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Abstract 

 For the first time nonwoven fibrous scaffolds were electrospun from a low molar 

mass gemini ammonium surfactant, N,N’-didodecyl-N,N,N’,N’-tetramethyl-N,N’-

ethanediyl-di-ammonium dibromide (12-2-12).  Cryogenic transmission electron 

microscopy (cryo-TEM) and solution rheological experiments revealed micellar 

morphological transitions of 12-2-12 in water and water:methanol (1:1 vol).  

Electrospinning efforts of 12-2-12 from water did not produce fibers at any 

concentration, however, electrospinning 12-2-12 in water:methanol at concentrations 

greater than 2C* produced, hydrophilic continuous fibers with diameters between 0.9 and 

7 μm. 

Photo-reactive surfactants were synthesized to electrospin robust surfactant 

membranes.  Before electrospinning it was important to fundamentally understand the 

structure-property relationship of gemini surfactants.  The thermal and solution properties 

were explored for a series of ammonium gemini surfactants using differential scanning 

calorimetry (DSC), polarized light microscopy (PLM), and conductivity experiments.  

The Kraft temperature (Tk) was measured in water and water:methanol (1:1 vol) to 

investigate the influence of solvent on the surfactant solution properties. 

Other experiments investigate how associated photo-curable architectures are 

applicable in macromolecular architectures, to gain a fundamental understanding of how 

hydrogen bonding associations influence the photo-reactivity of functionalized acrylic 

copolymers.  Novel hot melt pressure sensitive adhesives (HMPSAs) were developed 



from acrylic terpolymers of 2-ethylhexyl acrylate (EHA), 2-hydroxyethyl acrylate 

(HEA), and methyl acrylate (MA) functionalized with hydrogen bonding and photo-

reactive functionalities.  The synergy of hydrogen bonding and photo-reactivity resulted 

in higher peel values and rates of cinnamate photo-reactivity with increasing urethane 

concentration.   

Random copolymers of poly(n-butyl acrylate (nBA)-co-2-hydroxyethyl 

methacrylate (HEMA)) were functionalized with hydrogen bonding and photo-reactive 

groups to explore the photo-curing of associated macromolecular architectures.  The 

influence of urethane hydrogen bonding on the photo-reactivity of cinnamate-

functionalized acrylics was investigated with photo-rheology and UV-vis spectroscopy.  

Cinnamate-functionalized samples displayed an increase in modulus with exposure time, 

and the percentage increase in modulus decreased as the urethane content increased.  The 

synergy of hydrogen bonding and photo-reactive groups resulted in higher rates of 

cinnamate photo-reactivity with increasing urethane concentration. 

Electrospun fibers were in situ photo-crosslinked to develop fibrous membranes 

from cinnamate functionalized low Tg acrylics.  Electrospinning was conducted 

approximately 55 °C above the Tg of the cinnamate acrylate and the electrospun fibers 

did not retain their fibrous morphology without photo-curing.  However, electrospun 

fibers were collected that retained their fibrous morphology and resisted flow when in 

situ photo-cured during electrospinning.  The intermolecular photo-dimerization of 

cinnamates resulted in a network formation that prevented the low Tg cinnamate acrylate 

from flowing. 
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Chapter 1: Introduction 

1.1 Scientific Rationale and Perspective 

Photochemical processes, which harvest and circulate the sun’s energy, are the 

basis for all existence.1-3  Nature absorbs and distributes the sun’s energy through photo-

biological processes.  Electromagnetic radiation emitted from the sun is responsible for 

very important natural processes such as visual processing of humans and animals, 

photosynthesis, and seasonal transformations.4,5  Photochemistry is the scientific 

discipline of identifying the chemical and physical response of exposing controlled 

substances to electromagnetic radiation.6-10  Photochemistry is a mature discipline that 

utilizes controlled experiments to drive molecular changes when a atom or molecule 

absorbs light.  Photochemical processes are easily controlled, affordable, effective, and 

initiated with light, which is a clean energy.7-9  Applicable technologies that utilize 

photochemistry encompass photonics, microfluidics, solar energy harvesting, and 

electrooptics.11-13  Photochemistry is truly a diverse topic that incorporates a multitude of 

assorted disciplines. 

The study of how small molecules behave in response to radiation is an 

established field that has evolved over the past century.  However, the influence of 

organizing materials via noncovalent interactions before irradiation is a relatively new 

field that has emerged over the past 25 years,14-16 and the irradiation of organized 

macromolecular architectures is an evolving area of interest.8,17  There are many reasons 

why the interest of researchers has turned to the area of organized assemblies.18-20  Most 

notably there are applicable technologies in electronics, biomaterials, and liquid 

crystalline displays.21,22  Confinement of molecules through noncovalent interactions 
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restricts their mobility.  This type of confinement is used to promote desirable 

interactions that offer several advantages over unorganized systems.  The limited 

mobility of organized media affords the opportunity for characterization of species with 

short life times such as intermediates, free radicals, excited states, and highly strained 

molecules.8  The use of noncovalent interactions to promote photochemical reactions is 

an emerging field.  Chromophore alignment in a proximity that promotes photo-reactivity 

is achievable through noncovalent interactions.  Several methods to achieve the 

association of chromophores include: ionic interactions, hydrogen bonding, donor-

acceptor complexes, and metal ligand complexes. 

The major research objective was to design photo-reactive supramolecular 

structures, focusing around the use of non-covalent interactions to associate molecules in 

combination with photochemical reactions to covalently confine assembled architectures.  

Small molecule lipids and surfactants were designed with photo-reactive functionality to 

polymerize self-assembled structures, for application as biologically compatible 

membranes and scaffolds.  Macromolecular acrylic copolymers were functionalized with 

hydrogen bonding and photo-curable functionality to covalently crosslink associated 

macromolecular architectures for the development of in situ photo-cured electrospun 

membranes and novel hot melt adhesives. 
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Chapter 2: Review of the Literature 

2.1 Photo-reactivity of Preorganized Assemblies and Associated 

Macromolecular Architectures 

2.1.1 Introduction to Photochemistry 

Photochemical reactions occur when a molecule absorbs a photon of light.  Upon 

photon absorption, the molecule is activated to an electronically excited state, the 

increase in energy is equal to the energy of the absorbed photon.  Exposure to radiation1, 

flame treatment2, an electrical current3, or a chemical reaction,4 are methods to activate 

ground state molecules.  Irradiation with visible or UV light is the most utilized method 

to activate ground state molecules.5-9  Absorption of visible or UV radiation promotes the 

ground state electron into a lower-lying unoccupied excited state.   UV and visible light 

are classified in the optical radiation range of the electromagnetic radiation spectrum.  

UV radiation is the highest energy of the optical range and is subdivided into three 

subdivisions: UVC (100-280 nm), UVB (280-315 nm), UVA (315-380 nm).10  Visible 

light is detectable to the human eye and ranges from violet (~380 nm) to red (~700 nm). 

2.1.2 Photopolymerization 

 Polymerization initiated with UV-irradiation, visible light or exposure to ionizing 

radiation is referred to as photoinitiated polymerization.11-14  The mechanism can proceed 

via the same route as conventional polymerizations including cationic, free radical, and 

living polymerization.  Monomers that undergo chain reaction polymerization have a 

tendency to undergo photopolymerization.  Initiation occurs when the monomer absorbs 

radiation and generates an activated radical or ionic species.  Photosensitizers are used to 

initiate monomers that do not directly absorb light at the given wavelength.  
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Photoinitiators produce free radicals or ions upon exposure to UV or visible light.  

Photoinitiators that produce free radicals include carbonyl compounds, peroxides, and 

azo compounds to list a few, as shown in Figure 2.1.3,15,16   

O

Benzophenone

N N

Azoisopropane

O
O

t-Butyl peroxide

Photopolymerization offers advantages to thermally initiated chain reaction 

polymerization.  Photoinitiation is less susceptible to reaction conditions, 

environmentally appealing, and uses a fraction of the energy thermally initiated processes 

consume.  In contrast to thermal initiation, photoinitiated polymerization occurs at lower 

temperatures at a specific wavelength under mild reaction conditions.  Environmentally 

beneficial reaction conditions and affordable processes make photoinitiated 

polymerization a directly applicable technology.  Photochemistry is utilized in the 

production of lithography plates, adhesives, protective coatings, biomedical materials, 

holography technologies, and the manufacturing of integrated circuits.3,4,10-17        

Figure 2.1  Carbonyl, azo, and peroxide photosensitizers. 

Free radical initiated polymerization is the most common and widely used 

photoinitiation mechanism.  Chain propagation, chain transfer, and termination 

mechanisms are the same for photo-active processes as conventional free radical chain 
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polymerization.  Photoinitiated polymerization generates free radicals through a different 

mechanism than conventional thermal initiated free radical systems.  Photolytic initiation 

generates an electronically excited initiator or monomer unit (M*) after light absorption.  

The excited monomer then dissociates to generate two radical species ( R1 and R2) 

that attack other monomer units to propagate polymerization, as shown in Figure 2.2.  

The efficiency of photolytic free radical generation is proportional to the monomer 

concentration and independent of temperature.  Alkyl vinyl ketones and halogenated 

vinyls are examples of two monomers which undergo photolytic dissociation.18,19   

M hv M*

M* R1 R2+

 Monomers like styrene and methyl methacrylate require radiation of 300 nm or 

shorter wavelengths to generate free radicals.  The mechanism for radical generation is 

not completely understood, however, it is known the monomers do not dissociate upon 

light absorption.  When light is absorbed in styrene or methyl methacrylate an excited 

singlet state is generated which may fluoresce or create an excited triplet state and form a 

diradical, as shown in Figure 2.3.  The diradical then attacks monomer units to propagate 

polymerization.  Other monomers that photopolymerize with or without the use of photo-

sensitizers include acrylonitriles,20 isobutylene,21 methyl acrylate,22 and vinyl acetate.23  

Figure 2.2  Photolytic free radical initiation. 
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Figure 2.3  Photoinitiated diradical formation of methyl methacrylate. 
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2.1.3  Photo-reactive Groups 

 In the 1950’s Minsk and coworkers were the first to study the photo-dimerization 

of cinnamate groups.24,25  Minsk and researchers reported the photoinitiated crosslinking 

reaction of cinnamate groups in poly(vinyl cinnamate).  Cinnamates are known to photo-

dimerize through [2π + 2π] cycloaddition to form cyclobutane.  Since Minsk’s initial 

discovery the cinnamate functionality has received interest in polymeric and small 

molecules as a chromophore.26-29  Cinnamates are utilized mostly as a crosslinking agent 

in polymers and liquid crystalline assemblies.  Other photo-reactive groups that photo-

dimerize in a [2π + 2π] cycloaddition fashion include furans,30,31 maleimides,32,33 

chalcones,34 and coumarins.35,36 

Visconte and coworkers studied the crosslinking efficiency of natural rubber 

functionalized with cinnamate side chains, and investigated the spatial confirmations 

needed for photo-dimerization to occur.26  Natural rubber was first maleated through 

reaction with maleic anhydride and then esterified with glycol cinnamate.  The glycol 

spacer unit was varied between 2 to 6 carbons, as shown in Figure 2.4.  The study 

incorporated between 7 and 29 mol % of the cinnamate side chain.   The Li+, Na+, and K+ 

carboxylate salt forms were obtained to investigate the salt effects on crosslinking 

O CH2

O

O

O

HOOC

2-6

x y

Figure 2.4  Maleated natural rubber modified with glycol cinnamate. 
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efficiency.  The researchers discovered that the spacer unit was strongly dependent for 

the 7 mol% cinnamate, however, there was no constant trend between the three salt 

samples.  The 15 to 29 mol% cinnamate functionalized samples showed little variation 

for each of the three cationic salts.  The researchers concluded that providing molecular 

mobility alone and not affording spatial confirmation for the cyclobutane ring to form 

does not provide sufficient driving force for network formation. 

Cinnamates have also received interest as well defined functional end groups in 

branched polymeric systems.  Russell and researchers synthesized PEG based hydrogels 

from branched PEG macromers.27  Branched PEG end capped with hydroxyl groups was 

functionalized with cinnamylidene acetyl, to give a water-soluble macromer with only 

one chromophore per chain end.  Exposure to UV irradiation formed an insoluble 

hydrogel as the branched cinnamylidene macromer exhibited step growth behavior.  A 

pegylated cinnamate containing enzyme was also synthesized and immobilized in the 

cross-linked hydrogel network.  The group studied the uptake, activity, and stability of 

the enzyme immobilized within the hydrogel. 

Examples of photo-active groups that do not form dimers but chain extend are 

acetylenes,37,38 dienoyls or sorbates,39 and dienes,40,41 as shown in Figure 2.5.  Acetylenic

R R R R R

O

OR

Figure 2.5  Acetylene, dienoyl, and diene photo-active groups. 
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and dialkene groups UV absorb to generate free radical species that chain extend from 

propagation of the free radical to other unsaturated groups.  Acetylenes, dienoyls, and 

dienes are photo-active upon UV exposure in the solid state, in the molten state, or in 

solvating media.  Chain extension of the unsaturated photo-active group produces 

conjugated chains that have generated application in electronics, controlled release, and 

encapsulation technologies.34,36-38  The rate of photopolymerization of chain extenders 

can benefit from conformational confinement in preorganized assemblies that promote 

photo-reactivity. 

2.1.4 Photo-reactive Preorganized Assemblies 

Preorganized assemblies are described as molecular associations that are driven 

through noncovalent interactions.  Hydrogen bonding, ionic interactions, donor-acceptor 

complexes, and metal ligand complexes are all examples of noncovalent interactions.  

The prefix pre- is included to indicate the noncovalent molecular associations occur first 

and photo-curing second.  Researchers are interested in gaining a fundamental 

understanding of how preorganized molecular associations influence the efficiency of 

photo-reactivity.7,42-44  Due to the short life span of an electronically excited state, 

photochemical processes can benefit from organized assemblies that place reactive 

groups in close proximity to one another. 

Hydrogen bonding is the most widely utilized method to form molecular 

associations of photo-active assemblies.  Jansen and coworkers incorporated hydrogen 

bonding moieties to enhance photopolymerization of acrylate monomers.45  The influence 

of hydrogen bonding was examined when two acrylate monomers were synthesized, 

undecyl amide N-ethyl acrylate, which contains hydrogen bonding functionality, and 
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pentyl amide N-methyl N-ethyl acrylate, which does not contain hydrogen bonding 

functionality, as shown in Figure 2.6.  The samples were exposed to UV irradiation and 

the photopolymerization was monitored using real time Fourier transform infrared (RT-

O

O

NH

O

CH2
10

O

O

N

O

CH2 4

Figure 2.6  Undecyl amide N-ethyl acrylate and pentyl amide N-methyl N-ethyl acrylate.
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FTIR) spectroscopy to measure the rate of polymerization (Rp).  Initial experiments 

determined the acrylate capable of hydrogen bonding exhibited an Rp 4.5 times larger 

than the non-hydrogen bonding control.  The apparent influence hydrogen bonding had 

on the Rp encouraged the researchers to synthesize a series of acrylate monomers, as seen 

in Figure 2.7, with amid, urethane, and urea functionalities along with non-hydrogen 

bonding monomers (control) and measure the corresponding Rp. It was evident the
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O
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O

O
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O
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O
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n Amide Acrylate with varying
spacer length

Urethane Acrylate

Urea Acrylate

Ester Acrylate Control

Carbonate Acrylate Control

Figure 2.7 Hydrogen bonding amide, urethane, and urea acrylics and non-hydrogen 
bonding control acrylic monomers. 
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monomers capable of hydrogen bonding displayed higher Rp.  The highest Rp belonged to 

the strongest hydrogen bonding functionality, the urea acrylate.  The rationale for this 

phenomenon was attributed from two plausible possibilities.  One, hydrogen bonding 

caused the monomers to behave like a difunctional species, similar to methacrylic acid.46  

The apparent difunctional species did not influence the rate constant of propagation but 

the rate constant of termination was considerably reduced for methacrylic acid.  

Secondly, the increase in Rp is a result of the propagation rate enhancement achieved 

from preorganization of the monomer units.  Hydrogen bonding functionality facilitated 

the organization of acrylate double bonds at a proximity advantageous for propagation.  If 

the preorganized theory was correct, an increase in chain length between the acrylate and 

hydrogen bonding site would result in a decreased Rp.  As the distance between the 

acrylate and hydrogen bonding moieties increased, the acrylate would have more 

conformational chain mobility.  The reactive acrylate is considered isolated from the 

hydrogen bonding site at a critical chain length distance.  At this distance, the hydrogen 

bonding site would have no affect on the proximity of the acrylates to one another.  The 

researchers tested their reasoning and synthesized a series in which the alkyl chain of 

ethyl amide N-alkyl acrylate was varied from ethyl to hexyl and the corresponding Rp 

determined using RT-FTIR.  The chain length influenced the Rp in the manner which the 

researchers proposed.  As the chain length increased to six carbons the Rp decreased to a 

value comparable to the non-hydrogen bonding controls.  The influence of chain length 

on Rp helped to verify the theory of preorganization. 

Preorganization was also applied to associate supramolecular catalyst to enhance 

photo-dimerization.  Cinnamic esters do not give high yields of photo-dimers in the solid 
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state.  Upon irradiation the cinnamates mostly photo-isomerize between the E- and Z- 

confirmations and lose their crystalline integrity.  The reasoning for low yields of 

dimerization is not due to the lack of chain mobility but in fact a consequence of crystal 

packing structures that do not properly align to promote cyclo-dimerization.  A C=C 

center to center distance ≤ 4.2 Å is required to promote photo-dimerization.47  Bassani 

and coworkers covalently attached cinnamate groups to multiple hydrogen bonding 

groups to combat the reluctance of photo-dimerization and to align reactive groups in a 

configuration to promote dimerization.48,49  Cinnamates were covalently attached to 

diaminotriazine groups and their association with complementary hydrogen bonding 

barbituric acid derivatives investigated, as shown in Figure 2.8.  There were four possible 

hydrogen bonded confirmations between barbituric acid and cinnamate functionalized 

diaminotriazine.  Three of the confirmations were trimers with one barbiturate hydrogen 

bonding with two diaminotriazines with the cinnamates in different proximities to one 

another.  The fourth confirmation was a dimer formed from the association of one 

barbiturate with one diaminotriazine cinnamate.  The photo-reactivity of a 

diaminotriazine cinnamate with no complementary hydrogen bonding barbiturate 

(control) was investigated in solution when exposed to 350 nm monochromatic light, and 

a solution containing a 2:1 molar ratio of diaminotriazine to barbiturate was irradiated 

under the same conditions. 

The irradiation of the control resulted in the presence of a 2:1 mixture of the Z-

and E- confirmations.  Only a very small trace of the photo-dimer was detectable after 

prolonged irradiation.  Irradiation of cinnamate diaminotriazine in the presence of a 

barbiturate resulted in the appearance of three new photoproducts, as shown in Figure
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Figure 2.8  Diaminotriazine cinnamate and barbituric acid derivative complementary 
hydrogen bonding associations and the four possible configurations. 

 15



2.9.  The major photoproduct was attributed to dimerization of cinnamates in symmetrical 

head-to-head confirmations with the phenyl groups cis to one another.  The second 

product was attributed to the dimerization of an E-cinnamate and a Z-cinnamate in an 

endo head-to-head confirmation.  The minor product was associated with the 

dimerization of two E-cinnamates in a head-to-tail configuration.  The hydrogen bonding 

association between a barbiturate and two diaminotriazine cinnamates acted as a 

supramolecular catalyst.  The associations placed the reactive cinnamates in an 

appropriate template to catalyze photo-dimerization. 

Other research groups have exploited different methods to drive associations and 

enhance photo-reactivity.  Lewis and coworkers utilized Lewis acid complexation to 

catalyze photo-dimerization of cinnamate esters.50  Methyl cinnamate and other 

cinnamate esters were coordinated with SnCl4 at a ratio of 2:1, cinnamate to SnCl4.  

Methyl cinnamate complexation resulted in an 8% increase in photo-dimerization and 

ethyl cinnamate complexation resulted in a 31% increase in photo-dimerization.  The 

crystal structures of the complexes were not known, however space filling models of the 

complexation positioned the esters in a closed packed head-to-tail configuration.  The 

head-to-tail configuration positioned the reactive alkene groups with in the required 4.2 Å 

of one another. 

 In the late 1980’s Noonan and coworkers at Eastman Kodak Company realized 

the potential of incorporating UV-curable cinnamate side chains in novel liquid 

crystalline (LC) vinyl polymers.51  The researchers discovered the rate of cinnamate 

photo-reactivity increased in ordered LC arrays compared to amorphous analogs.  The 

confinement of LC domains is ideal for photoinitiated polymerization.  Recently, the
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Figure 2.9  Configuration of cinnamate diaminotriazine photoproducts. 
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photoinitiated polymerization in liquid crystalline (LC) domains facilitated the formation 

of submicron synthetic polymer fibers.52-54  Kihara and coworkers55 reported the 

formation of fibers from the photopolymerization of a LC blend of 4-(6-

acryloyloxyhexyloxy)benzoic acid and 4-hexyloxy-4’-cyanobiphenyl, as shown in Figure 

2.10.  The acrylate monomer was miscible in the liquid crystalline field of 4-hexyloxy-4’-

cyanobiphenyl, and upon photopolymerization the resulting polymer was immiscible and 

phase separated to form fibers.  The temperature of photopolymerization was varied to 

investigate how the LC phase behavior influenced the resulting fiber formation. The 

researchers concluded that fiber formation and organization were optimized at 

temperatures low enough to facilitate LC formation of the phase separated acrylate 

polymer. 

O

O O O

OH

CNC6H13O

6

Figure 2.10  Structure of 4-(6-acryloyloxyhexyloxy)benzoic acid  and 4-hexyloxy-4'-
cyanobiphenyl. 
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2.2  Photo-reactive Associated Macromolecular Architectures 

 The association of macromolecules through noncovalent interactions is 

accomplished through functionality that facilitates the formation of donor-acceptor 

complexes,56-58 hydrogen bonding,59,60 liquid crystalline behavior,61-63 and the self-

assembly of polymeric amphiphiles.64,65  The capability to associate molecules and photo-

cure the associated structure is a novel scheme that has received significant interest for 

application as liquid crystalline polymers.66-69  In most cases the LC polymer is formed 

from the photopolymerization of preassembled LC monomers with photopolymerizable 

groups.  In contrast, layer-by-layer (LBL) assembly technologies utilize the association of 

macromolecules to form ultra thin multilayer films.70  The LBL assembly driven from 

hydrogen bonding was first reported in 1997 and proved to produce more stable films 

than Langmuir Blodgett techniques.71  The hydrogen bonding LBL films exhibited low 

solvent resistance and were susceptible to deformation at temperatures that disassociated 

the hydrogen bonding assembly.  

