a vinylimidazolium 

monomer with a thiophene substituent produced a crosslinked polymer film that also exhibited 

electrochromism.
161

  Electrical conductivity achieved 2.36 S/cm when doped with iodine and 

0.53 S/cm in the neutral form.  The films formed a lamellar structure with thiophene sheets 

perpendicular to the polymerized vinylimidazolium substituents as shown in Figure 3.17. 

 
Figure 3.17. Schematic of the proposed structure of the polymerized ionic liquid according to X-

ray scattering results.  Orange units represent the thiophene sheets and blue units represent the 

imidazolium rings.  Reprinted with permission from reference [161]. 
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Antonetti et al. first determined the thermolysis of ionic liquids containing dicyanamide anions 

produced nitrogen-doped graphite-like precursors.
162

  Extending the process to macromolecules, 

pyrolysis of various vinylimidazolium homopolymers doped with FeCl2
●4H2O produced 

mesoporous graphitic carbon materials.
163

  Yuan and co-workers generated nitrogen-doped 

carbon fibers through the electrospinning and subsequent crosslinking and carbonization of 

poly(3-allyl-1-vinylimidazolium dicyanamide).
164

  The resulting materials exhibited ionic 

conductivities of 200 S/cm.    

3.3.4 Biological Applications 

 Polymer nanoparticles which self-assemble into various compartments enable the design 

of advanced drug delivery vehicles.  Yuan and co-workers have focused extensively on the self-

assembly of vinylimidazolium homopolymers into highly ordered nanoparticles.
165

  The 

dispersion polymerization of 3-dodecyl-1-vinylimidazolium bromide and the corresponding C14 

- C18 derivatives afforded colloidally stable polymer nanoparticles (20-40 nm in diameter) in 

water with concentric multi- and uni-lamellar inner structures as shown in Figure 3.18.
166

   

 
Figure 3.18. Cryo-TEM image of polymerized ionic liquid nanoparticles in aqueous solution.  

Reprinted with permission from reference [166]. 

 

The dispersion polymerization did not require the addition of a dispersing agent or stabilizers due 

to the monomer and oligomers behaving as effective stabilizers.
167

  The C12 and larger 

substituents monomers formed smectic A mesophases.
168

  Varying alkyl chain length and 
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counter ion size (Br
-
 < I

-
 < BF4

-
 < PF6

-
) enabled tuning of the phase transition temperature.  A 

zwitterionic monomer, sulfobetaine 1-vinylimidazole (SBVIM), underwent free radical 

homopolymerization with the addition of a crosslinker to form a nonfouling hydrogel.
169

  The 

hydrogels resisted protein adsorption similarly to a zwitterionic methacrylate monomer, and 

advantageously showed improved tensile and compressive mechanical properties for potential 

tissue engineering scaffolds. 

 Midoux and co-workers recently published a review on nucleic acid delivery vehicles 

containing histidine.
170

  Polymers containing the amino acid histidine or imidazole commonly 

improve nonviral gene delivery compared to unmodified macromolecules due to imidazole’s 

buffering capacity (pKa ~ 6) near endosomal pH.  Midoux and co-workers functionalized 

poly(L-lysine) with histidine residues and found a 3-4 order of magnitude increase in 

transfection efficiency compared to the unfunctionalized homopolymer.
171

   

Asayama and coworkers have explored numerous derivatives of poly(1VIM) for nonviral 

DNA delivery.  Unfunctionalized poly(1VIM) does not complex DNA in aqueous solutions at 

physiological pH, therefore, requiring quaternization to impart a permanent positive charge. 

Initially, lactosylated poly(L-lysine) (PLL) grafted onto poly(1VIM) produced a comb-like 

copolymer which bound DNA effectively, but these systems were not delivered to cells.
172

  As 

discussed previously, poly(1VIM) complexed with Zn
2+

 ions and PLL delivered DNA more 

effectively than PEI to HepG2 cells.
57

  Additionally, Asayama and co-workers functionalized 

poly(1VIM) with amine and alkyl groups for nucleic acid delivery.
173,174

  Amine 

functionalization produced a minimal effect on gene transfection due to 2.5 mol % quaternization 

on poly(1VIM).  Oligomerization of bromoethylamine hydrobromide prevented higher 

functionalization percentages on the homopolymer.  Functionalization with alkyl groups (ethyl, 
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butyl, octyl) generated imidazolium copolymers containing a maximum of 50% cationic charge.  

The butyl-functionalized imidazolium copolymers displayed the highest luciferase expression in 

HepG2 cells as shown in Figure 3.19.  The copolymers remained nontoxic due to the low amount 

of charge density in these systems. 

 
Figure 3.19. Luciferase expression of HepG2 as a function of various nonviral gene delivery 

vectors.  Reprinted with permission from reference [173]. 

 

Long et al. later functionalized poly(1VIM) with hydrogen bonding substituents to investigate 

the effects of charge density and hydrogen bonding on nucleic acid delivery.
20

  As charge density 

and hydrogen bonding increased, the polymer-DNA binding affinity increased.  However, 

increased charge density increased copolymer cytotoxicity; whereas, copolymers containing 

increased hydrogen bonding remained nontoxic.  Copolymers which displayed an intermediate 

polymer-DNA binding affinity through controlling charge density and hydrogen bonding 

exhibited the highest transfection efficiencies as shown in Figure 20. 
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Figure 3.20. Diagram depicting the importance of controlling polymer-DNA binding affinity for 

optimized DNA delivery through electrostatic or hydrogen bonding interactions.  Reprinted with 

permission from reference [20]. 

 

3.3.5 Controlled Radical Polymerization 

N-vinyl monomers including 1VIM form an unstable propagating radical during 

polymerization.   The lack of resonance stabilization produces an increased likelihood of chain 

transfer and chain termination events, limiting polymer molecular weight.  The controlled radical 

polymerization of these monomers is often difficult due to the decreased stability of the 

propagating radical.  Numerous N-vinyl monomers including N-vinylcarbazole, N-vinylindole, 

N-vinylpyrrolidone, N-vinylphthalimide were polymerized in a controlled fashion with various 

controlled radical polymerization processes.
17

  Bamford et al. studied the conventional free 

radical polymerization of 1VIM in the early 1980s and determined a degradative addition 

reaction between monomer and the propagating polymer radical occurred.
175

  The propagating 

polymer chain added to the 2-position on the 1VIM monomer forming a resonance stabilized 

radical on the 3-position.  When the 2-position contained a methyl group (2-methyl-1-

vinylimidazole) the degradative addition was significantly reduced.  They also determined 

polymerization of 1VIM in an acidic aqueous solution, protonated the monomer and increased 
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the polymer molecular weight due to resonance stabilization of the cationic charge.  Dambatta 

and Ebdon further confirmed these observations and determined 1VIM polymerizations initiated 

with benzoyl peroxide (BPO) induced decomposition of the initiator.
176

 

The difficulties mentioned above have resulted in limited success to control the 

polymerization of 1VIM and its quaternized analogs.  Nakamura et al. synthesized 1VIM 

homopolymers in a controlled fashion (PDIs < 1.2) utilizing UV irradiation and a tellurium-

based chain transfer agent.
177

  Endo et al. employed MADIX (macromolecular design via 

interchange of xanthate) polymerization, a more common polymerization strategy previously 

applied to various N-vinyl monomers.
178

  This class of reversible addition-fragmentation chain 

transfer (RAFT) polymerizations used active xanthate chain transfer agents (CTAs) to attempt to 

control the polymerization of three quaternized 1VIM monomers.  The molecular weights varied 

significantly from theoretical values; however, kinetics studies and subsequent chain 

extension/blocking experiments to synthesize block copolymers confirmed controlled behavior.  

These monomers also successfully produced diblock copolymers when reacted with a 

poly(NIPAM) macroCTA.  Yuan et al. employed this synthetic strategy to produce poly(NIPAM) 

and poly(N,N-dimethylacrylamide) macroCTAs which were subsequently copolymerized with 

vinylimidazolium monomers.
179

  These dually-responsive diblock copolymers to temperature and 

ionic strength were employed as carbon precursors for the generation of graphitic nanostructures.  

Recently, cobalt-mediated polymerization controlled the homopolymerization of 3-ethyl-

1-vinylimidazolium bromide with controlled molecular weight growth and narrow PDIs in 

methanol.
180

  The metal-mediated polymerizations (i.e. ATRP) of uncharged 1VIM proved 

unsuccessful due to the coordination of 1VIM to the metal catalyst.  Jiang et al. attempted ATRP 

of a zwitterionic sulfonated vinylimidazolium monomer, but failed to characterize the resulting 
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polymer.
169

  Previously, our group attempted the control of 1VIM utilizing nitroxide-mediated 

polymerization (NMP); however, size exclusion chromatography and blocking experiments 

indicated a lack of control.
17

  These few reports on the controlled radical polymerization of 

1VIM and its quaternized analogs indicated difficulties which continue to impede the progress of 

designing 1VIM-containing block copolymers.  A more radically stable monomer is required to 

overcome these obstacles to generate polymers that contain imidazole connected directly to the 

polymer backbone.  As shown previously in Figure 3.2, 4VIM and 2VIM present potential 

solutions to this issue.   

3.4  4-Vinylimidazole 

 Overberger and coworkers first synthesized 4VIM, a crystalline solid with a melting 

point of 86-88 °C, from histidine, but later developed a more direct synthesis involving a one-

step decarboxylation of urocanic acid.
15

  Others investigated different routes to synthesize 4VIM 

in gram scale quantities with few synthetic steps; however, the reactions proved unsuccessful or 

more complex than a one-step decarboxylation reaction.
181,182

 Overberger et al. performed 

heterogeneous homopolymerizations in benzene and copolymerized 4VIM with a variety of 

comonomers including vinyl acetate, methyl acrylate, and acrylic acid.   

One of the main research thrusts involving the polymerization of 4VIM was for the 

design of synthetic enzymes.  As discussed previously, the histidine residue is widely found in 

the active site of numerous natural enzymes.  The development of synthetic enzyme mimics 

remains important industrially and academically.  Natural enzymes for industrial applications 

denature easily in harsh conditions and are impractical due to the high costs associated with these 

systems.  A synthetic replacement would reduce cost, provide increased stability, and allow for 

catalyst reusability.  Overberger and co-workers synthesized a variety of 4VIM copolymers to 

investigate the esterolytic activity of these systems.
183-189

  Various properties studied, included 
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the effect of copolymer functional groups,
184

 charge density,
187

 and alkyl groups attached to 

4VIM repeat units on the rate of catalysis.
189-192

  Trityl-protection on the 1-position failed to 

produce poly(4VIM) with different stereochemistries to investigate the effect of tacticity on 

catalysis.
193

  The amphoteric nature of poly(4VIM) resulted in a more active catalysis of PNPA 

hydrolysis compared to poly(1VIM).  Kunitake et al. prepared a bifunctional catalyst through 

free radical copolymerization of 4VIM with N-methyl-N-hydroxyacrylamide to hydrolyze PNPA 

similar to serine proteases.
194

  The copolymerization of 4VIM with itaconic acid and a 

crosslinking agent produced microspheres for the catalysis of transesterification reactions.
195

 

Song et al. copolymerized 4VIM with acrylamide to investigate the interaction of polymer chains 

containing reactive substituents with catalytic polymers.  The 4VIM copolymers failed to 

catalyze the hydrolysis of poly(acrylamide-co-p-nitrophenyl acrylate) which was attributed to 

steric hindrance preventing the groups from interacting.
196

  Placement of the imidazole ring 

further from the polymer backbone successfully promoted hydrolysis of the p-nitrophenyl 

acrylate repeat unit. 

4VIM resembles imidazole compounds which occur in biology (i.e. histidine, histamine) 

as both are connected to their respective functionalities at the 4-position on the imidazole ring. 

Alvarez-Lorenzo et al. prepared biomimetic hydroxyethyl methacrylate and N,N-

dimethylacrylamide hydrogels to optimize ocular delivery of carbonic anhydrase inhibitor 

drugs.
197,198

  They incorporated 1VIM and 4VIM into the hydrogels to coordinate Zn
2+

 ions to 

mimic the cone-shaped cavity of carbonic anhydrase (Figure 3.21) and found 4VIM containing-

hydrogels more effectively hosted the Zn
2+

 ions and antiglaucoma drugs for the development of 

medicated soft contact lenses.  Oner et al. utilized poly(4VIM-co-vinylphosphonic acid) 

copolymers to study the biomimetic mineralization of hydroxyapatite crystals on the copolymer 
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surface.
199

  The rates of hydroxyapatite crystal growth depended on the phosphate content of the 

copolymer.   

 
Figure 3.21. Bioinspired design of hydrogels for ocular drug delivery.  Reprinted with 

permission from reference [198].  

 

Cho et al. explored poly(4VIM) as a nonviral delivery vehicle.
200,201

  The polymer bound DNA at 

a pH of 7.4 due to approximately 25% protonation of the imidazole repeat units.  Poly(4VIM) 

transfected HeLa cells about 50% less effectively than PEI, but PEI exhibited greater 

cytotoxicity.  Figure 3.22 shows the successful transfection of HeLa and MC3T3-E1 cells with 

both poly(4VIM) and PEI.  Qualitatively, the cell morphology also suggested the high toxicity of 

PEI and the low toxicity of poly(4VIM). 
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Figure 3.22. In vitro transfection of a) HeLa and b) MC3T3-E1 cells with poly(4VIM) and PEI 

with GFP.  Nuclei were stained red with propidium iodide.  Reprinted with permission from 

reference [200]. 

 

Bozkurt and co-workers copolymerized 4VIM with numerous comonomers for the 

development of proton conducting polymer films.  Imidazole presents an attractive alternative to 

replace water as a proton conducting species enabling the design of anhydrous conducting 

membranes. Initially blends of poly(4VIM) with phosphoric acid and sulfuric acid were 

characterized to generate an anhydrous proton conducting film that exhibited thermal stability 

above 100 °C.
202,203

  Proton hopping and polymer segmental motion influenced proton transport 

in the membranes.  Vinylphosphonic acid and vinylbenzylboronic acid copolymerized with 

4VIM produced novel proton conducting polymers with low conductivities in the dry state, but 

proton conductivity reached 2.7x10
-3

 S/cm when doped with acid.
204,205

  Unexpectedly, the 

polymers remained thermally stable above 200 °C with 50 mol % vinylphosphonic acid 

comonomer.  Copolymerizations with ethylene glycol methacrylate phosphate (EGMAP) 

produced alternating copolymers with poor proton conductivity due to ionic crosslinking in the 

polymers which restricted segmental motion.
206
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Despite the limited amount of publications incorporating 4VIM into macromolecules 

compared to 1VIM, 4VIM remains a better mimic of biological imidazole-containing systems.  

As mentioned previously, 1VIM’s propagating radical instability limited its incorporation into a 

variety of macromolecules with advanced architectures.  Recently, we reported on the 

unprecedented controlled radical polymerization of 4VIM utilizing RAFT polymerization 

strategies.
207

  The polymerizations in acetic acid displayed linear pseudo-first order kinetics and 

linear molecular weight growth with monomer conversion through systematic variation of 

polymerization parameters as shown in Figure 3.23.   

 
Figure 3.23. RAFT polymerization of 4VIM in glacial acetic acid with well-defined molecular 

weight and narrow polydispersities.  Reprinted with permission from reference [207]. 

 

Effectively controlling 4VIM homopolymerizations enables the future design of block 

copolymers for numerous emerging applications including synthetic enzymes, gene delivery 

vehicles, and anti-corrosive agents. 

3.5  2-Vinylimidazole 

 2VIM publications remain extremely limited due to its difficult synthesis.  Although 

2VIM exhibits increased radical stability compared to 4VIM and 1VIM due to its additional 
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resonance contributors, no publications on the controlled radical polymerization of 2VIM exist.  

Lawson first synthesized 2VIM (melting point = 128-129 °C) through the dehydration of 2-

hydroxyethylimidazole.
208

  The synthesis of 2-hydroxyethylimidazole proved complicated and 

the difficult purifications limited yields (< 15%).  2VIM successfully copolymerized with 

acrylonitrile, styrene, and methyl methacrylate; however, the copolymer properties were not 

determined.  Overberger et al. improved the yield of 2VIM through a dehydrohalogenation of 2-

bromoethylimidazole; however, the procedure still required the complicated synthesis of 2-

hydroxyethylimidazole.
16

  Shimko et al. polymerized 2VIM using cobalt 60 gamma irradiation 

and found the hydrogen bonding of the solvent impacted the tacticity of the resulting polymer.
209

  

A more facile synthesis would enable the design of numerous polymers incorporating 2VIM as 

these three publications remain the only reports on 2VIM.  The increased radical stability of 

2VIM opens a variety of possibilities for the design of amphoteric macromolecules utilizing both 

conventional and controlled radical polymerization strategies. 

3.6  Conclusions 

 The intense focus on the ubiquitous imidazole ring has propelled imidazole-containing 

polymers to the forefront of materials design.  Researchers widely utilize the monomers, 1-, 2-, 

and 4-vinylimidazole regioisomers, and free radical polymerization of these monomers allows 

for the development of novel polymer architectures.  Polymers based on 1VIM are utilized in a 

wide variety of applications including metal chelation, catalysis, and nonviral gene delivery.  The 

commercial availability of 1VIM has spurred copolymerizations with numerous comonomers 

and novel derivatives of 1VIM through its facile functionalization which affords the tailoring of 

polymer properties for numerous technologies.  The propagating radical stability of 1VIM limits 

the generation of novel architectures with controlled radical polymerization strategies.  4VIM a 

better synthetic mimic to biological molecules containing imidazole rings, exhibits an increased 
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radical stability enabling controlled radical polymerization.  Although, a lack of commercial 

production limits the use of 2VIM and 4VIM, the recent success utilizing RAFT polymerization 

strategies to produce well-defined polymers facilitates the future generation of novel polymer 

architectures for emerging applications.  
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4.1  Abstract 

Conventional free radical polymerization with subsequent post-polymerization 

modification afforded imidazolium copolymers with controlled charge density and side chain 

hydroxyl number.  Novel imidazolium-containing copolymers where each permanent cation 

contained one or two adjacent hydroxyls allowed precise structure-transfection efficiency studies.  

The degree of polymerization was identical for all copolymers to eliminate the influence of 

molecular weight on transfection efficiency.  DNA binding, cytotoxicity, and in vitro gene 

transfection in African green monkey COS-7 cells revealed structure-property-transfection 

relationships for the copolymers.  DNA gel shift assays indicated that higher charge densities and 

hydroxyl concentrations increased DNA binding.  As the charge density of the copolymers 

increased, toxicity of the copolymers also increased; however, as hydroxyl concentration 

increased, cytotoxicity remained constant.  Changing both charge density and hydroxyl levels in 

a systematic fashion revealed a dramatic influence on transfection efficiency.  Dynamic light 

scattering of the polyplexes, which were composed of copolymer concentrations required for the 

highest luciferase expression, showed an intermediate DNA-copolymer binding affinity.   Our 

studies supported the conclusion that cationic copolymer binding affinity significantly impacts 

overall transfection efficiency of DNA delivery vehicles, and the incorporation of hydroxyl sites 

offers a less toxic and effective alternative to more conventional highly charged copolymers. 
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4.2  Introduction 

 Nonviral gene therapy is currently an area of intense research focus due to its growth as a 

potential treatment for numerous human diseases.
1,2

  Although viral gene therapies are highly 

effective, deleterious immunogenic response and limited DNA loading capacity are common.
3,4

  

Nonviral delivery agents such as cationic polyelectrolytes offer a suppressed immunogenic risk 

and the opportunity to tailor macromolecular design.
5,6

  Controlled free radical polymerization 

techniques afford strategies for the design of various macromolecular architectures with precise 

molecular weights and narrow polydispersity.
7
  However, nonviral delivery agents need to 

overcome many obstacles that limit the efficiency of these therapeutics,  including cellular 

uptake, endosomal escape, and delivery of the genetic cargo into the nucleus.
8,9

  The cationic 

polymer must also sufficiently compact DNA to effectively inhibit cellular, enzymatic 

degradation.  Long et al.
10

 found that increasing poly(2-(dimethylamino)ethyl methacrylate) 

(PDMAEMA) molecular weight increased plasmid DNA (pDNA) binding affinity, leading to 

reduced enzymatic degradation and consequently increased luciferase reporter expression.  

Additional cationic polyelectrolytes for nonviral gene therapy include poly(ʟ-lysine),
11,12

 

poly(ethyleneimine) (PEI),
13,14

 poly(amido amine) dendrimers,
15-17

 and step-growth polymers 

such as cationic polysaccharides
18-20

 and ionenes.
21

 

 Cationic polymers electrostatically bind and condense anionic pDNA forming a polyplex.  

Various factors including molecular weight,
10,22

 charge density,
23

 and hydrogen bonding
24

 impact 

polyplex stability.  Rungsardthong et al.
25

 observed a greater polyplex binding affinity and 

smaller more compact polyplexes as the degree of ionization in PDMAEMA samples increased 

with varying pH; however, the authors did not report the impact on transfection efficiency.  

Anderson et al.
26

 later reported that polymers with tightly bound or encapsulated pDNA 

prevented pDNA release, and loosely bound pDNA degraded.  They concluded that both factors 
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lowered transfection efficiency.  Lauffenburger et al.
27

 showed as molecular weight of poly(ʟ-

lysine) increased above a critical value, the transfection efficiency decreased due to limited 

pDNA-vector unpacking.  This is in contrast to Long et al.,
10

 but points to the importance of 

composition on the transfection efficiency as a function of molecular weight.  

 Polymers containing histidine or imidazole are known to enhance gene expression 

compared to unmodified polymers.
23,28-30

  Histidine-rich peptide antibiotics also enable efficient 

DNA delivery properties in mammalian cells.
31,32

  Peptides including LAH4 and Tat peptides 

functionalized with histidine units displayed high pDNA delivery efficiencies.
33,34

  Midoux and 

coworkers
35

 prepared histidylated poly(ʟ-lysine) and found the incorporation of histidine 

residues increased transfection 3-4 orders-of-magnitude compared to poly(ʟ-lysine).   In contrast, 

Benns et al.
36

 incorporated histidine onto poly(ʟ-lysine) using a grafting approach.  They also 

found an increase of transfection compared to the poly(ʟ-lysine) homopolymer.  Poly(ʟ-lysine) 

dendrimers showed increased transfection when substituted with histidine-rich residues at the 

terminal sites of the dendrimer.
37

  Langer et al.
38

 employed a high-throughput technique to 

synthesize a library of poly(β-amino esters) to study the influence of polymer structure on 

transfection efficiency.  They found that polymeric composition with alcohol or imidazole 

functionalities resulted in the highest luciferase expression.  Langer invoked the proton sponge 

hypothesis to explain the improvement in DNA delivery.  The pKa of the conjugate acid of the 

imidazole tertiary nitrogen is ~6, suggesting a buffering capacity near endosomal pH.
39

  

According to the proton sponge hypothesis, the polyelectrolyte is further protonatable inside the 

acidic endosome leading to endosomal swelling and rupture.    

 We report herein novel, pH-sensitive, imidazolium copolymers and our studies 

demonstrate the potential synergy of charge density and hydrogen bonding on transfection 
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efficiency.  1-vinylimidazole homopolymers require subsequent alkylation to create a water-

soluble, cationic polyelectrolyte capable of binding anionic pDNA.  Imidazoles upon 

functionalization provide the permanent cationic imidazolium site; however, the ring loses the 

ability to hydrogen bond.
40

 Alkylation with hydroxyl-containing groups ensures adjacent 

hydrogen bonding sites in a controlled fashion.  Reineke et al.
24

 showed a combination of 

electrostatic interactions and hydrogen bonding enhanced the association between the polymer 

and DNA.  They suggested that the incorporation of hydrogen bonding sites allowed for the 

design of less-toxic polymers due to a reduction in cytotoxic cationic charge that is necessary to 

effectively interact with pDNA.  However, Reineke studied low molecular weight polymers 

(degree of polymerization < 15) and they concluded that pDNA-polymer interactions increased 

in the presence of hydroxyl groups and binding was independent of hydroxyl concentration.  

Reineke and co-workers
41,42

 also showed the addition of hydroxyl groups improved transfection 

efficiency, but they did not report a systematic change in pDNA delivery with increasing 

hydroxyl concentration.  Reineke further determined hydroxyl stereochemistry effectively 

controlled pDNA–polymer binding affinity in their carbohydrate-based polymers.   