2.2.1 Photo-curable Multilayer Films 

To increase the solvent resistivity and mechanical strength of hydrogen bonding 

LBL assemblies, Yang and coworkers72 incorporated photo-curable groups.  Diazoresin, 

H-acceptor, and hydroxyphenyl acrylamide, H-donor, are shown in Figure 2.11.  The 

diazoresin and hydroxyphenyl acrylamide where deposited on quartz wafers in an 

alternating fashion to construct multilayer films.  The –N2
+ of diazoresin becomes 

reactive upon UV-irradiation and the mechanism of crosslinking is facilitated through 

electrophilic aromatic substitution of the phenyl cation resin with the hydroxyphenyl 

acrylamide, or the formation of an ether linkage from the nucleophilic attack of the
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hydroxyphenyl on the diazoresin with N2 as the leaving group.  The irradiated and non-

irradiated (control) multilayer films were characterized using IR spectroscopy.  Upon 

irradiation the –N2
+, of the diazoresin, peak disappears along with the peak assigned to 

the –OH of the hydroxyphenyl participating in hydrogen bonding with the –N2
+.  The 

photo-cured and control multilayer films were immersed in DMF to test their stability 

towards polar solvents.  After 20 min. at room temperature the control was completely 

dissolved, however, the photo-cured multilayer film remained unetched after immersion 

for 24 h at room temperature. 

Rubner and coworkers73 constructed LBL multilayer films of photo-active 

hydrogen bonding polymers for application in photolithography.  Poly(acrylic acid) 

(PAA) and polyacrylamide (PAAm) were alternately deposited in a LBL manner, on a 

variety of substrates as shown in Figure 2.12.  LBL assembly was facilitated from 

dipping the substrate in PAA and PAAm aqueous solutions repeatedly.  The cohesive 

strength of PAA and PAAm was facilitated through hydrogen bonding between the acid 

and amide groups.  The association was restricted to a pH of 3 due to the ionization of the 

PAA acid groups and the introduction of electrostatic repulsive forces at pH ≥ 5.  Ten 

percent of the PAA was functionalized with a photoinitiator that induced crosslinking 

upon UV irradiation, as shown in Figure 2.13.  The photo-active PAA was only deposited 

as the final layer of the film.  Upon UV irradiation the entire film became insoluble at a 

pH greater than 7, indicating the radicals generated on the top layer were capable of 

diffusing through the film.  A control of the LBL film with no photo-active 

functionalized PAA was irradiated to confirm the crosslinking was attributed to the 

presence of the photo-active group.  The control was completely soluble after UV-
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Figure 2.12  Photolithography of PAA-PAAm LBL films with photo-active top layer. 
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Figure 2.13  Polyacrylic acid (PAA) and photo-active acrylate copolymerized with PAA 
and incorporated in the top film layer. 
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treatment.  There was no mention of characterizing the irradiated films other than testing 

their solubility in aqueous solutions.  The photo-active hydrogen bonding PAA-PAAm 

multilayer films were used in photolithography, which placed a grid mask over the film 

and irradiated with UV light as shown in Figure 2.12.  The film was then washed with 

water to remove the non-irradiated areas and resulted in the production of patterned 

shapes 100 nm thick and 35 μm wide. 

2.2.2 Photo-reactive Self-Assembled Nanostructures 

The self-assembly of dendrimers is a technique utilized to assemble 

supramolecular nanostructures.74,75  Inclusion of hydrogen bonding functionality is a 

method to associate dendrimers for nanostructure formation.  If hydrogen bonding is the 

only interaction, the structure is labile in solvents and at temperatures that dissociate 

hydrogen bonds.  Incorporation of photo-curable groups in the dendrimers periphery is a 

method to stabilize the self-assembled supramolecular nanostructures. 

Kim and coworkers76 utilized photo-reactive diacetylenes to photo-cure self-

assembled nanostructures of urethane and amide containing dendrimers.  The dendrimers 

were synthesized to the second generation utilizing a convergent method, and contained 

amid and urethane linkages in the core and diacetylene groups in the periphery, as shown 

in Figure 2.14.  Hydrogen bonding was provided through amide and urethane linkages in 

the dendrimer core.  Hydrogen bonding facilitated the self organization of hexagonal 

columnar structures which formed fibrous bundles according to transmission electron 

micrographs.  The researchers proposed the columns were constructed from dendrimer 

stacking, with the dendrimer core inward and the dendrimer periphery outward.  The 

columnar structure oriented the diacetylene groups in a proximity that assisted 
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photopolymerization.  Before irradiation the assemblies did not absorb in the visible 

range and after UV irradiation the samples absorbed 500-650 nm light indicating the 

presence of polyeneyne.  After photopolymerization the hexagonal columnar structure 

stayed intact, indicating the hydrogen bonding core network was not disrupted.  In fact 

the hydrogen bonding core was stabilized from the formation of a shell in the periphery, 

which rendered the fibers insoluble in organic solvents such as chloroform, methylene 

chloride, THF, DMF, and DMSO. 
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Figure 2.14  Second generation dendron with a hydrogen bonding urethane and amide 
core with a photo-reactive diacetylene periphery. 
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3.1 Conspectus 

Supported lipid membranes have received significant attention over the past 

several decades due to their potential application in biological and material sciences.  

Bilayer lipid membranes (BLMs) consist of two lipid layers arranged with their 

hydrophilic head region exposed to polar environments and hydrophobic domains in the 

core.  Biological lipid membranes confine and support the cell structure, while selectively 

controlling the diffusion of ions and proteins between the intra- and extracellular matrix 

(ECM).  Naturally derived lipid monomers spontaneously self-assemble to develop smart 

gateways that recognize and incorporate desired protein transporters or ion channels.  

Research interest focuses on using BLMs as models of lamellar lipid assemblies and 

associated protein receptors in cell membranes.  The transport properties of lipid 

membranes are tuned through careful consideration of the solution medium, transporter 

functionality, and pH, as well as other environmental conditions.  BLMs have received 

significant interest in the design of biofunctional coatings, controlled release 

technologies, and biosensors, however, high performance applications require lipid 

membranes to remain stable at harsh denaturing conditions, and synthetic strategies are 

often proposed to increase the chemical and mechanical stability of lipid assemblies. 

Polymerizing self-assembled lipid structures is a strategy that results in robust 

biocompatible architectures, and diverse reactive functional groups are available for the 

synthesis of monomeric lipids.  The selection of the polymerizable functionality and its 
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precise location within the lipid assembly influence the ultimate supramolecular 

microstructure and polymerization efficiency.  The biomimetic potential of polymerized 

lipids depends on the stability and robustness of the self-assembled membranes, and it is 

essential the polymerizable functionality not disturb the amphiphilic nature of the lipid to 

maintain biocompatibility.  Innovative applications are the motivational force for the 

development of durable polylipid compositions.  Surface modification with 

biocompatible polylipids provides the opportunity for specific binding of biological 

molecules for applications as sensors or controlled release delivery vehicles.  

Applicability of stable lipid assemblies requires a comprehensive understanding of the 

mechanism of lipid polymerization in confined supramolecular geometries like the one 

shown in Figure 3.1.  The future is exciting as researchers begin to fully understand the 

morphology of polylipids in an effort to successfully produce naturally derived 

sustainable materials.  This article highlights recent efforts to covalently stabilize lipid 

membranes, and emerging applications of mechanically robust self-assembled lipid 

architectures. 
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Figure 3.1  Photo-polymerization of a self-assembled lipid bilayer with retention of the 
bilayer structure. 
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3.2 Introduction 

 Self-assembled lipid membranes and coatings offer potential as biosensors, 

controlled release vehicles, and biofunctional coatings due to their selective permeability 

and biomimetic properties.  Polymerizing lipid assemblies is a strategy used to produce 

mechanically durable biocompatible architectures, and the choice of the polymerizable 

functionality influences the self-assembled lipid microstructure and polymerization 

kinetics.  It is important that the polymerizable group not disturb the spontaneous self-

assembly of the lipid architecture in order to retain the biomimetic potential of 

polymerized lipids.  The application of polylipids requires a comprehensive 

understanding of the lipid polymerization mechanism in confined supramolecular 

geometries, and the influence of polymerization on the lipid membranes interaction with 

proteins and other biological guests.  Innovative controlled release, filtration 

technologies, and biofunctional coating applications are the motivational force for the 

enhancement of durable polylipid compositions, and the outlook is exciting as researchers 

begin to fully comprehend the transitions and morphologies of polylipids in an effort to 

successfully produce naturally derived sustainable materials.  In this article exciting 

recent efforts to covalently stabilize lipid membranes and emerging applications of 

mechanically robust self-assembled lipid architectures are highlighted. 

3.3 Origin and Self-Assembly of Lipid Membranes 

Supported lipid membranes or bilayer lipid membranes (BLMs) have received 

significant attention over the past several decades due to their potential application in 

biological and material sciences.1-4  Biological lipid membranes confine and support the 

cell structure, while selectively controlling the diffusion of ions and proteins between the 
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intra- and extra-cellular matrix (ECM).5  Research interest focuses on using BLMs as 

models of the lamellar assembly of lipids, as shown in Figure 3.2, and associated protein 

receptors in cell membranes.6-9  Common procedures for the assembly of BLMs include 

using either Langmuir-Blodgett-Schaefer (LBS) or vesicle fusion techniques.6-8,10  LBS 

deposition techniques provide precise control over the packing density and composition 

of the film.  Depending upon lipid composition and experimental conditions, LBS 

techniques allow for control over the lateral organization and membrane asymmetry.11  

Vesicle fusion techniques are advantageous due to their more straightforward deposition 

procedure.12  However, vesicle fusion techniques only form bilayers from fluid-phase 

lipids, limiting control of bilayer symmetry and organization.13 

Figure 3.2  Bilayer lipid membrane (BLM) 

Amphiphilic lipids are composed of one or more hydrophobic chains covalently 

linked to a hydrophilic head.  Glycerolipids and phospholipids are biologically derived 

lipids that contain a glycerol group linking the hydrophobic and hydrophilic segments.14  

Unfavorable enthalpic interaction of the hydrophobic tails with the polar medium drives 

the self-assembly of lipids in aqueous environments, and leads to the spontaneous 

aggregation of hydrophilic and hydrophobic domains.15  Self-assembled hydrated lipids 

are physiochemically, not covalently, bonded and the lipids laterally diffuse in the bilayer 

with their polar heads oriented at the aqueous interface and hydrophobic tails retained in 
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the core of the aggregate.  The supramolecular phase of hydrated lipids is dependent upon 

concentration, temperature, pH, and pressure, in addition to the lipid chemical 

composition, which determines the spontaneous curvature at the lipid-water interface.16    

In biomedical applications as biosensors or in controlled release technologies, 

assembled membranes have not typically demonstrated sufficient mechanical strength.17  

Researchers have incorporated sugars, cholesterol, and proteins into BLMs in an attempt 

to increase their mechanical stability.18-22  These additives have not provided sufficient 

mechanical strength for future applications that require BLMs to survive a range of 

pressures, temperatures, or harsh chemical conditions.  Rangelov and researchers23,24 

sterically stabilized phosphatidylcholine (PC) liposomes by coating PC vesicles with 

poly(ethylene glycol) (PEG).  PEG was anionically copolymerized with 1-4 repeat units 

of a lipid monomer, 1,3-didodecyloxy-2-glycidyl-glycerol (DDGG), to produce 

copolymers with molecular weights between 6000 and 8000 g/mol.  The lipid monomer 

contained di-dodecyl hydrocarbon tails that were covalently attached to an epoxide 

polymerizable head.  In aqueous media, the hydrocarbon chains of the lipid repeat unit 

self-assembled into the hydrophobic regions of PC liposomes, anchoring PEG to the 

phospholipid bilayer, as shown in Figure 3.3.  Immobilized PEG formed a polymeric 

coating around the PC liposomes, which inhibited the adsorption of denaturing proteins.  

Protection from disruptive proteins is critical for polymer-lipid sterically stabilized 

liposomes to function as drug delivery vehicles.25,26 

In order to exploit the biomimetic properties of BLMs, strategies for bilayer 

stabilization are required that do not coat the lipid membrane, which disrupts desirable 

associations with the bilayer surface.  The polymerization of lipid bilayers represents a
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Figure 3.3  Phosphatidylcholine (PC) vesicle sterically stabilized with PEG-DDGG 
copolymer. 
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convenient strategy to increase BLM stability, and consequently, the polymerization of 

lipid membranes has received significant interest since the early 1980s.27-29  Diverse 

synthetic strategies afford the opportunity to incorporate polymerizable functionalities in 

the head, chain, or tail region of the lipid.  Researchers have functionalized lipids with 

acrylic,30,31 styrenic,32 acetylene,33-35 and dienoyl36-39 groups.  As expected, the location 

and chemical functionality of the polymerizable group influences the supramolecular 

structure and polymerization efficiency of monomeric lipids.  The polymerizable 

functionality must not disturb the amphiphilic nature of the lipid to maintain self-

assembly, since the biomimetic potential of polymerized lipids depends on the stability 

and robustness of the self-assembled membranes.  Rossi and Chopineau40 recently 

published a review on the biomimetic properties of tethered lipid membranes.  Tethered 

lipid membranes are anchored to a supporting solid surface, and a polymeric coating, 

receptor/ligand spacer lipid, or functionalized monolayer insulates the lipid from the 

substrate.  Lipid membranes that are tethered to a solid surface provide the opportunity to 

model and efficiently characterize the interaction of proteins with lipid membranes.  

Since lipid monomers are not covalently connected to form a polylipid, tethered 

membranes will not be discussed in this trends article, and readers are referred to Rossi 

and Chopineau’s review of tethered lipid membranes.           

 

  36



3.4 Polymerizable Hydrophobic Regions in Lipid Membranes 

Recently, reactive BLMs have received interest for the generation of 

micropatterned membranes.41,42  Morigaki and researchers41 investigated the stability of 

photo-polymerized lipid bilayers for the lithographic construction of micropatterned 

biomimetic membranes.  The researchers compared the photo-polymerization properties 

of two diacetylenic phospholipids on quartz and oxidized substrates.  The fluorescence 

and strong UV-vis absorption properties of polyeneynes facilitated characterization using 

UV-vis absorption and fluorescence spectroscopy.  The diacetylenes differed in their 

composition and degree of functionality, as shown in Figure 3.4.  Lipid 1 was a 

diacetylene containing monoalkyl phosphate, phosphoric acid monohexacosa-10,12-

diynyl ester, and lipid 2 was a bis-diacetylene dialkyl phospholipid, 1,2-bis(10,12-

tricosadiynoyl)-sn-glycero-3-phosphocholine.  The two lipid monomers displayed 

significantly different photo-reactivities.  

Figure 3.4  Diacetylene monoalkyl phosphate (1) and bis-diacetylene phospholipid 
(DiynePC) (2) 
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The monoalkyl phosphate lipid photo-polymerized at a remarkably faster rate than 

the dialkyl phospholipid and achieved a higher degree of polymerization.  The higher rate 

and degree of polymerization of 1 was attributed to the efficient packing ability of the 

monoalkyl amphiphile compared to the dialkyl.  Thus, photopolymerization behavior of 

diacetylenes strongly depends on the molecular packing capabilities.   In addition, photo-

polymerized emission spectra of the amphiphiles displayed substrate dependence.  The 

photo-polymerization of 1 on oxidized silicon and quartz displayed the emission of both 

red and blue polymers.  However, the photo-polymerization on oxidized silicon displayed 

a stronger blue emission than on quartz.  The polymerization efficiency of diacetylene 

lipids depends on the packing capability and mobility of assembled lipid membranes.  

Increased interaction between the lipid and substrate can inhibit the lipid chain 

rearrangement within the bilayer leaflet and encumber the polymerization of diacetylene 

lipids.43  Lipid chain reconfirmations are necessary to fulfill the topochemical 

requirements for diacetylene lipid polymerization.  The authors suggested that the 

increased hydrophilicity of the quartz substrate compared to the oxidized silicon 

produced a less tightly packed arrangement of diacetylene lipids decreasing the 

polymerization efficiency and resulting in a larger portion of red emitting polyeneyne on 

quartz.  However, another possibility for the decreased polymerization of lipid 1 on 

quartz could be attributed to the formation of hydrogen bonds between the lipid 1 

headgroup and the quartz surface, which limits the freedom of the lipid chains to 

rearrange and satisfy the diacetylene topochemical polymerization requirements.   

The influence of substrate on the photopolymerization behavior of lipid 2 was less 

pronounced and produced only red emitting polymers on both quartz and oxidized 
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silicon, however, photopolymerization of lipid 2 on oxidized silicon produced a shorter 

conjugated polyeneyne chain compared to quartz.  The increased degree of 

polymerization on quartz could have resulted from the decreased packing capabilities of 

lipid 2 on oxidized silicon, or the less hydrophilic oxidized silicon surface could have 

promoted intermolecular zwitterionic associations of lipid 2 headgroups.  The 

zwitterionic associations could have limited the mobility of the diacetylene lipid chains to 

rearrange and fulfill the spatial requirements necessary to achieve diacetylene 

polymerization.   

The difference in polymer backbone configuration distinguished between red and 

blue emission spectra, and upon UV-polymerization the polydiacetylenes emitted blue 

light.  The polymer shifted to red emissions when the polyeneyne chain length became 

long enough for the polymer chain to coil-up due to the increased chain mobility 

provided in the polymer backbone.  The emission remained blue if sufficient 

intermolecular interactions were present to maintain an extended chain.  Polymers 1 and 

2 were expected to red shift if the amphiphiles were not sufficiently packed on the given 

substrate.44  For quartz and oxidized silicon substrates, 2 displayed a higher amount of 

red emission than 1. 

Figure 3.5 displays the resulting π-conjugated polydiacetylene of 1 and Figure 3.6 

shows the network formation of 2.  Diacetylenes can polymerize in a 1,4-addition 

mechanism that produces a π- conjugated polymer backbone.  The polymerization of 

diacetylenes requires confined spatial requirements of the monomer units due to the 

topochemical nature of diacetylene chain addition.45  Due to the network formation of the 

bis-diacetylene, lipid 2 resulted in more mechanically robust bilayers compared to 1.
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Figure 3.5  Linear π-conjugated polydiacetylene backbone of 1. 

Figure 3.6  Crosslinked π-conjugated polydiacetylene network of 2. 
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Polymerized bilayers of 2 did not dissolve in organic solvents and were resistant to 

surfactant treatment, and in contrast, polymerized bilayers of 1 readily dissolved in water.  

The increase in stability of 2 was attributed to the higher degree of photo-active 

functionality that more efficiently produced a crosslinked structure.  The mechanical 

stability of 2 was sufficient to endure the mechanical stress of lithography, however, the 

packing difficulties prevented the formation of domain boundaries with sharp features. 

Morigaki and coworkers46 also formed micropatterned lipid membranes  

containing polymerized and fluid lipid bilayers on glass substrates.  Bilayers of 2 were 

lithographically photo-polymerized on solid substrates, and masks over the substrate 

produced a patterned surface after the non-irradiated portions were developed, as Figure 

3.7 depicts.  Phosphocholine (PC) fluid lipid bilayers were incorporated into the 

developed portions of the substrate from the fusion and reorganization of suspended 

small unilamellar PC vesicles.  The dosage of UV-irradiation controlled the lateral 

diffusion of the fluid lipid layer, and high UV-dosages produced polymerized bilayers 

that were impermeable to fluid bilayers.  Higher degrees of DiynePC polymerization 

confined fluid bilayers to defined areas, and lower UV-dosages allowed fluid bilayers to 

laterally diffuse into polymerized lipid domains. 
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Figure 3.7  Lithographically micropatterned fluid lipid bilayers. 
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3.5 Polymerizable Hydrophilic Regions in Lipid Membranes   

The photo-polymerization of diacetylene groups to stabilize BLMs is a mature 

field.  The topotactic nature of diacetylenelipid photo-polymerization requires efficient 

chain packing to produce sufficient molecular weights for increased stability.47  Lipid 

diffusion in the fluid phase prevents diacetylenelipids from achieving high degrees of 

polymerization.  Ramakrishnan et al.48 synthesized counter-ion polymerizable lipids, as 

shown in Figure 3.8, containing reactive vinyl groups to increase the applicability of 

polylipids.  Dicetyldimethylammonium-4-vinyl benzoate (DDVB) was synthesized from 

dicetyldimethylammonium hydroxide (DDAH) and 4-vinyl benzoic acid, and 

dicetyldimethylammonium-3,5-divinyl benzoate (DDDB) was synthesized from DDAH 

and 3,5-divinyl benzoic acid.  Sonication of solvated lipids resulted in single lamellar

Figure 3.8  Dicetyldimethylammonium-4-vinyl benzoate (DDVB) and 
dicetyldimethylammonium-3,5-divinyl benzoate (DDDB) 
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vesicle dispersions, and exposure to UV-light in the presence of an oil-soluble 

photoinitiator, 2,2-dimethoxy-2-phenyl acetophenone (DMPA), initiated vesicle 

polymerization.  Vesicular polymerization of DDVB and DDDB resulted in linear and 

crosslinked polylipids, respectively.  The vinyl functionality was not covalently bonded 

to the lipid, however, the vinyl groups were electrostatically associated to the lipid polar 

head.  Polymerization of the liposomes counter-ion shell provided a durable coating 

around the lipid bilayer, and the bilayer components retained their monomeric state due 

to their non-covalent interaction.    DMPA was used as the photo-initiator for both DDVB 

and DDDB vesicle polymerizations, and proved more efficient than water-soluble photo-

initiators. 

Cetyl trimethylammonium bromide (CTAB) was incrementally added to 

determine the vesicle stability to lysis, and vesicular light scattering intensity was 

monitored as a function of CTAB concentration.  The scattering intensity of non-

polymerized and DDVB poly-vesicles decreased significantly upon the addition of 2 

equivalents of CTAB.  However, the scattering intensity of DDDB crosslinked vesicles 

decreased only 10% with the addition of 2 equivalents of CTAB.  The small decrease in 

scattering intensity indicated that the multifunctional lipids produced a more stable 

vesicle.  The researchers examined the stability of vesicles in organic solvents.  The light 

scattering intensity of non-polymerized DDVB and DDDB vesicles continuously 

decreased due to dissolution of vesicles in ethanol.  Linear polymerized DDVB vesicles 

proved more stable than non-polymerized vesicles.  Linear polymerized vesicle scattering 

intensities sharply increased with increasing ethanol content, until the vesicles 

precipitated.  The scattering intensity of DDDB crosslinked vesicles increased marginally 
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and precipitation did not occur.  The researchers’ speculated that the crosslinked rigid 

network prevented lipid chain reorganization and the semi-rigid crosslinked vesicles did 

not aggregate and remained suspended in solution. 

Katagiri and Caruso49 developed robust organoalkoxysilane-based lipid (silane-

lipid) coatings on monodisperse colloidal particles.  Layer-by-layer (LbL) deposition 

techniques were used to alternately deposit layers of positively charged 

poly(diallyldimethylammonium chloride) (PDDA) and negatively charged poly(sodium 

4-styrenesulfonate) (PSS) onto a colloidal template.  Electrostatic interactions facilitated 

the silane-lipid deposition onto the polyelectrolyte (PE) multilayer-coated colloidal 

particles.  SEM images of the uncoated melamine formaldehyde (MF) template particles 

(a), PE multilayer-coated MF particles (b), and silane-lipid coated PE multilayer-coated 

MF particles (c) are displayed in Figure 3.9.  Acidic treatment of the lipid coated particle 

resulted in the dissolution of the MF core, resulting in hollow lipid coated PE capsules.  

The alkoxy silane functionalized silane-lipid was pretreated with acid to catalyze the silyl 

hydrolysis and form the polysiloxane, as shown in Figure 3.10.  The silane-lipid produced 

a stable polysiloxane that was highly resistant to surfactant and ethanol denaturing 

solutions.  The stability of the silane-lipid coating was compared to PE multilayer-coated 

colloidal particles coated with a non-polymerizable lipid, dimyristoylphosphatidic acid 

sodium salt (DMPA).  Fluorescence measurements indicated that even low surfactant or 

ethanol concentrations resulted in the decoating of DMPA membranes from the particle 

surface.  The increased silane-lipid stability was attributed to the polysiloxane network.          

  45



Figure 3.9  (a) MF particle; (b) PE multilayer-coated MF particle; (c) Silane-lipid 
polysiloxane coated PE-multilayer MF particle.  Reprinted with permission from 
Macromolecules 37, 9947-9953 (2004).  Copyright 2009 American Chemical Society. 

Figure 3.10  Polysiloxane silane-lipid that was deposited onto PE coated monodisperse 
colloidal particles. 
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3.6 Polymerization of Nonlamellar Lipid-Cubic Phases 

Hydrated lipids also form liquid-crystalline phases depending on their structural 

composition and concentration.50  Marder and coworkers published a review describing 

cubic liquid-crystalline nanoparticles and discussed their potential application as drug 

delivery vehicles.51  Lipid-cubic phases form optically isotropic gels with extremely high 

surface areas, and are comparable to inorganic zeolites.52  Lipid bilayers in cubic liquid-

crystalline phases form continuous, three-dimensional cubic-lattice structures in water, as 

shown in Figure 3.11.53  Lipid-cubic phases are dependent upon their environmental 

conditions and only form bicontinuous phases within a narrow range of temperatures,

Figure 3.11  Lipid bicontinuous cubic liquid-crystalline phase. 

  47



pressures, and lipid concentrations.54  The hydrophilic and hydrophobic continuous 

domains of lipid-cubic phases solubilize lipophilic, hydrophilic, or amphiphilic 

compounds, making the three-dimensional structures ideal for controlled release drug 

delivery and separation technologies.55,56  Other applications of lipid-cubic phases 

include templates for the synthesis of nanomaterials57,58 and encapsulation of active 

reagents in cosmetics and packaging technologies.59,60   

Due to the limited temperature and concentration ranges for the formation of 

lipid-cubic phases, a strategy is necessary to increase the stability and application range 

of liquid-crystalline lipid structures.  Stabilization of the cubic phase generates a 

bicontinuous phase with interpenetrating water channels.  Typical aqueous channels in 

inverted liquid-crystalline lipid phases vary from 3 to 20 nm in diameter depending upon 

the lipid composition and environmental conditions.61,62  Functionalization of the channel 

surface with chemical host or labels provides a strategy to anchor biological guests or 

perform separations within the high surface area channeled networks.63-66        

Polymerization of reactive lipids in cubic phases offers a strategy to stabilize lipid 

liquid-crystalline phases.  Thermal, photochemical, or redox initiation mechanisms are 

efficient strategies for the stabilization of cubic phases.61,67  Gin, Noble, and coworkers 

recently published a review describing the polymerization and crosslinking of 

nonlamellar phases with retention of their microstructure.68  The review discussed the 

application of polymerized lyotropic liquid-crystalline (LLC) microstructures in the 

design of novel membrane technologies.  Gin and coworkers have tailored the 

polymerized LLC nano-channeled networks through careful consideration of the lipid 

composition and environmental conditions to develop robust cubic phases ideal for 
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nanofiltration membranes,69 gas separation membranes,70 breathable vapor resistant 

membranes,71 and water desalination technologies.72  Gin et al. also wrote an earlier 

review describing the catalytic activity of LLC phases developed from amphiphiles 

containing photo-active acrylic groups at the terminal of the hydrophobic chains.52  

Sulfonic acid groups were incorporated in the hydrophilic head portions of the 

polymerizable amphiphiles that under optimized conditions formed reverse hexagonal 

phases (HII).  Crosslinking the HII microstructures produced robust ordered networks that 

acid-catalyzed esterification reactions at a higher rate and produced less by-product than 

commercially available non-ordered sulfonic acid resins.         

O’Brien and coworkers synthesized polymerizable monoacylglycerol-d5 (3) and 

crosslinkable 1,2-diacylglycerol (4) lipids, as shown in Figure 3.12.73  The 

monoacylglycerol lipid was deuterated to assist in the NMR characterization of the phase 

behavior.  NMR, along with cross-polarized optical and X-ray diffraction characterization 

confirmed the formation of an isotropic optically clear lipid cubic phase for a 3:4 (9:1 

Figure 3.12  Polymerizable monoacylglycerol (3) and crosslinkable 1,2-diacylglycerol (4) 
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molar ratio) mixture in water between 5 and 45 °C.  Free radical polymerization of the 

lipid mixture at 45 °C produced a polylipid that was soluble in organic solvents and 

remained optically clear.  The polymerization achieved a high conversion of the dienoate 

groups as determined with UV-vis spectroscopy and a Mn of 5 x 104 g/mol with a degree 

of polymerization of approximately 200 was determined using size exclusion 

chromatography with dichloromethane as the mobile phase.  The isotropic nature of the 

polymerized bicontinuous cubic phase was confirmed with cross-polarized light and X-

ray diffraction.  The polymerized lipid-cubic phase was thermally stable up to 70 °C, 

compared to only 45 °C for the cubic phase of the non-polymerized lipid mixture 

Marder, O’Brien, and coworkers examined the inverted bicontinuous cubic phase 

photo-crosslinking of 3-(2,4,13-(E,E)-tetradecatrienoyl)-sn-glycerol (5).74  The 

acylglycerol lipid was mixed with a hydrophobic crosslinking monomer, divinyl benzene 

(DVB).  A 9:1 (5:DVB) molar ratio at 25 wt% in water produced an isotropic clear cubic 

gel that was thermally stable to 45 °C.  In the aqueous environment, DVB was 

internalized into the cubic phase hydrophobic domain containing the polymerizable 

tetradecatrienoyl tail.  The cubic phase was dispersed into cubosomes in the presence of 

polymeric dispersing agents, and the cubosomes were subsequently photo- and redox-

polymerized producing stabilized bicontinuous cubic nanoparticles.  Crosslinked 

cubosomes provide promising bicontinuous cubic phases for applications that require 

exposure to severe conditions.51 
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3.7 Characterizing the Efficiency of Lipid Membrane Polymerization 

Morphological characterization of lipid assemblies is typically performed with X-

ray diffraction, NMR spectroscopy, differential scanning calorimetry, and transmission 

and scanning electron microscopy.75  Characterization of polymerized lipid layers is often 

difficult and traditional polymer characterization techniques are not applicable for 

immobilized lipid membranes.  Evaluating the degree of polymerization is desirable to 

determine the efficiency of initiation and to establish structure-property relationships.  

Dluhy et al.76 utilized near-IR Raman spectroscopy to characterize the photo-

polymerization of 1-palmitoyl-2-[1,2-(acryloyloxy)dodeca-noyl]-sn-glycero-3-

phosphocholine (ARPC), which was designed to increase the mechanical integrity of 

lipid films for biological coatings on polymeric membrane-mimetic films and vascular 

grafts.  ARPC contained a photo-reactive acrylate group at the terminal of one 

hydrocarbon chain, as shown in Figure 3.13.  The researchers formed model lipid films

Figure 3.13  1-palmitoyl-2-[1,2-(acryloyloxy)dodeca-noyl]-sn-glycero-3-phosphocholine 
(ARPC) 
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from the white-light irradiation of hydrated ARPC vesicles using eosin Y (EY) as the 

photoinitiator, and compared the degree of polymerization as determined from IR and 

near-IR Raman spectroscopy.  IR is the standard method to determine the degree of 

polymerization, however, IR characterization of lipid films on polyelectrolyte multilayers 

(PEMs) is difficult due to the relatively weak C=C vibration on multicomponent 

substrates.  Near-IR Raman spectroscopy provides better analysis of homonuclear C=C 

stretching vibrations in a multicomponent system.  The difference in the degree of 

polymerization between the two methods was less than 0.7%, and indicated near-IR 

Raman spectroscopy was the preferred characterization method to determine the extent of 

polymerization on multicomponent substrates.  The researchers subsequently used in-situ 

near-IR Raman microscopy to characterize the formation of lipid membrane films on 

vascular grafts from the photo-polymerization of ARPC films on PEMs immobilized on 

the luminal surface of vascular polytetrafluoroethylene (PTFE) grafts, as shown in Figure 

3.14.  The lipid-coated graft was irradiated with 514.5 nm light for periods up to 300 s, 

and near-IR Raman microscopy determined the efficiency of polymerization.  Photo-

polymerization produced a stabilized lipid coated PTFE vascular graft. 
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Figure 3.14  Luminal surface of PTFE vascular graft coated with PEM and ARPC 
polylipid. 
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3.8 Biomimetic Properties of Polymerized Lipids 

Retention of biomimetic properties remains essential following lipid 

polymerization.  Extensive crosslinking or high molecular weight polylipid membranes 

can negatively affect the activity of incorporated proteins or transporters, and irradiation 

can potentially deactivate encapsulated biological molecules.  Saavedra and coworkers 

investigated the activity of bovine rhodopsin (Rho) integrated into a UV-polymerized 

lipid bilayer.77  The lipid bilayer consisted of, 1,2-bis[10-(2’,4’-

hexadienoyloxy)decanoyl]-sn-glycero-3-phosphocholine (bis-SorbPC), as shown in 

Figure 3.15, which formed a crosslinked network due to the dienoyl  functionality of both 

hydrocarbon chains.  Photo-polymerization of bis-SorbPC was initiated with exposure to 

UVA irradiation and did not require a photo-initiator.  The propagating mechanism of 

bis-SorbPC proceeds from the photo-activated interaction of sorbyl monomer units or the 

formation of diradicals generated from the photo-excited singlet state.78  A combination 

of 1,2-, 1,4-, and 3,4- additions of the diene are generated during the radical 

polymerization of bis-SorbPC, as shown in Figure 3.16.  The degree of polymerization is 

lower when photo-initiation occurs at temperatures above the main phase transition, Tm.   

Figure 3.15  1,2-bis[10-(2’,4’-hexadienoyloxy)decanoyl]-sn-glycero-3-phosphocholine 
(bis-SorbPC) 
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o-lipid bilayer structure was exposed to yellow light and 

monito

sslinking of bis-dienoyl 

phosph

Figure 3.16  The 1,2-, 1,4-, and 3,4- diene addition products of dienoyl polymerization. 

Visible light activated the visual photoreceptor, Rho.  Plasmon-waveguide 

resonance (PWR) spectroscopy, which detects the optical properties of thin films, 

monitored Rho during and post bis-SorbPC polymerization.  The lipid bilayer was 

formed over the resonator surface of the PWR in an aqueous solution, and aliquots of 

Rho in octylglucoside were introduced to the lipid bilayer formed in the PWR cell.  UV-

light initiated polymerization through a port in the PWR cell.  After photo-

polymerization, the Rh

red using PWR. 

Photo-polymerization of the lipid bilayer produced a crosslinked structure that 

was stable in the presence of surfactants, and greater than 95% conversion of the lipid 

monomer was achieved.  Characterization of the Rho-lipid bilayer structure during 

exposure to yellow light indicated that Rho was still photo-active in the polylipid bilayer.  

The photo-activity of Rho incorporated in the polymerized lipid bilayer was compared to 

Rho incorporated in a non-polymerized lipid bilayer and comparable photo-activities 

were obtained.  The researchers concluded that the cro

olipid bilayers did not affect the photo-activity of Rho. 

To protect fluorescent tags from unfavorable protein adsorption, Saavedra and 

researchers79 coated the probes with a crosslinked polylipid coating.  Rhodamine-
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protamine dye molecules were encapsulated in silica nanoparticles (Si NPs) (65-100 nm), 

and the luminescent Si NPs were coated with crosslinkable bis-SorbPC.  Tagged Si NPs 

are used a fluorescent probes to label cultured cells, however, the silica surface is prone 

to non-regulated binding in biological media, and the lipid coating was implemented to 

regulate interactions with the fluorescent Si NPs surface.  The lipid coating was photo-

polymerized achieving 95% monomer conversion, producing a chemically crosslinked 

polylipid coating that protected the luminescent Si NPs from undesired associations.  The 

nonspecific binding to HeLa cells in the presence of surfactants for Si NPs coated with 

crosslinked bis-SorbPC was compared to Si NPs coated with a non-polymerizable lipid, 

1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC).  Before introduction of the surfactant 

both lipid coatings limited NP interaction with the HeLa cells, however, in the presence 

of a denaturing surfactant the DOPC bilayers delaminated from the particles surface, 

resulting in bare Si NPs, which adsorbed to the cells surface.  The crosslinked bis-SorbPC 

coating prevented the adsorption of Si NPs to HeLa cells in the presence of surfactants, 

proving the stability of the polylipid coating.  Retention of the phospholipid bioactivity 

was demonstrated when biotin was incorporated into the polylipid layer coated on the Si 

NPs, and biotin functionalized NPs successfully targeted the conjugation to protein 

receptors. 
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3.9 Perspective 

 There are several methods used to increase the stability of lipid assemblies.  

Polymerization of lipid structures is a strategy used to produce robust biocompatible 

architectures.  There are a wide variety of chemical functionalities available for the 

synthesis of monomeric lipids.  The polymerizable functionality and location within the 

lipid structure determine the supramolecular microstructure and polymerization 

efficiency.  Lipid monomer conversions of greater than 95% were observed under 

optimal conditions.77,79  Applicability of stable lipid assemblies requires a comprehensive 

understanding of the lipid polymerization mechanism in confined supramolecular 

geometries and defects within the self-assembled architectures.  Surface modification 

with biocompatible polylipids provides the opportunity for specific binding of biological 

molecules for applications as sensors, controlled release delivery vehicles, or in the 

development of biologically compatible devices.  Control of the polymerization kinetics, 

low monomer conversion, and delamination of the polylipid coating from the substrate 

are several limitations in the design of polylipid functional materials that future 

investigations will need to address. 

The future is exciting as researchers begin to fully understand the morphology of 

polylipids in efforts to successfully produce sustainable materials.  Innovative 

applications are the motivational force for the development of novel lipid compositions.  

Our group has electrospun nonwoven lipid membranes from lecithin solutions to produce 

high surface area, biocompatible membranes with fibers as small as 2.8 μm.80  Above the 

entanglement concentration (Ce) the lipid wormlike micelles formed entangled couplings 

similar to polymer coils.  Lipid wormlike micelles have contour lengths on the micron 
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scale.81  They are flexible, cylindrical rods that display viscoelastic properties in solution.  

Our current efforts are focused on the in situ UV-curing of electrospun fibers of soy-

based lipids and synthetic surfactants for the generation of sustainable biocompatible 

membranes and robust protective amphiphilic coatings.  In situ UV-curing during 

electrospinning is a novel process for the development of electrospun lipid membranes 

with mechanical integrity, and provides environmentally beneficial processing 

conditions.     
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Chapter 4: Gemini Surfactant Electrospun Membranes 

Reproduced with permission from Langmuir, submitted for publication. Unpublished 
work copyright 2009 American Chemical Society. 

 
4.1 Abstract 

Our research demonstrates for the first time electrospun nonwoven fibrous 

scaffolds from a low molar mass gemini ammonium surfactant, N,N’-didodecyl-

N,N,N’,N’-tetramethyl-N,N’-ethanediyl-di-ammonium dibromide (12-2-12).  Cryogenic 

transmission electron microscopy (cryo-TEM) and solution rheological experiments 

correlated micellar morphological transitions of 12-2-12 with increasing concentration.  

Ammonium gemini surfactants contain two hydrophobic tails and two hydrophilic 

ammonium headgroups covalently connected through a spacer.  The size of the spacer 

and composition of the headgroup and hydrophobic tailgroups determine the 

supramolecular structure and solution behavior of gemini surfactants.  The microstructure 

of 12-2-12 in water transitioned from entangled cylindrical threadlike micelles to 

branched threadlike micelles and finally a viscoelastic, entangled, highly-branched 

network of threadlike micelles with increasing concentration.  The solution behavior of 

12-2-12 in water:methanol (1:1 vol) compared to water produced a drastically different 

micellar phase.  As the 12-2-12 concentration water:methanol increased, the micellar 

morphology transitioned from partitioned globular micelles into overlapped micelles at 

an overlap concentration (C*) of 11 wt%.  Electrospinning efforts of 12-2-12 from water 

did not produce fibers at any concentration, however, electrospinning 12-2-12 in 

water:methanol at concentrations greater than 2C* produced, hydrophilic continuous 

fibers with diameters between 0.9 and 7 μm.  High surface area scaffolds with 

hydrophilic surfaces are highly desired and offer potential as charged controlled-release 
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membranes, tissue engineering scaffolds, and coatings in the discovery of biologically 

compatible devices.  

4.2 Introduction 

Electrospinning biologically-derived and low molar mass amphiphiles represents 

an innovative strategy for biocompatible, high surface area fibers for tissue engineering, 

drug delivery, and biomedical membrane technologies.  Traditionally, electrospun fibers 

form from viscous, entangled high molecular weight polymers in solution or in the melt, 

since sufficient viscosities are necessary to withstand the electrostatic forces and 

whipping instabilities of the charged electrospun jet.1-3   Our laboratories were first to 

electrospin low molar mass phospholipids based on solutions of asolectin in organic 

solvents,4 and produce high surface area, membranes with fiber diameters as small as 2.8 

μm.  However, this initial discovery was limited to phospholipids in organic solvents, and 

the challenge remained to demonstrate the versatility of electrospinning low molar mass 

amphiphiles in more sustainable aqueous solutions.   

Asolectin is a soy-derived natural surfactant mixture composed of charged and 

neutral lipids, and with increasing concentration in nonpolar solvents, the morphology of 

asolectin transitions from reverse spherical micelles into elongated worm-like micelles 

(WLMs).  Asolectin WLMs form entanglement couplings above the entanglement 

concentration, Ce.5  In chloroform:N’,N’-dimethylformamide (7:3 wt:wt), the Ce was 

measured at 35 wt% for asolectin, and the scaling relationship of specific viscosity (ηsp) 

with concentration transitioned from ηsp ~ C2.4 at C < Ce to ηsp ~ C8.4 at C > Ce.  Above 

Ce, asolectin WLMs are known to entangle in a manner similar to polymer coils in 

solution and exhibit contour and persistence lengths of approximately 1 μm and 10 nm, 
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respectively.6  The mass-action law controls the uniaxial growth of WLMs, and as the 

lipid volume fraction increases, the persistence length becomes sufficiently large for 

WLMs to behave as flexible dynamic analogs to polymers in solution.7,8  Droplets were 

formed when asolectin was electrospun at C < Ce due to the absence of WLM 

entanglement couplings, and beaded fibers were collected when electrospun at C = Ce.  

Electrospinning continuous fibers from asolectin solutions required a sufficient solution 

viscosity in order to suppress the Rayleigh instabilities and prevent breakup of the 

electrified jet.2,9  The three-dimensional entangled asolectin networks at C > Ce provided 

the viscosity and physical associations necessary to form continuous electrospun fibers 

from the low molar mass lipids.  Electrospinning asolectin scaffolds proved that 

entangled high molecular weight polymers were not essential to the formation of 

electrospun fibers; however, some degree of supramolecular association was needed to 

form continuous fibers from low molar mass precursors.   