 In this work, we tailored charge density and hydroxyl concentration through 

functionalization of 1-vinylimidazole homopolymers of relatively high molecular weight.  All 

polymeric precursors had an equivalent degree of polymerization to eliminate molecular weight 

influences on transfection efficiency.  Hydroxyl incorporation precisely ranged between zero to 

two per cationic charge to reveal the influence of hydroxyl incorporation in the absence of 

significant molecular weight differences.  We evaluated the influence of charge density and 

hydroxyl incorporation on DNA binding, cytotoxicity, and in vitro DNA delivery.   
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4.3  Experimental Section 

4.3.1 General Methods and Materials 

  1-vinylimidazole was distilled under reduced pressure (VIM, 99%, Aldrich). 2,2’-

Azobisisobutyronitrile (AIBN, 99%, Sigma-Aldrich) was recrystallized from methanol.  

Bromoethane (99%, Sigma-Alrich), 2-bromoethanol (95%, Aldrich), and 3-bromo-1,2-

propanediol (97%, Aldrich) were used as received.  Deuterium oxide (D2O, 99.9% Cambridge 

Isotope Laboratories) was used as received for 
1
H NMR spectroscopy.  A Millipore Direct-Q5 

purification system produced ultrapure water having a resistivity of 18.2 MΩ·cm.  All other 

solvents and reagents were used as received from commercial sources without further 

purification unless specifically noted elsewhere. 
1
H NMR spectra were obtained using a Varian 

Unity 400 MHz spectrometer. 

4.3.2 Synthesis of Poly(1-Vinylimidazole) and Imidazolium Copolymers 

In a typical polymerization, VIM was charged with 0.5 mol % AIBN in DMF at 20 wt % 

solids in a 100- mL round-bottomed flask with a magnetic stir bar.  The reaction mixture was 

sparged with nitrogen for 30 min and submerged in a preheated oil bath at 65 °C.  After 24 h, the 

polymer was precipitated into ethyl acetate, redissolved in methanol, and precipitated a second 

time into ethyl acetate to remove any residual DMF.  The polymer was dried under vacuum at 

40 °C for 24 h to constant weight.  The molecular weight of the homopolymer was measured 

using size exclusion chromatography (SEC) (flow rate of 0.8 mL/min through 2x Waters 

Ultrahydrogel Linear and 1x Waters Ultrahydrogel 250 columns, solvent: 28.5 / 71.5 EtOH/H2O 

(v/v %) 0.017 M Tris / 0.05 M HCl pH = 2; standards: PEO). 

Upon drying, various extents of quaternization of poly(1-hydroxyethyl-3-

vinylimidazolium bromide-co-1-vinylimidazole) (PHEVIM) were synthesized.  In a typical 

reaction, various equivalents of 2-bromoethanol were charged into a 25 mL, round-bottomed, 
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flask containing poly(1-vinylimidazole) (PVIM) (0.500 g) dissolved in methanol at 25 wt % 

solids.  The reaction was refluxed at 75 °C for 24 h to obtain different quaternization percentages.  

The copolymer was precipitated into ethyl acetate and dried under reduced pressure at 40 °C for 

24 h. The synthesis of poly(1-ethyl-3-vinylimidazolium bromide-co-1-vinylimidazole) (PEVIM) 

and poly(1-(1,2-propanediol)-3-vinylimidazolium bromide-co-1-vinylimidazole) (PDHVIM) 

followed the procedure described above (Error! Reference source not found., Table 4.1).   

 

Scheme 4.1. Post-polymerization quaternization of poly(1-vinylimidazole) for the synthesis of 

imidazolium-containing copolymers. 

 

Table 4.1. Polymers discussed in this paper. 

Abbreviation Substituent Quaternization (%) 

PVIM None 0 

PHEVIM13  

 

 

13 

PHEVIM25 25 

PHEVIM50 50 

PHEVIM65 65 

PHEVIM100 100 

PEVIM25  
25 

PDHVIM25 
 

25 

 

The degree of quaternization was determined using 
1
H NMR.  All samples were dialyzed against 

ultrapure water for 48 h using Spectra/Por® dialysis tubing (MWCO 3500 g/mol). 

Lyophilization was used to recover samples prior to characterization. 
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4.3.3 Acid-Base Titration 

Copolymer samples were dissolved in dH2O at a concentration of 0.010 M.  The solutions 

were brought to an initial pH of 11.0 using a concentrated NaOH solution with a negligible 

change to the copolymer solution volume.  The samples were then titrated with a standardized 

2.0 M HCl solution until the solution reached a pH of 3.0, and the pH of the solution recorded 

using an Orion 3-Star plus pH portable meter (Thermo). 

4.3.4 DNA Gel Shift Assay 

Polyplexes were prepared using 0.20 μL of gWiz-Luc plasmid (1 μg/μL  in H2O, 

Aldevron) in ~28 μL of 1X Tris-acetate-EDTA (TAE, Sigma) buffer.  Various amounts of 

copolymer were added to the DNA solutions targeting nitrogen/phosphorous (N/P) ratios from 1-

14.  Upon addition of copolymer to the DNA solutions, the solutions were incubated at room 

temperature for 30 min to allow for polyplex formation.  After 30 min, 7 μL of gel loading buffer 

(Sigma) was added to each solution.  The solutions were added to a 0.9 wt % agarose gel 

containing SYBR Green I (Sigma).  Gel electrophoresis occurred at 70 V for 90 min in 1X TAE 

buffer.  The gels were imaged using a MultiDoc-it™ Digital Imaging System (UVP). 

4.3.5 Heparin Competitive Binding Assay 

Polyplexes were prepared using 0.20 μL of gWiz-Luc plasmid (1 μg/μL  in H2O) in ~28 

μL of 1X Tris-acetate-EDTA (TAE, Sigma) buffer.  Copolymer was added to the DNA solutions 

targeting an N/P ratio of 20.  After a 30 min incubation at room temperature, the polyplexes were 

challenged with 0.01 – 0.40 (U) of heparin which corresponded to 0.05-2.0 U/μg of DNA.  The 

polyplex-heparin solution was incubated for 30 min at room temperature and 7 μL of gel loading 

buffer was subsequently added to each solution.  The solutions were added to a 0.9 wt % agarose 

gel containing SYBR Green I.  Gel electrophoresis occurred at 70 V for 90 min in 1X TAE 

buffer.  The gels were imaged using a MultiDoc-it™ Digital Imaging System (UVP). 



 

83 

 

4.3.6 Cell Culture  

African green monkey COS-7 cells were cultured in Dulbecco’s modified Eagle’s 

medium (DMEM) containing 10% fetal bovine serum (FBS), 100 U/mL of penicillin and 100 

μg/mL of streptomycin (all reagents from Mediatech).  Cells were incubated at 37 °C with 5% 

CO2 in a 95% humid atmosphere. 

4.3.7 Cell Viability Assay 

Copolymer cytotoxicity was determined using the 3-[4,5-dimethylthiazol-2-yl]2,5-

diphenyltetrazolium bromide (MTT, Sigma-Aldrich) conversion assay.  Copolymer samples 

were dissolved in ultrapure water at a concentration of 1 mg/mL.  The copolymer stock solution 

was diluted with DMEM to obtain copolymer solutions ranging in concentration from 1-200 

μg/mL.  The samples were added to a 96-well plate containing COS-7 cells seeded at a density of 

5000 cells/well.  COS-7 cells were plated 24 h  prior to the experiment.  After the 24 h 

incubation, the cells were rinsed with 100 μL of DMEM followed by the addition of 100 μL of 

the diluted copolymer solutions.  After 24 h, the solutions were aspirated and cells were rinsed 

with 100 μL of 1X Hank’s buffered salt solution (HBSS).  For 4 h at 37 °C, the cells were treated 

with 100 μL of a 0.5 mg/mL MTT solution in DMEM, and the media was subsequently aspirated 

and the formazan product dissolved with DMSO.  A SPECTRAmax M2 microplate reader 

(Molecular Devices Corp.) was used to measure the absorbance at 570 nm for each well. 

4.3.8 Luciferase Expression Assay 

To prepare the polyplex solutions, gWiz-Luc plasmid (1 μg/μL  in H2O) was diluted in 

DMEM and serum-containing DMEM to a concentration of 1.2 μg/mL and concurrently 

copolymer solutions were diluted at various concentrations in DMEM and serum-containing 

DMEM corresponding to the targeted N/P ratios.  Upon 10 min of incubation, equal volumes of 

the solutions were combined (final gWiz-Luc concentration of 0.6 μg/mL) and incubated for 30 
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min at room temperature. COS-7 cells were plated on 24-well plates at a density of 1.0 X 10
5
 

cells/well 24 h prior to the experiment.  The cells were then rinsed with 1X HBSS and treated 

with 500 μL of the transfection solution.  After a 4 h incubation at 37 °C with 5% CO2, the 

transfection solution was aspirated and replaced with complete DMEM and incubated for 48 h at 

37 °C with 5% CO2 to allow for protein expression.  Cells were rinsed with 500 μL of PBS and 

125 μL of lysis buffer was added to each well. The cells were scraped and after a 30 min 

incubation at room temperature the lysate was subjected to a -80 °C/37 °C freeze-thaw cycle.  

Luciferase activity was measured following the instructions for the SPECTRAmax L 

luminometer (Molecular Devices Corp.) and the luciferase assay kit (Promega).  Protein 

concentration was determined using a DC protein assay kit (Bio-Rad Laboratories).  Gene 

expression was reported as relative light units per milligram of cell protein lysate (RLU/mg).  

Experiments were repeated twice with samples collected in quadruplicate. 

4.3.9 Wide-Field Fluorescence Optical Microscopy 

Polyplexes were prepared for cellular uptake experiments with Cy5-labeled gWiz-Luc 

plasmid (0.1 μg/μL in H2O).  The pDNA solution was diluted with DMEM to a concentration of 

2.0 μg/mL and combined with a corresponding copolymer-DMEM solution to produce 

polyplexes with an N/P ratio corresponding to the highest transfection efficiency as determined 

with the luciferase expression assay.  After a 30 min incubation, the solutions were applied to 

COS-7 cells plated at a concentration of 1.0 X 10
5
 cells/well on a 24 well plate and subsequently 

incubated for an additional 30 min at 37 °C, 5% CO2.  1 μL of 4’,6-diamidino-2-phenylindole 

(DAPI, 1 μg/μL in PBS) was added to the transfection media, and the cells were incubated for an 

additional 30 min at 37 °C, 5% CO2.  The cells were then rinsed twice with PBS and fixed with 

paraformaldehyde (2 wt % in PBS, Sigma).  In addition, membranes were permeabilized with 
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TritonX-100 (0.1 vol % in PBS, Sigma), washed with PBS, and F-actin filaments were stained 

with Alexa Fluor phalloidin 488 (5 U/mL in PBS, Invitrogen).  The fixed cells were imaged 

using a Nikon Eclipse TE2000-U inverted microscope with a Nikon C-HGFI Intensilight 

epifluorescence system and Nikon DS-Qi,Mc BW CCD digital camera.  The multichannel 

fluorescence images were acquired using UV-2EC, Cy5, and F/EGFP filters. 

4.3.10 Dynamic Light Scattering (DLS) 

Copolymer and gWiz-Luc plasmid were diluted in separate DMEM solutions.  After 10 

min, the copolymer solution was added to the gWiz-Luc plasmid solution and allowed to 

incubate for 30 min at 25 °C.  Varying copolymer concentrations produced a range of N/P ratios 

(final DNA concentration of 1 μg/mL), and all experiments were performed in triplicate at 25 °C.  

Size and zeta-potential of the polyplexes were determined with a Zetasizer Nano Series Nano-ZS 

(Malvern) instrument equipped with a 4.0 mW He-Ne laser at a scattering angle of 173° 

producing a wavelength of 633 nm.  All polyplexes displayed monomodal hydrodynamic 

diameters, and data was analyzed using Dispersion Technology Software (DTS) version 6.12. 

4.4  Results and Discussion 

 Free radical polymerization afforded PVIM with a number-average molecular weight (Mn) 

of 23,000 g/mol with a PDI of 1.89 relative to poly(ethylene oxide) standards using size 

exclusion chromatography.  DLS confirmed that the aqueous mobile phase eliminated the 

presence of large scale aggregates.  The synthesis of a PVIM homopolymer precursor eliminated 

the influence of the degree of polymerization on subsequent transfection experiments.
10,43

  

Controlled stoichiometries of 2-bromoethanol provided a series of quaternized copolymers 

(PHEVIMx; x = mol % charge) with varying amounts of charge.  
1
H NMR spectroscopy verified 

the chemical structure of the copolymers and determined the extent of quaternization.  Acid-base 
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titration also qualitatively verified the extent of quaternization of the PHEVIM copolymers and 

found a pKa of approximately 5.5 for PVIM (Figure 4.1).   

 

Figure 4.1. Acid-base titration to determine buffering capacity of PHEVIM copolymers. 

 

As quaternization increased in the copolymer, fewer sites were available for protonation, and 

upon titration from basic to acidic solutions, the buffering capacity of the copolymer decreased.  

As expected, the fully quaternized copolymer did not buffer an aqueous solution and behaved 

similar to a strong acid / strong base titration. 

 DNA binding assays further confirmed quaternization differences between PHEVIM 

copolymers, and these assays also determined the molar ratio of copolymer necessary to 

effectively bind pDNA.  As shown in Figure 4.2, as the quaternization level increased, the N/P 

ratio for PHEVIMx copolymer-pDNA complexation decreased.  Water-soluble PVIM did not 

bind pDNA at a physiological pH due to the absence of charge.  The results clearly showed that 
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an increase in the charge density of the copolymer required less copolymer to bind the negatively 

charged pDNA. 

 

Figure 4.2. Electrophoretic gel shift assay of PHEVIM copolymers at various quaternization 

percentages to determine copolymer-pDNA complexation: a (0%), b (13%) c (25%), d (50%), e 

(65%), f (100%).  Arrows indicate N/P ratio necessary for complete DNA binding. 

 

 The MTT conversion assay determined cytotoxicity of the PHEVIM copolymers.  Figure 

4.3a shows the influence of quaternization percentage and copolymer concentration on COS-7 

cell viability.  As the extent of quaternization of the copolymer increased, the cytotoxicity of the 

copolymer sample increased.  PHEVIM25 and PHEVIM13 did not display cytotoxicity even at 

high copolymer concentrations (~200 μg/mL). Kissel et al.
44

 determined that a higher 
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concentration of cationic charge on a polymer leads to greater cytotoxicity.  Figure 4.3b shows 

the effect of polyplexes on COS-7 cell viability.   

 

 

Figure 4.3. COS-7 cell viability as a function of (a) quaternization percentage at various 

copolymer concentrations and (b) polyplex N/P ratios. Values represent mean + SD (n = 8). 

 

The selected N/P ratios were optimized according to the transfection experiments.  All N/P ratios 

of the copolymers and Superfect® concentration evaluated were non-toxic.  This ensured that the 

polyplexes for our in vitro luciferase expression assay were at non-toxic concentrations. 
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 The luciferase expression assay evaluated the influence of charge density of PHEVIMx 

copolymers on in vitro pDNA delivery.  Factors that influence gene expression include the 

stability of the copolymer-pDNA complex,
45

 and if the complex is not stable, premature 

dissociation will occur in the transfection process resulting in minimal transgene expression. In 

addition, highly stable complexes will not release pDNA also resulting in low expression.
46

  

Thus, it is necessary to balance the copolymer-pDNA binding affinity to achieve maximum 

transfection efficiency.   We investigated various quaternization percentages over a range of N/P 

ratios, and the initial N/P ratios for each quaternization percentage corresponded to the onset of 

stable polyplex formation as determined using the DNA gel shift assay.  MTT cytotoxicity 

results determined the non-toxic N/P ratios used for the luciferase expression assay.  Figure 4.4 

shows luciferase expression as a function of charge density and N/P ratio in (a) serum-free media 

and (b) serum-containing media in comparison to Superfect®.     
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Figure 4.4. In vitro gene transfection efficiency as a function of N/P ratio at various charge 

densities in COS-7 cells in (a) serum-free and (b) serum-containing media.  Non-toxic N/P ratios 

chosen for luciferase transfection.  Values represent mean + SD (n = 4). 

 

The optimal N/P ratios for DNA delivery in serum-free (or serum) for PHEVIM13, 

PHEVIM25, PHEVIM50, PHEVIM65, and PHEVIM100 were 20 (or 30), 8 (or 20), 8 (or 10-15), 8 

(or 10-15), and 4 (or 4-6) respectively.  Increased polyplex stability, as a result of increased 

positive charge on the copolymer, decreased the optimal N/P ratio for DNA delivery.  For 

transfection in serum-free media, all charged copolymers were less than an order-of-magnitude 

lower than Superfect® and two-orders-of-magnitude higher than naked DNA, which we 

attributed to protein aggregation with the copolymers.
47

  We observed a five-fold increase in 

maximum luciferase expression as the charge density of the PHEVIM copolymer increased from 

13% to 25% attributed to increased polyplex stability. As charge density increased further, the 

maximum transfection efficiency, which we defined as the maximum RLU/mg for each 

quaternization percentage regardless of N/P ratio, decreased slightly since the complexes did not 

release DNA effectively.  Our findings agreed well with previously published work by Zhou et 
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al.
43

  Zhou et al. synthesized various percentages of quaternized cellulose with the same degree 

of polymerization and concluded an intermediate quaternization percentage transfected the most 

efficiently due to intermediate binding stability.  Figure 4.4b shows the results for luciferase 

expression in serum-containing media.  The luciferase expression of all samples including 

Superfect®, decreased approximately one-order-of-magnitude and shifted the optimal 

transfection efficiency for each quaternized copolymer to a higher N/P ratio as a result of serum 

aggregation.  The overall trend remained the same, and PHEVIM25 exhibited a maximum 

transfection efficiency, larger than any other quaternized samples.  Figure 4.5 supports that 

polyplexes entered the cell and gained entry into the nucleus. 

 

Figure 4.5. Fluorescence optical micrographs of COS-7 cells transfected with Cy5-labeled 

PHEVIM (50% quaternized)/pDNA polyplexes.  1 μg DNA per 100,000 cells, N/P = 8 were 

fixed and stained 1 h after treatment with polyplexes. (a) Multichannel composite image, (b) Cy5 

channel showing polyplexes, (c) DAPI channel showing cellular nuclei, (d) AlexaFluor 488-

Phollodin channel showing F-actin.    
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 Figure 4.6 summarizes the polyplex hydrodynamic diameter and ζ-potential as a function 

of charge density.   

 

Figure 4.6. Polyplex hydrodynamic diameter (♦) and ζ-potential (■) as a function of charge 

density.  The N/P ratios chosen exhibited the greatest transfection efficiency for each 

quaternization percentage investigated. Values represent mean + SD (n = 3). 

 

The analyzed N/P ratios corresponded to the maximum transfection efficiency of each copolymer 

sample in serum-free media.  The hydrodynamic diameter decreased from ~300 nm to ~150 

while ζ-potential increased slightly as quaternization percentage increased.  The decrease in 

polyplex size with an increase in quaternization percentage suggested tighter binding between 

the polymer and pDNA, further supporting the decrease in luciferase expression above 25% 

quaternization. 

 We synthesized two additional 25% quaternized copolymers to study the effects of 

adjacent hydroxyl number on transfection efficiency.  PEVIM25 did not contain hydroxyl groups 

(n = 0), PHEVIM25 contained on average one hydroxyl group for every four repeat units (n = 1), 

and PDHVIM25 contained 2 hydroxyl groups for every four repeat units (n = 2).  These 

copolymers revealed the influence of a pendant hydroxyl substituent on pDNA transfection.  
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Reineke et al.
24

 found the incorporation of hydroxyl groups further enhanced the binding of 

polymer to pDNA through hydrogen bonding and concluded hydrogen bond formation between 

polymer and pDNA would serve as a less toxic alternative to high charge density 

polyelectrolytes.  DNA gel shift and heparin competitive binding assays, shown in Figure 4.7, 

revealed the influence of hydroxyl concentration on pDNA binding and polyplex stability.   

 

Figure 4.7. Electrophoretic gel shift assay of imidazolium copolymers of various hydroxyl 

content to determine copolymer-pDNA complexation: a (PEVIM), b (PHEVIM), c (PDHVIM).  

Arrows indicate N/P ratio necessary for complete DNA binding.  Heparin competitive binding 

assay to determine polyplex stability as a function of increasing: d (PEVIM), e (PHEVIM), f 

(PDHVIM).  Arrows indicate onset of polyplex disassembly. 

 

As hydroxyl number increased from n = 0 to n = 2, the initial N/P ratio required for polyplex 

formation decreased from 10 to 6 to 4 respectively, suggesting hydrogen bond formation 
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between the copolymer and pDNA. A heparin competitive binding assay further probed this 

copolymer-pDNA binding stability. The assay challenged the copolymer-pDNA complexes with 

various concentrations of heparin to cause polyplex dissociation.   The greater the amount of 

heparin required to cause polyplex dissociation, the greater the copolymer-pDNA binding 

affinity.  Figure 4.7 e-g shows that the heparin concentration required to cause full polyplex 

dissociation at an N/P of 20 increased as the hydroxyl number increased; PEVIM25 dissociated at 

a concentration of 0.05 U/μg DNA, PHEVIM25 at 0.20 U/μg, and PDHVIM25 at 0.30 U/μg.  

These results supported the presence of stronger interactions between the copolymer and pDNA 

as hydroxyl number increased.  

 An MTT cytotoxicity assay determined the effect of increasing hydroxyl number on cell 

viability of COS-7 cells.  Shown in Figure 4.8a, all copolymer formulations were non-toxic at 

concentrations to 150 μg/mL.  Figure 4.8b, confirmed polyplex formulations containing 

copolymer concentrations between 1-150 μg/mL were also non-toxic.   
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Figure 4.8. COS-7 cell viability as a function of (a) copolymer hydroxyl composition at various 

copolymer concentrations and (b) polyplex N/P ratios. Values represent mean + SD (n = 8). 

 

The MTT assay and electrophoretic experiments collectively demonstrated control over 

copolymer-pDNA binding affinity.  Cell viabilities remained >90% with functional substituent 

variation, thus avoiding the expected toxicity associated with increased charge density on 

polymer vehicles.   

 An in vitro luciferase assay determined the transfection efficiency of the imidazolium 

copolymers as a vehicle for delivery of pDNA.  The N/P ratios were chosen according to the 

same method described above in the charge density discussion.  The optimal N/P ratios for 

pDNA delivery (Figure 4.9) in serum-free (serum) for PEVIM25 were 25 (25), 8 (20) for 

PHEVIM25, and 8 (20) for PDHVIM25.   
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Figure 4.9. In vitro gene transfection efficiency in COS-7 cells as a function of N/P ratio with 

various copolymer hydroxyl compositions in (a) serum-free and (b) serum-containing media.  

Non-toxic N/P ratios chosen for luciferase transfection.  Values represent mean + SD (n = 4). 

 

PEVIM25 luciferase expression in serum-free media was two-orders-of-magnitude lower than 

Superfect®, whereas PHEVIM25 was of similar magnitude to Superfect® through the addition of 

a hydroxyethyl group instead of an ethyl group attached to the imidazolium ring.  Therefore, the 

addition of the hydroxyl group, which presumably forms hydrogen bonds with DNA, 

dramatically increased the transfection efficiency of the imidazolium copolymers.  When two 
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hydroxyl groups were present in the repeating unit, further increasing hydrogen bonding 

substituents, PDHVIM25 displayed an order-of-magnitude decrease compared to PHEVIM25. In 

addition, PDHVIM25 exhibited an order-of-magnitude greater luciferase expression than 

PEVIM25.  These results confirm the results found in the charge density experiments, i.e. the 

copolymer with intermediate binding with pDNA was most effective for pDNA delivery. 

 The serum transfection results, shown in Figure 4.9b, illustrate a decrease in luciferase 

expression in all samples.  Superfect® luciferase expression decreased 81%.  PEVIM25 luciferase 

expression decreased 97%; PHEVIM25 and PDHVIM25 decreased 90% and 67% respectively.  

The hydroxyl-containing imidazolium copolymers exhibited a smaller decrease in luciferase 

expression than PEVIM25. PDHVIM25 decreased in luciferase expression dramatically less 

compared to all samples including Superfect®.  These results agreed with Xu et al.
48

 and Ma et 

al.
49

 who found the addition of hydroxyl groups to a cationic polymer shielded the positive 

surface charge reducing protein aggregation. This charge screening increased transfection 

efficiency compared to polymers without a hydroxyl group. 

 DLS determined polyplex hydrodynamic diameter and ζ-potential of the imidazolium 

copolymers.  DLS revealed the greater amount of hydroxyl groups present on the repeating unit, 

the tighter the binding of copolymer to pDNA as evidenced with the decrease in polyplex 

hydrodynamic diameter (Figure 4.10).   
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Figure 4.10. Polyplex hydrodynamic diameter (♦) and ζ-potential (■) as a function of hydroxyl 

number.  The N/P ratios chosen exhibited the greatest transfection efficiency for each 

quaternization percentage investigated. Values represent mean + SD (n = 3). 

 

This data further confirmed that copolymers with an intermediate binding affinity for pDNA 

were the most effective for transfection.  PEVIM25 polyplex large hydrodynamic size and 

negative ζ-potential suggested the polyplexes form aggregates in solution limiting the 

transfection efficiency of this copolymer. 

4.5  Conclusions 

 Copolymer binding affinity significantly influenced overall transfection efficiency of 

DNA delivery vehicles, and the incorporation of hydroxyl sites offers a safe and effective 

alternative to more highly charged copolymers for nonviral gene delivery.   An intermediate 

binding affinity between polymer and pDNA was ideal for obtaining high transfection efficiency 

through the variation of functional substituents.  Conventional free radical polymerization 

afforded PVIM for subsequent post-polymerization modification to produce novel imidazolium 

copolymers of various charge densities and hydroxyl concentrations, which allowed for precise 

structure-transfection efficiency studies.  MTT assays revealed imidazolium copolymers with 
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quaternization values above 25 mol % exhibited significant toxicity; however, copolymers 

containing 25 mol % cationic charge or less, displayed negligible toxicity.  DNA binding and 

heparin competitive binding assays indicated higher charge density and hydroxyl incorporation 

resulted in increased binding affinity between polymer and pDNA.  Luciferase expression assays 

found 25 mol % cationic charge as the ideal charge density for the cationic polyelectrolyte.  In 

addition, a repeating unit containing one hydroxyl group was unexpectedly more effective than 

zero or two hydroxyl groups for pDNA delivery.   DLS confirmed that 25 mol % charge and the 

presence of one hydroxyl group resulted in an intermediate DNA binding affinity was ideal for 

effective DNA delivery.   
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Chapter 5:  Synthesis of Folic Acid-Containing Imidazolium Copolymers for 

Potential Gene Delivery Applications 

(Submitted to Macromolecular Chemistry and Physics) 

Michael H. Allen, Jr., Kelsea N. Day, Sean T. Hemp, and Timothy E. Long 

Macromolecules and Interfaces Institute, Department of Chemistry, Virginia Tech, Blacksburg, 

VA 24061 

5.1  Abstract 

Folic acid conjugation onto poly(1-vinylimidazole) (PVIM) generated imidazolium 

copolymers for potential receptor-mediated nonviral gene delivery.  Conventional free radical 

polymerization afforded high molecular weight PVIM (Mn = 23,000 g/mol) for post-

polymerization modification.  The degree of polymerization for all copolymers remained 

identical to eliminate molecular weight effects on gene delivery.  Homopolymer quaternization 

with various tBoc-protected bromoalkylamines imparted a permanent, cationic charge for nucleic 

acid complexation.  Incorporation of primary amine groups provided a site for folic acid 

conjugation onto imidazolium copolymers.  DNA binding, cytotoxicity, and in vitro gene 

transfection in a cervical cancer cell line, HeLa cells, established structure-property-transfection 

relationships for the imidazolium copolymers.  As charge density of the imidazolium copolymers 

increased, the toxicity of the copolymers also increased.  Folic acid incorporation did not impact 

cytotoxicity or DNA binding affinity.  Luciferase expression assays revealed that primary amine 

conjugation onto imidazolium copolymers up to 30 mol % failed to improve transfection 

efficiency.  In sharp contrast, incorporation of folic acid onto the copolymers improved 

transfection efficiency 250-fold.  Our studies supported the conclusion that folic acid conjugation 

onto copolymers for gene delivery substantially improves transfection efficiency.  
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5.2  Introduction 

Nonviral gene delivery remains a promising area of research for the treatment of 

numerous chronic diseases including cancer,
1-3

 and successful clinical applications require the 

development of efficacious gene delivery vehicles.  Deleterious immunogenic response and 

limited DNA loading capacity plague the development of viral gene therapies despite high gene 

delivery efficiencies.
4,5

  Tailoring macromolecular design of nonviral delivery vehicles through 

synthetic variation enables the development of efficient transfection agents with a suppressed 

immunogenic risk.
6,7

  These designer macromolecules must overcome numerous obstacles that 

limit transfection including cellular uptake, endosomal escape, and delivery of the genetic cargo 

into the nucleus.
8,9

  Cationic polyelectrolytes must also sufficiently bind and compact DNA to 

prevent nucleic acid degradation.  A wide array of cationic polyelectrolytes employed for 

nonviral gene therapy include chitosan,
10-12

 poly(2-(dimethylamino)ethyl methacrylate) 

(PDMAEMA),
13-15

 poly(L-lysine),
16,17

 poly(ethyleneimine) (PEI),
18,19

 poly(amido amine) 

dendrimers,
20,21

 phosphonium-containing polymers,
22-24

 and imidazole-containing polymers.
25-27

  

Modification through charge density,
28

 hydrogen bonding substituents,
27,29

 or polyethylene 

glycol (PEG)
22,30

 affords fine tuning of macromolecular properties to reduce cytotoxicity, impact 

DNA binding affinity, and increase colloidal stability.   

These cationic delivery vehicles primarily facilitate cellular internalization through 

interaction with negatively charged proteoglycans on the cell surface.
31

   The lack of cellular 

specificity limits transfection efficiency and targeted delivery to a cell population in vivo.  

Cancer cell lines and tumors commonly over-express folate receptors on the cell surface, 

providing a biological handle for receptor-mediated gene delivery.
32,33

  The folate receptor 

exhibits a high affinity for folate molecules (KD ~ 100 pM) and preferentially mediates uptake.  

The two-step internalization process consists of initial folate binding to the complementary 
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receptor, and subsequent receptor-mediated endocytosis through the caveolar pathway in HeLa 

cells.
33

  Pack et al. demonstrated that caveolae-mediated cellular uptake primarily contributed to  

high transfection efficiency for PEI.
34

  This pathway avoided rapid and direct trafficking of the 

caveosomes to the lysosome while the clathrin-mediated pathway in HeLa cells shuttled the 

endosome directly to the lysosome, limiting transfection efficiency.  Numerous researchers have 

shown folic acid conjugation improved cellular uptake and transfection of various 

macromolecules including chitosan,
10,35,36

 PDMAEMA,
37

 poly(L-lysine),
38,39

 and PEI.
40

 

Macromolecular delivery vehicles, which display a buffering capacity near endosomal 

pH, typically escape the endosome through the proton sponge mechanism.
41,42

  Polymer 

protonation in the endosome leads to a cascade of events involving endosomal swelling and 

rupture, which result in improved gene delivery.  Polymers containing the amino acid histidine or 

imidazole commonly improve nonviral gene delivery compared to unmodified macromolecules 

due to the buffering capacity of imidazole (pKa ~ 6) near endosomal pH.
43

  Midoux and co-

workers functionalized poly(L-lysine) with histidine residues and found a 3-4 order of magnitude 

increase in transfection efficiency compared to the unfunctionalized homopolymer.
44

  Benns et al. 

grafted histidine onto poly(L-lysine) and observed a similar increase in transfection.
45

  

Additionally, Davis et al. functionalized linear, cyclodextrin-containing polyelectrolytes with 

imidazole-containing substituents and reported increased transfection efficiency.
46

  

Polyphosphazenes containing imidazole groups also displayed higher luciferase expression 

compared to the unfunctionalized analogs.
47

   

  Imidazole-containing homopolymers require subsequent functionalization to impart a 

cationic charge on the polymer.
48,49

  The establishment of a permanent, positive charge affords 

electrostatic complexation with anionic macromolecules including plasmid DNA.  Previously, 
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Asayama et al. functionalized poly(1-vinylimidazole) (PVIM) with various alkyl groups tuning 

the charge density and hydrophobicity of the copolymers for nonviral gene delivery in HepG2 

cells.
26

  In addition, we developed novel imidazolium copolymers with tailored charge density 

and hydrogen bonding through post-polymerization functionalization with hydroxyalkyl 

groups.
27

  Tuning hydrogen bonding substituent concentration provided a unique, nontoxic 

method to control polymer-DNA binding affinity. Additionally, Asayama et al. also 

functionalized PVIM with hydrogen bonding substituents, primary amino groups, but only 

obtained 2.5 mol % quaternization.
50

  These copolymers required high polymer concentrations to 

bind DNA due to the low quaternization percentages and failed to achieve high luciferase 

expression.   

We report herein novel imidazolium copolymers functionalized with folic acid to target 

cancer cells for potential receptor-mediated delivery of DNA therapeutics.  Our studies 

demonstrate the potential synergy of polyplexes functionalized with targeting ligands and the 

impact on transfection efficiency.  In this work, protection chemistry yielded primary amino 

groups onto PVIM utilizing protection chemistry with quaternization percentages < 30 mol %.  

Additionally, functionalization with folic acid onto these imidazolium copolymers promoted 

receptor-mediated endocytosis to mimic cancer cell targeting for potential in vivo applications.  

To our knowledge, these are the first imidazolium copolymers that are functionalized with folic 

acid for receptor-mediated gene delivery.  All polymeric precursors had an equivalent degree of 

polymerization to eliminate molecular weight influences on nonviral gene delivery.  This report 

describes the influence of primary amino incorporation and folic acid functionalization on DNA 

binding, cytotoxicity, and in vitro DNA delivery. 
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5.3  Experimental Section 

5.3.1 Materials  

1-Vinylimidazole was distilled under reduced pressure (VIM, 99%, Aldrich).  2,2’-

Azobisisobutyronitrile (AIBN, 99%, Sigma-Aldrich) was recrystallized from methanol.  2-

Bromoethanamine hydrobromide (99%, Aldrich), 3-bromopropylamine hydrobromide (98%, 

Aldrich), di-t-butyl dicarbonate (99%, Aldrich), N-hydroxysuccinimide (NHS, 98%, Aldrich), 

N,N′-dicyclohexylcarbodiimide (DCC, 99%, Aldrich), triethylamine (TEA, >99%, Sigma-

Aldrich), boric acid (>99.5%, Sigma), sodium phosphate dibasic (>98.5%, Sigma), and folic acid 

(FA, 97%, Aldrich) were used as received.  Deuterated dimethyl sulfoxide (d6-DMSO, 99.9% 

Cambridge Isotope Laboratories), dimethylformamide (DMF, >99%, Fisher), and 

dichloromethane (DCM, >99%, Fisher) were used as received.  

5.3.2 Analytical Techniques 

 
1
H NMR spectroscopy (Varian Inova, 400 MHz, CD3OD) confirmed monomer and 

polymer structures.  TA Instruments thermogravimetric analyzer (TGA) Hi-Res 2950  with a 

heating rate of 10 °C/min from 23 °C to 600 °C under a nitrogen atmosphere determined 

copolymer thermal stability.  Aqueous size exclusive chromatography (SEC, flow rate of 0.8 

mL/min through two Waters Ultrahydrogel Linear and one Waters Ultrahydrogel 250 columns, 

solvent: 54/23/23 H2O/MeOH/acetic acid (v/v/v %), 0.1 M NaNO3) equipped with a Waters 

1515 isocratic HPLC pump, a Waters 717plus autosampler, a Wyatt miniDAWN multiangle 

laser light scattering (MALLS, wavelength = 690 nm), and a Waters 2414 differential refractive 

index detector determined polymer molecular weights relative to poly(ethylene oxide) standards.  

Prior to SEC, polymer samples were screened with dynamic light scattering (DLS, Malvern 

Zetasizer NanoZS) to confirm the absence of polymer aggregates in the SEC mobile phase.  UV-

Visible spectroscopy determined folic acid concentration at λ = 340 nm.  A standard curve was 
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prepared with various concentrations of folic acid dissolved in 0.1 M NaOH.  Spectra were 

obtained utilizing an Analytical Instrument Systems Inc. spectrophotometer containing fiber-

optic light guides, a DT1000CE light source, and an Ocean Optics USB2000 UV-Vis detector. 

5.3.3 tBoc Protection 

In a representative reaction, 2-bromoethanamine hydrobromide (16.3 g, 79.6 mmol) and 

di-t-butyl dicarbonate (19.8 g, 90.7 mmol) were added to a 250-mL, round-bottomed flask 

equipped with a stir bar and dissolved in 100 mL CH2Cl2 at 0 °C.  Triethylamine (12.6 mL, 90.4 

mmol) was added dropwise to the solution for 30 min, after which, the mixture was stirred for 1 

h at 0 °C and an additional 16 h at 23 °C.  The organic phase was washed three times with a 1M 

HCl (100 mL), three times with a saturated NaHCO3 solution (100 mL), and a final three times 

with a saturated brine solution (100 mL).  The organic layer was then dried over MgSO4 and 

dried under reduced pressure to yield a colorless oil.  The oil was recrystallized in hexanes to 

form a white crystalline solid which was dried under reduced pressure (8.91 g, 50 % yield). 
1
H 

NMR (d6-DMSO):δ 1.38 (s, 9H), 3.39 (m, 2H), 3.47 (t, 2H), 4.90 (s, 1H).  The synthesis of a 

tBoc-protected bromopropylamine followed a similar procedure (7.09 g, 40% yield).  
1
H NMR 

(d6-DMSO):δ 1.37 (s, 9H), 1.98 (m, 2H), 3.20 (t, 2H), 3.37 (t, 2H), 4.61 (s, 1H). 

5.3.4 Synthesis of Poly(1-Vinylimidazole) 

 In a typical polymerization, VIM was charged with 1.0 mol % AIBN in DMF at 20 wt % 

solids in a 100- mL, round-bottomed flask with a magnetic stir bar.  The reaction mixture was 

sparged with nitrogen for 30 min and submerged in a thermostated oil bath at 65 °C.  After 24 h, 

the polymer was precipitated into ethyl acetate, redissolved in methanol, and precipitated a 

second time into ethyl acetate to remove residual DMF.  The polymer was dried under vacuum at 

40 °C for 24 h to constant weight.  The molecular weight of the homopolymer was measured 

using size exclusion chromatography (SEC, Mn = 23,000 g/mol, PDI = 1.89).   
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5.3.5 Synthesis of Imidazolium Copolymers  

In a typical reaction, various equivalents of t-butyl N-(1-bromoethyl)carbamate were 

charged into a 50-mL, round-bottomed, flask containing PVIM (0.500 g) dissolved in DMF at 50 

wt % solids.  The reaction was heated at 65 °C for 24 h to obtain different quaternization 

percentages.  The copolymer was precipitated into ethyl acetate and dried under reduced pressure 

at 40 °C for 24 h. Upon drying, a copolymer with 30 % quaternization was obtained.  The 

process was repeated with t-butyl N-(1-bromopropyl)carbamate to produce a 15% quaternized 

copolymer.  Acid catalysis (2 M HCl, 2 h) removed the tBoc protecting group.  The reaction was 

dialyzed against water to remove small molecule impurities and residual acid.  The copolymers 

were lyophilized to obtain a white powder generating poly(1-ethylamine-3-vinylimidazolium 

bromide-co-1-vinylimidazole) and poly(1-propylamine-3-vinylimidazolium bromide-co-1-

vinylimidazole).  

5.3.6 Folic Acid Conjugation onto Imidazolium Copolymers 

In a dry 250-mL, round-bottomed flask equipped with stir bar, FA (5.00 g, 11.3 mmol) 

and NHS (2.50 g, 21.7 mmol) were dissolved in 100 mL of anhydrous DMSO and 2.50 mL TEA 

at 40 °C.  The flask was sparged with nitrogen for 30 min.  DCC (4.70 g, 22.7 mmol) was added 

to the solution, and the reaction was stirred for 24 h in the absence of light.  The reaction mixture 

was filtered to remove the urea byproduct, concentrated in vacuo, and then precipitated into a 

30/70 acetone/diethyl ether (v/v %) mixture.  The orange solid was filtered and dried under 

reduced pressure (5.50 g, 90% yield).  
1
H NMR (d6-DMSO):δ 2.04 (m, 2H), 2.30 (s, 2H), 2.89 

(m, 4H), 4.31 (d, 1H), 4.48 (m, 2H), 6.61 (d, 2H), 6.90 (t, 3H), 7.63 (d, 2H), 8.10 (d, 1H), 8.63 (d, 

1H), 11.42 (s, 1H). 

The activated folate (20 mg) was dissolved in 10 mL DMSO and added dropwise to a 

stirring aqueous solution (0.1 M Na2HPO4, 0.1 M boric acid,  pH = 8.5) of an aminated 
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imidazolium copolymer (30 mg).  The solution stirred overnight and was passed through a 

Zeba™ spin desalting column (7000 g/mol MWCO) to remove excess folic acid.  The collected 

liquid was lyophilized to obtain folic acid functionalized imidazolium copolymers (Table 5.1). 

Table 5.1. Polymer acronyms. 

Abbreviation Substituent Quaternization (%) 

PVIM None 0 

PAEVIM30 
 

 

30 

PAEVIM30-FA 30 

PAPVIM15  
15 

PAPVIM15-FA 
 

15 

FA = Folic Acid 

5.3.7 DNA Gel Shift Assay 

DNA-polymer complexes (polyplexes) were prepared with 0.20 μL of gWiz-Luc plasmid 

(1 μg/μL  in H2O, Aldevron) in ~28 μL of 1X Tris-acetate-EDTA (TAE, Sigma) buffer.  Various 

concentrations of copolymer were titrated into the DNA solutions to produced a variety of 

nitrogen/phosphorus (N/P) ratios from 1-14.  After copolymer addition to the plasmid DNA 

solutions, the polyplexes were incubated at 23 °C for 30 min to promote DNA complexation.  

The solutions were added to a 0.9 wt % agarose gel stained with SYBR Green I (Sigma).  The 

solutions were metered for 60 min at 70 V in 1X TAE buffer and then imaged under UV-

irradiation with a MultiDoc-it™ Digital Imaging System (UVP). 

5.3.8 Cell Culture 

Cervical cancer HeLa cells were cultured in Dulbecco’s modified Eagle’s medium 

(DMEM) containing 10% fetal bovine serum (FBS), 100 U/mL of penicillin and 100 μg/mL of 

streptomycin (all reagents from Mediatech).  The cells were maintained in an incubator operating 

at 37 °C with 5% CO2 in a 95% humid atmosphere. 
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5.3.9 Cell Viability Assay 

A 3-[4,5-dimethylthiazol-2-yl]2,5-diphenyltetrazolium bromide (MTT, Sigma-Aldrich) 

conversion assay determined copolymer cytotoxicity.  All copolymer samples dissolved in 

ultrapure water (1 mg/mL) were diluted with DMEM to obtain copolymer solutions ranging in 

concentration from 1-200 μg/mL.  HeLa cells were plated onto a 96-well plate 24 h prior to 

addition of the copolymer solutions to promote cell attachment.  The cells were rinsed with 100 

μL of DMEM and 100 μL copolymer solutions were added to each well.  After 24 h, the polymer 

solutions were aspirated from the wells, and the wells were rinsed with 100 μL of 1X Hank’s 

buffered salt solution (HBSS) to remove any residual polymer.  The cells were treated with 100 

μL of a 0.5 mg/mL MTT solution in DMEM for 4 h.  The media was aspirated and DMSO was 

added to dissolve the formazan product.  A SPECTRAmax M2 microplate reader (Molecular 

Devices Corp.) measured the absorbance at 570 nm for each well.  Cell viability was determined 

from sample absorbance relative to the cells only control. 

5.3.10 Luciferase Expression Assay 

HeLa cells were plated on 24-well plates at a density of 1.0 X 10
5
 cells/well 24 h prior to 

transfection to allow for cell attachment and equilibration.  The cells were rinsed with HBSS and 

treated with 500 μL of the polyplex transfection solution. To prepare the polyplex solutions, 

gWiz-Luc plasmid (1 μg/μL in H2O) was diluted in DMEM to a concentration of 1 μg DNA/well 

and concurrently copolymer solutions were diluted at various concentrations in DMEM and 

serum-containing DMEM corresponding to the targeted N/P ratios.  The solutions of equal 

volume were mixed and incubated for 30 min at room temperature.  The polyplexes remained on 

the cells for 4 h at 37 °C with 5% CO2 and were subsequently removed from the cells.  DMEM 

with serum was added to the cells and incubated (37 °C with 5% CO2) for an additional 48 h to 

promote protein expression.  The HeLa cells were rinsed with 500 μL of PBS and 125 μL of lysis 
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buffer was added to each well.  The cells were subjected to -80 °C/37 °C freeze-thaw cycle three 

times to promote cell lysis.  The lysate was collected and luciferase activity was measured 

following the instructions for the SPECTRAmax L luminometer (Molecular Devices Corp.) and 

the luciferase assay kit (Promega).  Protein concentration was determined using a Pierce BCA 

Protein Assay kit according to the enclosed directions. Gene expression was reported as relative 

light units per milligram of cell protein lysate (RLU/mg). Experiments were repeated twice in 

quadruplicate. 

5.3.11 GFP Expression Wide-Field Fluorescence Optical Microscopy 

Polyplexes were prepared for GFP expression experiments with gWiz-GFP plasmid 

according to the luciferase procedure. The evaluated N/P ratios corresponded to the highest 

transfection efficiency as determined with the luciferase expression assay.  The polyplexes were 

applied to the HeLa cells for 4 h. The HeLa cells were rinsed with PBS and imaged using a 

Nikon Eclipse TE2000-U inverted microscope with a Nikon C-HGFI Intensilight epifluorescence 

system and Nikon DS-Qi,Mc BW CCD digital camera.  The multichannel fluorescence images 

were acquired using UV-2EC, Cy5, and F/EGFP filters. 

5.4  Results and Discussion 

Conventional free radical polymerization of VIM afforded a homopolymer with a 

number-average molecular weight (Mn) of 23,000 g/mol with a PDI of 1.89.  PVIM failed to 

complex DNA in physiological buffer, and quaternization imparted a necessary, permanent 

cationic charge onto the polymer.
27

  Primary amines on PVIM permitted DCC coupling of folic 

acid onto the imidazolium copolymer.  Functionalization of PVIM with a primary amine required 

amine protection to suppress oligomerization.  Busetto et al. showed the functionalization of 1-

methylimidazole with unprotected 2-bromoethylamine hydrobromide produced a wide 

distribution of products including protonated 1-methylimidazole in 70% yield.
51

  Scheme 5.1 
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depicts the synthesis tBoc-protected amines to generate both tBoc-bromoethylamine and tBoc-

bromopropylamine.  The alkylene spacer tailored the distance the primary amine from the 

polymer backbone.   

 

 
Scheme 5.1. Synthesis of tBoc-protected amines and subsequent quaternization of PVIM. 

 

The protected amines readily reacted with PVIM and led to partial quaternization of the 

homopolymer.  Seven equivalents of amine to polymer afforded the ethylamine and propylamine 

modified copolymers with 30 mol % quaternization and 15 mol % quaternization, respectively.  

Reactions with higher concentrations of protected amines failed to achieve larger quaternization 

percentages.  
1
H NMR spectroscopy and TGA confirmed quaternization percentages as shown in 

Figure 5.1a and 1b.   
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Figure 5.1. a) 

1
H NMR of PAEVIM30 confirmed successful quaternization of PVIM. b) TGA at 

a ramp rate of 10 °C/min under nitrogen further confirmed quaternization percentage determined 

with 
1
H NMR. Initial weight loss of tBoc-protecting group corresponded to 30 mol % 

quaternization of PAEVIM30.  

 

The quaternizations utilized significantly less quaternizing agent and time to obtain charge 

densities that were 10-fold higher than previous studies.  Asayama et al. functionalized PVIM 
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with 70 molar equivalents of unprotected, 2-bromoethylamine hydrobromide to obtain only 2.5% 

quaternization; our studies confirmed the necessity for protection chemistry to achieve high 

quaternization percentages.
50

  The quaternized copolymers required an N/P ratio of 40 to 

electrostatically complex DNA and failed to transfect various cell lines.  The low level of 

quaternization severely reduced the efficacy of these gene delivery vehicles due to their limited 

ability to complex DNA.   

 Functionalization of the protected-amine imidazolium copolymers with folic acid 

required deprotection of the primary amine.  Two common methods utilized from the earlier 

literature include acid and thermal deprotection.  Isothermal TGA determined thermal 

deprotection occurred at 150 °C.  Initial efforts involved thermal deprotection of the copolymers 

to limit further purification steps; however, the copolymers crosslinked and remained insoluble 

in water. Acid deprotection in a 2 M HCl solution generated quantitative deprotection of the 

primary amine, and TGA confirmed complete removal of the tBoc group (Figure 5.2).  Dialysis 

against water purified the deprotected-copolymer. 
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Figure 5.2. TGA of PAEVIM30 at a ramp rate of 10 °C/min under nitrogen confirmed successful 

acid deprotection.  
1
H NMR insert confirmed disappearance of tBoc protecting group.  