In this study, we report the aqueous solution behavior and electrospinning of an 

ammonium gemini surfactant, N,N’-didodecyl-N,N,N’,N’-tetramethyl-N,N’-ethanediyl-

di-ammonium dibromide (12-2-12), as shown in Figure 4.1.  Gemini surfactants, which

Figure 4.1  N,N’-didodecyl-N,N,N’,N’-tetramethyl-N,N’-ethanediyl-di-ammonium 
dibromide (12-2-12) ammonium gemini surfactant 
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are also known as dimeric surfactants, are an exceptional class of amphiphiles due to 

their low critical micelle concentration (CMC) and intriguing supramolecular assemblies 

in solution.10-14  Gemini surfactants contain two hydrophobic tails and two hydrophilic 

headgroups covalently connected with a spacer.  Synthetic gemini surfactants include 

cationic, anionic, zwitterionic, and nonionic functionalities, depending on the 

incorporated spacer group.11  Moreover, Espert and coworkers15 verified that the C20 

concentration, which defines the surfactant concentration necessary to lower the surface 

tension of water by 0.02 N/m, was two orders of magnitude lower for gemini surfactants 

compared to conventional monomeric amphiphiles.  Thus, they confirmed that dimeric 

surfactants are more efficient at decreasing the surface tension of water relative to 

monomeric surfactants.  Consequently, gemini surfactants have received significant 

industrial attention as emulsifiers and dispersants in detergents, cosmetics, personal 

hygiene products, coatings, and paint formulations.16-18  Gemini surfactants have also 

received intense interest as templates for the synthesis of metal nanoparticles,19-21 and as 

novel gene transfection agents due to their superior surface-active properties.22,23   

The propensity for supramolecular assembly and WLM growth of gemini 

surfactants strongly depends on surfactant composition, solution temperature, 

concentration, and solvent.24,25  Zana, Talmon, and Danino explored the influence of 

spacer group on the self-assembly of quaternary ammonium gemini surfactants, and the 

resulting aqueous microstructures were examined using cryogenic transmission electron 

microscopy (cryo-TEM).26,27  Ammonium gemini surfactants with shorter spacer lengths, 

e.g., 2 or 3 methylenes, formed entangled threadlike micelles at exceptionally low 

concentrations, while gemini surfactants with a spacer length of 4 methylenes formed 
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spheroidal micelles.  Figure 4.2 depicts a cartoon of entangled gemini surfactant 

threadlike micelles in polar solvents with the headgroups oriented at the interface with a 

polar environment.  The earlier literature has revealed that short spacer lengths covalently 

restrain the charged ammonium groups at a closer proximity than electrostatic repulsive 

forces allow for monomeric surfactants.  Therefore, ammonium gemini surfactants with 

short spacers efficiently pack in cylindrical geometries due to a higher packing parameter 

and lower spontaneous curvature.27  The sphere-to-rod transition occurs if the chemical 

potential is lower in the cylindrical domain, μo
c, than in the spherical region, μo

s, and the 

magnitude of the chemical potential determines the free energy advantage for surfactant 

molecules to localize in the cylindrical body.28  End-caps of rod-shaped micelles have a 

hemispherical geometry with a larger diameter than the cylindrical body of the threadlike 

micelle, and contain a larger number of surfactant molecules than the cylindrical

Figure 4.2  Gemini surfactant entangled threadlike micelles in a polar solvent. 
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portions.29,30  End-capping gemini surfactant threadlike micelles is energetically 

unfavorable because the twin-hydrocarbon tails of gemini surfactants efficiently pack in 

the cylindrical core of threadlike micelle, leading to the formation of elongated rod-like 

expansion.31    

Our cationic ammonium gemini surfactant (12-2-12) was synthesized from the 

quaternization of 1,2-bis(dimethylamino)ethane with a two-molar equivalent of 1-

bromododecane.  The supramolecular microstructure of 12-2-12 in water and 

water:methanol (1:1 vol) was probed with solution rheology and cryo-TEM, and the 

electrospinning capabilities were investigated for the first time.  While others have 

examined the solution behavior and microstructure of ammonium gemini surfactants in 

water,12,25,31-33 our investigation correlates solution rheology with cryo-TEM for 12-2-12 

in water and water:methanol in order to understand the electrospinning performance of 

low molar mass surfactants for functional hydrophilic membranes.     

4.3 Materials and Methods 

4.3.1 Materials.   

1-Bromododecane (97%), 1,2-bis(dimethylamino)ethane (99%), ethanol (ACS 

grade anhydrous), ethyl acetate (HPLC grade), ethyl ether (anhydrous), methanol (HPLC 

grade), and cetyltrimethylammonium bromide (CTAB) (>98%) were purchased from 

Sigma-Aldrich Chemical Co.  1,2-bis(dimethylamino)ethane and 1-bromododecane were 

passed through a silica gel column prior to use, and ethanol was distilled from CaH2 

under reduced pressure.  Aqueous solutions were made with DI water.  All reactions were 

performed in flame-treated glassware equipped with a magnetic stir bar under argon 

pressure (6-8 psi), unless otherwise noted.     
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4.3.2 Instrumentation   

1H and 13C NMR spectroscopy were performed on a Varian Unity 400 

spectrometer at 400 MHz in CDCl3.  FAB Mass spectrometry was performed on a JEOL 

HX110 dual focusing mass spectrometer.  Strain controlled solution rheology was 

performed on a TA Instruments AR-G2 rheometer using a concentric cylinder geometry 

at 25 ºC.  Steady shear ramp experiments were performed at shear rates between 0.1 and 

1000 s-1.  The specific viscosity (ηsp) was calculated as follows: ηsp = (ηo - ηs) / ηs, where 

ηs is the solvent viscosity and ηo the apparent viscosity determined from the Newtonian 

zero shear region.  Samples were thermally equilibrated for 5 min before shearing. 

Electrospun fibers were analyzed using a Leo® 1550 field emission scanning 

electron microscope (FESEM).  Electrospun fibers were collected on a ¼” x ¼” stainless 

steel mesh, and adhered to a SEM disc.  The mounted fibers were sputter-coated with an 

8 nm Pt/Au layer to reduce electron charging. 

Surface tension measurements were performed using a Kruss (Hamburg, 

Germany) DSA100 unit.  Each pendant drop was created manually and the surface 

tension measured and recorded, and the drop image was also recorded digitally.  The 

measured surface tension of DI water was 70 mN/m and the surface tension of 

water:methanol (1:1 vol) was 38 mN/m.  

4.3.3 Synthesis of N,N’-didodecyl-N,N,N’,N’-tetramethyl-N,N’-ethanediyl-di-

ammonium dibromide (12-2-12)   

Zana and coworkers pioneered the synthesis of 12-2-12, as shown in scheme 

4.1.25  1,2-bis(dimethylamino)ethane (0.052 mol, 6.09 g) and 1-bromodocecane (0.109 

mol, 27.1 g) were dissolved in methanol (0.551 mol, 32.2 mL) in a 250 mL round-
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Scheme 4.1  Synthesis of 12-2-12 
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bottomed flask.  A condenser was connected to the reaction flask and the flask was 

placed in an 80 °C bath for 48 h.  The reaction mixture was precipitated into ethyl acetate 

and a white solid was collected.  The white solid was collected and redissolved in 

chloroform followed by reprecipitation into ethyl ether.  The white solid product was 

isolated and dried at 40 °C under reduced pressure.  The yield was 80% and degraded 

before melting.  The product was characterized with 1H NMR, 13C NMR, and mass 

spectrometry.  1H NMR is shown in Figure 4.3, (CDCl3): δ (ppm) 4.72 (4H, N+-CH2-

CH2-N+), 3.67 (4H, 2(N+-CH2-CH2)), 3.50 (12H, 2((CH3)2-N+)), 1.79 (4H, 2(N+-CH2-

CH2-CH2)), 1.15-1.40 (36H, 2(N+-CH2-CH2-(CH2)9-CH3)), 0.830 (6H, 2((CH2)9-CH3))) 

4.3.4 Cryogenic-TEM   

The 12-2-12 solutions were examined on a Tecnai 20 microscope, operated at 200 

kV using a Gatan cryo-holder. A small droplet of the suspension (5-10 μL) was placed on 

a carbon film supported on a TEM copper grid. Following the plunge-freezing technique 

for sample preparation, the suspension on the TEM grid was blotted and immersed into a 

liquid ethane reservoir cooled with liquid nitrogen.34  Typical samples were 

approximately 200 to 400 nm thick in order to avoid multiple scatting peaks of thick 

samples that diminish image resolution.  This thickness range provides a mean free path 

for elastic scattering of the electron at the corresponding energy.35  The vitrified solutions 

were transferred to a Gatan 626 cryo-holder and cryo-transfer stage cooled with liquid 

nitrogen.  During observation of the vitrified samples, the cryo-holder temperature was 

maintained below -175 °C to prevent sublimation of vitreous water.  The images were 

recorded digitally using a Gatan low-dose charge-coupled device (CCD) camera with 

software package. 
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Figure 4.3  1H NMR of 12-2-12. 
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4.3.5 Electrospinning Process   

Electrospinning of 12-2-12 from water did not produce fibers at any surfactant 

concentration.  Electrospun fibers of 12-2-12 were collected from water:methanol 

(1:1vol) solutions following our laboratories electrospinning procedure.1,4,36-41  12-2-12 

was dissolved in water:methanol at various concentrations.  The solutions were poured 

into a 20 mL syringe with an 18-gauge needle, and the syringe was mounted in a KD 

Scientific Inc. syringe pump.  The positive lead of a Spellman High Voltage Electronics 

Corp. CZE1000R high voltage power supply was connected to the syringe needle, and 

the stainless steel collection target was grounded and placed 12 cm from the needle tip.  

The fluid was pumped at a constant flow of 5 mL/h, and 25 kV of voltage was applied.  
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4.4 Results and Discussion 

4.4.1 12-2-12 Solution Microstructure in Water   

The CMC, surface tension, and interfacial properties of quaternary ammonium 

gemini surfactants were previously reported.25  In polar solvents, the hydrophilic regions 

of gemini surfactants are oriented towards the polar environment, with the head groups 

located at the interface of the hydrophobic tails and polar solvent.  Surfactant spherical 

micelles transition one-dimensionally into threadlike micelles with increasing 

concentrations under the correct conditions, and the formation of entanglement couplings 

are observed as shown in Figure 4.2.27,30,42  Based upon a theoretical model of micellar 

growth, Kern and coworkers33 reported the possibility for three surfactant concentration 

regimes; (1) a dilute regime of slow increase in the micellar size with increasing 

concentration, (2) a semidilute regime of rapid micellar growth, and (3) a concentrated 

regime where the aggregation number depends on the net charge of the end-caps.  The 

transition from the dilute regime to the semidilute regime occurs at the overlap 

concentration, C*.7  The rate of micellar growth at C* increases due to the higher 

concentration of bound ions screening the electrostatic interactions between the 

headgroups, and the value of C* decreases as the end-cap energy, Ec, increases, C* ~ 

1/Ec
2.42,43  Kern and coworkers observed a C* of 1.55 wt% for 12-2-12 in water at 25 °C, 

however, the concentrated regime was not easily distinguishable in their plot of zero 

shear viscosity vs. volume fraction.  Bernheim-Groswasser and coworkers30 used cryo-

TEM to explore the sphere-to-cylinder transition of 12-2-12 in water at concentrations up 

to 1.5 wt%.  The researchers observed elongated threadlike micelles with a low 
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concentration of branch points, rings, and end-caps at 1.0 wt%, and a branched threadlike 

micellar network at 1.5 wt%. 

Strain controlled solution rheology determined the zero shear region for 12-2-12 

in water at a range of concentrations.  Figure 4.4 shows the relationship between ηsp and 

concentration for 12-2-12 in water, where the ηsp was calculated from the apparent 

viscosity in the Newtonian zero shear region.36  The solution rheological scaling behavior 

was correlated to cryo-TEM micrographs as shown in Figure 4.5 and the microstructural 

changes were consistent with the observed solution rheological scaling behavior.  

Although, rheology is a dynamic experiment and cryo-TEM is a static experiment, the 

visualization of surfactant solutions using cryo-TEM provides an acceptable means to 

correlate micellar microstructure to rheology.  González and Kaler44 published a review 

describing the complimentary techniques of correlating cryo-TEM and solution rheology.   

The first transition at 1.5 wt% in Figure 4.4 represents C*, and this value agreed 

with the transition that others reported for 12-2-12 in water at 25 °C.33,45  The scaling 

relationship above C* increased from ηsp ~ C1.7 at C < C* to ηsp ~ C4.8 at C > C*, 

indicating a much higher rate of micellar growth.  Figure 4.5a depicts the cryo-TEM 

image of 12-2-12 in water at 1.0 wt%, and indicates the presence of entangled, linear, 

threadlike micelles with long contour lengths and a low concentration of end-caps.  The 

classical definition of C* for polymers, which is the concentration when polymeric coils 

begin to overlap, is ambiguous for the discussion of non-covalent supramolecular 

assembly of 12-2-12.  Clearly, entanglements are present between the threadlike micelles 

below 1.5 wt%, as shown in Figure 4.5a, and the size of the elongated micelles are 

concentration dependent.  The abrupt change in scaling behavior at C* is indicative of the
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Figure 4.4  ηsp vs. concentration for 12-2-12 in water.  The surfactant microstructure 
transitioned from linear threadlike micelles to branched threadlike micelles at 1.5 wt%, 
and into a highly-branched entangled network at 2.7 wt%. 
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Figure 4.5  Cryo-TEM micrographs of 12-2-12 in water, a) 1.0 wt%, linear entangled 
threadlike micelles, b) 2.4 wt%, branched threadlike micelles, c) 4.1 wt%, highly-
branched entangled threadlike micelles. 
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transition from the dilute to the semidilute concentration regime, and represents the 

transition to the regime of increased micellar growth. 

Figure 4.5b displays the cryo-TEM micrograph of 12-2-12 in water at 2.4 wt%, C 

> C*, and the presence of “Y” shaped branch points are distinguished between the 

threadlike micelles.  If the junctions in Figure 4.5b were entanglements, then the contrast 

darkens from the increased electron density of the overlapping threadlike micelles, 

however, the contrast does not darken and the junctions are considered branch points.44  

The second transition in Figure 4.4 at 2.7 wt% represents the transition into the 

concentrated regime, C**, and the scaling relationship increased from ηsp ~ C4.8 at C* < C 

< C** to ηsp ~ C14.0 at C > C**.  The cryo-TEM in Figure 4.5c displays the formation of a 

highly-branched network of entangled threadlike micelles at 4.1 wt% of 12-2-12 in water.  

The microstructure in Figure 4.5c is more difficult to distinguish due to the higher 

concentration and entangled threadlike micelles.  The concentration of cross-links at C** 

increased, and the microstructure transitioned from a branched structure to an entangled 

highly-branched network with a higher concentration of threadlike micelles. 

The scaling relationship increased in the semidilute and concentrated regimes due 

to the presence of branch points that formed between the threadlike micelles.  Danino and 

coworkers46 observed the network formation of branched threadlike micelles of trimeric 

ammonium surfactants at a volume fraction of 2.0% in water using cryo-TEM.  Drye and 

Cates47 theoretically explored the network formation of “living” cross-linked surfactant 

solutions.  As expected, the degree of branching was dependent upon the free energy 

relationship between forming a crosslink and forming an end-cap.  The crosslinking 

energy was considerably higher for conventional surfactants than the energy required to 
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form a hemispherical end-cap.  However, the researchers theorized that lowering the 

micelle curvature provided a strategy to increase the Ec and decrease the crosslink 

energy.  Hemispherical micellar end-caps limit the unfavorable exposure of the 

hydrophobic micelle core with the surrounding polar media.  End-caps are regions of 

high energy because they require a different spontaneous curvature than the cylindrical 

domains of the threadlike micelle, and require surfactant headgroups to pack in 

unfavorable geometries.48  Karaborni and coworkers49 simulated the aggregation behavior 

of gemini surfactants, and discovered that branch points formed between threadlike 

micelles with short spacer groups.  The simulations showed that the twin hydrocarbon 

tails of gemini surfactants preferred a parallel conformation relative to one another in the 

cylindrical and branched portions of the threadlike micelles.  However, gemini 

surfactants located in the junction points orient their chains perpendicular relative to one 

another, which forms a 90° angle between the hydrocarbon chains and bridges the 

cylindrical and branch segments of the threadlike micelles.  The flexibility and covalent 

linkage between the hydrocarbon chains provided an anchor between the branched and 

cylindrical segments, and served to decrease the free energy of the junction points.   

The 12-2-12 gemini surfactant did not require an additional electrolyte to decrease 

the mean curvature of the growing threadlike micelles.  The covalent linkage between the 

ammonium groups maintained the headgroups at a closer proximity than electrostatic 

repulsive forces allow for ammonium conventional surfactants.  The gemini 

microstructure grew uniaxially into elongated threadlike micelles that formed 

entanglement couplings as the 12-2-12 concentration increased.  The short covalent 

linkage between the ammonium sites decreased the area of the gemini headgroup, thereby 
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lowering the micellar spontaneous curvature and allowing the surfactants to efficiently 

pack into a cylindrical geometry.  As the number of linear threadlike micelles increased, 

the concentration of cylindrical end-caps increased and branch points formed between the 

threadlike micelles to minimize the Ec.50 

Others have observed a decrease in viscosity above a critical surfactant 

concentration that many have correlated to branching between elongated cylindrical 

micelles.50,51  Candau, Appell, and coworkers52,53 observed a decrease in the viscosity and 

viscosity scaling relationship with concentration as the growth of cetylpyridinium 

chlorate WLMs increased due to the presence of branching.  The dynamic WLM 

crosslinks provided several new methods of stress relaxation that increased the degrees of 

freedom and diffusion of the WLMs leading to an increased flow and fluidity of the 

solution that did not fit the reptation model for the relaxation of entangled cylindrical 

micelles.  Mechanisms for faster relaxation times included the movement of branch 

points along the cylindrical segments of the WLMs or through the scission and 

recombination of WLM ghost-like crosslinks, as shown in Figure 4.6 and Figure 4.7, 

respectively.  In the case of 12-2-12 in water at 25 °C, the viscosity continued to increase 

as the degree of branching increased.  The stress relaxation mechanism of the physically 

cross-linked 12-2-12 network was expected to resemble a network of conventional 

surfactants with the ability of the branch point to slide along the cylindrical segment, as 

shown in Figure 4.6.  The concentrated regime was not a saturated network53 of 

threadlike micelles, however, the cryo-TEM image in Figure 4.5c at 4.1 wt% resembled 

an entangled branched network with a low concentration of end-caps present, and future 

experimental and modeling experiments are required to understand this phenomenon. 
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Figure 4.6  Sliding of “Y” shaped branch point along the threadlike micelle. 

Figure 4.7   Surfactant ghost-like crosslinks. 
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Others have demonstrated that surfactant solutions exhibit larger scaling relationships 

than observed for polyelectrolytes54 in good solvents in the semi-dilute unentangled 

regime and semi-dilute entangled regime, ηsp ~ C0.5 and ηsp ~ C1.5, respectively.  Magid 

reported exponents larger than 5.3 for surfactant micellar solutions in the semidilute 

entangled regime.55  Our research group reported scaling relationships of 2.4 and 8.4 for 

asolectin in the semidilute unentangled and semidilute entangled concentration regimes, 

respectively.4  For comparison, we measured the ηsp dependence on concentration for the 

monomeric surfactant CTAB in water, and observed a power-law exponent of 11.4, 

which is in good agreement with the reported value by Cappelaere and coworkers.56 

4.4.2 12-2-12 Solution Microstructure in Water:Methanol   

 The solution behavior of 12-2-12 in water:methanol was explored for the first 

time to examine the influence of a solvent mixture on the micellar microstructure and 

electrospinning behavior 12-2-12.  Methanol was chosen as the cosolvent due to a lower 

surface tension than water, which is beneficial for processing electrospun fibers.57  The 

solution behavior of 12-2-12 in water:methanol demonstrated drastically different 

microstructures compared to water.  The ηsp dependence on concentration for 12-2-12 in 

water:methanol is depicted in Figure 4.8, and two concentration regimes were observed.  

The micellar morphology transitioned from partitioned globular micelles into overlapped 

micelles at C* = 11 wt%.  Figure 4.9a is a cryo-TEM micrograph of 12-2-12 in 

water:methanol at 10 wt%, C < C*.  Individual irregular globular micelles are 

distinguished below C* with an average diameter of 100 nm.  The micelles fused together 

from the overlapping of individual micelles at C > C*, as shown for a 12 wt% solution in 
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Figure 4.8  ηsp vs. concentration for 12-2-12 in water:methanol.  Individual globular 
micelles began to overlap at a surfactant concentration of 11 wt%. 
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Figure 4.9  Cryo-TEM micrographs of 12-2-12 in water:methanol, a) 10 wt%, individual 
globular micelles, b) 12 wt%, overlapped micelles. 
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Figure 4.9b.  Cryo-TEM micrographs at concentrations 2C* and 4C* were indistinct due 

to the high concentration of surfactant microstructures; nonetheless, low resolution 

threadlike micelles were distinguished at 2C*.  Low resolution is a common problem of 

highly concentrated samples because cryo-TEM is more suitable for low concentration 

solutions where individual microstructures are more clearly observed.34 

 The solution rheology of CTAB in water:methanol was explored for comparative 

purposes, and the C* was measured at 19 wt%.  The lower C* concentration for 12-2-12 

in water:methanol compared to CTAB resulted from the increased surface activity of 

gemini surfactants.  The micellization of surfactants in a polar environment involves two 

competing forces: (1) the interaction of the hydrophobic chains with the polar solvent, 

which drives the formation of micelles, and (2) the electrostatic repulsive forces between 

the charged surfactant headgroups, which opposes micellization.58  The dual hydrocarbon 

tails of gemini surfactants provide a larger thermodynamic contribution for micellization 

compared to single tail monomeric surfactants.10  Also, gemini surfactants have a smaller 

headgroup area contribution because the gemini charged groups are covalently confined 

at a closer proximity than electrostatic repulsive forces allow for single head monomeric 

surfactants.27 

 The power law scaling relationships in water:methanol were very similar for both 

12-2-12 and CTAB, and were dramatically lower than observed for the surfactants in 

water.  In water:methanol the concentration scaling relationships below and above C* 

were 1.5 and 2.4 for 12-2-12, and 1.5 and 2.7 for CTAB, respectively.  The decreased 

scaling relationship in water:methanol compared to water was attributed to the ability of 

methanol to more efficiently bridge the interface of the surfactant hydrophilic and 
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hydrophobic domains.  This increased the effective headgroup size and decreased the 

packing parameter, which lead to the formation of globular micelles as shown in Figure 

4.9.  The larger scaling factors observed for 12-2-12 in water resulted from the optimal 

volume balance of the head and tail areas of the gemini surfactant, which resulted in the 

formation of flexible threadlike micelles that were sufficiently long to entangle and form 

branch points.  In contrast, the globular micellar structure in water:methanol did not 

permit the same degree of intermolecular associations, and lower viscosities and scaling 

relationships were observed compared to pure water solutions. 