 

 PVIM required post-polymerization functionalization to conjugate folic acid onto the 

polymer for potential receptor-mediated gene delivery, and DCC coupling executed effective and 

efficient conjugation of folic acid onto polymers quantitatively.
52,53

  Prior to conjugation onto 

PVIM, folic acid was reacted with NHS at the γ-carboxylic acid to activate the folic acid ester for 

nucleophilic attack as shown in Scheme 5.2.  NHS-folate reacted with the deprotected copolymer 

to generate a novel folic acid-functionalized imidazolium copolymer as shown in Scheme 5.3. 
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Scheme 5.2. DCC coupling of folic acid with N-hydroxysuccinimide (NHS) to generate an 

activated folate for nucleophilic attack. 
1
H NMR spectroscopy confirmed successful NHS 

activation of the γ-carboxylic acid. 
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Scheme 5.3. Folic acid conjugation onto an imidazolium copolymer for receptor-mediated 

nonviral gene delivery. 

 

After removal of excess folic acid, 
1
H NMR spectroscopy confirmed the presence of folic acid 

conjugated onto the imidazolium copolymers.  Controlling the concentration of folic acid 

conjugated onto the copolymers proved difficult.  Previous studies determined the concentration 

of folic acid molecules per polymer chain required optimization to produce the high transfection 

efficiencies for poly(ethylene glycol) (PEG) delivery vehicles.
54

  Low folic acid concentrations 

fail to complex with folate receptors on the cell membrane surface, while higher folic acid 

concentrations limit polymer solubility in water.  Two equivalents of folic acid for copolymer 

conjugation resulted in < 1 folic acid molecule per polymer chain, while 65 equivalents produced 
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water-insoluble copolymers.  Targeting a concentration of 30 equivalents of folic acid produced 

water-soluble copolymers with sufficient folic acid functionalization.  UV-Vis spectroscopy 

indicated successful folic acid conjugation onto PAEVIM30 and PAPVIM15 with an average of 8 

and 4 molecules of folic acid per polymer chain, respectively. 

 DNA gel shift assays determined the amount of copolymer required to effectively bind 

DNA for luciferase transfection assays.  As shown in Figure 5.3, all imidazolium copolymers 

bound DNA at N/P ratios of 4, compared to previous literature which described N/P ratios above 

40 to effectively complex plasmid DNA.  Folic acid conjugation did not influence the DNA 

binding affinity of the copolymers.  These quaternized copolymers bound DNA at lower polymer 

concentrations than hydroxyalkyl analogs due to protonation of the primary amines at 

physiological pH.
27

   

 
Figure 5.3. Electrophoretic gel shift assay of imidazolium copolymers to determine copolymer–

pDNA complexation: a) PAEVIM30; b) PAEVIM30-FA; c) PAPVIM15; d) PAPVIM15-FA. 

Arrows indicate N/P ratio necessary for complete DNA binding. 
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 The MTT conversion assay determined the cytotoxicity as a function of concentration for 

the copolymers (Figure 5.4).   

 
Figure 5.4. HeLa cell viability at various imidazolium copolymer concentrations.  Values 

represent mean ± SD (n = 8). 

 

PAEVIM30 exhibited significant cytotoxicity above a polymer concentration of 5 μg/mL and 

PAPVIM15 exhibited toxicity above 75 μg/mL.  As expected, cytotoxicity increased with a 

higher charge density in the copolymer.  Kissel et al. determined that a higher concentrations of 

cationic charge in the copolymer led to greater cytotoxicity.
55

  Folic acid functionalization 

insignificantly impacted the cytotoxicity of the copolymers.  Transfection experiments examined 

the delivery efficiency of the aminated and folic acid-conjugated imidazolium copolymers 

utilizing N/P ratios that corresponded to nontoxic polymer concentrations.  

 The luciferase expression assay evaluated the influence of the alkylene spacer and folic 

acid functionalization on in vitro gene delivery.  Nucleic acid delivery to HeLa provided a high 
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concentration of folate receptors on their cell membrane surface compared to non-cancerous cell 

lines.
56

  The unfunctionalized imidazolium copolymers delivered gWiz-Luc inefficiently as 

shown in Figure 5.5.   

 
Figure 5.5. In vitro gene transfection efficiency of various imidazolium copolymers as a 

function of N/P ratio in serum-free media. Nontoxic N/P ratios chosen for luciferase transfection. 

Values represent mean ± SD (n = 4). 

 

When functionalized with folic acid, PAEVIM30-FA exhibited a slight increase in delivery 

efficiency, but PAPVIM15-FA exhibited a dramatic increase in transfection efficiency.  

PEVIM30-FA displayed a 2.5-fold increase in luciferase expression while PAPVIM15-FA showed 

a 250-fold increase in luciferase expression.  All copolymers failed to achieve values similar to 

Superfect or PEI; however, further optimization these copolymers may result in higher 

transfection values.  The mechanism of imidazolium copolymer nonviral delivery and the 

influence of folic acid on the uptake of the copolymers will be discussed in a future article. 
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 GFP expression experiments complemented the luciferase expression assay.  As shown in 

Figure 5.6, HeLa cells transfected with Superfect™ displayed GFP expression, while cells 

transfected with PAPVIM30-FA transfected significantly more HeLa cells.   

 
Figure 5.6. Fluorescence microscopy of HeLa cells transfected with gWiz-GFP.  The top image 

is a composite image of HeLa cells with transfected cells and bottom image highlights only cells 

producing GFP. 

 

Fluorescence microscopy revealed that cells transfected with PAPVIM30-FA had substantially 

less fluorescence intensity compared to cells transfected with Superfect™.  This discrepancy is 

consistent with the difference between the luciferase and GFP expression assays.  The cells 

transfected with Superfect™, despite a lower percentage, produced more luciferase protein than 

PAPVIM30-FA, resulting in higher luciferase expression.  Cells transfected with PAPVIM30-FA 

also qualitatively displayed a healthier cell morphology compared to the rounded cell 

morphology exhibited in HeLa cells transfected with Superfect™. 

5.5  Conclusions 

Synthesis of amine-containing imidazolium copolymers afforded folic acid conjugation 

onto these macromolecules for the first time and significantly influenced the overall transfection 

efficiency of DNA delivery vehicles.  Conventional free radical polymerization afforded high 
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molecular weight PVIM for subsequent post-polymerization modification.  The synthesis of 

various tBoc-protected amines afforded partial homopolymer quaternization (< 30 mol %) with 

significantly less quaternizing agent and reaction time to obtain charge densities 10-fold higher 

than previous studies.  TGA confirmed acid deprotection generated quantitative removal of the 

tBoc group.  DCC coupling executed effective and efficient folic acid conjugation onto the 

imidazolium copolymers.  Low incorporations of folic acid onto the copolymers remained ideal 

for nonviral gene delivery as large concentrations produced water-insoluble copolymers.  The 

incorporation of folic acid offers a safe and effective avenue to tailor imidazolium copolymer 

gene delivery in HeLa cells.     
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6.1  Abstract 

Conventional free radical polymerization of (hydroxy)alkyl-containing vinylimidazolium 

ionic liquid monomers generated high molecular weight polymers to relate chemical composition 

to macromolecular properties.  Varying substituent chain length and functionality of the 

imidazolium polymerized ionic liquids (PILs) significantly influenced numerous polymer 

properties.  Incorporation of a hydroxyl group at the terminus of the alkyl substituent lowered the 

glass transition temperature (Tg) of the PILs approximately 50 °C and increased the 

homopolymer thermal stability compared to the respective alkyl analog.  Anion exchange 

provided a further avenue to further tailor homopolymer transition temperatures; counterion 

exchange from a bromide (Br
-
) anion to a bis(trifluoromethanesulfonyl)imide (Tf2N

-
) anion 

lowered the Tg’s and improved the thermal stabilities of the PILs.  X-ray scattering demonstrated 

that the (hydroxy)alkyl chain length influenced backbone-to-backbone spacing, and more 

importantly, showed hydroxyl incorporation diminished the nanophase-separated morphology 

present in the alkyl analogs.  Ionic conductivity of the imidazolium homopolymers increased 

over an order of magnitude upon hydroxyl group incorporation due to the polarity of the 

hydroxyl groups solvating the homopolymer electrostatic interactions.  Effectively controlling 

the homopolymer chemical composition enabled the tuning of thermal properties and polymer 

morphology for improved ionic conductivity. 
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6.2  Introduction 

Imidazolium ionic liquid monomers, defined as organic salts with a melting point below 

100 °C, remain an area of intense focus.
1-4

  These monomers display advantageous properties 

including high chemical and thermal stability, negligible volatility, and high ionic conductivity.
5-

8
  The diversity of ionic liquid compositions enables the synthesis of “designer” molecules with 

tailored physical properties through judicious anion and cation selection.  Alkyl-functionalized 

imidazolium ionic liquids have received widespread interest,
9-14

 and recent attention has focused 

on the development of hydroxyl- and ether-functionalized ionic liquids.
15,16

  Afonso et al. 

reported that ether-containing imidazolium ionic liquids displayed reduced viscosities compared 

to alkylated analogs.
17

  Molecular dynamics simulations and X-ray crystallography determined 

ether chains and hydroxyl-containing substituents formed intra- and inter-molecular hydrogen 

bonds with the acidic hydrogen on the C2 position of the imidazolium cation.
18-21

  This 

interaction weakened the specific cation-anion interactions, which reduced viscosity and 

increased conductivity.  Furthermore, Russina and Triolo demonstrated that the incorporation of 

polar substituents in room-temperature imidazolium ionic liquids disrupted the nanophase-

separated morphology for alkylated analogs.
19,22,23

  Density functional theory calculations of 

hydroxyl-containing imidazolium ionic liquids also supported the observations of Russina and 

Triolo, and these calculations suggested that the polarity of hydroxyl substituents reduces cation-

anion electrostatic interactions.
24,25

  

Polymerization of ionic liquid monomers enables the design of conductive membranes 

suitable for electroactive devices,
26,27

 gas separation,
28,29

 and microwave-absorbing materials.
30

  

In polymerized ionic liquids (PILs), the cation or anion remains covalently bound to the 

macromolecule, thus restricting its mobility.  The mobility restriction advantageously prevents 

leakage of liquid electrolytes in electrochemical devices; however, the reduction in ionic 
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conductivity proves problematic.  Anion selection remains a highly researched component of 

cationic PILs to improve macromolecular ionic conductivity.
1,31-37

 Elabd et al. examined various 

counterions in a methacrylate-based imidazolium PIL from a tetrafluoroborate (BF4
-
) anion to a 

bis(trifluoromethanesulfonyl)imide (Tf2N
-
) anion.

32
  The bulkier Tf2N

-
 anion significantly 

reduced the glass transition temperature (Tg) and increased ionic conductivity.  Long et al. also 

observed a similar impact on Tg and demonstrated enhanced thermal stability through 

exchangeable anion selection in alkyl-substituted 1-vinylimidazolium (AVIM) PILs.
38

  Further 

studies confirmed that counterion exchange also influenced ionic conductivity due to anion size 

and symmetry as well as ion pair dissociation energy.
39

  

Imidazolium cation structure also affects the ionic conductivity of cationic 

polyelectrolytes.  Various imidazolium-containing ionic liquid monomers include 1--

vinylimidazoliums,
37,38,40

 styrenics,
31,41

 and (meth)acrylics.
27,42,43

 Ohno et al. synthesized and 

polymerized substituted VIM monomers for electroactive materials.
37

  Spacing the imidazolium 

cation further from the polymer backbone with an oligo(ethylene oxide) chain improved 

homopolymer ionic conductivity 300-fold.  Gibson et al. polymerized acrylate-functionalized 

imidazolium ionic liquids containing a diethyleneoxy or butyl substituent on the imidazolium 

cation.
42

  The diethyleneoxy substituent displayed higher ionic conductivities than the butyl 

substituent due to a lower binding energy between the imidazolium ring and the counterion. 

Previously, our research group examined functionalized VIM with various alkyl substituents 

(ethyl, butyl, and octyl chains) and found increased alkyl chain length increased the backbone-to-

backbone distance. This increased spacing resulted in a reduced, Tg-independent, ionic 

conductivity.  Modifying the imidazolium macromolecules through functional substituent 

selection enabled the tuning of polymer thermal properties and ionic conductivity without the 
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addition of low molar mass plasticizers.  Although effective in reducing Tg and subsequently 

increasing ionic conductivity, evaporation, leaching, and degradation commonly plague the use 

of low molar mass plasticizers for advanced electroactive membranes.
44

 

In this article, we synthesized for the first time VIM ionic liquid monomers 

functionalized with various hydroxyalkyl groups to investigate the impact of functional 

substituents on PVIM thermal properties, morphology, and ionic conductivity.  Conventional 

free radical polymerization of AVIM and hydroxyalkyl-substituted 1-vinylimidazolium (HAVIM) 

monomers with variable substituent length afforded a series of homopolymers for structure-

property characterization.  As expected, anion exchange from a bromide counterion (Br
-
) to a 

Tf2N
-
 counterion lowered homopolymer Tg and increased thermal stability.  X-ray scattering 

investigated the relationship between chemical structure and morphology on ionic conductivity.  

Facile modification of imidazolium macromolecules enables the future design of improved 

ionically conductive polyelectrolytes for advanced applications including electroactive devices 

and gas separation membranes. 

6.3  Experimental Section 

6.3.1 Materials  

Bromoethane (98%, Sigma-Aldrich), 1-bromopropane (99%, Aldrich), 1-bromohexane 

(98%, Aldrich), (99%, Aldrich), 2-bromoethanol (95%, Aldrich), 3-bromo-1-propanol (97%, 

Aldrich), 6-bromo-1-hexanol (97%, Aldrich), and 8-bromo-1-octanol (95%, Aldrich) were used 

as received. 1-Vinylimidazole (VIM, 99%, Aldrich) was distilled under reduced pressure. 2,2’-

Azobisisobutryonitrile (AIBN, 99%, Sigma-Aldrich) was recrystallized from methanol.  Lithium 

bis(trifluoromethane)sulfonimide (LiTf2N, > 99%, Aldrich) and lithium bromide (> 99%, 

Aldrich) were used as received. All solvents were obtained from Fisher Scientific and used as 

received.  
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6.3.2 Analytical Techniques 
1
H NMR spectroscopy (Varian Inova, 400 MHz, CD3OD) confirmed monomer and 

polymer structure.  Thermal analysis of the various imidazolium polymers was performed on a 

TA Instruments thermogravimetric analyzer (TGA) Hi-Res 2950 with a heating rate of 

10 °C/min from 23 °C to 600 °C under a nitrogen atmosphere.  Differential scanning calorimetry 

(DSC, TA instruments, Q1000, 10 °C/min) utilizing a heat/cool/heat method to erase polymer 

thermal history determined thermal transitions.  Aqueous size exclusion chromatography (SEC, 

flow rate of 0.8 mL/min through two Waters Ultrahydrogel Linear and one Waters Ultrahydrogel 

250 columns, solvent: 54/23/23 H2O/MeOH/acetic acid (v/v/v %), 0.1 M NaNO3) equipped with 

a Waters 1515 isocratic HPLC pump, a Waters 717plus autosampler, a Wyatt miniDAWN 

multiangle laser light scattering (MALLS, wavelength = 690 nm), and a Waters 2414 differential 

refractive index detector determined polymer molecular weights relative to poly(ethylene oxide) 

standards.  Prior to SEC analysis, polymer samples were screened with dynamic light scattering 

(DLS, Malvern Zetasizer NanoZS) to confirm the absence of polymer aggregates in the SEC 

mobile phase.   

 In-plane conductivities were measured using a four-electrode method with a Metrohm 

Autolab 302N impedance analyzer equipped with a custom-made Teflon-coated stainless steel 

cell over a frequency range of 10
-1

 Hz to 10
6
 Hz at 200 mV.  An ESPEC BTL-433 environmental 

chamber controlled temperature up to 135 °C and relative humidity (10% RH below 95 °C, 

<10% RH above 95 °C).  Samples were equilibrated for 2 h prior to each measurement.  Polymer 

films were cast from a 30 wt % solution (acetone or methanol) onto a Mylar® substrate and dried 

under ambient conditions for 48 h followed with drying under reduced pressure for an additional 

48 h.  The films were annealed for 24 h at 135 °C immediately prior to impedance measurements.  

The impedance or resistance, R, was measured between the two inner reference electrodes while 
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the alternating current was applied to the outer two electrodes.  The x-intercept of the semicircle 

of the Nyquist plot in the Autolab Nova software suite determined the resistance to calculate the 

conductivity of the polymer film.  The equation, σ = L/AR, where L is the distance between the 

inner electrodes, and A is the cross-sectional area of the polymer film calculated ionic 

conductivity.  Five measurements were performed at each temperature (10 °C/step) and the 

values reported were an average of these steady-state measurements.  

 Utilizing the Origin Lab 7 software suite, the temperature-dependent ionic conductivities 

of the imidazolium homopolymers were fit with the Vogel-Fulcher-Tammann (VFT) equation: 
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(1) 

In the VFT equation, 0σ  (S cm
-1

) is the infinite temperature conductivity, B (K) is a fitting 

parameter related to the Arrhenius activation energy, and T0 is the Vogel temperature; therefore, 

the VFT equation requires three fitting parameters.  To confirm the accuracy of the fitting 

parameters, Elabd et al.
39

 reduced the number of fitting parameters in Eq. (1) converting the 

equation into the following: 
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where )( rTσ is the ionic conductivity at a determined reference temperature (135 °C).  The 

replacement of 0σ with )( rTσ reduced the number of fitting parameters from three to two.     

Additionally, researchers utilize the Williams-Landel-Ferry (WLF) equation to fit temperature-

dependent ionic conductivities of polyelectrolytes.   
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In the WLF equation, )(Tσ and )( gTσ are the conductivities at a temperature T, and at the glass 

transition temperature ( gT ) respectively.  The fitting parameters gC1 and gC2 (K) were determined 

utilizing Elabd et al. previously published method.
39

  The WLF and VFT are mathematically 

equivalent where B = 2.303 gC1

gC2 and 0T  = gT - gC2 . 

6.3.3 Synthesis of Imidazolium Monomers 

The 1-alkyl-3-vinylimidazolium bromide (AVIM-Br) monomers were synthesized 

according to previous literature.
38,45,46

  The 1-hydroxyalky-3-vinylimidazolium (HAVIM) 

monomer synthesis required a modified procedure.  In a typical reaction, VIM (1.00 g, 10.6 

mmol), 2-bromoethanol (1.46 g, 11.7 mmol) and acetonitrile (2.46 g, 61.4 mmol) were charged 

to a 25-mL, round-bottomed flask equipped with a stir bar and stirred for 48 h at 40 °C.  

Acetonitrile and excess 2-bromoethanol were removed under reduced pressure and a yellow oil 

was precipitated into ethyl acetate.  After three washings with ethyl acetate, the yellow oil was 

dried under reduced pressure overnight (1.40 g, 70% yield).  The monomer was redissolved in 

deionized water (5.00 g, 278 mmol H2O) and slowly added dropwise to an aqueous solution of 

LiTf2N (3.06 g, 10.7 mmol LiTf2N in 5.00 g, 278 mmol H2O).  The monomer 1-hydroxyethyl-3-

vinylimidazolium bis(trifluoromethane)sulfonimide precipitated as a colorless oil (HEVIM-Tf2N) 

and was washed with deionized water five times to remove residual salt (2.44 g, 91% yield). 
1
H 

NMR (CD3OD):δ 9.23 (t, 1H), 7.99 (d, 1H), 7.73 (d, 1H), 7.25 (dd, 1H), 5.91 (dd, 1H), 5.44 (dd, 

1H), 4.33 (t, 2H), 3.89 (t, 2H).  
13

C NMR (CD3OD):δ 135.4 (s), 128.3 (s), 123.4 (s), 119.0 (s), 

108.5 (s), 59.4 (s), 52.2 (s).  19
F NMR (CD3OD):δ -80.7 (s). ESI-mass spectra for C8H13N2O: 

Calculated: 139.0866 g/mol; Found: 139.0858 g/mol. 
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1-Hydroxyproply-3-vinylimidazolium Tf2N (HPVIM-Tf2N). 
1
H NMR (CD3OD):δ 7.98 (d, 

1H), 7.74 (d, 1H), 7.22 (dd, 1H), 5.90 (dd, 1H), 5.44 (dd, 1H), 4.37 (t, 2H), 3.61 (t, 2H), 2.10 (tt, 

2H).  
13

C NMR (CD3OD):δ 128.3 (s), 123.1(s), 119.3(s), 108.4 (s), 57.5(s), 47.0 (s), 31.8 (s). 
19

F 

NMR (CD3OD):δ -80.1 (s). ESI-mass spectra for C8H13N2O: Calculated: 153.1028 g/mol; Found: 

153.1020 g/mol. 

1-Hydroxyhexyl-3-vinylimidazolium Tf2N (HHVIM-Tf2N). 
1
H NMR (CD3OD):δ 9.21(s, 1H), 

7.96 (s, 1H), 7.73 (s, 1H), 7.21 (dd, 2H), 5.89 (dd, 1H), 5.43 (dd, 1H), 4.25 (t, 2H), 3.55 (t, 2H), 

1.93 (t, 2H), 1.55 (m, 2H), 1.40 (dd, 4H). 
13

C NMR (CD3OD):δ 134.9 (s), 128.4 (s), 123.0 (s), 

119.3 (s), 108.5 (s), 61.3 (s), 49.8 (s), 31.8 (s), 29.4 (s), 25.2 (s).  
19

F NMR (CD3OD):δ -80.7 (s).  

ESI-mass spectra for C11H19N2O: Calculated: 195.1497 g/mol; Found: 195.1485 g/mol. 

1-Hydroxyoctyl-3-vinylimidazolium Tf2N (HOVIM-Tf2N). 
1
H NMR (CD3OD):δ 9.20 (d, 1H), 

7.95 (d, 1H), 7.72 (d, 1H), 7.21 (dd, 1H), 5.89 (dd, 1H), 5.42 (dd, 1H), 4.24 (m, 2H), 3.53 (t, 

2H), 1.93 (d, 2H), 1.51 (d, 2H), 1.36 (dt, 8H). 
13

C NMR (CD3OD):δ 134.8 (s), 128.3 (s), 123.0 

(s), 119.3 (s), 108.5 (s), 61.5 (s), 49.8 (s), 32.1 (s), 29.4 (s), 28.8 (s), 28.6 (s), 25.7 (s), 25.4 (s).  

19
F NMR (CD3OD):δ -80.6 (s). ESI-mass spectra for C13H23N2O: Calculated: 223.1810 g/mol; 

Found: 223.1798 g/mol. 

6.3.4 Synthesis of Imidazolium Polymers and Anion Exchange 

The AVIM-Br monomers were polymerized and underwent anion exchange according to 

previous literature.
38,45,46

  The HAVIM-Tf2N monomers were polymerized with a modified 

procedure.  In a representative conventional free radical polymerization, HEVIM-Tf2N (0.500 g, 

11.9 mmol), AIBN (1.98 mg, 11.9 μmol), and DMSO (2.00 g, 25.6 mmol) were charged to a 25-

mL, round bottomed-flask equipped with stir bar.  The reaction was sparged with argon at room 

temperature for 30 min. and immersed in a 65 °C thermostated oil bath for 24 h.  The polymer 

was precipitated into ethyl acetate, redissolved in methanol, and dialyzed against methanol 
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(MWCO = 3500 g/mol) for 48 h to remove residual monomer.  The polymer was dried under 

reduced pressure for 24 h (340 mg, 68 % yield).  

 Poly(HEVIM-Tf2N) (340 mg, 0.811 μmol) was dissolved in methanol (5.00 g, 156 

mmol) with lithium bromide (5.00 g, 57.6 mmol) and dialyzed against a 1 M LiBr-methanol 

solution for five days. The polymer was then dialyzed against deionized water for 48 h to remove 

excess LiBr.  The polymer was freeze dried to remove water for 48 h. Silver nitrate titrations 

confirmed the absence of excess salt and XPS analysis determined less than 0.2% Tf2N 

remained.  
1
H NMR confirmed polymer structures.  Polymer molecular weights relative to 

poly(ethylene oxide) standards were determined utilizing aqueous SEC. 

6.3.5 X-ray scattering 

X-ray scattering was performed using a multi-angle X-ray scattering (MAXS) system. 

The MAXS system generates Cu-Kα X-rays,  = 0.154 nm, from a Nonius FR 591 rotating 

anode operated at 40 kV and 85 mA.  The bright, highly collimated beam was obtained via 

Osmic Max-Flux optics and pinhole collimation in an integral vacuum system.  The scattering 

data were collected using a Bruker Hi-Star two-dimensional detector with a sample-to-detector 

distance of 11 cm and analyzed using Datasqueeze software.  The intensities were corrected for 

primary beam intensity, and background scattering was subtracted. The isotropic 2-D scattering 

patterns were then azimuthally integrated to yield intensity versus scattering angle (q) profiles. 

The intensities are reported in arbitrary units (a.u.). 