4.4.3 Electrospinning Gemini Surfactants   

 High molecular weight polymers are electrospun from viscous solutions at 

concentrations typically above Ce or from the melt phase, and chain entanglements for 

non-associating polymers are necessary to withstand the Raleigh instabilities and stabilize 

the whipping electrified jet to produce continuous fibers.1,2,59,60  The supramolecular 

microstructure of 12-2-12 in water and water:methanol lead to highly viscous solutions, 

which prompted us to investigate the possibility for electrospinning.  The electrospinning 

studies were conducted at the same temperature and solvent conditions as the solution 

rheology experiments in order to ensure similar surfactant microstructures. Moreover, all 

12-2-12 solutions were electrospun at 25 kV, 5 mL/h syringe flow rate, and 12 cm tip-to-

screen (TTS).  Figure 4.10 shows the SEM images of 12-2-12 fibers electrospun from 

water:methanol.  Droplets formed at 20 wt% (Figure 4.10a) as a result of the low solution 

viscosity destabilizing the electrified jet.  When the concentration was increased to 2C* 

beaded fibers formed as shown in Figure 4.10b at 22 wt%.  Figure 4.10c displays the 

formation of continuous fibers with a low concentration of large beads present and fiber
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Figure 4.10  FESEM of electrospun fibers of 12-2-12 from water:methanol (C*=11 
wt%), electrospun from: a) 20 wt%, b) 22 wt%, c) 28 wt%, d) 30 wt%, e) 42 wt%, d) 44 
wt% 12-2-12 gemini surfactant solutions in water:methanol. 
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diameters ranging from 0.9 μm to 7 μm.  Although fibers were continuous without 

beaded defects at 30 wt%, the fiber morphology was irregular with diameters ranging 

from 1 μm to 6 μm, as shown in Figure 4.10d.  Continuous fibers with average fiber 

diameters of 4 μm and 5 μm as shown in Figures 4.10e and 4.10f, respectively, were 

electrospun from 42 wt% and 44 wt% solutions.  The threadlike micelle entanglement 

couplings stabilized the electrospinning jet and resulted in the transition from beads to 

continuous fibers at concentrations greater than 2C*.  The 12-2-12 electrospun 

membranes were completely soluble, and 1H NMR spectroscopy of the gemini surfactant 

mats confirmed that the electric field did not alter the chemical structure of the gemini 

surfactant. 

 Asolectin was electrospun from CHCl3/DMF (7/3 wt/wt) where the lipid 

microstructure formed reverse cylindrical micelles.4  Electrospun beads of asolectin were 

collected at concentrations below Ce and beaded fibers at C = Ce.  Continuous 

electrospun fibers of asolectin were collected at C ≥ 1.2Ce, and the fiber diameter 

increased with increasing concentration.  Electrospun fibers of 12-2-12, as depicted in 

Figure 4.10, displayed a higher surface roughness than asolectin electrospun fibers.  The 

12-2-12 fiber diameters also increased with concentration due to the higher degree of 

micellar growth and entanglements, however, smooth fibers were not observed at any 

concentration.  The irregularities in the 12-2-12 fibers could have resulted from the large 

applied voltage.  Asolectin fibers were electrospun from an applied voltage of 15 kV,4 

however, 12-2-12 required a voltage of 25 kV to produce fibers.  Dietzel and coworkers61 

correlated electrospun fiber morphology to applied voltage, and found that increasing 

 88



voltage changed the electrospinning droplet and resulted in a higher concentration of 

fiber defects.       

 Electrospinning efforts of 12-2-12 in water did not produce surfactant fibers at 

any concentration.  Greiner and Wendorff62 published an electrospinning review and 

discussed recent electrospinning efforts from aqueous solutions.  The electrospinning 

droplet forms a Taylor cone in the presence of an applied voltage and a jet is ejected from 

the Taylor cone if the applied voltage is strong enough to overcome the surface tension of 

the droplet.63  The solution viscosity, surface tension, and conductivity are key solution 

parameters in forming electrospun fibers.59,62,63  Electrospinning from aqueous solutions 

requires a reduction in the surface tension of water, which is typically accomplished with 

the addition of surfactants57 or cosolvents.9,59    In an effort to understand why 12-2-12 

did not produce electrospun fibers from water, the solution conductivity and surface 

tension for 12-2-12 in water and water:methanol were explored for solutions with 

comparable zero shear viscosities at 25 °C.  Electrospun fibers were collected from 42 

wt% 12-2-12 water:methanol solutions, which had a surface tension of 26 mN/m and 

conductivity of 43 mS/cm.  Solutions of 2.6 wt% 12-2-12 in water did not produce 

electrospun fibers, and the solution had a surface tension of 28 mN/m and lower 

conductivity of 8 mS/cm.  The surface tensions and solution conductivities for 12-2-12 

solutions with comparable zero shear viscosities in water and water:methanol were within 

an acceptable range for electrospinning,57 however, the 42 wt% water:methanol solution 

had a higher conductivity due to the much higher concentration of surfactant.  

Electrospinning low molar mass amphiphiles may require higher solution conductivities 
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than polymers, or the branched microstructure of 12-2-12 in water may have influenced 

the electrospinning behavior.                     

4.5 Conclusions 

The micellar morphological transitions of 12-2-12 in water and water:methanol 

were characterized with cryo-TEM and solution rheology.  The 12-2-12 microstructure in 

water transitioned from linear, entangled, threadlike micelles to branched threadlike 

micelles at 1.5 wt%, and at 2.7 wt% the microstructure evolved into a viscoelastic, 

entangled, highly-branched threadlike network.  In water:methanol 12-2-12 produced a 

considerably different micellar microstructure compared to water, and the micellar 

morphology transitioned from partitioned globular micelles into overlapped micelles at 

C*, 11 wt%.     

The supramolecular microstructures of 12-2-12 in water and water:methanol lead 

to highly viscous solutions, and their electrospinning was explored.  Electrospinning 12-

2-12 in water did not produce surfactant fibers at any concentration.  However, for the 

first time nonwoven fibrous scaffolds were electrospun from gemini surfactants, with 

fiber diameters between 0.9 and 7 μm with water:methanol as the solvent.  The 12-2-12 

fiber morphology transitioned from beaded fibers into continuous fibers at concentrations 

greater than 2C* in water:methanol.  The entangled supramolecular structure of the low 

molar mass surfactant stabilized the electrospinning jet and resulted in continuous fibers.  

Electrospinning gemini surfactant fibers from polar solvents represents an innovative 

strategy to develop high surface area scaffolds or membranes with charged hydrophilic 

surfaces for the development of charged controlled-release membranes, tissue 

engineering scaffolds, or for biologically compatible coatings. 
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Chapter 5: Structure-Property Elucidation of Photo-Polymerizable 

Gemini Surfactants 

Cashion, Matthew P.; Mohns, Brian R.; Brown, Rebecca H.; Long, Timothy E. J. Colloid 
and Interface Science (submitted). 

 

5.1 Abstract 

The thermal and solution properties were explored for a series of ammonium 

gemini surfactants using differential scanning calorimetry (DSC), polarized light 

microscopy (PLM), and conductivity experiments.  The gemini surfactants were 

designated as m-s-m, where m represents the number of carbons in the hydrocarbon tails 

and s denotes the length of the carbon-spacer between ammonium cations.    The thermal 

transitions and Kraft temperatures (Tk) were investigated for model surfactants 12-2-12, 

16-2-16, and 18-2-18, which contained only hydrocarbon tails, and polymerizable gemini 

surfactants Acry-2-Acry and Cinn-2-Cinn, which contained acrylic and cinnamate 

functionality at the terminal of each tail, respectively.  Cin-2-Cinn displayed an isotropic 

melting temperature at 143 °C, whereas all other surfactants exhibited crystal-to-crystal 

transitions; liquid crystalline or thermotropic behavior was not observed at temperatures 

below 160 °C.  The Tk was measured in water and water:methanol (1:1 vol) to investigate 

the influence of solvent on the surfactant solution properties.  The Tk in water and 

water:methanol increased with increasing tail length, however, the Tk was lower for all 

surfactants in water:methanol compared to water.  The addition of a cosolvent represents 

a strategy to lower the Tk and increase the application temperature range for gemini 

surfactants.

 94



5.2 Introduction 

Gemini surfactants, which are also known as dimeric surfactants, are an 

exceptional class of amphiphile due to their low critical micelle concentration (CMC) and 

intriguing supramolecular assemblies.1-5  Ammonium gemini surfactants have received 

significant industrial attention as emulsifiers and dispersants in detergents, cosmetics, 

personal hygiene products, coatings, and paint formulations.4,6,7  Gemini surfactants have 

also received interest as templates for the synthesis of metal nanoparticles,8-10 and as 

novel gene transfection agents due to their superior surface-active properties.11-13  Gemini 

surfactants contain two hydrophobic tails and two hydrophilic headgroups covalently 

connected with a spacer.  Reported hydrophilic headgroups include cationic, anionic, 

zwitterionic, and nonionic functionality.1  Ammonium gemini surfactants are designated 

as m-s-m, where m represents the length of the hydrocarbon tail and s denotes the number 

of carbons in the headgroup spacer.  The size and functionality of the spacer determines 

the supramolecular microstructure of assembled gemini surfactants.  Reported spacer 

functionalities include: methylenes,14 stilbenes,15 biodegradable groups such as amides,16 

esters,16 and ethylene oxide,17 and a variety of other spacer groups.3  Wang and 

coworkers varied the hydrophilicity and flexibility of spacer compositions to investigate 

their influence on the aggregation properties of quaternary ammonium gemini 

surfactants.18  The researchers discovered that highly flexible hydrophilic spacer groups 

decreased the CMC and ionization degree, while increasing the packing efficiency and 

micelle aggregation number. 

Others have investigated the influence of the tailgroup on the aggregation 

properties of gemini surfactants, and they discovered that the CMC decreased with 
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increasing hydrocarbon length.5,19,20  Aggregation of hydrophobic segments favors 

micellization, whereas electrostatic repulsive forces between ionic headgroups opposes 

surfactant aggregation.21  Increasing hydrocarbon chain length facilitates micellization 

and limits interactions between large hydrophobic tails and the polar solvent.  The most 

common tails in the literature consist of saturated hydrocarbons, however, earlier 

literature has revealed the synthesis and solution properties of gemini surfactants with 

fluorinated22-24 and unsaturated hydrocarbon25-28 tails. 

Polymerizable surfactants have received attention as stabilizers for emulsion 

polymerization,29 templates for the design of mesoporous materials,30 nanofiltration 

membranes,31 gas separation membranes,32 breathable vapor resistant membranes,33 

water desalination technologies,7 and as nanostructured liquid crystalline assemblies.34,35  

Polymerization of gemini surfactant microstructures provides a strategy to increase the 

thermal stability and useful temperature range of assembled architectures.  Abe and 

coworkers36,37 synthesized a polymerizable ammonium gemini surfactant with a 

methacrylate group at the terminus of each hydrocarbon chain, 

[CH2=C(CH3)COO(CH2)11N+(CH3)2CH2]2•2Br-.  Incorporating a small hydrophilic group 

in the tail might disrupt the surfactant self-assembly and cause the terminal region to 

migrate to the hydrophilic interface.  However, the researchers discovered that the 

methacrylate groups did not loop to the air/water interface, and the methacryloylundecyl 

tails behaved very similar to dodecyl hydrocarbon chains.  Caillier and coworkers38 

synthesized polymerizable ammonium gemini surfactants with fluorinated tailgroups and 

an acrylate in the spacer between the quaternized ammoniums.  The acrylic 
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functionalized gemini surfactant demonstrated biocidal activity and exhibited superior 

surface activity. 

In this study, model and polymerizable gemini surfactants (Figure 5.1) were 

synthesized.  A kinetic study using in situ FTIR spectroscopy was performed to optimize 

reaction conditions for the gemini surfactants.  The synthesis of 12-2-12 and 12-6-12 

were monitored with in situ FTIR spectroscopy and appearance of the quaternized 

ammonium C-N+ stretch at 908 cm-1 was observed.  The thermal transitions and Kraft 

temperature (Tk) were also measured for the gemini surfactants, 12-2-12, 16-2-16, 18-2-

18, and polymerizable gemini surfactants end-capped with cinnamate groups (Cinn-2-

Cinn) and acrylate functionality (Acry-2-Acry), as shown in Figure 5.1.  Tk values were 

determined from conductance measurements of surfactant solutions in water and 

water:methanol (1:1 vol).  Differential scanning calorimetry (DSC) was correlated with 

polarized light microscopy (PLM) to explore the thermal transitions of the gemini 

surfactant series. 
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Figure 5.1  Gemini surfactants 
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5.3 Materials and Methods 

5.3.1 Materials   

1-Bromododecane (97%), 1-bromohexadecane (97%), 1-bromooctadecane (96%), 

N,N,N′,N′-tetramethylethylenediamine (99%), N,N,N′,N′-tetramethyl-1,6-hexanediamine 

(99%), cinnamoyl chloride (98%), acryloyl chloride (97%), triethylamine (≥ 99%), 

hydroquinone (99 %), ethanol (ACS grade anhydrous), ethyl acetate (HPLC grade), ethyl 

ether (anhydrous), methanol (HPLC grade), dichloromethane (HPLC grade), and 

cetyltrimethylammonium bromide (CTAB > 98%) were purchased from Sigma-Aldrich 

Chemical Co.  11-bromoundecanol (97%) was purchased from Alfa Aesar.  1-

Bromododecane, 1-bromohexadecane, 1-bromooctadecane, N,N,N′,N′-

tetramethylethylenediamine, and N,N,N′,N′-tetramethyl-1,6-hexanediamine were passed 

through a silica gel column prior to use.  Ethanol, dichloromethane, and acryloyl chloride 

were distilled from CaH2 under reduced pressure prior to use, and cinnamoyl chloride 

was sublimed to yield white crystals prior to use.  Aqueous solutions were made with DI 

water.  All reactions were performed in flame-dried glassware equipped with a magnetic 

stir bar under argon pressure, unless otherwise noted. 

5.3.2 Instrumentation.   

1H and 13C NMR spectroscopy were performed on a Varian Unity 400 

spectrometer at 400 MHz in CDCl3.  FAB Mass spectrometry was performed on a JEOL 

HX110 dual focusing mass spectrometer.  DSC was performed on a TA Instruments DSC 

1000 under a nitrogen flush at a heating rate of 5 °C/min.  The transitions were 

determined as the midpoint of the endotherms of the 2nd heat cycle.  Thermogravimetric 

analysis (TGA) was conducted on a TA Instruments Hi-Res TGA 2950 with a 
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temperature ramp of 5 °C/min under a nitrogen atmosphere. In situ FTIR was performed 

with a Mettler Toledo ReactIR 4000 ATR apparatus equipped with a light conduit and a 

stainless steel insertion probe with a DiComp (diamond composite) probe tip.  Reaction 

analysis was performed with ReactIR 3.1 software provided by Mettler Toledo. 

5.3.3 In situ FTIR spectroscopy monitoring the synthesis of N,N’-didodecyl-

N,N,N’,N’-tetramethyl-N,N’-ethanediyl-di-ammonium dibromide (12-2-12)   

The reaction scheme for the synthesis of 12-2-12 is shown in Scheme 4.1.  The in 

situ FTIR probe was inserted into a 100-mL, three-necked round-bottomed flask 

connected with condenser in an 80 °C bath.  Methanol (35 mL) was added to the reaction 

flask.  After fifteen minutes 1-bromododecane (0.120 mol, 29.8 g) and N,N,N′,N′-

tetramethylethylenediamine (0.057 mol, 6.72 g) were added to the reaction flask 

separately and the reaction was monitored for 48 h.   

5.3.4 In situ FTIR spectroscopy monitoring the synthesis of N,N’-didodecyl-

N,N,N’,N’-tetramethyl-N,N’-hexanediyl-di-ammonium dibromide (12-6-12)   

The reaction scheme for the synthesis of 12-6-12 is shown in Scheme 5.1.  The in 

situ FTIR probe was inserted into a 100-mL, three-necked, round-bottomed flask 

connected with condenser in an 80 °C bath.  Methanol (35 mL) was added to the reaction 

flask.  After fifteen minutes 1-bromododecane (0.120 mol, 29.8 g) and N,N,N′,N′-

tetramethyl-1,6-hexanediamine (0.057 mol, 9.82 g) were added to the reaction flask 

separately and the reaction was monitored for 30 h. 
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Scheme 5.1  Synthesis of 12-6-12 
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5.3.5 Synthesis of N,N’-didodecyl-N,N,N’,N’-tetramethyl-N,N’-ethanediyl-di-

ammonium dibromide (12-2-12)   

N,N,N′,N′-tetramethylethylenediamine (0.052 mol, 6.09 g) and 1-bromodocecane 

(0.109 mol, 27.1 g) were dissolved in methanol (0.795 mol, 32.2 mL) in a 250-mL round-

bottomed flask.  A condenser was connected to the reaction flask and the flask was 

placed in an 80 °C bath for 48 h.  The reaction mixture was precipitated into ethyl acetate 

and a white solid was collected.  The white solid was redissolved in chloroform and 

precipitated into ethyl ether.  The white solid product was isolated and dried at 40 °C 

under reduced pressure.  The yield was 80% and degraded before melting.  The product 

was characterized with 1H NMR, 13C NMR, and mass spectrometry. 

5.3.6 Synthesis of N,N’-dihexadecyl-N,N,N’,N’-tetramethyl-N,N’-ethanediyl-di-

ammonium dibromide (16-2-16), and N,N’-dioctadecyl-N,N,N’,N’-tetramethyl-N,N’-

ethanediyl-di-ammonium dibromide (18-2-18)   

The synthetic procedure for 12-2-12 was repeated, however, 1-bromohexadecane 

and 1-bromooctadecane were used as the bromoalkane for the synthesis of 16-2-16 and 

18-2-18, respectively. 

5.3.7 Synthesis of N,N’-di-(11-(acryloyloxy)undecyl)-N,N,N’,N’-tetramethyl-N,N’-

ethanediyl-di-ammonium dibromide (Acry-2-Acry) 

The synthesis of Acry-2-Acry is shown in Scheme 5.2.  11-Bromoundecanol 

(0.139 mol, 35.0 g) was dissolved in dichloromethane (139 mL) in a 250-mL two-neck 

round-bottomed flask and placed in an ice bath.  Triethylamine (0.153 mol, 21.4 mL) was 

added to the reaction flask.  Acryloyl chloride (0.153 mol, 12.5 mL) was added dropwise 

to the reaction flask.  The reaction warmed to room temperature over 16 h, at which point
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Scheme 5.2  Synthesis of Acry-2-Acry, (i) 0 °C for 16 h, triethylamine, dichloromethane, 
(ii) 80 °C for 48 h, methanol, hydroquinone. 
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Figure 5.2  1H NMR of Acry-2-Acry 
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the triethylamine salt was filtered off, and the reaction mixture was washed with water 

twice.  The reaction mixture was passed through a silica gel column with 

dichloromethane as the mobile phase, and the product, 11-bromoundecyl acrylate was 

collected as a yellow oil, produced a single TLC spot and a yield of 65%. 

The quaternization of N,N,N′,N′-tetramethylethylenediamine (0.026 mol, 3.13 g) 

with 11-bromoundecyl acrylate (0.057 mol, 17.3 g) was conducted in methanol (16.2 mL) 

in the presence of hydroquinone (0.182 mmol, 0.020 g).  The reaction mixture was heated 

at 80 °C for 48 h.  The reaction mixture was precipitated into ethyl acetate and a white 

solid was collected.  The white solid was redissolved in chloroform and precipitated into 

ethyl ether.  The white solid product was isolated and dried at 25 °C under reduced 

pressure (yield 78%).  The product was characterized with 1H NMR shown in Figure 5.2, 

13C NMR, and mass spectrometry. 

5.3.8 Synthesis of N,N’-di-(11-(cinnamoyloxy)undecyl)-N,N,N’,N’-tetramethyl-N,N’-

ethanediyl-di-ammonium dibromide (Cinn-2-Cinn)   

The synthesis of Cinn-2-Cinn is shown in Scheme 5.3.  11-Bromoundecanol 

(0.054 mol, 13.6 g) was dissolved in dichloromethane (54 mL) in a 250-mL two-neck 

round-bottomed flask and placed in an ice bath.  Triethylamine (0.081 mol, 11.3 mL) was 

added to the reaction flask.  Cinnamoyl chloride (0.081 mol, 13.6 g) was dissolved in 

dichloromethane (13.0 mL) and added dropwise to the reaction flask.  The reaction 

warmed to room temperature over 16 h, at which point the triethylamine salt was filtered 

off, and the reaction mixture was washed with water twice.  The reaction mixture was 

passed through a silica gel column with dichloromethane as the mobile phase, and the 

product, 11-bromoundecyl cinnamate, produced a single TLC spot and a yield of 54%. 
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Scheme 5.3  Synthesis of Cinn-2-Cinn, (i) 0 °C for 16 h, triethylamine, dichloromethane, 
(ii) 80 °C for 48 h, methanol. 
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Figure 5.3  1H NMR of Cinn-2-Cinn 

 107



  The quaternization of N,N,N′,N′-tetramethylethylenediamine (0.014 mol, 1.62 g) 

with 11-bromoundecyl cinnamate (0.029 mol, 11.1 g) was conducted in methanol (20.0 

mL).  The reaction mixture was heated at 80 °C for 48 h, at which point the reaction 

mixture was precipitated into ethyl acetate and a white solid was collected.  The white 

solid was redissolved in chloroform and precipitated into ethyl ether.  The white solid 

product was isolated and dried at 25 °C under reduced pressure (yield 75%).  The product 

was characterized with 1H NMR shown in Figure 5.3, 13C NMR, and mass spectrometry. 

5.3.9 Polarized light microscopy (PLM)   

PLM was performed on an Olympus BX51 (Center Valley, PA) optical 

microscope equipped with an Olympus polarizer and analyzer.  A Linkam THMS600 

heating and freezing stage was mounted, and the microscope was operated in transmitted 

mode at a heating and cooling rate of 1 °C/min.  12-2-12, 16-2-16, 18-2-18, and the 

Acry-2-Acry were heated from 80 °C to 120 °C.  The Cinn-2-Cinn surfactant was heated 

from 120°C to 160°C. 