Samples were prepared for room temperature X-ray scattering utilizing the casting 

conditions described above for impedance spectroscopy.  Room-temperature data were collected 

on bare samples. For elevated temperature X-ray scattering experiments, thin strips of cast 

poly(HAVIM-Tf2N) samples were cut and inserted into 1 mm glass capillaries, which were then 

flame sealed. Variable temperature data were collected in situ using a Linkham HFS91 
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temperature controller, which has a temperature resolution of ±0.1 °C.  Data were collected at 

temperatures ranging from 10 °C to 125 °C, with an additional scan at 25 °C to assess sample 

recovery, at heating and cooling rates of 10 
°
C/min.  Samples were equilibrated at desired 

temperatures for 15 min before collecting X-ray data for 30 min. 

6.4  Results and Discussion 

The quaternization reaction of VIM with various bromoalcohols afforded a series of 

HAVIM-Br monomers shown in Scheme 6.1.   

 
Scheme 6.1. Synthesis of HAVIM ionic liquid monomers with subsequent anion exchange. 

 

Functionalization of VIM with 4-bromo-1-butanol resulted in THF formation which prevented 

quaternization of the imidazole ring with a hydroxybutyl substituent.
47

  The HAVIM-Br 

monomers were further modified through with anion exchange of a Br
-
 counterion to a less basic, 

more hydrophobic Tf2N
-
 counterion to tune thermal properties and ionic conductivity.  DSC 

detected the thermal transitions of the HAVIM-Br monomers (Table 6.1; the ionic liquids 

exhibited Tg’s between -58 °C through -42 °C and melting points below 60 °C.  Exchange of the 

Br
-
 anion to Tf2N

-
 lowered Tg’s approximately 30 °C.  Widespread research on AVIM-Br 

monomers determined the melting points of shorter chain substituents remained above 100 °C 

(ethyl, propyl) while anion exchange to Tf2N
-
 lowered the Tg’s to similar temperatures as the 

HAVIM-Tf2N monomers.
37,48
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Table 6.1. Thermal analysis of vinylimidazolium monomers. 

Abbreviation 
Hydroxyalkyl 

Substituent 
Anion 

Tg 

(°C) 

Tm 

(°C) 

HEVIM-Br Ethyl Bromide -42 25 

HEVIM-Tf2N Ethyl Tf2N -73 ND 

HPVIM-Br Propyl Bromide -43 55 

HPVIM-Tf2N Propyl Tf2N -73 ND 

HHVIM-Br Hexyl Bromide -58 37 

HHVIM-Tf2N Hexyl Tf2N -74 ND 

HOVIM-Br Octyl Bromide -53 41 

HOVIM-Tf2N Octyl Tf2N -84 ND 

ND = Not Detected Utilizing DSC Thermal Analysis (-150 °C – 200 °C) 

 

 

 Conventional free radical polymerization of the vinylimidazolium monomers (Scheme 

6.2a and b) afforded homopolymers with various alkyl and hydroxyalkyl substituents.   

 

Scheme 6.2. Conventional free radical homopolymerization of a) HAVIM and b) AVIM ionic 

liquid monomers with subsequent anion exchange. 

 

The AVIM-Br monomers homopolymerized according to previous literature procedures, and the 

polymeric precursor was susceptible to anion exchange with LiTf2N to generate AVIM-Tf2N 

homopolymers.
38

  Free radical homopolymerization of HAVIM-Br monomers produced an 

insoluble, covalently crosslinked network.  Heating poly(HAVIM-Br) to 65 °C in DMSO 
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(homopolymerization conditions) failed to produce an insoluble, crosslinked polymer.  

Thermoset generation during free radical polymerization suggested a counterion- and 

substituent-dependent reaction mechanism; however, the exact mechanism remains 

undetermined.  Anion exchange to HAVIM-Tf2N and subsequent polymerization prevented 

network formation.  We propose an acid impurity in DMSO catalyzes an elimination reaction 

which generates a difunctional imidazolium monomer which would presumably promote 

crosslinking (Supporting Information).  Post-polymerization anion exchange from Tf2N
-
 to Br

-
 

provided an alternative synthetic route to generate poly(HAVIM-Br) thermoplastics.   

 Aqueous SEC determined imidazolium homopolymer molecular weights relative to 

poly(ethylene oxide) standards.  Previously, we reported that column interactions and polymer 

aggregation in SEC mobile phases prevented molecular weight analysis of various imidazole- 

and imidazolium-containing polymers.  The AVIM-Br homopolymers remained difficult to 

analyze with SEC due to either homopolymer aggregation in various aqueous media or column 

interactions in organic solvents (DMF, THF) that prevented homopolymer elution.  Conversely, 

HAVIM-Br homopolymers exhibited an absence of polymer aggregates in a 54/23/23 (v/v/v %) 

water/methanol/acetic acid co-solvent with 0.1 M NaNO3 and successfully eluted from the SEC 

columns as shown in Figure 6.1   
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Figure 6.1. Aqueous SEC dRI chromatograms of HAVIM-Tf2N homopolymers. 

 

The number-average molecular weights (Mn) increased with increasing substituent chain length 

and all polydispersity indices (PDI) were consistent with a conventional free radical 

polymerization (Table 6.2).  Despite obtaining only HAVIM-Br homopolymer molecular 

weights, identical polymerization conditions for AVIM-Br homopolymerizations presumably 

afforded similar polymer molecular weights. 

Table 6.2. Relative molecular weights of HAVIM-Tf2N homopolymers. 

Polymer 
Mn 

(g/mol) 

Mw 

(g/mol) 
PDI 

Poly(HEVIM-Tf2N) 26,000 37,200 1.43 

Poly(HPVIM-Tf2N) 24,000 38,600 1.61 

Poly(HHVIM-Tf2N) 50,000 75,500 1.51 

Poly(HOVIM-Tf2N) 57,000 123,700 2.17 

SEC Conditions: 54/23/23 H2O/MeOH/acetic acid (v/v/v %), 0.1 M NaNO3 
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 Counterion selection significantly impacts the thermal properties of cationic 

polyelectrolytes.
31,32,35

  TGA determined the influence of counterion selection and functional 

substituent composition on PIL weight loss as a function of temperature (Figure 6.2).   

 
Figure 6.2. Td,5% for poly(HAVIM-X) and poly(AVIM-X) varying alkyl chain length and 

counterion (X = Br
-
, Tf2N

-
). TGA performed at 10 °C/min under N2 atmosphere. 

 

As expected, the thermal stability of the imidazolium homopolymers increased upon anion 

exchange to the less basic Tf2N
-
 counterion regardless of substituent chain length.  As alkyl chain 

length increased, the thermal stability of the polymers decreased similar to previous 

observations.
38

  Interestingly, the HAVIM-X homopolymers exhibited significantly increased 

thermal stabilities (>50 °C) compared to the corresponding AVIM-X homopolymers.  The room 

temperature ionic liquids [EMIM][Tf2N] and [HEMIM][Tf2N] also exhibited ~ 50 °C increase in 

thermal stability upon addition of a hydroxyl substituent to the ionic liquid monomers.
15,49

   

 Thermal characterization demonstrated counterion selection and alkyl substituent 

composition dramatically influenced the Tg’s of the various cationic polyelectrolytes.  As 
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expected, the anion exchange from Br
-
 to the larger Tf2N

-
 counterion significantly reduced the Tg 

of AVIM PILs.
38,45

  Anion exchange to the Tf2N
-
 counterion reduced polymer Tg’s 

approximately 100-150 °C while increased substituent length on the imidazolium ring also 

decreased Tg (Figure 6.3).   

 
Figure 6.3. Tg’s of poly(HAVIM-X) and poly(AVIM-X) varying alkyl chain length and 

counteranion.  DSC heat/cool/heat performed at 10 °C/min under N2 atmosphere. 

 

Interestingly, the HAVIM homopolymers exhibited lower Tg’s (30-50 °C) than their AVIM 

analogs.  The increased polarity of the hydroxyl group presumably facilitated solvation of the 

electrostatic interactions in the cationic polyelectrolyte resulting in a reduction of the Tg.
18,19

      

Room temperature WAXS probed the impact of substituent chain length and hydroxyl 

incorporation on imidazolium homopolymer morphology.  Winey et al. previously investigated 

similar AVIM homopolymers with WAXS and found that the substituent chain length influenced 

the homopolymer backbone-to-backbone spacing.
40

  Figure 6.4a and b show three peaks in the 

X-ray scattered intensity versus scattering vector (q) plots.   
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Figure 6.4.WAXS profiles of (a) poly(AVIM-Tf2N) and (b) poly(HAVIM-Tf2N) homopolymers 

with varying alkyl chain lengths.  The X-ray scattering data is shifted vertically for clarity. 

 

The lower angle peak at 3-5 nm
-1

 corresponded to the backbone-to-backbone correlation distance 

(qb), and the higher angle peak at 12-14 nm
-1

 corresponded to the pendant-to-pendant spacing (qp, 

distance between side chains).   The middle angle peak at 6-10 nm
-1

 correlated to anion-to-anion 

distance (qi).  These peak assignments agreed favorably with previous literature.
50

   

The qi and qp peaks remained unchanged for the imidazolium homopolymers as n (n = 

number of carbon atoms in (hydroxy)alkyl chain) varied from 2-8 (ethyl-octyl substituent length).  

As the substituent length n increased, qb shifted to lower q values.  The qb peak intensity also 

increased noticeably due to increased electron density contrast between functional groups.  The 

incorporation of longer (hydroxy)alkyl chains increased the phase separation between the polar 

and nonpolar phases.  This observation agreed with numerous molecular dynamics simulation 

studies of AVIM room-temperature ionic liquids.
51-54

 Alkyl side chains (n > 4) spurred the 
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formation of polar and nonpolar nanoscale phases due to side chain aggregation.  Increasing the 

alkyl chain length produced larger, more interconnected nonpolar domains.   

Triolo et al. provided the first experimental evidence of nanoscale heterogeneities present 

in imidazolium ionic liquids and determined the domain size varied proportionally to alkyl chain 

length.
55

 In Figure 6.4a, qb exhibited a sharp, intense peak for the AVIM-Tf2N homopolymers.  

Conversely, a broader, less intense qb peak was observed for the hydroxyl analogs (Figure 6.4b), 

which suggested the presence of hydroxyl groups induced phase mixing of the polar and 

nonpolar nanodomains.  The less defined nanodomains of the HAVIM-Tf2N homopolymers 

resulted in weakened scattering compared to the nanophase-separated AVIM-Tf2N 

homopolymers.   Consequently for the shorter substituents (n = 2, 3), the qi and qp peaks 

exhibited less resolution, and the qb peak remained minimally detectable for the HAVIM-Tf2N 

homopolymers compared to the AVIM-Tf2N homopolymers.  As the substituent length increased 

for poly(HAVIM-Tf2N) (n = 6, 8), the qb peak became more discernible but remained broader 

and less intense than the alkyl analogs.   Russina and Triolo demonstrated for room-temperature 

imidazolium ionic liquids that the replacement of the alkyl functionality with an ether- or 

hydroxyl-containing substituent disrupted the mesoscopic order due to increased side chain 

polarity producing a more homogeneous morphology.
22,23

   

Increased side chain polarity enabled a potential interaction with the imidazolium group 

through either intra- or inter-molecular hydrogen bonding as described previously.
18,19,24

 WAXS 

observed the qb peak at comparable spacings for the hydroxyalkyl- and alkyl-containing 

imidazolium homopolymers, despite the addition of a hydroxyl group to the terminus of the 

substituent chain.  Figure 5 depicts the average backbone-to-backbone distance <db> between the 

two homopolymer analogs as a function of alkyl chain length. This analysis further demonstrated 
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the similar backbone spacing for the HAVIM-Tf2N and AVIM-Tf2N imidazolium homopolymers, 

suggesting the hydroxyl group interacts with the imidazolium cation or Tf2N
-
 anion. The average 

pendant-to-pendant correlation distance <dp> and average anion-to-anion distance <di> remained 

constant as a function of alkyl chain length for all homopolymers at ~0.46 nm and ~0.72 nm 

respectively and agreed with previous literature.
40,50,51

  Figure 6.5 also showed <db> increased 

linearly at an average rate of ~0.13 nm/CH2 as n increased HAVIM-Tf2N and AVIM-TF2N 

homopolymers, which indicated the side chains are less than fully interdigitated.   

 
Figure 6.5. Correlation length for db (diamonds), di (squares), and dp (triangles) obtained from d 

= 2 /q, as a function of alkyl chain length for poly(AVIM-Tf2N) and poly(HAVIM-Tf2N) 

homopolymers (filled and unfilled, respectively). 

 

Winey et al. reported previously <db> as a function of n for poly(AVIM-X) with various 

counterions (Br
-
, BF4

-
, TfO

-
, Tf2N

-
) increased ~0.20 nm/CH2;

40
 however, the current study 

investigated one counterion type eliminating the influence of counterion size to more accurately 

establish the trend of db versus n in HAVIM-Tf2N and AVIM-Tf2N homopolymers.   
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WAXS also probed the morphologies of HAVIM-Tf2N homopolymers at elevated 

temperatures to investigate the homopolymer morphology under conditions similar to ionic 

conductivity experiments.  The temperature-dependent X-ray scattering data for poly(HPVIM-

Tf2N) and poly(HOVIM-Tf2N) determined negligible morphological variation for the 

homopolymers at increased temperatures.  Winey et al. previously showed the AVIM-Tf2N 

homopolymers failed to exhibit morphological changes at elevated temperatures. 

Solid-state NMR (SSNMR) remains a powerful technique to understand polymer 

structure and dynamics at the molecular level.
56-58

  SSNMR investigated the molecular 

associations and the local morphology present in these novel polymer systems. Figure 6.6a 

shows standard 
13

C CP-MAS spectra of poly(EVIM-Tf2N), poly(HEVIM-Tf2N), poly(HVIM-

Tf2N) and poly(HHVIM-Tf2N).  
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Figure 6.6. (a) 

13
C CP-MAS spectra of poly(EVIM-Tf2N), poly(HEVIM-Tf2N), poly(HVIM-

Tf2N) and poly(HHVIM-Tf2N). Assignments of peaks and their linewidths provide information 

about local polymer molecular associations and dynamics.  (b) Deconvolution of resonances 

between 64 - 49 ppm where 1d and 1o represent the backbone methine carbons in homogenously 

disordered and locally ordered morphologies, respectively. Thus, SSNMR enables the 

determination of the percent locally ordered morphology in each sample through spectral 

deconvolution (shown at right of each spectrum). 

 

The resonances from the backbone carbons consisted of the methylene (C2) centered at 40.7 ppm 

as well as the methine (C1) at 56.2 and 53.6 ppm. Upon changing alkyl chain length or hydroxyl 

group incorporation to the terminus of the substituent chain, no significant changes were 

observed in the chemical shifts of methylene carbons.  However, the resonance line became 

relatively sharper for poly(HEVIM-Tf2N) and poly(HHVIM-Tf2N) compared to poly(EVIM-

Tf2N) and poly(HVIM-Tf2N).  This indicated a faster motion for the main-chain carbon with a 

more polar side chain.  

Unlike methylene carbons, methine carbon resonances exhibit remarkable differences 

(Figure 6.6b). For all samples the methine carbons correspond to the resonances at 56.2 ppm and 

53.6 ppm, except for poly(HEVIM-Tf2N) where the 53.6 ppm peak remains absent. These two 
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resonances for the methine carbons provide strong evidence of two distinct chemical 

environments. In a nanophase separated morphology, the Tf2N
-
 anions reside away from 

nonpolar side chain aggregates and closely bind to imidazolium cations.  Consequently, the 

backbone methine carbons experience a more negative chemical environment compared to a 

phase-mixed morphology where anions are more homogeneously distributed in the polymer 

matrix. Therefore, the upfield resonance at 53.6 ppm was assigned to the nanophase-separated, 

locally ordered region, and the downfield 56.2ppm to a more disordered region. Assuming 

similar cross-polarization efficiencies in the two morphologies, the amount of phase separation 

can be quantified through deconvolution of the peaks between 64-49 ppm (Figure 6.6b).  The 

locally ordered fraction increased from 10% to 68% with increasing alkyl chain length from n = 

2 to n = 6; addition of the hydroxyl group to the side chain terminus decreased the locally 

ordered fraction from 10% to 0% for n = 2 and from 68% to 23% for n = 6. This ordering trend 

strongly agrees with and amplifies results from WAXS where the qb peak becomes less intense 

and broader with hydroxyl group incorporation (Figure 6.4). 

 Impedance spectroscopy at 10% RH below 95 °C and < 10% RH above 95 °C revealed 

bulk ionic conductivities of the imidazolium homopolymers containing the Tf2N
-
 counterion.  

The Br
-
 containing polymers failed to form intimate contact with the electrodes due to their high 

Tg’s resulting in unreliable data.  The temperature dependent ionic conductivities of the 

imidazolium homopolymers varied as a function of counterion and substituent composition 

(Figure 6.7a).   



 

146 

 

 

 
Figure 6.7. (a) Temperature-dependent ionic conductivities of poly(HAVIM-Tf2N) and 

poly(AVIM-Tf2N) and (b) the respective VFT fits at <10% relative humidity from 95 °C – 

135 °C. 

 

The shift in the curve at 1000/T equal to 2.7 corresponded to the change in RH from 10% to < 

10% due to limitations of the wick-based ESPEC BTL-433 environmental chamber.  TGA-SA 

-9.0

-8.0

-7.0

-6.0

-5.0

-4.0

-3.0

2.2 2.4 2.6 2.8 3.0 3.2 3.4 3.6

lo
g

(σ
(S

/c
m

))

1000/T (K-1)

HydroxyEthyl-TFSI

HydroxyPropyl-TFSI

HydroxyHexyl-TFSI

HydroxyOctyl-TFSI

Ethyl-TFSI

Propyl-TFSI

Hexyl-TFSI

Octyl-TFSI

a) Poly(HEVIM-Tf2N)

Poly(HPVIM-Tf2N)

Poly(HHVIM-Tf2N)

Poly(HOVIM-Tf2N)

Poly(EVIM-Tf2N)

Poly(PVIM-Tf2N)

Poly(HVIM-Tf2N)

Poly(OVIM-Tf2N)

-6.5

-6.0

-5.5

-5.0

-4.5

-4.0

-3.5

-3.0

2.40 2.50 2.60 2.70 2.80

lo
g

((
σ

(S
/c

m
))

1000/T (K-1)

HydroxyEthyl-TFSI

HydroxyPropyl-TFSI

HydroxyHexyl-TFSI

HydroxyOctyl-TFSI

Ethyl-TFSI

Propyl-TFSI

Hexyl-TFSI

Octyl-TFSI

b) Poly(HEVIM-Tf2N)

Poly(HPVIM-Tf2N)

Poly(HHVIM-Tf2N)

Poly(HOVIM-Tf2N)

Poly(EVIM-Tf2N)

Poly(PVIM-Tf2N)

Poly(HVIM-Tf2N)

Poly(OVIM-Tf2N)



 

147 

 

confirmed that the polymers at 10% RH absorbed approximately 0.30 wt. % water under the 

impedance spectroscopy conditions. In Figure 6.7a, the HAVIM-Tf2N polymers exhibited ionic 

conductivities an order of magnitude greater than the respective AVIM-Tf2N polymers over the 

studied temperature range.  The plasticization effect of the hydroxyl group in the HAVIM-Tf2N 

homopolymers suggested hydroxyl incorporation improved homopolymer ionic conductivity and 

weakened the nanoscale phase-separated morphology observed in the AVIM-Tf2N 

homopolymers.   Figure 6.7b shows quality fitting utilizing the VFT equation.  All values 

determined utilizing these equations are reported in Table 6.3.  These values determined with the 

WLF equation agree favorably with the values determined utilizing the 2- and 3- parameter VFT 

equations. 

Table 6.3. VFT and WLF fitting of temperature dependent ionic conductivities at < 10% RH 

(95 °C – 135 °C). 

Polymer 
VFT 3-Parameter (VFT 2-Parameter) WLF 

 

σinf (S/cm) B (K) T0 (K) Tg–T0 (K) 

 

C1
g
 C2

g
 T0 2.303 C1

g
C2

g
 

PEVIM 0.96 (0.73) 1806 (1722) 230 (233) 113 (110) 6.89 114 229 1809 

PPVIM 1.23 (1.09) 2219 (2186) 210 (211) 141 (140) 7.37 143 208 2429 

PHVIM 0.28 (0.29) 1957 (1971) 209 (208) 133 (134) 6.81 151 191 2368 

POVIM 1.77 (1.20) 2719 (2569) 179 (184) 165 (160) 7.43 178 166 3047 

PHEVIM 3.38 (2.34) 2098 (1969) 201 (206) 120 (115) 7.75 131 190 2339 

PHPVIM 0.11 (0.10) 1078 (1059) 262 (263) 54 (53) 8.46 71 245 1383 

  PHHVIM 0.10 (0.08) 1093 (1058) 243 (245) 44 (42) 9.56 44 243 969 

PHOVIM 3.20 (0.55) 2163 (1535) 191 (222) 90 (59) 10.49 91 190 2198 

 

Tg-independent ionic conductivities of room temperature ionic liquids with similar 

structural modifications commonly overlay onto a single master curve, which occurs when the 

viscous property of the ionic liquid dominates ionic conductivity.
59,60

   Figure 6.8 shows the ionic 

conductivities of the HAVIM-Tf2N and AVIM-Tf2N homopolymers versus T-Tg.  This Tg-
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independent ionic conductivity plot confirmed a significant effect of substituent chain length and 

hydroxyl incorporation on the ionic conductivities of the imidazolium homopolymers.   

 
Figure 6.8. Ionic conductivities of (a) poly(HAVIM-Tf2N) and (b) poly(AVIM-Tf2N) as a 

function of T-Tg (T = 95 °C – 135 °C, < 10% RH) with various alkyl chain lengths. 

 

The data for both the HAVIM-Tf2N and AVIM-Tf2N homopolymers failed to collapse onto a 

single curve, which indicated additional factors other than homopolymer Tg contributed to ion 

conduction.  In each homopolymer system, as the substituent chain length decreased, the Tg-

independent ionic conductivities increased accordingly: σ(hydroxy)octyl < σ(hydroxy)hexyl < σ(hydroxy)propyl 

<σ(hydroxy)ethyl.    As discussed previously, Winey et al. determined intra- and inter-molecular 

spacings in amorphous imidazolium polymerized ionic liquids affected ion transport.
40

  The 

AVIM-Tf2N homopolymers displayed a smaller curve shift from the ethyl to octyl substituent 

compared to the HAVIM-Tf2N homopolymers.  X-ray scattering determined that the backbone-

to-backbone spacing remained similar between each pair, suggesting additional factors 

influenced ionic conductivity between these homopolymers.  The change in the macromolecular 
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nanoscale environment as the hydroxyalkyl-chain length increased presumably induced a larger 

curve shift in the HAVIM-Tf2N homopolymers. 

6.5  Conclusions 

Incorporation of a polar, hydroxyl group into imidazolium homopolymers disrupted 

nanophase separation and improved ionic conductivity compared to traditional alkylated 

imidazolium homopolymers.  Conventional free radical polymerization of imidazolium 

monomers afforded high molecular weight homopolymers to investigate the influence of 

hydroxyl substituent incorporation and (hydroxy)alkyl chain length on ionic conductivity.  As 

expected, increasing the (hydroxy)alkyl chain length and counterion exchange lowered the Tg of 

the imidazolium homopolymers.  More importantly, hydroxyl group incorporation dramatically 

reduced the Tg of the imidazolium homopolymers compared to the respective alkyl analogs.  

WAXS showed the increased polarity of the hydroxyl substituent diminished the nanophase-

separated morphology present in the AVIM homopolymers.  Consequently, the HAVIM 

homopolymers exhibited 10-fold higher ionic conductivities than the corresponding AVIM 

macromolecules through the facile attachment of a polar hydroxyl group onto the imidazolium 

homopolymers. 
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6.8  Supporting Information 

 

Figure S6.1. Proposed acid-catalyzed elimination reaction to generate a vinyl group which 

enables the generation of crosslinked homopolymers. 