5.3.10 Tk conductance measurements   

The Tk was measured for the series of gemini surfactants shown in Figure 5.1 in 

water and water:methanol (1:1 vol).  Solutions of 1.0 wt% surfactant were prepared and 

stored at 1 °C for water solutions and – 28 °C for water:methanol solutions, for one week 

prior to the conductance measurement to insure precipitation of the surfactants.  An 

Oakton (Vernon Hills, IL) Con 6 conductivity meter was used to measure conductance 

and temperature of the surfactant solutions.  The conductance of DI water was 4.8 μS/cm 

and water:methanol (1:1 vol) was 9.8 μS/cm at 25 °C.  The Tk was determined from the 

plot of conductance vs. temperature and in agreement with the visual point of 
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clarification.  The conductance of 0.005 wt%, 1.0 wt%, and 2.0 wt% solutions of 12-2-12 

in water were measured to investigate the influence of concentration on Tk.  All reported 

Tk values have an error of ± 0.3 °C.    
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5.4 Results and Discussion 

5.4.1 Monitoring the synthesis of 12-2-12 and 12-6-12 with in situ FTIR   

Our research group has shown in situ FTIR spectroscopy as a beneficial 

spectroscopic technique to monitor reaction progress and determine reaction kinetics.39-41  

In situ FTIR spectroscopy was used to explore the influence of spacer length on the 

quaternization reaction rate of gemini surfactant synthesis.  The synthesis of 12-2-12 and 

12-6-12 was monitored with in situ FTIR spectroscopy and growth of the quaternized 

ammonium C-N+ stretch at 908 cm-1 was observed.  Gemini surfactant 12-2-12 was 

synthesized from the quaternization of N,N,N′,N′-tetramethylethylenediamine with a two-

molar equivalent of 1-bromododecane at 80 °C for 48 h in methanol.  12-6-12 was 

synthesized from the quaternization of N,N,N′,N′-tetramethyl-1,6-hexanediamine with a 

two-molar equivalent of 1-bromododecane at 80 °C for 30 h in methanol.  Both reactions 

were conducted in methanol to prevent IR absorbance overlap of the solvent with the C-

N+ stretch. 

The C-N+ growth profiles at 908 cm-1 for the synthesis of 12-2-12 and 12-6-12 are 

shown in Figure 5.4.  Synthesis of 12-6-12 was completed after 5 h and displayed an 

apparent rate constant of 2.1 x 10-3 (L/mol*s), whereas the synthesis of 12-2-12 required 

40 h and displayed an apparent rate constant of 8.0 x 10-4 (L/mol*s).  For 12-2-12 

quaternization, the cationic ammonium withdrew electron density from the unreacted 

amine, decreasing the nucleophilicity of the second amine.  For 12-6-12, the electron 

donating character of the hexamethylene spacer increased the nucleophilicity of the 

unreacted amine resulting in a shorter reaction time to achieve complete quaternization.  

Electron withdrawing contributions were greater for the short ethane spacer due to the
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Figure 5.4  Quaternized ammonium growth profile at 908 cm-1 using in situ FTIR to 
monitor the synthesis of 12-6-12 and 12-2-12. 
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proximity of the amines, therefore, the ethanediamine required a longer reaction time to 

achieve complete quaternization. 

5.4.2 DSC and PLM Correlation   

 In and Zana published42 a review on the phase behavior of gemini surfactants and 

explored the influence of headgroup and tailgroup functionality on the thermotropic and 

lyotropic phase behavior of gemini surfactants.  Thermotropic behavior was observed for 

gemini surfactants with alkyl lengths greater than 12 carbons, and was highly dependent 

upon the spacer length and composition.  The thermal transitions of the gemini surfactant 

series in Figure 5.1 were explored using DSC and PLM, and each transition represented a 

change in phase or state.  Gemini surfactants 12-2-12, 16-2-16, 18-2-18, and Acry-2-Acry 

were heated from 80 °C to 120 °C at 1 °C/min, and Cinn-2-Cinn was heated from 120 °C 

to 150 °C at 1 °C/min in PLM experiments.  The observed phase transitions were 

reproducible and independent of thermal history below the thermal decomposition 

temperature.  Quaternized ammoniums are known to thermally degrade and undergo 

Hoffmann elimination at temperatures above 150 °C.43  Mass loss began at 170 °C for the 

ammonium gemini surfactant series shown in the TGA curve in Figure 5.5.  The 

degradation temperature of the ammonium surfactants agreed with the reported literature 

value.44,45  Fuller and coworkers46 observed thermal decomposition of ammonium gemini 

surfactants at temperatures above ~170 °C, and reported difficulties reproducing DSC 

thermal scans due to decomposition.  To prevent thermal degradation DSC 

characterization was limited to 160 °C, and heating traces were reproducible for all 

surfactants. 
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Figure 5.5  TGA analysis of the gemini surfactant series. 
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  Gemini 12-2-12 was the only surfactant that displayed two endothermic 

transitions at 94 °C and 104 °C.  The DSC heating scan of 12-2-12 and PLM images at 90 

°C, 100 °C, and 110 °C are shown in Figure 5.6.  Both thermal transitions corresponded 

to crystal-to-crystal transitions, and no liquid crystalline behavior or isotropic melting 

was observed.  The DSC heating scan and PLM images at 90 °C and 110 °C for 16-2-16 

are displayed in Figure 5.7.  One endothermic transition was observed for 16-2-16 at 104 

°C and corresponded to a crystal-to-crystal transition.  The shoulder peak at 97 °C in 

Figure 5.7 did not correspond to any change in PLM, and above 106 °C the crystalline 

structure was not birefringent as shown in Figure 5.7 at 110 °C.   Gemini surfactant 18-2-

18 displayed a single endothermic transition at 105 °C.  The heating DSC scan and PLM 

images of 18-2-18 at 90 °C and 110 °C are shown in Figure 5.8.  The thermal transition at 

105 °C corresponded to a crystal-to-crystal transition, and no thermotropic behavior or 

isotropic melting was observed. 
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Figure 5.6  DSC of 12-2-12 and PLM images at 90 °C, 100 °C, and 110 °C. 

Figure 5.7  DSC of 16-2-16 and PLM images at 90 °C and 110 °C. 

Figure 5.8  DSC of 18-2-18 and PLM images at 90 °C and 110 °C. 
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        A single broad endothermic transition centered at 98 °C was observed for Acry-2- 

Acry shown in Figure 5.9.  The PLM images at temperatures ranging from 80 °C to 110 

°C are shown in Figure 5.10.  Crystalline structure gradually developed from 80 °C until 

104 °C when the structure changed and the crystalline regions subsided.  Acry-2-Acry 

remained solid and did not exhibit any melting or liquid crystalline behavior.  Cinn-2-

Cinn had the highest endothermic transition at 143 °C shown in Figure 5.11, along with 

PLM images at 120 °C and 150 °C.  The small transition at 95 °C in Figure 5.11 did not 

correspond to any observed changes in PLM.  The thermal transition corresponded to an 

isotropic melting temperature at 143 °C, and above the clearing temperature no 

crystalline or liquid crystalline regions were observed, as shown in Figure 5.11 at 150 °C.  

The higher temperature transition of Cinn-2-Cinn was attributed to the bulkier tailgroups 

and π-π interactions limiting the mobility of the hydrocarbon tails. 

Figure 5.9  DSC heating scan of Acry-2-Acry 
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Figure 5.10  PLM images of Acry-2-Acry at 80 °C, 90 °C, 95 °C, 97 °C, 100°C, 102 °C, 
104 °C, 106 °C, and 110 °C. 

Figure 5.11  DSC of Cinn-2-Cinn and PLM images at 120 °C and 150 °C. 
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5.4.3 Tk conductance measurements   

Conductance experiments measured the Tk values for the gemini surfactant series 

in Figure 5.1.  Tk determines the applicable temperature range for surfactants and is 

dependent upon the surfactant composition, nature of the headgroup, length of the 

hydrocarbon tailgroup, and solvent environment.47  The surfactant concentration in 

solution equals the critical micelle concentration (CMC) at Tk, and surfactants precipitate 

from solution as hydrated crystals at temperatures below Tk.21  The enthalpic driving 

forces overcome the energy barrier to micellization at Tk, turning the solution from 

cloudy to optically clear as surfactants micellize.  A sharp increase in conductance is 

observed at Tk as surfactants and mobile counterions disperse in solution, and Tk is the 

temperature at which the conductance increases sharply and the solution becomes clear.   

The surfactant concentration in solution equals the CMC at Tk, and theoretically, 

no Tk is observed at concentrations below the CMC.21  To explore the concentrations 

influence on Tk, the conductance was measured for 12-2-12 at concentrations of 0.005 

wt%, 1.0 wt%, and 2.0 wt% in water, as shown in Figure 5.12.  For 12-2-12 in water at 

25 °C the reported CMC was 0.055 wt%.5,48  At 0.005 wt% (C < CMC) the solution was 

never cloudy and no change in conductance was detected.  Below the CMC surfactants 

localize at the air/water interface to minimize interaction between hydrophobic tailgroups 

and the polar solvent.21  Surfactant concentration in solution did not change at 

concentrations below the CMC because surfactants were oriented at the air/water 

interface and not dispersed in solution, therefore, the conductance did not change with 

increasing temperature.  The Tk was 15.8 °C and 15.7 °C for 12-2-12 in water at 1.0 wt% 

and 2.0 wt%, respectively, as shown in Figure 5.12.  The measured Tk for 12-2-12 in
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Figure 5.12  Determination of Tk, conductance vs. temperature for 12-2-12 in water at 
0.005 wt%, 1.0 wt%, and 2.0 wt%. 
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water was slightly higher than the reported value of 14.4 °C.47,49  However, as expected 

the Tk was consistent and did not change at concentrations above the CMC.  Above the 

CMC surfactants assemble into micelles at Tk, resulting in an increased conductivity due 

to the dispersion of ionic groups.  The magnitude change in conductivity at Tk was 

greater for the 2.0 wt% solution due to the higher concentration of dispersed ions.    

Table 5.1 lists the Tk values of the gemini surfactant series in water and 

water:methanol measured at 1.0 wt% for each solution.  The cosolvent mixture of 

water:methanol was studied in an attempt to lower the Tk, and increase the surfactants 

applicable temperature range.  The Tk increased with increasing tailgroup size in water 

and water:methanol.  12-2-12 displayed the lowest Tk at 15.8 °C and Cinn-2-Cinn the 

highest at 69.5 °C in water.  A similar trend was evident in water:methanol, in which 12-

2-12 had the lowest Tk at -17.0 and Cinn-2-Cinn the highest, 46.2 °C.  The thermal 

energy required to disperse the crystalline structure increased as the tailgroup size 

increased.  The bulky end-groups of Cinn-2-Cinn packed efficiently due to the planar 

cinnamate geometry and phenyl π-π stacking.  The Tk was lower for all surfactants in 

water:methanol compared to water.  Adding a cosolvent represents a strategy to increase 

the applicable temperature range of gemini surfactant solutions.  The decreased Tk in 

water:methanol compared to water was attributed to the ability of methanol to more 

efficiently localize at the hydrophilic/hydrophobic interface providing more fluidity to the 

hydrocarbon chains, disrupting the tailgroup crystallinity. 
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Table 5.1  Tk of the ammonium gemini surfactant series in water and water:methanol 
(1:1 vol). 
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5.5 Conclusions 

In situ FTIR spectroscopy was used to explore the influence of spacer length on 

the quaternization reaction rate for the synthesis of 12-2-12 and 12-6-12.  Complete 

quaternization of 12-6-12 was completed after only 5 h, whereas 12-2-12 required 40 h.  

The electron donating character of hexamethylene increased the nucleophilicity of the 

unreacted amine, and decreased the reaction time required to complete quaternization. 

DSC was correlated with PLM to explore the thermal transitions of the gemini 

surfactant series in Figure 5.1.  DSC and PLM characterization were limited to 160 °C to 

prevent thermal degradation.  Gemini 12-2-12 was the only surfactant that displayed two 

endothermic transitions at 94 °C and 104 °C.  Both thermal transitions corresponded to 

crystal-to-crystal transitions, meaning 12-2-12 has three crystalline structures.  One 

endothermic transition was observed for 16-2-16 and 18-2-18 at 104 °C and 105 °C, 

respectively, and each corresponded to a crystal-to-crystal transition.  A single broad 

endothermic transition centered at 98 °C was observed for Acry-2-Acry, and Cinn-2-Cinn 

had the highest endothermic transition at 143 °C, which corresponded to an isotropic 

melting transition. 

Conductance experiments were utilized to explore the influence of concentration 

and tailgroup composition on Tk in water and water:methanol.  No change in conductance 

was measured and no Tk was observed for 12-2-12 at concentrations below the CMC.  

However, the Tk was consistent at concentrations above the CMC.  The Tk of the gemini 

surfactant series was measured in water and water:methanol to explore the influence of 

solvent on the solution properties.  The Tk increased with increasing tailgroup size in 

water and water:methanol.  12-2-12 displayed the lowest Tk at 15.8 °C and Cinn-2-Cinn 
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the highest at 69.5 °C in water.  A similar trend was evident in water:methanol, in which 

12-2-12 had the lowest Tk at -17.0 and Cinn-2-Cinn the highest at 46.2 °C.  The Tk was 

lower for all surfactants in water:methanol compared to water because the cosolvent 

disrupted the crystalline packing of the gemini tailgroups.  The addition of a cosolvent 

represents a strategy to increase the applicable temperature range for gemini surfactants. 
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Chapter 6: Influence of Hydrogen Bonding on the Adhesive Properties of  
 

Photo-curable Acrylics 
 

Cashion, M.P.; Park, T.; Long, T.E. Journal of Adhesion (2009), 85(1), 1-17. 
 

6.1 Abstract   

Novel hot melt pressure sensitive adhesives were developed from acrylic 

terpolymers of 2-ethylhexyl acrylat, 2-hydroxyethyl acrylate (HEA), and methyl acrylate 

(MA) functionalized with hydrogen bonding and photo-reactive functionalities.  The 

hydrogen bonding and photo-reactive sites were introduced from the reaction of HEA 

repeat units with cyclohexyl isocyanate and cinnamoyl chloride, respectively.  The 

functionalization reaction conditions were optimized to tailor the degree of urethane and 

cinnamate groups in order to examine the influence of hydrogen bonding and photo-

active groups in low Tg acrylics.  The synergy of hydrogen bonding and photo-reactivity 

resulted in higher peel values and rates of cinnamate photo-reactivity with increasing 

urethane concentration.  The increase in cinnamate photo-reactivity with increasing 

urethane concentration provides evidence that hydrogen bond associations can promote 

cinnamate dimerization.  Isothermal rheological experiments conducted at 150 °C 

confirmed the melt stability of the cyclohexyl urethane linkage, cinnamate, and the 

acrylic composition indicating the potential for hot melt adhesive applications. 
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6.2 Introduction 

Pressure sensitive adhesives (PSAs) bond to a variety of substrates with very low 

pressure applied for short periods.1  PSAs are widely used in electronic devices, tapes, 

labels, medical devices, and the automotive industry.1-3  PSA formulations are soft 

materials that are inherently tacky at room temperature, and the viscoelastic nature of the 

adhesive defines the balance between adhesive and cohesive performance.  Sufficient 

adhesive performance requires adequate mechanical strength to resist creep and prevent 

cohesive failure. 

PSAs applied in the molten state in the absence of solvent are termed hot melt 

pressure sensitive adhesives (HMPSAs).4  The exclusion of solvent makes HMPSAs 

more economically and environmentally advantageous, and furthermore, application in 

the melt increases production efficiency and eliminates drying steps, reducing energy 

consumption.  HMPSAs are designed to provide tack without the use of activators such 

as water, solvent, or heat.  The bulk properties that make HMPSAs desirable for 

processing also limit their adhesive performance.5  Low viscosities are required at 

processing temperatures and during application to facilitate spreading and intimate 

contact with the substrate.  Adhesive performance is inferior at molecular weights that are 

suitable for melt processing due to insufficient chain entanglements.  Molecular cohesion 

is a material’s internal resistance to failure, and the mechanical and physical properties of 

adhesives are dependent upon chain cohesion.6,7  Post processing strategies to increase 

molecular weight and cohesion include covalent crosslinking,8,9 physical crosslinking,5,10-

12 and the addition of tackifiers.13   
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Future strategies are required to incorporate the desirable properties of acrylic 

HMPSAs exploiting facile synthetic procedures.  Acrylics offer a wide application 

temperature, resistance to oxidation and UV-light degradation, optical clarity, and long 

term durability.14  Moreover, acrylic formulations exhibit adhesive properties without the 

use of additives.  This manuscript describes the photo-curing of associated acrylic 

architectures for HMPSA applications.  The association of macromolecules through 

noncovalent interactions is accomplished through functionality that facilitates the 

formation of ionic interactions,10 donor-acceptor complexes,15 hydrogen bonding,16 liquid 

crystalline behavior,17 and the self-assembly of amphiphilic polymers.18  Hydrogen 

bonding is a versatile scaffold for noncovalent associations.  Hydrogen bonding 

functionality is prevalent in biological systems, readily accessible in rational synthesis, 

and the associations are reversible. 

Association of hydrogen bonding groups provides a method to increase the 

apparent molecular weight after application, and temperatures above the hydrogen 

bonding dissociation temperature result in low viscosities for melt processing.  

Poly(acrylic acid) (PAA) is the most published source of hydrogen bonding functionality 

incorporated in PSA formulations.8,19  Hydrogen bonding between carboxylic groups 

forms cyclic dimers, or linear associations in a face-on or lateral fashion.20  However, 

PAA can thermally crosslink, and intermolecular anhydrides form at temperatures greater 

than 150 °C.21  Crosslinking during processing is not desirable in hot melt applications, 

and acrylic acids offer only limited utility. 

Hydrogen bonding urethane functionality is commonly used for curing PSA 

precursors.22,23  Asahara et al.24 crosslinked poly(ethyl acrylate (EA)-co-2-ethylhexyl 
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acrylate (EHA)-co-2-hydroxyethyl methacrylate (HEMA)) random copolymers with an 

isocyanate end-capped urethane oligomer.    Reaction of the primary hydroxyl groups of 

HEMA with the isocyanate functionalized oligomer developed a network structure.  The 

urethane groups were incorporated exclusively during crosslinking, and the consumption 

of isocyanate groups correlated to the degree of crosslinking.  The peel performance 

depended upon the duration and temperature of curing, as well as the crosslinker 

concentration.  Asahara and coworkers concluded that lower urethane concentrations 

yielded higher peel strengths. 

Functionality that facilitates electron beam25 or photo-crosslinking26 are popular 

curing strategies for HMPSAs.  Photo-curing is a prevalent crosslinking mechanism that 

is employed to increase the molecular weight and cohesive strength of HMPSAs.  Photo-

curing associated macromolecular architectures has received significant interest in the 

layer-by-layer (LBL) assembly of multilayer thin films,27 formation of supramolecular 

nanostructures,28 and formation of liquid crystalline polymers.29  Recently, methacrylate 

photo-active groups were incorporated at the periphery of well-defined four-arm star-

shaped poly(D,L-lactide)s and photo-crosslinked producing biologically compatible 

networked films.30,31  Photo-curing offers solvent-free processes, rapid rates of 

crosslinking, and does not require drying steps, which suggests an economical and 

efficient process.  Crosslinking occurs only during UV-exposure, therefore, controlling 

the degree of crosslinking with UV-dose.  The crosslinker concentration and composition 

determine the mechanical and adhesive properties of HMPSAs. 

Conventional photo-curable strategies employ chain-like reactions initiated with 

reactive radicals6,32 or cations.33  Chain-like reactive groups typically absorb at high-
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energy wavelengths.  Photo-initiators that absorb at longer wavelengths are utilized to 

limit exposure to high energy light and reduce the energy requirements for curing.  

Homogeneous curing of chain-like photo-crosslinking reactions is difficult due to the 

limited diffusion of the photo-initiator and oxygen inhibition.  In the 1950’s, Minsk and 

coworkers were the first to study the photo-dimerization of cinnamate groups.34  Minsk 

and researchers reported the photo-initiated crosslinking reaction of cinnamate groups in 

poly(vinyl cinnamate).  The photochemistry of cinnamates involves two photo-reactions 

upon UV-irradiation, i.e. the trans-cis isomerization and photo-dimerization.35  Photo-

dimerization involves the [2π + 2π] cycloaddition of cinnamates in the head-to-head or 

head-to-tail configuration to form cyclobutane.  Other photo-reactive groups that photo-

dimerize in a [2π+2π] cycloaddition include furans,36 maleimides,37 chalcones,38 and 

coumarins.39  Since Minsk’s initial discovery, the cinnamate functionality has received 

interest in polymeric and low molar mass reactions as a robust chromophore capable of 

photo-dimerizing in the presence of oxygen.40 

In this study, low Tg acrylic random copolymers were functionalized with 

urethane and cinnamate functionalities to introduce a novel combination of hydrogen 

bonding and photo-curable substituents, respectively.  To the best of our knowledge, 

there is not a literature precedence describing the use of hydrogen bonding and cinnamate 

photo-active groups in the development of acrylic HMPSAs.  The degree of urethane and 

cinnamate functionality was varied to systematically study the adhesive and mechanical 

properties as a function of composition. 
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6.3 Materials and Methods 

6.3.1 Materials   

2-Ethylhexyl acrylate (EHA), 2-hydroxyethyl acrylate (HEA), methyl acrylate 

(MA), azobisisobutyronitrile (AIBN), tetrahydrofuran (THF), ethyl acetate, toluene, 

cinnamoyl chloride, cyclohexyl isocyanate, and triethylamine were received from Sigma-

Aldrich.  AIBN was recrystallized twice from methanol.  Cinnamoyl chloride was 

sublimed producing white crystals and cyclohexyl isocyanate was used without further 

purification.  Triethylamine was distilled from CaH2.   Reagent grade THF was passed 

through a PURE SOLV MD-3 Solvent Purification System (Innovative Technology Inc., 

Newburyport, MA) immediately prior to use.  All reactions were purged with argon and 

performed under an argon atmosphere in flame-dried glassware. 