 

Figure S6.2. Schematic of nanophase separation in poly(AVIM-Tf2N) and the solvation of the 

electrostatic interactions environment through the introduction of polar hydroxyl groups in 

poly(HAVIM-Tf2N). 
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7.1  Abstract 

We report the unprecedented controlled radical polymerization of 4-vinylimidazole 

(4VIM).  Reversible addition-fragmentation chain transfer (RAFT) of 4VIM in glacial acetic 

acid afforded homopolymers with well-defined molecular weights and narrow polydispersity 

indices (PDIs).  The polymerizations in acetic acid mediated with 4-cyano-4-

(ethylsulfanylthiocarbonylsulfanyl)pentanoic acid (CEP) displayed linear pseudo-first order 

kinetics and linear molecular weight growth with monomer conversion.  Systematic variation of 

numerous polymerization parameters included solvent composition, initiator concentration, 

monomer concentration, and the calculated degree of polymerization.  Aqueous size exclusion 

chromatography (SEC) confirmed linear molecular weight growth to number-average molecular 

weights (Mn) of 65,000 g/mol with low PDIs (< 1.20).  Subsequent monomer addition confirmed 

the presence of the trithiocarbonate functionality at the chain ends, which provided further 

evidence of controlled polymerization conditions.  Polymerizations in traditional aqueous RAFT 

solvents (acidic buffers) failed to achieve controlled molecular weight growth.  Effectively 

controlling 4VIM homopolymerizations enables the design of amphoteric block copolymers for 

emerging applications including nucleic acid delivery and electro-active membranes. 
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7.2  Introduction 

Many researchers currently focus on the incorporation of the imidazole ring into a variety 

of macromolecules for biological and engineering applications.
1-4

  The imidazole ring, which is 

found in the amino acid histidine, displays good biocompatibility and the capacity to condense 

and deliver DNA.
5,6

  Additionally, quantitative alkylation imparts a permanent, cationic charge 

on the imidazole ring.  These imidazolium salts, commonly referred to as ionic liquids, exhibit 

high ionic conductivities, high chemical and thermal stability, and negligible volatility.
7-10

  

Imidazole-containing ionic liquid monomers include (meth)acrylics,
11-13

 styrenics,
14-17

 and 1-, 2- 

and 4-vinylimidazoles (1VIM, 2VIM, 4VIM).
18-32

  Conventional free radical polymerization of 

these ionic liquid monomers enables ionically conductive films,
33,34

 microwave-absorbing 

materials,
35

 and CO2 capturing membranes.
36,37

    

Although conventional free radical polymerization results in numerous polymerized ionic 

liquids, controlled radical polymerization (CRP) further enables the design of macromolecules 

with well-defined architectures and precise molecular weights.
38,39

  Attempts to polymerize 

imidazole-containing monomers in a controlled fashion include atom transfer radical 

polymerization (ATRP), nitroxide-mediated polymerization (NMP), and reversible addition-

fragmentation chain transfer (RAFT).  Shen et. al polymerized 2-(1-butylimidazolium-3-yl) ethyl 

methacrylate tetrafluoroborate (BIMT) with ATRP with a Cu(I)Cl catalyst to control molecular 

weight.
40

  Gnanou et al. homopolymerized BIMT employing RAFT polymerization and 

synthesized doubly hydrophilic block copolymers of BIMT with methacrylic acid.
41

  Researchers 

also used NMP for styrenic-based imidazolium polymers of controlled architecture and well-

defined molecular weights for CO2 absorption membranes, poly(ionic liquid) brush coatings for 

surfaces, and micelle self-assembly.
16,17,42

  Moreover, Mahanthappa and co-workers recently 
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studied the thermal, ion transport, and morphological properties of these charged 

homopolymers.
14,15

   

N-vinyl radicals such as 1VIM form a highly reactive, unstable, propagating radical due 

to the absence of resonance stabilization, and the CRP of 1VIM proved difficult until only 

recently. Liu et al. utilized RAFT polymerization with a xanthate chain transfer agent (CTA) to 

synthesize poly(N-isopropylacrylamide-b-1VIM) block copolymers.
43

 Thereafter, xanthate CTAs 

successfully mediated polymerization of three N-vinylimidazolium salts in a controlled fashion.
44

  

The polymerized ionic liquids however, displayed broad polydispersities (PDIs), and 

experimental molecular weights deviated from theoretical predictions.  Cobalt-mediated 

controlled radical polymerization of 1-vinyl-3-ethylimidazolium bromide demonstrated 

improved polymer molecular weight control with narrow PDIs.
45

  

Despite increased resonance stabilization of the propagating radical relative to 1VIM, 

CRP of 4VIM remains unexplored.  Overberger and co-workers first polymerized 4VIM using 

conventional free radical polymerization in benzene.
27

  They synthesized copolymers to examine 

the esterolytic activity of various imidazole-containing macromolecules.
20-26,28

  Breslow et al. 

subsequently synthesized poly(4VIM) according to Overberger’s methods to ascertain the 

catalytic effects on the reaction between pyridoxamines and pyruvic acid.  Furthermore, they 

attempted RAFT polymerization of 4VIM to produce polymers with narrow PDIs; however, the 

polymerizations generated gels without molecular weight control.
46

  In addition to catalysis 

studies, poly(4VIM) also displays potential as an effective non-viral gene transfection with 

minimal cytotoxicity.
47,48

  Bozkurt and co-workers prepared 4VIM copolymers with acidic 

comonomers (vinylphosphonic acid, 4-vinylbenzylboronic acid) to generate anhydrous proton 

conducting membranes for methanol fuel cells.
49-52
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RAFT polymerization permits controlled polymerization of a variety of functional 

monomers including less stable O- and N-vinyl radicals.
39,53,54

  RAFT imparts control of 

polymerizations through a series of reversible chain transfer reactions, which minimizes the 

instantaneous concentration of radicals, consequently reducing bimolecular termination.
55

  An 

assortment of thiocarbonylthio compounds serve as CTAs including dithioesters, xanthates, 

dithiocarbamates, and trithiocarbonates to mediate and control RAFT polymerizations. Through 

CTA and solvent selection, initiator and monomer concentrations, and different target molecular 

weights, RAFT provides numerous avenues to control the polymerization of functionally rich 

monomers.
53

     

 In this manuscript, we demonstrate the unprecedented CRP of 4VIM.  A trithiocarbonate, 

4-cyano-4-(ethylsulfanylthiocarbonylsulfanyl)pentanoic acid (CEP), successfully mediated the 

controlled polymerization of 4VIM.  We varied multiple reaction parameters including solvent, 

initiator concentration, monomer concentration, and target molecular weight to examine the 

efficacy of RAFT polymerization of 4VIM.  Glacial acetic acid, which served as a unique 

solvent, maintained a homogeneous polymerization and allowed the synthesis of poly(4VIM) 

with controlled molecular weights and narrow PDIs.  Successful chain extension experiments 

further demonstrated the integrity of the thiocarbonylthio end groups and the controlled nature of 

these polymerizations.  RAFT polymerization of 4VIM enables the future design of block 

copolymers for advanced applications including pH-sensitive block copolymers for gene delivery 

and ionically conductive block copolymers for electro-active devices. 

7.3  Experimental Section 

7.3.1 Materials 

Urocanic acid (Aldrich, 99%) was recrystallized from water and dried under reduced 

pressure for 18 h. 1VIM was distilled at 1 mmHg and 60 °C (Aldrich, 99%).  2,2’-
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azobisisobutyronitrile (AIBN, Aldrich, 99%) and 4,4-azobis(4-cyanovaleric acid) (V-501, 

Aldrich, 98%) were recrystallized from methanol. CEP
56

 and N-tert-butyl-N-(1-

diethylphosphono-2,2-dimethylpropyl) nitroxide (SG1)
57

 were synthesized according to literature 

procedures.  Glacial acetic acid (Alfa Aesar, 99.7%), methanol (Fisher Scientific, HPLC grade), 

DMSO (Fisher Scientific, HPLC grade), and Blocbuilder® (Arkema Inc.) were used as received.  

7.3.2 Analytical Techniques  
 1

H NMR spectroscopy (Varian Inova, 400 MHz, CD3OD, d6-DMSO) confirmed 

monomer and polymer structures and determined monomer conversion.  Differential scanning 

calorimetry (TA Instruments, Q1000) determined thermal transitions.  The molecular weight of 

the polymers was measured using aqueous size exclusion chromatography (SEC) (flow rate of 

0.8 mL/min through two Waters Ultrahydrogel Linear and one Waters Ultrahydrogel 250 

columns, solvent: 54/23/23 H2O/MeOH/Acetic acid (v/v/v %), 0.1 M NaNO3).  SEC 

instrumentation included a Waters 1515 isocratic HPLC pump, Waters 717plus Autosampler, 

Wyatt miniDAWN multiangle laser light scattering (MALLS) detector operating at a wavelength 

of 690 nm, and a Waters 2414 differential refractive index detector.  The specific refractive 

index increment values (dn/dc) were determined offline using a Wyatt Optilab T-rEX refractive 

index detector at 658 nm and 35 °C to obtain absolute polymer molecular weights using SEC.  

The dn/dc values for linear poly(1VIM) and poly(4VIM) were 0.2212 ± 0.0004 mL/g and 0.2296 

± 0.0008 mL/g, respectively.  Absolute polymer molecular weights and PDIs were calculated 

using the Wyatt ASTRA SEC/LS software and compared to theoretical predictions.  Dynamic 

light scattering with a Malvern Zetasizer NanoZS confirmed that the aqueous mobile phase 

prevented formation of large scale polymer aggregates. 



 

158 

 

7.3.3 Synthesis of 4VIM  

 4VIM was prepared according to a modified literature procedure.
27

   Anhydrous urocanic 

acid (5.00 g, 53.0 mmol) was heated under vacuum (1 mmHg) at 220-240 °C to melt and 

decarboxylate the compound.  After continuous heating, the product distilled as a colorless liquid 

that crystallized readily at 23 °C.  The off-white powder sublimed at 80 °C under vacuum (0.5 

mmHg) to further purify the 4VIM.  White crystals (1.70 g, 53% yield) were collected on the 

cold finger and were dried under reduced pressure. 
1
H NMR (400 MHz, d6-DMSO):δ 12.11 (s, 

1H), 7.59 (s, 1H), 7.04 (s, 1H), 6.55 (dd, 1H), 5.58 (dd, 1H), 4.98 (m, 1H). 

7.3.4 Conventional Free Radical Homopolymerization of 1VIM and 4VIM  

 In a 25-mL, round-bottomed, flask equipped with a stir bar, each monomer (2.00 g, 21.3 

mmol) was charged with 0.1 mol % AIBN (3.49 mg, 2.13 X 10
-2

 mmol) and dissolved in glacial 

acetic acid (8.00 g, 133 mmol).  The reaction was sparged with argon at room temperature for 30 

min and placed in an oil bath at 65 °C for 24 h.  The reaction remained homogeneous and was 

precipitated into acetone, redissolved in methanol, and precipitated a second time into acetone.  

The polymer was dried 18 h under reduced pressure (1.80 g, 90 % yield).  Absolute polymer 

molecular weights were determined using aqueous SEC. Typical Mn values were 5.00 x 10
4
 

g/mol and 1.10 x 10
6
 g/mol with PDIs of 1.52 and 1.54 for poly(1VIM) and poly(4VIM), 

respectively. 

7.3.5 NMP of 4VIM 

 In a representative NMP, 4VIM (0.600 g, 6.38 mmol), Blocbuilder® (2.43 mg, 6.37 

μmol), SG1 (0.38 mg, 1.28 μmol), and glacial acetic acid (6.69 g, 111 mmol) were added to a 

25-mL, round-bottomed, flask equipped with a stir bar.  The reaction was sparged with argon for 

30 min, and the reaction was subsequently immersed in an oil bath maintained at 110 °C.  

Aliquots were removed during the course of the reaction to obtain kinetics of the polymerization. 
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7.3.6 RAFT Polymerization of 4VIM 

 In a representative RAFT polymerization, 4VIM (0.250 g, 2.66 mmol), V-501 (2.98 mg, 

10.6 μmol), CEP (2.80 mg, 10.6 μmol), and glacial acetic acid (2.79 g, 46.5 mmol) were added 

to a 25-mL, round-bottomed, flask equipped with a stir bar.  The reaction was sparged with 

argon for 30 min, and the reaction was subsequently immersed in an oil bath thermostated at 70 

°C.  Samples were withdrawn during the course of the polymerization with an argon flushed 

syringe to monitor monomer consumption and polymer molecular weight increase as a function 

of reaction time.  Monomer conversion was determined with 
1
H NMR spectroscopy in CD3OD.  

Aqueous SEC provided molecular weight data for the polymerization aliquots.   

7.4  Results & Discussion 

Three CRP techniques are commonly employed to produce functional polymers with 

tailored compositions and architectures, including ATRP, NMP, and RAFT.  Heterogeneous 

polymerizations are also effective to control molecular weight, including dispersion, suspension, 

emulsion, and miniemulsion polymerizations; however, these techniques involve added 

surfactants and other stabilizers to intentionally create a two phase system.
58

  Performing CRP in 

solution without additives, surfactants, and emulsifiers typically requires a good solvent to 

ensure homogeneous conditions.  These conditions prevent the occurrence of uncontrolled 

molecular weight growth and broad PDIs.  Numerous earlier studies performed conventional free 

radical polymerization of 4VIM in benzene; however, the polymerization was heterogeneous as 

the polymer precipitated during the process.
20-28,48

  Ihm et al. reported a weight-average 

molecular weight (Mw) of 26,200 g/mol under these conditions (0.1 mol % AIBN, PDI not 

reported), which remains the only report of molecular weight data for a 4VIM homopolymer in 

literature.
48

  It was necessary to identify a new solvent for 4VIM homopolymerizations to 

overcome these earlier heterogeneous reaction conditions. 
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Dissolution of 4VIM and its subsequent homopolymer proved difficult due to 

intermolecular hydrogen bonding, which prevented homogeneous polymerizations in organic 

(DMSO, DMF) and aqueous mixtures for the polymerization of 1VIM.
21

  The conventional free 

radical polymerizations of 1VIM and 4VIM in glacial acetic acid afforded homopolymers under 

homogeneous reaction conditions as shown in Scheme 7.1a.  Subsequent dialysis enables the 

recovery of the unprotonated poly(4VIM), which dissolves readily in methanol and DMSO.  

 

 

 

Scheme 7.1. (a) Conventional free radical homopolymerization of poly(4VIM) and poly(1VIM) 

in glacial acetic acid (b) resonance structures of the respective propagating radical. 

 

 

In addition, Scheme 7.1b depicts the resonance contributors of the propagating radical for each 

monomer to illustrate 4VIMs increased radical stability relative to 1VIM.  Aqueous size 
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exclusion chromatography determined the absolute molecular weight (Mn poly(4VIM) = 1.10 x 

10
6
 g/mol; Mn poly(1VIM) = 5.00 x 10

4
 g/mol) of each polymer as shown in Figure 7.1.   

 

Figure 7.1. Aqueous SEC light scattering chromatograms of poly(4VIM) (Mn = 1,100,000 g/mol, 

PDI = 1.54) and poly(1VIM) (Mn = 50,000 g/mol, PDI = 1.52). 

 

A higher kt/kp ratio for 1VIM relative to the more stable 4VIM propagating radical presumably 

accounted for the significant difference in polymer molecular weights.    Moreover, comparing 

the experimentally obtained poly(4VIM) molecular weight (Mw = 1.69 X 10
6
 g/mol)  to previous 

literature (Mw = 2.26 X 10
4
 g/mol) suggested the homogeneous polymerization conditions 

improved the range of attainable molecular weights.  Similarly, conventional free radical 

polymerization of acrylamide affords high molecular weight polymers (Mw > 10
7
 g/mol) due to 

the low kt/kp ratio.
70

  The molecular weights reported above 10
6
 g/mol approach the exclusion 

limit of the SEC columns potentially resulting in inefficient separation.  Differential scanning 

calorimetry determined the glass transition temperatures (Tg) of each polymer (Tg poly(1VIM) = 

175 °C; Tg poly(4VIM) =  218 °C), and the increased Tg of poly(4VIM) was attributed to the 
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presence of both a hydrogen bond donor and acceptor, leading to significant intra- and 

intermolecular hydrogen bonding.  Interestingly, the specific heat capacities between each 

homopolymer appear different in the DSC thermograms and will undergo future investigation 

(Supporting Information). Additionally, poly(p-hydroxystyrene) (PHS) displays an elevated Tg 

(150 °C) compared to poly(styrene) (Tg = 100 °C) due to the presence of intra- and 

intermolecular hydrogen bonding.
71

  Chang et al. demonstrated the mixing of polyhedral 

oligosilsesquioxanes (POSS) with PHS raised the Tg to ~ 200 °C through hydrogen bond 

interactions between the hydroxyl groups on the PHS and the POSS siloxane groups.
72

  

 The increased radical stability of the 4VIM propagating radical and the development of 

homogeneous polymerization conditions spurred our investigation of CRP in glacial acetic acid.  

For the polymerization of imidazole-containing monomers, ATRP remained problematic due to 

catalyst complexation;
59

 therefore, we investigated the CRP of 4VIM utilizing NMP and RAFT 

polymerization strategies.  NMP of 4VIM (Scheme 7.2) proved problematic as various SG1 and 

monomer concentrations resulted in less than 10% monomer conversion with higher molecular 

weights than theoretical predictions.   

 
Scheme 7.2. NMP of 4VIM with Blocbuilder® and SG1. 

 

The degradation of SG1 under acidic conditions contributed to this lack of control.
60

  In addition, 

homogeneous polymerizations in DMSO at 110 °C also remained uncontrolled.  We attributed 
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the absence of control to the decreased 4VIM propagating radical stability relative to monomers 

traditionally polymerized using NMP (acrylates and styrenics).  NMP of 1VIM under similar 

conditions failed to produce polymer, which was also ascribed to decreased radical stability.   

Due to the limitations of NMP to polymerize a variety of functional monomers, we 

probed the RAFT polymerization of 4VIM.  Recently, numerous studies demonstrated the 

importance of fundamentally understanding RAFT polymerization kinetics of previously 

uncontrolled monomers.
44,61-63

  These studies have accelerated the discovery of novel structures 

for many critical technologies.  Careful selection of the CTA and polymerization reaction 

conditions remains a critical decision in performing successful RAFT polymerizations.
53

  

Numerous amine-containing monomers with RAFT polymerization conditions required an acidic 

buffer to prevent CTA aminolysis.
64

 Thang et al. demonstrated that trithiocarbonate CTAs 

exhibited increased hydrolytic stability compared to the corresponding dithioesters.
65

  In 

addition, Moad and McCormick discovered that trithiocarbonate CTAs effectively controlled 

more reactive monomers such as acrylamides and methacrylamides.
55,66

  Endo et al. polymerized 

N-vinylimidazolium salts using xanthate-based CTAs; however, the more active xanthate CTAs 

proved unnecessary with the increased radical stability of 4VIM.
44

  

 As shown in Scheme 7.3, the RAFT polymerization of 4VIM occurred in an acetate 

buffer (pH = 5.2) with CEP as the CTA.   
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Scheme 7.3. Aqueous RAFT polymerization of poly(4VIM) in 1M acetate buffer. 

 

The reaction conditions targeted an Mn of 23,500 g/mol at 100% conversion; however, as 

the reaction time increased, the polymer molecular weights exceeded target molecular 

weight and exhibited broad PDIs (>1.60) ( 

 

Table 7.1).   

 

 

Table 7.1. Molecular weight analysis of 4VIM RAFT homopolymerization in 1M acetate buffer 

(pH = 5.2).
a 

Time 

(min) 

Mn
b
 

(g/mol) 
PDI 

30 1,800 1.10 

60 5,100 1.61 

90 20,200 1.71 

120 35,000 1.74 

180 62,200 1.67 

240 70,900 1.61 
a
[4VIM]/[CEP]/[V-501] = 500:2:1, [4VIM] = 0.250 M. 

b
Absolute molecular weights determined with aqueous SEC-MALLS. 

 

The uncontrolled molecular weight growth suggested that 4VIM remained partially 

unprotonated, contributing to CTA aminolysis during polymerization.  To increase the acidity of 
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the solution and ensure complete protonation of 4VIM, we performed RAFT polymerizations in 

glacial acetic acid (Scheme 7.4).   

 

 
Scheme 7.4. RAFT polymerization of 4VIM at 70 °C in glacial acetic acid. 

 

Initial experiments demonstrated the absence of CTA aminolysis under these conditions.  The 

influence of initiator concentration, monomer concentration, and targeted molecular weight on 

the polymerization were studied to probe the feasibility of RAFT polymerization in this 

unconventional solvent. 

Initial reaction conditions revealed the influence of increasing the initiator concentration 

(V-501) while maintaining a 250/1 [4VIM]/[CEP] molar ratio.  Aqueous SEC-MALLS showed a 

shift in molecular weight distribution to shorter elution times as the 4VIM RAFT 

homopolymerization progressed (Figure 7.2a, [CEP]/[V-501] = 2).  The unimodal SEC traces 

combined with the systematic shift in elution time indicated an absence of high molecular weight 

termination products and uncontrolled homopolymerization. Figure 7.2b shows the expected 

increase in the apparent polymerization rate as the initiator concentration increased.   
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Figure 7.2. (a) Representative aqueous SEC light scattering chromatograms displaying the 

increase in polymer molecular weight as RAFT polymerization progressed. (b) Pseudo-first order 

kinetics plot for the RAFT polymerization of 4VIM (0.25 M) in glacial acetic acid  at 70 °C 

employing various [CEP]/[V-501] concentrations while maintaining a target DP of 250.  (c) 

Dependence of Mn and PDI on monomer conversion utilizing various [CEP]/[V-501] 

concentrations. 

 

McCormick and co-workers ascribed the increasing slopes with increasing initiator concentration 

to the participation of more propagating chains during RAFT polymerization.
67

 We examined 

various [CEP]/[V-501] molar ratios from 4 – 1; however, a [CEP]/[V-501] = 4 ratio exhibited 

inappreciable conversion over the 8 h experiment.  The [CEP]/[V-501] = 2 molar ratio displayed 

an induction period of 45 min while a [CEP]/[V-501] = 1 molar ratio did not have an induction 

period.  Literature suggests that induction periods occur when R●
 (from CTA) reinitiates slowly or 

preferentially combines with the CTA.
68

  Increasing the number of radicals at the beginning of 

the reaction typically reduces or eliminates the inhibition period.  The pseudo-first order kinetic 

plots for the different initiator concentrations remained linear for approximately 4 h where a 

change in slope occurred.  The linear portion of the kinetic plot prior to the change in slope at 4 h  



 

168 

 

established the apparent rate constants, kapp, for each polymerization (Entries A and B in Table 

7.2).   

Table 7.2. Apparent rate constants (kapp) for the RAFT polymerization of 4VIM under various 

reaction conditions. 

Entry [CTA]/[I] 
[4VIM] 

(M) 

 Mn @ 100% 

Conv. 

kapp 

 (s
-1

)  

A 2 0.250 
23,500 

 (DP = 250) 
5.0 x 10

-5
 

B 1 0.250 
23,500  

(DP = 250) 
9.2 x 10

-5
 

C 2 0.500 
23,500  

(DP = 250) 
1.2 x 10

-4
 

D 2 0.500 
47,000  

(DP = 500) 
2.5 x 10

-5
 

E 2 0.500 
94,100  

(DP = 1000)  
0.7 x 10

-5
 

 

 

The RAFT polymerization of acrylamides and methacrylamides typically display a similar 

change in slope attributed to a reduction in radicals in the main RAFT equilibrium or a change in 

the propagation rate constant.
53,67,69

  Figure 2c further demonstrates excellent molecular weight 

control, depicting linear increases in molecular weight with increasing conversion while 

maintaining narrow PDIs (< 1.20) up to 80% conversion.  The overlap of experimental molecular 

weights with theoretical predictions also indicates a well-controlled polymerization.   

In addition to varying the [CEP]/[V-501] molar ratio, we also studied the impact of 4VIM 

monomer concentration on the RAFT polymerization kinetics.  The increased monomer 

concentration (0.25 M to 0.50 M) resulted in faster kinetics as expected (Figure 7.3a; Entries A 

and C in Table 7.2).   
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Figure 7.3. (a) Pseudo-first order kinetics plot for the RAFT polymerization of 4VIM in glacial 

acetic acid at 70 °C with various monomer concentrations ([CEP]/[V-501] = 2; [4VIM]/[CEP] = 

250).  (b) Dependence of Mn and PDI on monomer conversion at different reaction solution 

concentrations.  
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The linearity of the plots indicated pseudo-first order behavior.  Likewise, a change in slope 

occurred for reaction times above 3 h, as discussed previously.  The polymerizations proceeded 

to quantitative conversions with PDIs < 1.20.  Figure 7.3b demonstrates good agreement 

between experimental and theoretical molecular weights.   

The adjustment of the [4VIM]/[CEP] molar ratio while maintaining a constant [CEP]/[V-

501] = 2 molar ratio targeted higher degrees of polymerization.  Figure 7.4a shows linear 

pseudo-first order kinetics regardless of targeted degree of polymerization.   
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Figure 7.4. (a) Pseudo-first order kinetics plot for the RAFT polymerization of 4VIM in glacial 

acetic acid ([4VIM] = 0.50 M; [CEP]/[V-501] = 2) at 70 °C employing various [4VIM]/[CEP] 

concentrations.  (b) Dependence of Mn on monomer conversion utilizing various [4VIM]/[CEP] 

concentrations. (c) Dependence of PDI on monomer conversion utilizing various [4VIM]/[CEP] 

concentrations. 
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As the target molecular weight increased, the reaction rates decreased significantly due to a 

reduction in the concentration of active propagating chains as explained previously (Entries A, 

D, and E in Table 7.2).  The linear evolution of experimental molecular weights versus 

conversion occurred at all polymerization conditions with narrow PDIs as revealed in Figure 

7.4b and c.  The experimental molecular weights displayed good agreement with theoretical 

predictions, producing well-defined 4VIM homopolymers to 33,000 g/mol with PDIs as low as 

1.06.   

Upon identification of optimized reaction conditions for controlled RAFT polymerization 

of 4VIM, reaction conditions were identified to produce polymers with Mn’s exceeding 30,000 

g/mol.  The reactions ([4VIM]/[CEP]/[V-501] = 2000/2/1 or 1000/1/1, 1.0 M, 17 h)  produced 

higher molecular weight polymers (Mn = 51,000 and 65,000 g/mol ; PDI = 1.04, 1.02 

respectively).  These results confirmed that RAFT polymerization in glacial acetic acid produced 

precise 4VIM homopolymers under various conditions with a broad range of molecular weights 

with narrow PDIs (Mn = 1,000-65,000 g/mol; PDIs = 1.02-1.19).  In sharp contrast, the RAFT 

polymerization of 1VIM failed to produce any polymer under similar conditions. 

The synthesis of a 4VIM macroCTA and subsequent monomer addition with additional 

4VIM produced a “diblock” copolymer, further demonstrating the controlled RAFT 

polymerization of 4VIM.  The polymerization employed identical reaction conditions as 

discussed previously in Figure 7.2a utilizing a [CEP]/[V-501] = 2.  Figure 7.5 shows an SEC 

chromatogram of the macroCTA (Mn = 16,900 g/mol; PDI = 1.02) with a clear shift in elution 

time when chain-extended with additional 4VIM.   
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Figure 7.5. Aqueous SEC light scattering traces for the 4VIM macroCTA (Mn = 16,900 g/mol, 

PDI = 1.02) and the corresponding chain extended “block” copolymer (Mn = 37,300 g/mol, PDI 

= 1.04). 

 

The chain-extension produced a “diblock” copolymer with an Mn = 37,300 g/mol and PDI = 

1.04.  The narrow PDI and absence of a high molecular weight shoulder suggested the 

macroCTA retained the trithiocarbonate functionality at the chain end. The lack of termination 

products demonstrated further proof of effective polymerization control.   

7.5  Conclusions 

The RAFT polymerization of 4VIM in glacial acetic acid produced well-defined, 

monodisperse homopolymers.  We demonstrated, for the first time to our knowledge, the CRP of 

4VIM.  RAFT polymerization of 4VIM created macromolecules with an Mn < 65,000 g/mol with 

PDIs below 1.20.  We revealed through the variation of numerous reaction conditions that the 

RAFT polymerization of 4VIM remained controlled, however, NMP failed to control 4VIM 

homopolymerization.  Aqueous SEC showed monomodal peaks with clear shifts in elution times 
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as monomer conversion increased.  The experimental absolute molecular weights displayed 

excellent agreement with theoretical predictions.  All reactions displayed linear, pseudo-first 

order kinetics.  Chain extension experiments suggested the preservation of the trithiocarbonate 

functionality at the chain ends.    The use of traditional aqueous RAFT solvents (acetate buffer) 

for amine-containing monomers exhibited uncontrolled molecular weight growth lending to the 

importance of glacial acetic acid as the reaction solvent.    We plan to investigate the 

polymerization of 4VIM with additional comonomers using RAFT polymerization.  CRP of 

4VIM will enable the development of imidazole-containing block copolymers for various 

applications including non-viral gene delivery and electro-active device fabrication. 
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7.8  Supporting Information 

 
Figure S7.1. DSC thermogram of poly(1VIM) and poly(4VIM). 
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8.1  Abstract 

 Reversible addition-fragmentation chain transfer (RAFT) polymerization strategies 

enabled the unprecedented synthesis of 4-vinylimidazole (4VIM)-containing ABA triblock 

copolymers utilizing.  The synthesis of a novel, difunctional trithiocarbonate RAFT chain 

transfer agent (CTA) controlled the divergent RAFT polymerization of methacrylic and 4VIM 

monomers with controlled molecular weights and narrow polydispersity indices (PDIs).  The 

triblock copolymers consisted of a low-Tg di(ethylene glycol) methyl ether methacrylate 

(DEGMEMA) center block (Mn = 26,000 g/mol) and an amphoteric 4VIM external, 

mechanically reinforcing block (Mn = 6,500 – 16,500 g/mol).  Varying the 4VIM content probed 

the influence of the triblock copolymer composition on the macromolecular thermomechanical 

and morphological properties.  Dynamic mechanical analysis (DMA) of the triblock copolymers 

exhibited a rubbery plateau region over a wide temperature range (~200 °C), which confirmed 

the establishment of microphase-separated morphologies with flow temperatures above 200 °C.  

Transmission electron microscopy (TEM), atomic force microscopy (AFM), and small-angle X-

ray scattering (SAXS) collectively probed the solid state morphologies of the triblock 

copolymers; all techniques revealed phase separation at nanoscale dimensions.  The triblock 

copolymers with 40 wt. % 4VIM formed lamellar morphologies.  Well-defined, amphoteric, 

4VIM ABA triblock copolymers (PDIs < 1.10) with microphase-separated morphologies now 
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permits imidazole-containing macromolecules of controlled architectures for emerging 

applications. 

8.2  Introduction 

 Tailoring noncovalent interactions for the design of well-defined supramolecular 

structures remains an area of intense focus for biological and engineering applications.  

Introduction of reversible, noncovalent interactions particularly through the addition of hydrogen 

bonding substituents enables the enhancement of morphology and physical properties of 

macromolecular structures.
1-3

  The effects of multiple hydrogen bonding yield stronger 

intermolecular associations which enhance microphase separation within block copolymers 

compared to weaker van der Waals interactions.
4,5

  Our research group and others previously 

demonstrated the addition of short hydrogen bonding blocks promotes microphase separation in 

step- and chain-growth polymers.
6-9

 Complementary nucleobase triblock copolymers containing 

adenine or thymine residues with a soft n-butyl acrylate (nBA) center block required only 7 

wt. % nucleobase monomer to achieve cylindrical morphologies.
10

  In addition, Han et al. 

showed hydrogen bonding interactions in modified poly(styrene-b-isoprene) copolymers 

effectively increased the Flory-Huggins interaction parameter (χ), therefore promoting increased 

microphase separation.
11

  

 The amphoteric nature of the imidazole ring imparts unique properties for its 

incorporation into block copolymers.  The association constant for the dimerization of imidazole 

(Ka = 15.9 M
-1

) remains significantly larger than benzene (Ka = 0.85 M
-1

) due to the 

complementary intermolecular hydrogen bonding interactions in the imidazole ring dimer.
12-14

  

The larger association constant for the imidazole ring would presumably allow for the synthesis 

of precise, nanophase-separated block copolymers as a superior alternative to traditional styrene-

based block copolymers.  Numerous imidazole-containing monomers are available for block 
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copolymer design utilizing controlled radical polymerization (CRP) including (meth)acrylics,
15-17

 

styrenics,
18-21

 and 1-, 2-, and 4-vinylimidazoles (1VIM, 2VIM, 4VIM).
22-36

   

 Nitroxide-mediated polymerization (NMP), atom transfer radical polymerization (ATRP), 

and reversible addition-fragmentation chain transfer (RAFT) are versatile synthetic strategies to 

produce macromolecules with controlled architectures.  Shen et al. mediated the polymerization 

of 2-(1-butylimidazolium)ethyl methacrylate tetrafluoroborate (BIMT) utilizing ATRP to 

generate homopolymers with precise molecular weights for CO2 absorbing membranes.
37,38

  

Gnanou et al. polymerized BIMT with RAFT polymerization to synthesize stimuli-responsive 

block copolymers containing methacrylic acid.
39

  Furthermore, Elabd, Winey and co-workers 

recently synthesized block copolymers containing 1-[(2-methacryloyloxy)ethyl]-3-

butylimidazolium bis(trifluoromethane-sulfonyl)imide (MEBIm-TFSI) with methyl methacrylate 

(MMA) utilizing RAFT polymerization to understand the influence of phase separation on ionic 

conductivity.
40

  The diblock copolymers weakly phase separated due to partial affinity between 

the MEBIM-TFSI and MMA blocks.  NMP of styrenic-based imidazolium polymers also 

produced macromolecules with well-defined molecular weights suited for a variety of emerging 

applications including CO2 absorbing membranes, electroactive materials, and micelle self-

assembly.
18-21,41,42

  Patrickios et al. utilized group transfer polymerization (GTP) to synthesize 

block copolymers containing 2-(1-Imidazolyl)ethyl methacrylate (ImEMA).
43

  Incorporation of 

the imidazole ring into these systems relied upon functionality at the 1- and/or 3-positions, which 

eliminated the beneficial, amphoteric nature of the imidazole ring in producing microphase 

separated block copolymers. 

 1VIM monomer also contains functionality at the 1-position, which disrupts 

intermolecular hydrogen bonding.  In addition, 1VIM forms a highly reactive, propagating 
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radical due to the lack of resonance stabilization, and controlled radical polymerization (CRP) of 

1VIM is not achievable.
44-46

  Substitution on the imidazole ring must reside on the 2-, 4-, or 5-

positions to promote intermolecular hydrogen bonding between imidazole sites.  4VIM is a 

regioisomer that contains vinyl-functionality at the 4-position of the imidazole ring and includes 

two resonance contributors, for increased radical stabilization of the propagating chain end.  The 

intermolecular hydrogen bonding in poly(4VIM) compared to poly(1VIM) is especially evident 

in the homopolymer thermal properties.  Poly(1VIM) lacks intermolecular hydrogen bonding and 

exhibits a glass transition temperature (Tg) at ~180 °C, and in sharp contrast, poly(4VIM) 

displays a Tg near ~220 °C.
47

  Due to the intermolecular hydrogen bonding present in 

poly(4VIM), Overberger and co-workers failed to achieve homogeneous polymerization 

conditions, which prevented subsequent CRP studies.
24,25,29-36,48

  Recently, our research group 

successfully demonstrated the efficacy of glacial acetic acid for homogeneous free radical 

polymerization of 4VIM.
47

  More importantly, RAFT polymerization of 4VIM in glacial acetic 

acid produced homopolymers with well-defined molecular weights and narrow polydispersity 

indices (PDIs).  RAFT polymerization of histamine acrylamide with additional acrylamide 

comonomers remains the single report of the CRP of an amphoteric, imidazole-containing 

monomer.
49

 

 In this manuscript, we demonstrate the synthesis of novel 4VIM-containing ABA triblock 

copolymers for improved mechanical performance.  A difunctional trithiocarbonate chain 

transfer agent (CTA) that allows divergent chain growth enabled the design of ABA triblock 

copolymers, poly(4VIM-b-DEGMEMA-b-4VIM).  Glacial acetic acid maintained homogeneous 

polymerization conditions for the addition of 4VIM to the poly(DEGMEMA) macroCTA in the 

absence of CTA aminolysis or DEGMEMA esterolysis.  
1
H NMR spectroscopy and size 
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exclusion chromatography (SEC) confirmed the well-controlled synthesis of poly(4VIM-b-

DEGMEMA-b-4VIM) triblock copolymers with tunable 4VIM compositions to tailor polymer 

mechanical performance and morphology.  Dynamic mechanical analysis (DMA) probed the 

thermomechanical properties of the ABA triblock copolymers.  SAXS and complementary AFM 

and TEM examined the microphase separation of the thermoplastic elastomers. These 

amphoteric sequences offer unique potential for the design of thermoplastic elastomers for 

applications ranging from high temperature elastomers to drug delivery platforms.  

8.3  Experimental Section 

8.3.1  Materials 

 N, N’-dicyclohexylcarbodiimide (DCC, 99%), 4-(dimethylamino)pyridine 

(DMAP, >99.0%), 1,6-hexanediamine (98%), 1,6-hexanediol (99%) were purchased from 

Sigma-Aldrich and used as received.  4-cyano-4-(ethylsulfanylthiocarbonylsulfanyl)pentanoic 

acid (CEP)
50

 and 4VIM
47

 were synthesized according to previous literature.  Anhydrous 

dichloromethane (DCM) was obtained from a solvent purification system (Pure Solv, Innovative 

Technology) and all other solvents were obtained from Fisher Scientific and used as received.  

Styrene (99.9%), n-butyl acrylate (nBA, > 99%), t-butyl acrylate (tBA, 98%), methyl 

methacrylate (MMA, 99%), 2-(dimethylamino)ethyl methacrylate (DMAEMA, 98%), glycidyl 

methacrylate (GMA, 97%), di(ethylene glycol) methyl ether methacrylate (DEGMEMA, 95%), 

and poly(ethylene glycol) methyl ether methacrylate (EG9MEMA, average Mn = 475 g/mol) 

were purchased from Sigma-Aldrich and passed through alumina columns prior to use to remove 

inhibitors.  4,4-azobis(4-cyanovaleric acid) (V-501, Aldrich, 98%) was recrystallized from 

methanol. 
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8.3.2 Analytical methods  

 
1
H NMR spectroscopy (Varian Inova, 400 MHz) determined CTA, monomer, and 

polymer composition.  Mass spectrometry was performed with an Agilent 6220 LC-TOF-MS 

system to confirm material composition. Polymer molecular weight was measured using aqueous 

size exclusion chromatography (SEC) through two Waters Ultrahydrogel Linear and one Waters 

Ultrahydrogel 250 columns in a solvent consisting of 54/23/23 water/methanol/acetic acid 

(v/v/v %) with 0.1 M sodium acetate.  The instrumentation consisted of a Waters 1515 isocratic 

HPLC pump operating at a flow rate of 0.8 mL/min, a Waters 717plus Autosampler, a Wyatt 

miniDAWN multiangle light scattering detector operating at a wavelength of 690 nm, and a 

Waters 2414 differential refractive index detector.  Dynamic light scattering (Malvern Zetasizer 

NanoZS) confirmed the absence of polymer aggregation in the aqueous mobile phase prior to 

injection onto the columns.  A Wyatt Optilab T-rEX refractive index detector operating at 658 

nm and 35 °C determined the offline specific refractive index increment values.  Wyatt ASTRA 

SEC/LS software calculated absolute polymer molecular weights and PDIs. Thermogravimetric 

analysis of the triblock copolymers was performed on a TA Instruments thermogravimetric 

analyzer (TGA) Q50 with a heating rate of 10 °C/min from 23 °C to 600 °C under a nitrogen 

atmosphere.  Thermal transitions were determined on a TA Instruments Q1000 differential 

scanning calorimeter (DSC, heating rate 10 °C/min) utilizing a heat/cool/heat cycle to remove 

polymer thermal history. DMA (TA Instruments Q800, 3 °C/min heating rate, -80 °C to 250 °C) 

was performed on the triblock copolymer films in tension mode at 1 Hz frequency, an oscillatory 

amplitude of 10 μm, and a static force of 0.01N.  Tg’s were determined as the peak maximum of 

the tanδ curve.  An Instron 4411 universal tensile testing instrument operating at a crosshead 

speed of 10 mm/min determined the tensile properties of the poly(4VIM-b-DEGMEMA-b-4VIM) 

triblock copolymer films. Tensile data represented an average of five samples.  A TA 
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Instruments Q5000 sorption analyzer (TGA-SA) measured water uptake of homopolymer 

samples (relative humidity (RH) 0 – 95%, 5% increments) at 25 °C.  

 A Veeco MultiMode scanning microscope in tapping mode provided atomic force 

microscopy (AFM) images of the triblock copolymers.  Samples were imaged with a set-point 

ratio of 0.6 at 3 μm x 3 μm and 1 μm x 1 μm magnifications using a nanosensor silicon tip with a 

spring constant of 42 N/m.  A Rigaku S-Max 3000 3 pinhole small-angle X-ray scattering 

(SAXS) instrument outfitted with a rotating anode generated Cu Kα irradiation at a wavelength 

of 1.54 Å to perform bulk morphology analysis on the triblock copolymer films.  The sample-to-

detector distance was 1.5 m and was calibrated with a silver behenate standard.  Two-

dimensional data sets were collected using a fully integrated 2D multiwire area detector with an 

hour exposure time, which was corrected for detector noise, background scattering, and sample 

absorption.  All data processing and analysis was performed with the SAXSGUI software 

package to obtain intensity versus scattering vector q plots, where q=4  sin(θ)/λ and 2θ is the 

scattering angle.   

8.3.3 Difunctional CTA synthesis  

 In a representative synthesis, CEP (5.00 g, 19.0 mmol) was dissolved in 50 mL 

anhydrous DCM in a dry 100-mL, round-bottomed flask and cooled to 0 °C.  DMAP (catalyst) 

and 1,6-hexanediamine (0.735 g, 6.33 mmol) were dissolved in 20 mL DCM and added to the 

chilled CEP solution.   Upon addition of DMAP and 1,6-hexanediamine, DCC (4.31 g, 20.9 

mmol) was added immediately to the solution to prevent aminolysis of CEP.  Under argon, the 

solution stirred at 0 °C for 4 h and then slowly warmed to room temperature to stir for an 

additional 20 h.  The dicyclohexylurea precipitate was filtered and the resulting solution was 

washed three times with a saturated sodium bicarbonate solution.  The organic layer was dried 

with MgSO4 and the solution was concentrated under reduced pressure.  The yellow solid 
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obtained was further purified with a silica gel column in 80/20 (v/v %) hexane/ethyl acetate to 

remove further impurities.  Once the impurities eluted off the column, the mobile phase was 

changed to 50/50 (v/v %) ethyl acetate/methanol to elute the purified difunctional CTA.  The 

solvent was removed with reduced pressure and the orange-yellow solid (47% yield) was dried 

overnight to obtain 1,6-bis(4-cyano-4-(ethylsulfanyl-thiocarbonylsulfanyl)pentanoic acid)-

hexane diamide (dCEP-NH2).  
1
H NMR (400 MHz, d6-DMSO): δ 7.95 (s, 2H), 3.37 (m, 4H), 

3.00 (q, 4H), 2.31 (m, 8H), 1.83 (s, 6H), 1.35 (s, 6H), 1.26 (m, 8H). 
13
C NMR: δ 218.8 (s), 170.0 

(s), 119.6 (s), 47.5 (s), 34.3 (s), 31.5 (s), 31.0 (s), 29.4 (s), 26.5 (s), 24.4 (s), 24.2 (s), 13.2 (s). 

HRMS (ES+): m/z calcd for [M + H
+
] 607.1409 g/mol; found 607.1407 g/mol.  The synthesis of 

1,6-bis(4-cyano-4-(ethylsulfanylthiocarbonylsulfanyl)pentanoic acid)-hexane diester (dCEP-OH) 

followed the same procedure replacing 1,6-hexanediamine with 1,6-hexanediol.  The product 

obtained was an orange oil (50% yield).  
1
H NMR (400 MHz, d6-DMSO): δ 4.00 (t, 4H), 3.35 (q, 

4H), 2.51 (m, 4H), 2.36 (m, 4H), 1.81 (s, 6H), 1.54 (t, 6H), 1.25 (m, 8H). 
13
C NMR: δ 218.6 (s), 

171.6 (s), 119.5 (s), 64.7 (s), 47.1 (s), 33.2 (s), 31.5 (s), 29.6 (s), 28.3 (s), 25.4 (s), 24.1 (s), 13.2 

(s). HRMS (ES+): m/z calcd for [M + H
+
] 608.1005 g/mol; found 608.1008 g/mol. 

8.3.4 Synthesis of poly(4VIM-b-DEGMEMA-b-4VIM) triblock copolymers   

 The monofunctional CTA, CEP, contains one trithiocarbonate functionality ([TTC] = 

[CEP]).  The difunctional CTA, dCEP-NH2, contains two trithiocarbonate functionalities ([TTC] 

= 2[dCEP-NH2]).  In a representative polymerization, DEGMEMA (4.00 g, 21.3 mmol), dCEP-

NH2 (32.3 mg, 53.0 μmol dCEP-NH2; 106 μmol TTC), V-501 (14.9 mg, 53.2 μmol), and DMSO 

(42.5 mL) were added to a 100-mL, round-bottomed flask equipped with a stir bar.  The reaction 

was sparged with argon for 30 min and placed in a thermostated oil bath at 70 °C for 6 h.  The 

resulting polymer was dialyzed (MWCO = 3500 g/mol) for 3 days against deionized water while 

changing the water every 24 h.  The solution was lyophilized for 48 h to obtain a yellow oil.  
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Aqueous SEC determined the absolute molecular weight of the DEGMEMA macroCTA ( nM   = 

26,000 g/mol, PDI = 1.02).   

 The purified macroCTA (276 mg, 10.6 μmol macroCTA; 21.2 μmol TTC) was 

redissolved in glacial acetic acid (21.3 mL) in a 50-mL, round-bottomed flask equipped with a 

stir bar.  4VIM (0.500 g, 5.31 μmol) and V-501 (2.98mg, 10.6 μmol) were added to the flask and 

the reaction was sparged with argon for 30 min at room temperature.  The reaction was 

immersed in an oil bath at 70 °C for 4 h to obtain the desired amount of 4VIM in the outer blocks.  

The polymer solution was dialyzed (MWCO = 3500 g/mol) for 3 d against deionized water to 

remove unreacted 4VIM and glacial acetic acid.  Aqueous SEC confirmed successful chain 

extension (Mn= 35,800 g/mol, PDI = 1.03) producing a 30 wt. % 4VIM-containing triblock 

copolymer.  Different weight percentages of 4VIM incorporation into the triblock copolymers 

were obtained with reaction time regulation.  

8.3.5 Film Casting 

 All triblock copolymer were dissolved in methanol and cast from a 30 wt. % solution.  

Films were slowly dried at ambient conditions for 2 d followed with an additional 2 d of drying 

at room temperature under reduced pressure. The films were then stored in a dry box until 

analyzed.  The films were not annealed as temperatures above 60 °C for an extended time (> 24 

h) due to polymer crosslinking at higher temperatures (Supporting Information). 

8.4  Results and Discussion 

 CRP enables the synthesis of a broad range of block copolymers with well-defined 

architectures and precise molecular weights.
51-53

    RAFT remains one of the premiere strategies 

to polymerize vinyl-containing monomers under various conditions in a controlled fashion.
54,55

  

RAFT provides numerous avenues to effectively polymerize functional monomers with the 

proper CTA and monomer combination as well as solvent choice and initiator concentration.  
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The rapid development of numerous applications for ABA triblock copolymers including drug 

and gene delivery, thermoplastic elastomers, and electroactive devices requires effective and 

simple methods for producing these high performance polymers.
10,41,56

   

 Synthesis of ABA triblock copolymers with defined molecular weights suggests the need 

for difunctional CTAs in RAFT polymerization.  Difunctional CTAs direct propagation in either 

a divergent or a convergent method as illustrated in Figure 8.1.   

 

Figure 8.1. CTA design determines the growth of polymer chains in either a divergent or 

convergent fashion during RAFT polymerization.  

 

Divergent growth involves propagation from the center, while maintaining the thiocarbonylthio 

groups at the propagating chain ends.  On the other hand, a convergent strategy for propagation 

involves CTA design where the thiocarbonylthio group resides in the center of the propagating 

chain.  Divergent growth is particularly advantageous since the polymer core remains thermally 

and hydrolytically stable due to the absence of thiocarbonylthio bonds at the center of the 

polymer, which prevents the deleterious degradation of triblocks into diblocks.  The CTA, S,S’-

bis(α, α’-dimethyl-α”-acetic acid) trithiocarbonate (BDAT), remains arguably the most 

commonly utilized difunctional trithiocarbonate CTA to produce ABA triblock copolymers.
57

  

Triblock copolymers produced with BDAT propagate according to the convergent strategy and 

in addition, fail to polymerize methacrylates. Currently, there remains an absence of 
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hydrolytically stable, difunctional trithiocarbonate CTAs, which effectively polymerize 

methacrylic monomers.   

 Our research group previously established ideal conditions for the RAFT polymerization 

of 4VIM in glacial acetic acid with CEP as a CTA.
47

  The incorporation of a low-Tg center block 

into the 4VIM-containing triblock copolymers required a comonomer which exhibited stability 

in 5M and glacial acetic acid.  In this case, methacrylate monomers display good stability under 

these conditions.  Secondly, the order of monomer addition to synthesize diblock or triblock 

copolymers remains important; the first block must exhibit a higher transfer constant during 

RAFT polymerization with the second comonomer to achieve successful block copolymerization.  