6.3.2 Instrumentation.   

Size exclusion chromatography (SEC) was performed on a Waters (Milford, MA) 

instrument equipped with 3 in-line Polymer Laboratories PLgel 5 μm MIXED-C columns 

with a Waters 717 autosampler.  SEC characterization was conducted at 40 °C in THF 

(ACS grade) at a flow rate of 1 mL min-1.  A triple detection system included a Waters 

2414 refractive index detector, Viscotek (Houston, TX) 270 Dual Detector viscometer, 

and Wyatt Technologies (Santa Barbara, CA) miniDAWN multiangle laser light 

scattering (MALLS) detector.  Refractive index increments (dn/dc) values were 

determined online.  Reported molecular weights were calculated from light scattering.   

1H NMR spectroscopy was performed on a Varian (Palo Alto, CA) Unity 400 

MHz spectrometer in CDCl3 at 25 °C.  Differential scanning calorimetry (DSC) was 

performed on a TA Instruments (New Castle, DE) DSC 1000 under a nitrogen flush at a 
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heating rate of 10 °C/min.  The glass transition temperature (Tg) was determined as the 

midpoint of the glass transition endotherm of the 2nd heat cycle.  FTIR spectroscopy was 

performed on a MIDAC M-1700 FTIR (Costa Mesa, CA) with Durascope single bounce 

diamond ATR.  An Analytical Instrument Systems Inc. (Flemington, NJ) UV-

spectrometer equipped with fiber optic cables, a DT1000CE light source, and an Ocean 

Optics USB2000 UV-Vis detector was used to determine the rate of cinnamate photo-

dimerization.  Ellipsometry measurements were performed on a phase modulation 

ellipsometer (Beaglehole Instruments,Wellington, New Zealand) at λ = 632.8 nm (HeNe 

laser). The cross section of the laser beam was approximately 1 mm2. Measurements 

were performed in air. 

6.3.3  Synthesis of Acrylic Precursor Copolymers 1-3 

 The synthesis of precursors 1-3 is shown in Scheme 6.1.  AIBN (0.80 g, 4.87 

mmol) was dissolved in ethyl acetate (133 mL) in a 500-mL, round-bottomed flask 

equipped with a magnetic stir bar.  EHA, HEA, and MA were added to the reaction flask 

using a degassed syringe.  The reaction flask was placed in a 65 ˚C bath for 24 h.  

Precipitation into hexanes and subsequent drying afforded the final isolated product.  The 

composition of precursor copolymer 1 contained poly(EHA)-co-hydroxyethyl acrylate 

(HEA)) (82-18 mol%).  Precursor terpolymer 2 contained poly(EHA-co-HEA-co-methyl 

acrylate (MA)) (60-24-16 mol %), and precursor terpolymer 3 contained poly(EHA-co-

HEA-co-MA) (64-14-22 mol%).   
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6.3.4 Synthesis of Cinn1, Cinn2, and Cinn3: Cinnamate Functionalization of 

Precursors 1-3   

The precursor (15 g) was dissolved in dichloromethane (60 g, 20 wt%) in a two-

necked, 250-mL, round-bottomed flask equipped with a magnetic stir bar.  Cinnamoyl 

chloride, in a 1:1 molar equivalence to HEA in the precursor, was added to a 50-mL 

round-bottomed flask covered with aluminum foil and dissolved in dichloromethane (10
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Scheme 6.1  Synthesis of acrylic precursors 1-3. 
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mL). Triethylamine, in a 1:1 molar equivalence to cinnamoyl chloride, was added to the 

reaction flask using a purged syringe.  Next, the reaction flask was covered in aluminum 

foil and equipped with an addition funnel that was wrapped in aluminum foil.  The 

reaction flask was placed in an ice bath.  The cinnamoyl chloride solution was introduced 

into the addition funnel using a degassed syringe.  The cinnamoyl chloride solution was 

added drop-wise to the reaction flask at 0 °C.  The reaction continued to stir at 0 °C for 2 

h, and the product was finally precipitated into methanol and vacuum dried.  The 

cinnamate-functionalized copolymers were characterized with 1H NMR, IR, SEC, and 

DSC. 

6.3.5 Synthesis of Ureth2: Urethane Functionalization of Precursor 2   

Precursor 2 (20 g) was dissolved in toluene (30g, 40 wt%) in a 250-mL, round-

bottomed flask equipped with a magnetic stir bar.  Next, cyclohexyl isocyanate was 

added in the desired molar ratio compared to HEA, and 0.2 mL of 1 wt% di-n-butyltin-

dilaurate in toluene was added.  The charged molar ratio of cyclohexyl isocyanate to 

HEA depended on the desired degree of urethane functionalization.  A condenser was 

attached and the reaction was conducted at 50 °C for 8 h.  After 8 h, the reaction mixture 

was precipitated into methanol and the precipitant was vacuum dried.  Ureth2 was 

characterized with 1H NMR, IR, SEC, and DSC.      

6.3.6 Synthesis of UrethCinn2: Cinnamate Functionalization of Ureth2   

Scheme 6.2 displays the urethane and cinnamate functionalization of precursor 2.  

Ureth2 (15 g) was dissolved in dichloromethane (60 g, 20 wt%) in a two-necked, 250-

mL, round-bottomed flask equipped with a magnetic stir bar.  Cinnamoyl chloride, in a 

10:1 molar equivalence to HEA of Ureth2, was added to a 50-mL round-bottomed flask
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Scheme 6.2  Synthesis of UrethCinn2, the urethane, and cinnamate functionalization 
of precursor 2, (i) 0.2 mL of 1 wt% di-n-butyltin-dilaurate in toluene, 40 wt% solids in 
toluene, 50 °C, (ii) triethylamine, 20 wt% solids in dichloromethane, 0 °C. 
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covered with aluminum foil and dissolved in dichloromethane (10 mL). Triethylamine, in 

a 1:1 molar equivalence to cinnamoyl chloride, was added to the reaction flask using a 

purged syringe.  Next, the reaction flask was covered in aluminum foil and equipped with 

an addition funnel that was wrapped in aluminum foil.  The reaction flask was placed in 

an ice bath.  The cinnamoyl chloride solution was introduced into the addition funnel 

using a degassed syringe.  The cinnamoyl chloride solution was added drop-wise to the 

reaction flask at 0 °C.  The reaction continued to stir at 0 °C for 2 h, and the product was 

precipitated into methanol and vacuum dried.  UrethCinn2 was characterized with 1H 

NMR, IR, SEC, and DSC. 

6.3.7 Peel Analysis   

The functionalized acrylic (10 g) was dissolved in toluene (15 g, 40 wt %).  A 

foot long strip of 8 in. wide backing paper was cleaned with acetone and isopropanol and 

heated to 80 °C for 30 min.  The functionalized acrylic film was drawn in a controlled 

manner on the backing paper using a 3 in. wide doctor blade to an average thickness of 

21 μm.  The film was placed in the oven at 80 °C for 30 min. and ramped to 120 °C for 5 

min.  Irradiated samples were cured at 10 ft/min. on a Fusion UV (Gaithersburg, MD) 

model LC-6B benchtop conveyor equipped with a 100 W high pressure mercury lamp.  

Light intensities were measured using an EIT Inc. (Sterling, VA) UV power puck.  UV-

dosages were measured at UVA: 0.181±.013 J/cm2 and UVB: 0.147±0.05 J/cm2 for 10 s 

of irradiation.  Peel analysis was performed on a ChemInstruments Adhesion/Release 

Tester AR-1000 (Fairfield, Ohio).  Films were cut into 0.75 in. widths, and pressed onto 

ChemInstrument Inc. 2x8 in. stainless steel plates with a 1 kg rubber roller.  The 90° peel 

test were performed at 25 °C at a rate of 12 in/min. Reported peel values are an average 
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of five tapes per sample.  Peel values are reported in lbf/in, corresponding to the peeling 

force per width of tape.   

6.3.8 Rate of Cinnamate Photo-dimerization and Gel Fraction Analysis  

A quartz slide (1” x 1”) was washed with acetone, isopropanol, and THF.  The 

control or urethane sample (0.96 g) was dissolved in toluene (8.64 g) at 10 wt%.  The 

solution was spin cast onto a square quartz slide (1” x 1”) at 2000 rpm for 1 min.  The 

UV-vis absorbance of the film was measured before UV-exposure.  The coated slide was 

then irradiated for 10 s, 30 s, 60 s, 90 s, 120 s, 150 s, 180 s, 210 s, 240 s, and 270 s and 

the UV-vis absorbance was measured after each exposure.  Gel fractions were determined 

for UV-cured and non-cured films.  Soxhlet extraction was performed in refluxing THF 

for 12 h on UV-cured films irradiated for 10 s and non-cured films.   
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6.4 Results and Discussion 

6.4.1 Synthesis and Peel Performance of Cinn1, Cinn2, and Cinn3   

The composition of the precursor copolymers included EHA, HEA, and MA.  

EHA was included to provide a low Tg segment for increased tack, HEA provided a 

functionalizable site, and MA provided a higher Tg segment to decrease the molecular 

weight necessary to achieve chain entanglements and provide increased cohesive 

strength.41  Table 6.1 compares the composition, molecular weight, and Tg of acrylic 

precursors 1-3.  The compositions were tailored for a Tg -50 °C and Mw 100,000.   

All three precursors were functionalized with cinnamate groups to explore HEA’s 

reactivity as a function of composition.  All precursors were functionalized with 

cinnamate groups from the acid chloride reaction of HEA repeating units with cinnamoyl 

chloride.  Characterization following cinnamate functionalization was performed using 

NMR spectroscopy, FTIR, DSC, and SEC analysis.  1H NMR analysis of the cinnamate 

functionalized precursor confirmed the appearance of cinnamate resonances at 6.51, 7.38, 

7.57, and 7.73 ppm.  The resonance at 3.78 ppm corresponding to the methylene adjacent 

to the ester of HEA units diminished, and a new resonance at 4.35 ppm corresponding to 

the methylene adjacent to the ester of cinnamoyloxyethyl acrylate (CEA) appeared.  

Following cinnamate functionalization, the FTIR spectrum displayed characteristic 

cinnamate bands at 1637 cm-1 and 980 cm-1, corresponding to the cinnamates vinyl C=C 

stretching vibration and trans-vinylene C-H deformation.42  Cinnamate functionalization 

resulted in an average molecular weight increase of 36%, despite all efforts to avoid 

spurious light, the molecular weight increase was attributed to premature intermolecular 

dimerization of the cinnamate sites.  As expected, the Tg of all samples increased
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Table 6.1  Composition, molecular weight, and Tg comparison of precursors 1-3. 
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following cinnamate functionalization due to the incorporation of planar bulky cinnamate 

groups. 

The reactivity of HEA’s primary hydroxyl groups was examined as a function of 

precursor composition.  A molar equivalence of cinnamoyl chloride to HEA for each 

precursor was charged.  Precursor 2 achieved the highest degree of functionalization, 

with 46% of HEA groups reacting to form CEA.  Precursor 1 only converted 33% of 

HEA groups to CEA, corresponding to the lowest degree of functionalization, and 36% 

of HEA groups in precursor 3 were reacted to form CEA.  The degree of HEA 

functionalization directly correlated to the concentration of bulky EHA units.  Precursor 1 

contained 82 mol% EHA and 2 possessed 60 mol% EHA, indicating the bulky EHA 

groups sterically hindered the reactivity of HEA hydroxyl groups.   

Table 6.2 displays the UV-cured 90° peel strength of Cinn1, Cinn2, and Cinn3. 

UV-dosage was held constant for each film, and Cinn1, Cinn2, and Cinn3 had average 

film thicknesses of 20 ± 3 μm, 22 ± 2 μm, and 21 ± 4 μm, respectively.  Cinn2 exhibited 

the highest peel value of 0.477 lbf/in, and Cinn3 exhibited the lowest peel value of 0.167 

lbf/in.  All UV-cured samples failed adhesively, and non-cured films failed cohesively.  

The difference in failure mode between cured and non-cured films indicated 

intermolecular cinnamate crosslinking occurred during UV-exposure increasing the 

molecular weight and cohesive strength. 

 142



Table 6.2  Composition, molecular weight, and UV-cured 90° peel strength of Cinn1, 
Cinn2, and Cinn3. 
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6.4.2 Hydrogen Bonding and Photo-active sites in Low Tg Acrylics   

Precursor 2 was functionalized with urethane (2U24) or cinnamate (2C24) groups.  

2U24 indicates 100% of HEA groups were functionalized with cyclohexyl isocyanate and 

2C24 designates 100% of HEA groups were reacted with cinnamoyl chloride, and NMR 

spectroscopy confirmed that residual HEA units did not remain in the copolymers.  

Following complete urethane functionalization (2U24) the Mw 145,000 (2.08) and Tg -18 

°C.   Adhesive 2C24 had a Mw 188,000 (3.08) and Tg -30 °C. 

Precursor 2 was functionalized with both urethane and cinnamate groups to 

investigate the influence of hydrogen bonding sites on the peel performance and 

cinnamate photo-reactivity.  Optimized reaction conditions afforded the opportunity to 

incorporate cinnamate and urethane groups in the same precursor and control the degree 

of functionalization, as shown in Scheme 6.2.  The composition, molecular weight, and 

Tg of the urethane series are displayed in Table 6.3.  Urethane functionalization was 

conducted at 50 °C for 8 h, and the molar equivalence of cyclohexyl isocyanate charged 

determined the degree of urethane functionalization.  For example, charging a ten molar 

excess of cyclohexyl isocyanate relative to HEA achieved 100% functionalization.  

Cinnamate functionalization was conducted for 2 h at 0 °C, and complete cinnamate 

functionalization was achieved with a ten molar excess of cinnamoyl chloride to residual 

HEA units.     
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Table 6.3  Composition, molecular weight, and Tg of the urethane series (UEA: 2-
(cyclohexylcarbamoyloxy)ethyl acrylate (urethane ethyl acrylate)). 

 145



  For hot melt applications, it is essential that the photocrosslinker and PSA 

composition are melt stable.  The cinnamate chromophore is thermally stable to 200 °C.43  

Cyclohexyl carbamate was incorporated as hydrogen bonding functionality due to its lack 

of UV-light absorption and excellent thermal stability.  Figure 6.1 displays the isothermal 

melt rheology of 2U21C3 at 150 °C for 2 h.  The complex viscosity was constant over the 

entire time range, which indicated the melt stability of the acrylic composition.   

Figure 6.1  Isothermal melt rheology of 2U21C3 at 150 °C for 2 h. 
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   The UV-cured and non-cured peel analysis and failure modes of the urethane 

series are displayed in Table 6.4.  The UV-cured and non-cured peel strengths of 2U24 

were within error at 1.22±0.159 lbf/in and 1.34±0.147 lbf/in, respectively, and exhibited 

the same mode of failure, indicating the cyclohexyl urethane linkage and PSA 

composition were UV-stable.  2U21C3 displayed the largest UV-cured and non-cured peel 

values, 1.03 lbf/in. and 1.64 lbf/in., respectively.  The UV-cured peel strength decreased 

as the concentration of cinnamate increased, resulting from an increased crosslink density 

elevating the modulus and Tg, which prevented the adhesive from spreading on the

Table 6.4  UV-cured and non-cured 90° peel strength of the urethane series. 
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substrate.44  All UV-cured tapes containing cinnamate groups failed 100% adhesively.  

Complete adhesive failure of the UV-cured films was attributed to the intermolecular 

dimerization of cinnamate groups leading to an increased molecular weight and network 

structure formation.  The degree of adhesive failure for non-cured tapes was dependent 

upon the concentration of urethane functionality.  As the degree of urethane functionality 

increased, the percentage of adhesive failure increased.  Non-cured 2C24, which did not 

contain urethane sites, failed 100% cohesively, and 2U24, which contained only urethane 

functionality, exhibited the highest non-cured proportion of adhesive failure, 50%.  

Increasing adhesive failure with urethane concentration was attributed to an increase in 

apparent molecular weight resulting from the association of hydrogen bonding urethane 

groups.                 

6.4.3 Influence of Hydrogen Bonding Sites on the Rate of Cinnamate Photo-

dimerization   

Figure 6.2 displays the structure and composition of the urethane and control 

series.   The control series consisted of precursor 2 functionalized only with cinnamate 

sites, with residual HEA groups remaining.  The compositions of the urethane and control 

series had comparable concentrations of cinnamate groups in order to investigate the 

influence of hydrogen bonding groups on the rate and efficiency of cinnamate photo-

reactivity.  Both the urethane and control series contained 60 mol% EHA and 16 mol% 

MA.  

UV-vis spectroscopy was used to investigate the influence of hydrogen bonding 

associations on the rate of cinnamate photo-reactivity in the solid state.  Urethane and 

control series films were spin coated on quartz slides from 10 wt% solutions in toluene,
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Figure 6.2  Composition and structure of the urethane and control series.  Both the 
urethane and control series contained 60 mol% EHA and 16 mol% MA. 
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to a thickness of 1.0 ± 0.14 μm.  The films were spin cast to control film thickness and 

uniformity.  The cinnamate chromophore absorbed 275 nm light, as seen in Figure 6.3 for 

2U21C3.  Neither precursor 2 or 2U21H3, 21 mol% urethane and 3 mol% HEA, absorbed 

UV-light.  Urethane and control films were exposed to UV-light for periods of 10 s, 30 s, 

60 s, 90 s, 120 s, 150 s, 180 s, 210 s, 240 s, and 270 s.  Decreasing cinnamate UV-

absorbance was monitored with an increase in UV-exposure.  The decrease in cinnamate 

absorbance with increasing UV-exposure was attributed to the disappearance of 

conjugated cinnamate groups that photo-dimerized to form cyclobutane.   

Figure 6.3  UV-vis absorbance of precursor 2 following urethane functionalization 
(2U21H3) and cinnamate functionalization (2U21C3). 
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  The rate of cinnamate dimerization was determined from a second order kinetic 

plot of absorbance versus UV-exposure time, as shown in Figure 6.4.  2U21C3 contained 

the largest concentration of urethane groups and exhibited the fastest rate of cinnamate 

dimerization, 0.314 s-1.  The UV-absorbance for 2U21C3 plateaued after 120 s of 

irradiation where 90% of cinnamate groups had photo-dimerized, and with increased UV-

exposure further change in cinnamate absorbance was not observed.  The plateau 

phenomenon was attributed to a steady-state concentration of cinnamate groups, resulting 

from the network of intermolecular cinnamate dimers.  Confined side chains in the 

network structure prevented cinnamate groups from rearranging to fulfill the topotactic 

conformational requirements to achieve cinnamate dimerization.45  Control sample, 

2H21C3, demonstrated the second fastest rate, 0.170 s-1, and required 210 s of irradiation 

exposure to achieve a steady cinnamate concentration.  2U8C16 and 2H9C15 displayed 

similar rates of cinnamate dimerization, 0.069 s-1 and 0.081 s-1, respectively.  The 

cinnamate concentration of the control sample, 2H9C15, and urethane sample, 2U8C16, 

reached a steady state after 180 s and 210 s of irradiation exposure, respectively.  The 

increased rate of cinnamate dimerization with increasing concentration of urethane was 

not a consequence of chain mobility, due to the fact 2U21C3 had the highest Tg, -21 ˚C. 

A film of 2U21C3 was spin cast onto a quartz slide from a 5 wt% toluene solution 

to examine the influence of film thickness on the rate of cinnamate dimerization.  The 5 

wt% rate of cinnamate photo-reactivity was compared to 2U21C3 spin cast from a 10 wt% 

toluene solution.  The influence of film thickness was examined to insure UV-radiation 

penetrated the entire thickness of the film affording uniform curing, and to explore the 

concentration effect on the exposure time required to reach a steady state of cinnamate
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Figure 6.4  Kinetic plot investigating the rate of cinnamate photo-dimerization as a 
function of cinnamate and urethane concentration. 
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concentration.  The 5 wt% film was 0.18 ± 0.12 μm thick and the 10 wt% film was 1.02 ± 

0.13 μm thick.  The observed cinnamate dimerization rate of the 5 wt% and 10 wt% films 

were very similar at 0.382 s-1 and 0.341 s-1, respectively.  The cinnamate concentration 

plateaued after 60 s and 120 s of UV-irradiation for the 5 wt% and 10 wt% films, 

respectively.  As expected, the 5 wt% film achieved a steady cinnamate concentration 

faster because the film was thinner and contained a lower concentration of cinnamate 

groups.   

Sol fraction analysis was conducted on urethane and control series films in 

refluxing THF.  All non-cured films produced no gel fraction, and all UV-cured films 

were cured for 10 s with a measured UVB-dosage 0.147 ± 0.05 J/cm2.  UV-cured films of 

2U21C3, 2U12C12, and 2U8C16 produced gel fractions of 25%, 21%, and 18%, 

respectively.  Increasing urethane concentrations correlated to higher gel fractions for the 

urethane series, indicating the lowest molar concentration of cinnamate produced the 

highest gel fraction.  The opposite effect was evident in the control series.  Irradiated 

films of 2H21C3, 2H12C12, and 2H9C15 produced gel fractions of 12%, 15%, and 19%, 

respectively.  The gel fraction increased with increasing cinnamate groups for the control 

series.  Increasing gel content with higher cinnamate concentrations was expected for 

compositions that did not contain hydrogen bonding groups.46     
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6.5 Conclusion 

A novel synergy combining hydrogen bonding and photo-reactive groups was 

developed in low Tg acrylics for application as HMPSAs.  Acrylic copolymers of EHA, 

HEA, and MA were functionalized with urethane and cinnamate groups, and the reaction 

conditions were optimized to control the degree of functionality and manipulate the 

relationship between hydrogen bonding and photo-active sites.  Hydrogen bonding 

associations provided strategies to increase the apparent molecular weight post-

processing to prevent creep and cohesive failure.  Processing above the hydrogen 

bonding dissociation temperature presents a methodology to maintain viscosities low for 

melt processing.  Isothermal rheological experiments at 150 °C confirmed the melt 

stability of the cyclohexyl urethane linkage, cinnamate, and the acrylic adhesive 

composition. 

Precursors were functionalized with both urethane and cinnamate groups.  The 

charged molar equivalence of cyclohexyl isocyanate to HEA determined the degree of 

urethane functionalization.  All remaining residual HEA units of the urethane 

functionalized copolymer were reacted with cinnamoyl chloride introducing cinnamate 

functionality.  The UV-cured peel strength increased as the concentration of urethane 

increased.  Higher concentrations of cinnamates increased the Tg of the UV-cured film, 

preventing the adhesive from spreading and adequately contacting the substrate.  All UV-

cured films containing cinnamate groups failed 100% adhesively.  Complete adhesive 

failure was attributed to the network formation from the intermolecular photo-

dimerization of cinnamates.  The percentage of adhesive failure for non-cured tapes 

increased as the concentration of urethane units increased.  Increasing adhesive failure 
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with urethane concentration was attributed to an increase in apparent molecular weight 

resulting from the intermolecular association of hydrogen bonding groups. 