Thus, the propagating radical of the first block must display a greater or equivalent radical 

stability compared to the propagating radical of the second monomer.  Due to 4VIM’s decreased 

radical stability and the necessary monomer order in RAFT polymerization, a divergent CTA 

was necessary to prepare the desired ABA triblock copolymers.   

 Scheme 8.1 depicts the synthesis of a novel, difunctional CTA to polymerize 4VIM-

containing ABA triblock copolymers in a divergent fashion.   
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Scheme 8.1. Synthesis of difunctional trithiocarbonate CTAs utilizing DCC coupling with 

diamine- or diol-containing molecules for divergent RAFT polymerization.  

 

The synthesis involved DCC coupling between CEP and a diamine or diol to generate 

hydrolytically stable amide (dCEP-NH2) or degradable ester (dCEP-OH) containing CTAs in 

high yield.  Sodium bicarbonate washings and silica gel column chromatography removed all 

traces of monofunctional CTA and residual impurities.  
1
H NMR, 

13
C NMR, and mass 

spectrometry confirmed the chemical structure and purity.    These difunctional CTAs were ideal 

for the preparation of 4VIM-containing triblock copolymers due to the preservation of 

trithiocarbonate functionality, which successfully controlled previous 4VIM 

homopolymerizations.
47

 

 The polymerization of vinyl monomers with dCEP-NH2 and dCEP-OH in a controlled 

fashion confirmed difunctionality and demonstrated the wide array of suitable monomers for 

these CTAs.  DEGMEMA was ideal as a low-Tg middle block for 4VIM-containing ABA 

triblock copolymers due to its solubility in aqueous mobile phases for SEC characterization, 
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hydrolytic stability and solubility in glacial acetic acid, and homopolymer Tg ~ -40 °C.  The 

homopolymerization of DEGMEMA under identical RAFT conditions 

([DEGMEMA]/[TTC]/[V-501] ratio = 400/2/1) for both difunctional CTAs (dCEP-NH2 and 

dCEP-OH) and CEP displayed similar linear pseudo-first-order kinetics (Figure 8.2a).  All 

polymerizations proceeded to quantitative conversions with narrow PDIs and demonstrated good 

agreements between experimental and theoretical molecular weights (Figure 8.2b).  Base 

stability studies showed the ability to cleave the dCEP-OH CTA to generate diblock copolymers 

from the triblock copolymer. 
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Figure 8.2. (a) Pseudo-first order kinetics plot for the RAFT polymerization of DEGMEMA in 

DMSO at 70 °C utilizing various CTAs (0.50 M; [TTC]/[V-501] = 2; DP = 200 ).  (b) 

Dependence of Mn and PDI on monomer conversion utilizing various CTAs. 

 

 The synthesis of poly(4VIM-b-DEGMEMA-b-4VIM) triblock copolymers required the 

hydrolytic stability of dCEP-NH2 in glacial acetic acid.  Initial experiments involved the 

synthesis of a poly(DEGMEMA) macroCTA mediated with dCEP-NH2 in DMSO to generate the 

low-Tg middle block as shown in Scheme 8.2.   Our group has demonstrated previously the 

effectiveness of DMSO as a free radical polymerization solvent.
58
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Scheme 8.2. Synthesis of amphoteric ABA triblock copolymers with RAFT polymerization. 

 

The polymerization conditions resulted in a well-defined polymer with narrow PDIs (Mn = 

26,000 g/mol; PDI = 1.02).  The block copolymerization of 4VIM onto the DEGMEMA 

macroCTA was performed according to similar conditions previously established (Scheme 8.2; 

[4VIM]/[TTC]/[V-501] = 500/2/1; 0.25 M), which maintained excellent control of 4VIM 

polymerization.
47

  The adjustment of polymerization reaction time enabled the synthesis of 
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different 4VIM outer block molecular weights.  Aqueous SEC-MALLS confirmed a shift to 

shorter elution times as the triblock copolymer molecular weight increased (Figure 8.3).   

 
Figure 8.3. SEC light scattering chromatograms displaying the increase in polymer molecular 

weight to synthesize various amphoteric ABA triblock copolymers.  The poly(DEGMEMA) 

macroCTA is represented as 0 wt. %. 

 

The unimodal SEC chromatograms and narrow molecular weight distributions (PDIs < 1.10) 

indicated the absence of uncontrolled 4VIM homopolymerization and high molecular weight 

termination products.  
1
H NMR spectroscopy verified the presence of 4VIM in the triblock 

copolymers and quantified the number-average molecular weight of the external blocks.   
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Table 8.1 shows the favorable agreement between the absolute molecular weights determined 

with both aqueous SEC-MALLS and 
1
H NMR spectroscopy to generate approximately 20, 30, 

and 40 wt. % 4VIM triblock copolymers. 

 

 

 

 

Table 8.1. Molecular weight analysis of 4VIM-containing ABA triblock copolymers. 

Polymer 
Mn (g/mol) 

1
H NMR 

Mn (g/mol) 

SEC 
PDI 

Poly(DEGMEMA) MacroCTA ---- 26,000 1.02 

Poly(4VIM41-b-DEGMEMA134-b-4VIM41) 33,700 32,500 1.03 

Poly(4VIM62-b-DEGMEMA134-b-4VIM62) 37,700 35,800 1.04 

Poly(4VIM100-b-DEGMEMA134-b-4VIM100) 44,800 42,500 1.09 

Note: 4VIMx represents the degree of polymerization in each block of the triblock copolymer. 

 

 DMA confirmed the presence of microphase separation in the triblock copolymers with 

various 4VIM contents.  The storage modulus (E’) and loss tangent (tanδ) versus temperature for 

the triblock copolymers are shown in Figure 8.4.   



 

195 

 

 
Figure 8.4. Dynamic mechanical analysis of 20, 30, and 40 wt. % 4VIM in poly(4VIM-b-

DEGMEMA-b-4VIM) triblock copolymers.  Dynamic mechanical properties analyzed in tension 

mode: 1 Hz, 3 °C/min. 

 

The 40 wt. % triblock copolymer exhibited two distinctive tanδ peaks, while the 20 wt. % and 30 

wt. % triblock copolymers displayed one tanδ maximum. The tanδ peak at ~ 2 °C corresponded 

to the Tg of the soft, DEGMEMA center block while the second tanδ peak at ~ 220 °C 

corresponded to the Tg of poly(4VIM) hard phase.  An increase in the concentrations of 4VIM in 

the outer, reinforcing blocks dramatically increased the rubbery plateau storage modulus.  The 

rubbery plateau extended for approximately 200 °C with a flow temperature exceeding 180 °C, 

which demonstrated the versatility of these triblock copolymers over a wide temperature range.  

Earlier literature on traditional poly(styrene-b-nBA-b-styrene) triblock copolymers, found 
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incorporations near 45 wt. % styrene produced weakly phase separated morphologies and poor 

thermomechanical properties (rubbery plateau storage modulus < 10 MPa) upon annealing.
59

  In 

addition, the rubbery plateau only extended approximately 100 °C, which limited the temperature 

window for these thermoplastic elastomers.   

 Tensile testing evaluated the ultimate properties of triblock copolymer films at ambient 

conditions.  Figure 8.5 shows representative stress versus strain curves for each triblock 

copolymer. 

 

Figure 8.5. Tensile properties of 20, 30, and 40 wt. % 4VIM in poly(4VIM-b-DEGMEMA-b-

4VIM) triblock copolymers.  Tensile data are reported as an average of five samples under 

tensile mode and crosshead speed of 10 mm/min. 
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The triblock copolymer films exhibited significantly improved mechanical strength compared to 

either poly(4VIM) or poly(DEGMEMA) homopolymers as neither homopolymer formed an 

adequate film for mechanical property characterization.  The tensile properties of the triblock 

copolymers exhibited an increase in Young’s modulus and tensile stress and a decrease in tensile 

strain with increasing 4VIM content (Table 8.2).  These triblock copolymers displayed improved 

mechanical properties compared to 45 wt. % styrene in poly(styrene-b-nBA-b-styrene) which 

exhibited a Young’s modulus of 2.5 MPa with a tensile stress/strain at break of 0.85 MPa / 

147%.
59

  TGA-SA demonstrated despite arduous drying conditions that the homopolymer, 

poly(4VIM) absorbs water ( < 10%) at ambient conditions, but, due to its amphoteric nature 

absorbs substantially less water than the regioisomer, poly(1VIM).  To dry the polymers 

effectively prior to TGA-SA analysis, all polymers are dried at 100 °C under vacuum for 48 h 

and then dried to constant mass in the TGA-SA at 50 °C. 

Table 8.2. Tensile properties of 4VIM-containing triblock copolymers. 

4VIM  

Wt. % 

Tensile Stress 

at Break (MPa) 

Tensile Strain at  

Break (%) 

Young’s Modulus 

(MPa) 

20% 3.73 + 0.53 132 + 18 19.9 + 2.2 

30% 8.72 + 0.63 66.4 + 6.4 39.6 + 0.8 

40% 23.7 + 1.6 6.0 + 1.0 631 + 85 

 

 SAXS experiments revealed the triblock copolymer bulk morphology.  X-ray scattering 

data plotted as intensity, I(q), versus scattering vector, q (Figure 8.6) confirmed microphase 

separation in the ABA triblock copolymers.   
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Figure 8.6. SAXS profiles of scattering intensity versus scattering vector for poly(4VIM-b-

DEGMEMA-b-4VIM) triblock copolymers. 

 

The apparent Bragg diffraction maxima observed with X-ray scattering of the 4VIM-containing 

triblock copolymers indicated the presence of well-defined, ordered morphologies.  The 20 wt. % 

and 30 wt. % 4VIM-containing triblock copolymers failed to exhibit q-values characteristic of 

traditional block copolymer morphologies, presumably due to the lack of sufficient thermal 

annealing in these samples.  Conversely, the 40 wt. % 4VIM triblock copolymer exhibited peak 

maxima at q*, 2q*, 3q*, and 4q*, consistent with a lamellar morphology.  The equation 2π/q* 

calculated the average lamellar spacing of the 40 wt. % triblock copolymer (31.4 nm; Table 8.3).   

The principal q peak shifted to lower q values as the wt. % of 4VIM increased in the triblock 

copolymers indicating the formation of larger nanostructures.  TEM and AFM (Figure 8.7) 
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confirmed the presence of lamellar morphologies present in the 40 wt. % 4VIM triblock 

copolymers.   

Table 8.3. SAXS q-values and Bragg spacings. 

4VIM  

Wt.% 

q (nm
-1

)  

(1st order 

peak) 

Distance 

(nm) 

q (nm
-1

)  

(2nd order 

peak) 

q (nm
-1

)  

(3rd order 

peak) 

q (nm
-1

)  

(4th order 

peak) 

20% 0.27 23.3 0.77 --  -- 

30% 0.24 26.2 0.47 0.64 0.85 

40% 0.20 31.4 0.42 0.61 -- 

 

 
Figure 8.7. AFM phase image in tapping mode and TEM image of 40 wt. % 4VIM-containing 

ABA triblock copolymer. 

 

The appearance of clear, well-defined lamellar morphologies in the triblock copolymers with 

higher incorporations of 4VIM indicated the high degree of nanophase separation in these 

triblock films, whereas, a majority of triblock copolymers require high annealing temperatures 

and/or long casting times to drive microphase separation. 

100 nm100 nm
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8.5  Conclusions   

 RAFT polymerization strategies involving a newly synthesized difunctional CTA 

successfully synthesized 4VIM-containing triblock copolymers for the first time.  These 

macromolecules currently are the only triblock copolymers which incorporate an amphoteric 

imidazole ring into the reinforcing, outer block.  The difunctional CTA (dCEP-NH2) 

demonstrated hydrolytic stability in glacial acetic acid and generated methacrylic macroCTAs in 

a living fashion with well-defined molecular weights and narrow PDIs.  Additionally, dCEP-NH2 

successfully synthesized poly(4VIM-b-DEGMEMA-b-4VIM) triblock copolymers with various 

wt. % of 4VIM as the reinforcing, outer block with narrow molecular weight distributions.  

Controlling 4VIM incorporation enabled the tuning of triblock thermomechanical properties.  

These triblock copolymers exhibited microphase separated morphologies without annealing and 

displayed improved thermomechanical properties compared to traditional poly(styrene-b-nBA-b-

styrene) triblock copolymers.  SAXS and AFM confirmed microphase separation and showed 

high incorporations of 4VIM (40 wt. %) resulted in a well-defined lamellar morphology.  The 

development of these new systems enables the design of future thermoplastic elastomers with 

amphoteric reinforcing blocks to tune macromolecular properties. 
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8.8  Supporting Information 

 
Figure S8.1. In situ FTIR of DEGMEMA in imidazole at 100 °C to probe possible reactions 

occurring during annealing of triblock copolymer films.  Imidazole catalyzed the hydrolysis of 

DEGMEMA (1718 cm
-1

) into an imidazole methacrylamide (1733 cm
-1

) and di(ethylene glycol) 

methyl ether as evidenced in the in situ FTIR plots.   

 

 

Scheme S8.1. Proposed crosslinking mechanism observed during annealing of triblock 

copolymer films. 
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Chapter 9: Overall Conclusions 

 The synthesis of functionalized vinylimidazole-containing polymers remains a unique 

area of macromolecular chemistry.  First, 1-vinylimidazole (1VIM) was homopolymerized 

utilizing conventional free radical polymerization to generate linear macromolecules for nonviral 

gene delivery.  Post-polymerization functionalization enabled the tailoring of macromolecular 

properties for improved DNA transfection efficiencies without varying polymer molecular 

weights.  Increased cationic charge densities through post-polymerization functionalization 

increased the cytotoxicity of the copolymers.  Charge densities over 25 mol % exhibited 

decreased transfection efficiencies due to high copolymer-DNA binding affinities preventing the 

release of the nucleic acid cargo.  Varying hydrogen bonding substituent concentration provided 

an alternative route to tuning copolymer-DNA binding affinity.  Substituents containing one 

hydroxyl group delivered DNA most effectively whereas zero or two hydroxyl groups per repeat 

unit delivered DNA ineffectively.  The transfection efficiencies for both charge density and 

hydrogen bonding substituent variation suggested an intermediate copolymer-DNA binding 

affinity is required to effectively deliver DNA to cells.  Advantageously, controlling hydrogen 

bonding substituent concentration does not impact copolymer cytotoxicity, therefore, providing a 

safe and effective alternative to tune copolymer-DNA binding affinities than the more 

conventional highly charged copolymer systems. 

 Functionalizing imidazolium copolymers enabled further investigation of copolymer 

composition on nonviral gene delivery.  Several previous reports demonstrated specific 

cancerous tumors often over-express folate-receptors.  The incorporation of folic acid onto 

therapeutic macromolecules allows for efficient delivery of genetic cargo into the cell through 

receptor-mediated endocytosis.   For the first time, imidazolium-containing copolymers were 

functionalized with folic acid to explore the impact of folic acid incorporation on nucleic acid 
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delivery.  The synthesis of these novel macromolecules remained difficult.  Similar to previous 

studies, 1VIM was polymerized utilizing conventional free radical polymerization techniques to 

eliminate the effect of molecular weight on nonviral gene delivery.  Post-polymerization 

functionalization with a tBoc-protected alkyl amine afforded charge densities up to 25 mol %, 10 

times greater concentration than previously reported in literature.  Acid deprotection generated 

alkyl-amine functionalized imidazolium copolymers for folic acid conjugations.  Low 

concentrations of folic acid were conjugated onto the copolymers (4-8 molecules per polymer 

chain) to maintain water solubility.  The copolymers transfected HeLa cells, which contain a 

high concentration of folate receptors on the cell membrane surface.  Similar to other nonviral 

gene delivery vehicles functionalized with folic acid, the DNA delivery efficiency of the 

copolymers increased 250-fold with folic acid incorporation.  Folic acid incorporation did not 

influence DNA binding affinity or copolymer cytotoxicity.   

 Functionalization of 1VIM with various hydroxyalkyl (HAVIM) and alkyl (AVIM) 

groups and subsequent conventional free radical polymerization afforded a series of 

imidazolium-containing polyelectrolytes.  Counterion selection (Br
-
, bis(trifluoromethane-

sulfonyl)imide (Tf2N
-
)) enabled the tuning of polymer thermal transitions and thermal stabilities.  

Thermal analysis revealed the more hydrophobic, less basic counterion-containing 

homopolymers (Tf2N
-
) displayed increased thermal stabilities and lower glass transition 

temperatures (Tg’s).  More importantly, the HAVIM homopolymers exhibited significantly lower 

Tg’s compared to their respective AVIM analogs.  X-ray scattering determined the addition of the 

polar, hydroxyl group disrupted the nanophase-separated morphology present in the AVIM 

homopolymers.  Furthermore, X-ray scattering determined the polymer chain backbone-to-

backbone spacing of the HAVIM homopolymers was a similar spacing to the AVIM 
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homopolymers, even though the HAVIM homopolymers contained an additional hydroxyl group.  

These spacings suggested the hydroxyl group interacted and disrupted the electrostatic 

interactions in the homopolymer which lowered Tg and diminished nanophase separation 

compared to the commonly studied AVIM homopolymers.  Impedance spectroscopy indicated 

the HAVIM-Tf2N homopolymers exhibited an order of magnitude increase in ionic conductivity 

compared to AVIM-Tf2N homopolymers.  Control of macromolecular composition can 

eventually lead to the development of polyelectrolyte membranes for electroactive devices with 

improved ionic conductivity. 

 The functionalization of 1VIM for conventional free radical polymerization proves 

straightforward due to the availability of the tertiary amine for subsequent quaternization as 

discussed above.  However, the design of macromolecules with advanced architectures and 

precise molecular weights remains difficult due to the radically unstable N-vinyl propagating 

radical.  The regioisomer 4-vinylimidazole (4VIM) contains two resonance contributors 

providing increased propagating radical stability compared to 1VIM.  Conventional free radical 

homopolymerizations generated poly(4VIM) with number-average molecular weights (Mn) 

greater than 1,000,000 g/mol compared to 50,000 g/mol for poly(1VIM).  The use of an 

unconventional polymerization solvent, glacial acetic acid, was necessary due to the relative 

insolubility of poly(4VIM) in numerous organic and aqueous solvents.  Utilizing RAFT 

polymerization strategies, the homopolymerization of 4VIM was controlled for the first time.  

The homopolymerizations displayed linear pseudo-first order kinetics which generated polymers 

with well-defined molecular weights and narrow PDIs. 

 Controlling the polymerization of 4VIM enabled the synthesis of triblock copolymer 

thermoplastic elastomers which incorporated 4VIM into the outer, reinforcing block.  The design 
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of a new difunctional CTA afforded the synthesis of a low-Tg methacrylate center block followed 

with subsequent polymerization of 4VIM in glacial acetic acid.  Controlling 4VIM incorporation 

enabled the tuning of triblock thermomechanical properties.  These triblock copolymers 

exhibited microphase separated morphologies without annealing and displayed improved 

thermomechanical properties compared to traditional poly(styrene-b-nBA-b-styrene) triblock 

copolymers. Dynamic mechanical analysis confirmed the triblock copolymers exhibited 

microphase separation with a rubbery plateau modulus spanning ~200 °C.  Transmission electron 

microscopy (TEM), atomic force microscopy (AFM), and small-angle X-ray scattering (SAXS) 

probed the solid state morphologies of the triblock copolymers, and all techniques revealed phase 

separation at nanoscale dimensions.  These complementary techniques emphasize the strength of 

the association between amphoteric imidazole rings.  Typically, most triblock thermoplastic 

elastomers require a lengthy annealing process at elevated temperatures to promote phase 

separation due to weak intermolecular interactions, while these triblock copolymers require only 

room temperature conditions.  The triblock copolymers with higher concentrations of 4VIM (40 

wt. %) showed lamellar morphologies.  Effectively synthesizing well-defined, amphoteric 4VIM 

ABA triblock copolymers with microphase-separated morphologies (PDIs < 1.10) facilitates the 

design of imidazole-containing macromolecules of controlled architectures for emerging 

applications.   
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Chapter 10: Suggested Future Work 

10.1  Improved Nonviral Gene Delivery 

 The polyelectrolytes presented in this work consisted of an imidazolium cation 

functionalized with a hydroxyalkyl group or aminoalkyl group for nonviral gene delivery.  It was 

understood that hydrogen bonding significantly impacted the transfection efficiencies of the 

delivery vehicles, influencing most dramatically, polymer-DNA binding affinities without 

affecting copolymer cytotoxicity.  An interesting study would investigate the effect of hydrogen 

bond donor and acceptor substituents attached to the imidazolium ring to establish a better 

understanding of structure-property-transfection relationships.  Additionally, these cationic 

polyelectrolytes are not suitable for in vivo transfection due to a lack of colloidal stability; 

therefore, these macromolecules require the addition of a poly(ethylene glycol) substituent to 

prevent protein aggregation.  Amine-functionalization would enable the prospective reductive 

amination reaction to attach a sugar or carbohydrate to the imidazolium polyelectrolyte for 

potentially improving colloidal stability and transfection efficiency. We also observed previously 

that folic acid incorporation led to improved DNA delivery.  Further investigation into the uptake 

mechanism with flow cytometry and endocytic knockdown assays would enable the design of 

more effective delivery vehicles and elucidate the effect of folic acid concentration on gene 

delivery. 

10.2  Synthesis of Diblock Copolymers and Hydrophobic Triblock Copolymers 

 The controlled radical polymerization of 4-vinylimidazole (4VIM) in Chapters 7 and 8 

presented a thorough investigation into the reaction kinetics and design of macromolecules with 

precise molecular weights and well-defined structures.  The successful synthesis of 4VIM-

containing triblock copolymers provided experimental proof of a synthetic protocol to achieve 

various polymer architectures.  Taking advantage of RAFT polymerization strategies, the 
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potential to generate numerous additional macromolecules exists.  The synthesis of diblock 

copolymers remains an area of much interest especially for the design of polymeric 

“nanoreactors”.  The synthesis of a core-shell diblock in aqueous media as proposed in Scheme 

10.1 would enable the design of stimuli-responsive micelles.     

 

Scheme 10.1. Synthesis of pH-responsive 4VIM-containing micelles to catalyze various organic 

reactions or chelate metals. 

 

The oligo(ethylene glycol) methyl ether methacrylate block remains soluble in aqueous solutions 

and 4VIM only dissolves in aqueous media when protonated (pH < 6).  This allows for the 

generation of polymeric micelles in neutral and basic conditions enabling the catalysis of organic 

reactions in aqueous media as a replacement for expensive biological enzymes.  Hydrophobic 

reactants would incorporate themselves into the hydrophobic 4VIM core where various reactions 

could occur (i.e. esterolysis).  Additionally, atom transfer radical polymerization (ATRP) 

requires a coordinating ligand to complex the necessary copper catalyst to achieve well-defined 

polymer structures.  The polymeric micelles or “nanoreactors” which incorporate 4VIM into the 

hydrophobic block would enable ATRP of hydrophobic monomers in aqueous solution and more 

importantly would facilitate the removal of the copper catalyst from the polymer due to 

imidazole’s strong metal binding affinity.  Furthermore, these designed polymeric micelles could 

also be employed for water purification due to imidazole’s ability to chelate numerous heavy 

metals. 
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 Further development of novel triblock copolymers with 4VIM also remains an important 

research topic in the future.  Chapter 8 illustrates how incorporating 4VIM into the outer, 

reinforcing block of an ABA triblock copolymer dramatically improves thermomechanical 

properties.  Scheme 10.2 shows the use of additional, hydrophobic methacrylate monomers to 

incorporate in the low-Tg center block.   

 

Scheme 10.2. Synthesis of ABA triblock copolymers with a hydrophobic center block to 

promote microphase separation. 

 

The inspiration behind the use of more hydrophobic systems would allow for potentially better 

phase separation between the A- and B-blocks preventing covalent crosslinking and achieving 

more well-defined morphologies.  
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10.3  Influence of Pendant Group Spacing on Hydrogen Bonding 

 We have previously established the location of hydrogen bonding substituents in relation 

to the polymer backbone significantly impacted the association between pendant substituents.  

Scheme 10.3 depicts the synthesis of an imidazole-containing styrenic monomer enabling the 

design of a novel, amphoteric imidazole-containing monomer.  This design advantageously 

places the imidazole ring further from the polymer backbone.  Additionally, the incorporation of 

a styrenic functionality affords the design of additional block copolymers utilizing controlled 

free radical polymerization strategies, as styrenic monomers are easily controlled through various 

methods in polymer chemistry.  The properties of this novel macromolecule could be compared 

to the regioisomer 4-vinylbenzyl-1-imidazole to study the effect of the amphoteric nature of the 

imidazole ring on macromolecular properties.   

 

Scheme 10.3. Proposed synthesis of styrenic imidazole-containing monomers to study the 

impact of the amphoteric, imidazole ring on microphase separation. 

 

 