A control series was synthesized for comparison to the urethane series to 

investigate the influence of hydrogen bonding groups on the rate and efficiency of 

cinnamate photo-reactivity.  The control series contained cinnamate groups and residual 

HEA units, and did not contain any urethane sites.  The rate of cinnamate photo-

dimerization as a function of composition comparing the urethane and control series was 

determined from a second order kinetic plot following the disappearance of conjugated 

cinnamates with UV-exposure, as shown in Figure 6.4.  Both the urethane sample, 

2U21C3, and the control sample, 2H21C3, contained three mole percent cinnamate with 

comparable molecular weights.  Sample 2U21C3 dimerized at a rate of 0.314 s-1 and 

2H21C3 at a rate of 0.170 s-1, indicating the presence of urethane groups assisted in the 

rate of cinnamate dimerization through the formation of intermolecular hydrogen bonds 

that confined the cinnamate groups in a proximity beneficial for photo-reactivity.  The 

presence of the urethane was not influential when the concentration of the cinnamate 

group was increased for samples 2U8C16 and 2H9C15.  The low concentration of urethane 

groups did not influence the rate of cinnamate photo-reactivity and the rate of 

dimerization was very similar for 2U8C16 and 2H9C15 at 0.069 s-1 and 0.081 s-1, 

respectively.  The relationship between urethane groups and cinnamate photo-reactivity 

provides evidence that high concentrations of hydrogen bonding associations can increase 

the efficiency of cinnamate photo-dimerization. 
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Chapter 7: Photo-rheology of Low Tg Acrylics Functionalized with  
 

Hydrogen Bonding and Photo-reactive Groups 
 

 
 

7.1 Abstract   

 Random copolymers of poly(n-butyl acrylate-co-2-hydroxyethyl methacrylate) 

were functionalized with a novel combination of hydrogen bonding and photo-reactive 

substituents to explore the photo-curing of associated macromolecular architectures.  The 

influence of urethane hydrogen bonding on the photo-reactivity of cinnamate-

functionalized acrylics was investigated with photo-rheology and UV-vis spectroscopy.  

Photo-rheology was utilized to monitor the viscoelastic changes upon UV-exposure.  

Cinnamate-functionalized samples displayed an increase in modulus with exposure time, 

and the percentage increase in modulus decreased as the urethane content increased.  This 

was attributed to a lower concentration of cinnamate groups and lower degree of 

crosslinking.  The rate of cinnamate dimerization was determined from a kinetic analysis 

utilizing UV-vis spectroscopy.  The vinyl cinnamate absorbance at 275 nm decreased as 

UV-exposure time increased.  The decrease in cinnamate concentration was attributed to 

the loss of conjugated cinnamate groups as cinnamate dimerization formed cyclobutane.  

The synergy of hydrogen bonding and photo-reactive groups resulted in higher rates of 

cinnamate photo-reactivity with increasing urethane concentration. 
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7.2 Introduction 

 Photo-curable polymers are widely used in lithographic,1 adhesive,2 coating,3 and 

photonic4 applications.  Photo-reactions offer solvent-free, environmentally benign 

strategies, efficient processing, selective reactivity, and fast curing kinetics.  Monomers 

that photo-polymerize with or without the use of photo-sensitizers include 

(meth)acrylates, dienes, and vinyl groups,5-9 and common photo-reactive oligomers 

include oligourethane acrylates, epoxyacrylates, and unsaturated polyester acrylates.10,11 

Photo-reactive monomers and oligomers are extensively applied as surface protective 

coatings due to an extremely fast rate of photo-initiated crosslinking to form insoluble, 

mechanically durable polymer networks.  Recently, several reviews described the 

potential of photopolymerization and related emerging technologies.12-14   

 Photo-rheology is an excellent tool to observe the real-time evolution of 

mechanical and rheological properties as photo-reactive monomers transition from liquid 

to solid during photo-curing.  Photo-rheology monitors the rheological response to in situ 

UV-curing, as shown in Figure 7.1.15  Khan and coworkers initially introduced photo-

curing dynamic rheology, and reported the influence of sample thickness, radiation 

intensity, and oscillatory shear on the photo-rheological properties of urethane-based 

thiols.16,17  Gasper and coworkers utilized photo-rheology to investigate the viscoelastic 

properties during photo-curing of urethane-acrylate oligomers and acrylic comonomer 

coatings.18  Others have complemented photo-rheology with real time Fourier transform 

infrared spectroscopy (FTIR) and near infrared spectroscopy (NIR) to monitor the degree 

of conversion during photo-curing and quantify the photo-curing kinetics of acrylic 

monomers.19,20   
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Figure 7.1  Photo-rheometer for rheologically monitoring in situ UV-curing. The 
incident UV beam is reflected from a mirror through the quartz top plate onto the sample 
film.  Reprinted with permission from Macromolecules 29, 5368-5374 (1996).  Copyright 
2009 American Chemical Society. 
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  Recent photo-rheology literature reports the property evolution of photo-curing 

monomers and oligomers, however, to the best of our knowledge, photo-rheological 

studies that describe the photo-curing of polymers functionalized with photo-dimerizable 

groups are not available in the earlier literature.  Our study herein describes the photo-

rheology of hydrogen bond containing acrylic random copolymers and the influence of 

hydrogen bonding associations on the photo-reactivity of cinnamate-functionalized low 

Tg acrylics.  The photo-chemistry of cinnamates involves two photo-reactions upon UV-

irradiation, i.e. the initial trans-cis isomerization and subsequent photo-dimerization.  

Photo-dimerization involves the [2π + 2π] cycloaddition of cinnamates in the head-to-

head or head-to-tail configuration to form cyclobutane isomers.21-23   

 Recently supramolecular polymeric structures have received renewed interest.24-26  

For example, noncovalent methodologies for the association and self-assembly of 

macromolecules includes the formation of donor-acceptor complexes,27 hydrogen 

bonding,28 liquid crystalline behavior,29 and the self-assembly of amphiphilic 

copolymers.30  Hydrogen bonding functionality is prevalent in biological systems, and the 

associations are thermo-reversible, therefore, providing a versatile scaffold for 

noncovalent associations.31  Photo-curable, thermoreversible polymers provide 

orthogonal strategies for the self-assembly and covalent crosslinking of associated 

polymeric architectures.32  Post-polymerization photo-curing increases the molecular 

weight and mechanical properties of low viscosity oligomers, providing more facile, 

solvent-free melt processing.  Others have incorporated photo-reactive groups to increase 

the molecular weight and cohesive strength of low viscosity adhesive formulations for 

coating applications.33,34  Photo-curing of self-assembled architectures has recently 
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received significant interest in the layer-by-layer (LBL) assembly of multilayer thin 

films,35 formation of supramolecular nanostructures,36 and formation of liquid crystalline 

polymers.37    

In this study a random copolymer of poly(n-butyl acrylate-co-2-hydroxyethyl 

methacrylate) (poly(nBA-co-HEMA)) was synthesized as a reactive polymer precursor, 

as shown in Scheme 7.1.  Primary hydroxyl groups of HEMA repeating units were 

quantitatively functionalized with urethane and cinnamate groups to introduce a novel 

combination of hydrogen bonding and photo-reactive substituents, respectively, as shown 

in Scheme 7.2.  The degree of urethane and cinnamate functionality was varied to 

systematically study the photo-curing behavior as a function of composition.  Photo-

rheology and UV-vis spectroscopy were used to investigate the influence of hydrogen 

bonding associations on the photo-reactivity of cinnamate functionalized acrylics. 
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7.3 Materials and Methods 

7.3.1 Materials   

 Azobisisobutyronitrile (AIBN), tetrahydrofuran (THF), n-butyl acrylate (nBA), 2-

hydroxyethyl methacrylate (HEMA), cinnamoyl chloride, triethylamine (TEA), 

cyclohexyl isocyanate, ethyl acetate, and methanol were purchased from Sigma-Aldrich 

Chemical Co.  AIBN was recrystallized twice from methanol.  Reagent grade 

tetrahydrofuran (THF) was passed through a PURE SOLV MD-3 Solvent Purification 

System (Innovative Technology Inc.) immediately prior to use.  Cinnamoyl chloride was 

sublimed to produce white crystals.  TEA was distilled from CaH2.  nBA was passed 

through a neutral alumina column to remove any inhibitor.  HEMA (100 g, 0.77 mols) 

was dissolved in distilled water (400 mL) and hydroquinone (0.10g, 0.90 mmol) was 

added.  The aqueous solution was washed ten times with hexanes to remove any 

diacrylate present, and NaCl (50 g, 0.90 mol) was added to the final aqueous solution.  

HEMA was extracted from the aqueous layer with ethyl ether and additional 

hydroquinone (0.10 g, 0.90 mmol) was added.  The organic layer was dried over CaSO4 

and concentrated in vacuum.  HEMA was passed over neutral alumina to remove 

hydroquinone prior to use.  Cyclohexyl isocyanate was used without further purification.  

All reactions were conducted under a nitrogen environment in flame-dried glassware, 

unless otherwise noted.    

7.3.2 Instrumentation   

 Size exclusion chromatography (SEC) was used to determine molecular weights 

and polydispersity indices (PDI), Mw/Mn.  Molecular weights were determined at 40 °C 

in tetrahydrofuran (ACS grade) at a flow rate of 1 mL min-1 on a Waters GPC equipped 
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with 3 in-line Polymer Laboratories PLgel 5 μm MIXED-C columns with a Waters 717 

autosampler.  A triple detection system included a Waters 2414 Refractive Index 

Detector, Viscotek 270 Dual Detector viscometer, and Wyatt Technologies miniDAWN 

multiangle laser light scattering (MALLS) detector.  The MALLS detector was used to 

determine absolute weight-average molecular weights with the refractive index 

increments (dn/dc) determined online.   

 1H NMR spectroscopy was performed on a Varian Unity 400 spectrometer at 400 

MHz in CDCl3.  Differential scanning calorimetry (DSC) was performed under a nitrogen 

flush at a heating rate of 10 °C/min on a TA Instruments DSC 1000.  Data was collected 

on the 2nd heat cycle.  FTIR spectroscopy was performed on a MIDAC M-1700 FTIR 

with Durascope single bounce diamond ATR.  UV-Vis spectroscopy was performed 

using an Analytical Instrument Systems Inc. spectrometer equipped with fiber optic 

cables, a DT1000CE light source, and an Ocean Optics USB2000 UV-Vis detector.  UV-

curing was performed with a Fusion UV Systems Inc. 100 W mercury bulb with a 

P300MT power supply and an adjustable speed conveyor belt.  Light intensities were 

measured using an EIT Inc. UV power puck.  Irradiation for 10 s produced intensities of 

UVA 1.702 W/cm2 and UVB 1.446 W/cm2.    UV-curing rheology was performed on a 

TA instruments rheometer with a Novacure light source and mercury bulb.  Experiments 

were isothermal at 25˚C with a 20 mm quartz top plate on a peltier plate, with a gap of 

0.3 μm, and conducted at 10 Hz with 3 % strain.  Films were irradiated for 55 min with 

an intensity of 265 mW/cm2 measured at the peltier plate surface.   
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7.3.3 Synthesis of Poly(nBA-co-HEMA) Precursor   

 The synthesis of the poly(nBA-co-HEMA) precursor is shown in Scheme 7.1.  

AIBN (0.80 g, 4.87 mmol) was dissolved in ethyl acetate (133 mL) in a 500-mL, round-

bottomed flask equipped with a magnetic stir bar.  nBA (36.0 g, 1.98 mol) and HEMA 

(4.00 g, 0.031 mol) were added to the reaction flask using a degassed syringe.  The 

reaction flask was placed in a 65 ˚C bath for 24 h.  Precipitation into hexanes and 

subsequent drying afforded the final isolated product.  76 mol% nBA, 24 mol% HEMA, 

Mw 40,000, PDI 1.91, Tg -27 °C.  ATR-IR: (C=O) 1714 cm-1, (C-H) 2800-2950 cm-1, (C-

O) 1000-1260 cm-1.  1H NMR, (CDCl3): δ (ppm) 4.07 (2H, C(O)-O-CH2-CH2 (nBA)) and 

(2H, C(O)-O-CH2-CH2 (HEMA)), 3.80 (2H, CH2-CH2-OH (HEMA)), 0.90 (3H, CH2-C(-

CH3)(-C(O)-O-) (HEMA)).  The chemical shifts of all the protons in the polymer 

backbone were between 2.50 and 1.00 ppm. 

7.3.4 Urethane Functionalization of the Acrylic Precursor   

 A 10% molar excess of cyclohexyl isocyanate to HEMA repeating units achieved 

100% urethane functionalization.  The molar ratio of urethane to pendant hydroxyl 

groups was varied to influence the degree of functionalization.  The precursor (6.30 g, 

0.016 mol HEMA) was dissolved in toluene (9.45 g) in a 100-mL, round-bottomed flask 

equipped with a magnetic stir bar.  Cyclohexyl isocyanate (2.21 g, 0.018 mol) was added 

to the reaction flask using a degassed syringe.  Di-n-butyltindilaurate (0.20 mL, 1 wt % in 

toluene) was added to the reaction flask as a catalyst.  The reaction flask was placed in a 

50 ˚C bath for 8 h.  Precipitation into hexanes and subsequent drying afforded the final 

isolated product.   Yield 75%.  ATR-IR: (N-H) 3200-3500 cm-1, urethane (C=O) 1535 

cm-1.  1H NMR, (CDCl3): δ (ppm) 4.21 (2H, C(O)-O-CH2-CH2-O-C(O)-NH (UEMA)),
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Scheme 7.1  Synthesis of the poly(nBA-co-HEMA) precursor. 
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4.07 (2H, C(O)-O-CH2-CH2 (nBA)), 4.00 (2H, C(O)-O-CH2-CH2 (UEMA)), 3.45 (1H, 

NH-CH-(CH2)2 (UEMA)), 0.90 (3H, CH2-C(-CH3)(-C(O)-O-) (HEMA)).  The chemical 

shifts of all the protons in the polymer backbone were between 2.50 and 1.00 ppm.  

7.3.5 Cinnamate Functionalization of the Precursor and Urethane Functionalized 

Acrylic   

 Urethane and cinnamate functionalization of the poly(nBA-co-HEMA) precursor 

is depicted in Scheme 7.2. A five-molar excess of cinnamoyl chloride achieved 100% 

cinnamate functionalization.  The precursor (5.78 g, 0.015 mol HEMA) or urethane 

functionalized sample was dissolved in dichloromethane (42.9 g) in a 250-mL, two-

necked, round-bottomed flask equipped with a magnetic stir bar and addition funnel.  The 

solution was cooled to 0 °C and TEA (7.55 g, 0.075 mol) was added to the reaction flask 

using a degassed syringe.  Cinnamoyl chloride (12.5 g, 0.075 mol) was dissolved in 

dichloromethane (16.0 g) and added drop-wise to the reaction flask.  The reaction was 

stirred at 0 °C for 2 h.  Precipitation into methanol and subsequent drying afforded the 

final isolated product.  Yield 65%.  ATR-IR: cinnamate (C=C, vinyl) 1637 cm-1, (C=C, 

Aromatic) 1500 cm-1.  1H NMR, (CDCl3): δ (ppm) 7.75 (1H, trans O-C(O)-CH=CH-Ar 

(CEMA)), 7.57 (2H, Ar H (CEMA)), 7.38 (3H, Ar H (CEMA)), 6.48 (1H, trans CO2-

CH=CH-Ar (CEMA)), 4.40 (2H, C(O)-O-CH2-CH2 (CEMA), 4.21 (2H, C(O)-O-CH2-

CH2 (UEMA)) and (2H, C(O)-O-CH2-CH2 (CEMA)), 4.07 (2H, C(O)-O-CH2-CH2 

(nBA)), 4.00 (2H, C(O)-O-CH2-CH2-O-C(O)-NH (UEMA)), 3.45 (1H, NH-CH-(CH2)2 

(UEMA)), 0.90 (3H, CH2-C(-CH3)(-C(O)-O-) (CEMA and UEMA)).  The chemical shifts 

of all the protons in the polymer backbone were between 2.50 and 1.00 ppm. 
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Scheme 7.2  Urethane and cinnamate functionalization of poly(nBA-co-HEMA)
precursor, (i) 0.2 mL of 1 wt% di-n-butyltin-dilaurate in toluene, 40 wt% solids in 
toluene, 50 °C, (ii) triethylamine, 20 wt% solids in dichloromethane, 0 °C. 
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7.3.6 UV-Vis Characterization of UV-Irradiated Films   

 The sample was dissolved in toluene at 10 wt%.  The solution was spin-cast onto 

a square quartz slide (1” x 1”) at 2000 rpm for 1 min.  The UV-Vis absorbance of the film 

was measured.  The coated slide was then irradiated for 10 s, 30 s, 60 s, 90 s, 120 s, 150 

s, and 180 s periods and the UV-Vis absorbance measured after each exposure period.  

Cinnamate samples were spin coated on quartz slides to a thickness of 0.79±0.03 μm, 

1.05±0.04 μm, 0.98±0.03 μm, and 1.00±0.04 μm for U20C4, U11C13, U5C19, and C24, 

(which are defined in Table 7.1) respectively. 
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7.4 Results and Discussion 

7.4.1 Synthesis and Functionalization  of the Poly(nBA-co-HEMA) Precursor with 

Hydrogen Bonding and Photo-reactive Groups   

 nBA was incorporated into the precursor copolymer to tailor the glass transition 

temperature to below room temperature, and HEMA was incorporated as a 

functionalization site for the subsequent incorporation of urethane and cinnamate groups.  

The random copolymer precursor contained 76 mol% nBA and 24 mol% HEMA as 

determined using 1H NMR shown in Figure 7.2.  The precursor had a Mw 40,000 (Mw/Mn 

1.91) and Tg -27 ˚C. 

 To investigate the effect of functionalization on the thermal and rheological 

properties, complete conversion of HEMA groups to cinnamate or urethane functionality 

was necessary.  A 10% molar excess of cyclohexyl isocyanate to HEMA repeat units 

achieved 100% urethane (incorporation of 24 mol% 2-

[(cyclohexylamino)carbonyl]oxyethyl methacrylate) functionalization, U24.  The 1H 

NMR of U24 is shown in Figure 7.3.  The HEMA peak at 3.80 ppm completely 

disappeared, while the C-H connecting the cyclohexyl to the urethane linkage appeared at 

3.45 ppm.  The 100% urethane functionalized copolymer had a Mw 52,300 (Mw/Mn 2.16) 

and Tg -12 ˚C.  The Tg increase was attributed to the increase in apparent molecular 

weight due to the association of intermolecular urethane hydrogen bonds.  A five-molar 

excess of cinnamoyl chloride to HEMA repeat units achieved 100% cinnamate 

(incorporation of 24 mol% 2-cinnamoyloxyethyl methacrylate) functionalization, C24.  

The 1H NMR of C24 is shown in Figure 7.4 and the HEMA peak at 3.80 ppm completely 

disappeared, while the cinnamate peaks appeared at 7.75 ppm,
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Figure 7.2  1H NMR of poly(nBA-co-HEMA) precursor. 

Figure 7.3  1H NMR of U24. 
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Figure 7.4  1H NMR of C24. 
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7.57 ppm, 7.38 ppm, and 6.48 ppm.  The 100% cinnamate-functionalized copolymer had 

a Mw 53,400 (Mw/Mn 2.16) and Tg -17 ˚C.  The Tg increase was attributed to the 

incorporation of bulky cinnamate pendent groups. 

 The precursor was functionalized with varying degrees of urethane and cinnamate 

functionality, as summarized in Table 7.1.  Urethane functionality was introduced in the 

first synthetic step to limit premature crosslinking during cinnamate functionalization.  

Within the reaction period the ratio of cyclohexyl isocyanate to HEMA repeat units 

determined the degree of urethane functionalization.  Following urethane 

functionalization, cinnamoyl chloride was charged in a five-molar excess to the residual 

HEMA groups.  UV-vis spectroscopy and photo-curing rheology were used to determine 

the influence of hydrogen bonding sites on the efficiency of cinnamate photo-reactivity 

and rheological properties. 
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Table 7.1  Composition, molecular weight, and Tg comparison of the precursor, urethane-
and cinnamate-functionalized series of acrylic copolymers (*EMA: ethyl methacrylate). 
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7.4.2 Photo-rheology of the Urethane and Cinnamate Functionalized Acrylics   

 The photo-rheology of the precursor and functionalized melt films are shown in 

Figure 7.5.  The films were allowed to initially equilibrate under shear for 420 s, and the 

UV-light was subsequently activated initiating distinguishable changes in the melt 

viscosities.  As expected, the steady state viscosities prior to irradiation increased as the 

concentration of urethane groups increased.  Copolymer U24 had the highest and C24 had 

the lowest initial viscosity of functionalized samples, which was attributed to the 

concentration of urethane units.  All functionalized samples had comparable weight-

average molecular weights, ranging from 50,200 to 54,000.  

The melt viscosity of cinnamate-functionalized films increased upon UV-

exposure.  The increase in viscosity was attributed to the intermolecular crosslinking 

reaction of cinnamate photo-dimerization.  During photo-curing, the viscosity of C24 

increased over 300%.  A viscosity increase of only 26% was achieved for U20C4.  The 

percentage increase in viscosity decreased as the urethane content increased, which was 

attributed to a lower concentration of cinnamate groups achieving a lower degree of 

crosslinking.  
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Figure 7.5  Photo-rheology of the precursor, urethane- and cinnamate-functionalized 
copolymers.  Films were equilibrated for 420 s, at which point the UV-light was 
actuated. 
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7.4.3 Influence of Composition on the Rate of Cinnamate Photo-reactivity 

 The influence of composition on the rate of cinnamate dimerization was 

investigated using UV-vis spectroscopy.  Cinnamate samples were spin-coated on quartz 

slides to a thickness of 0.79±0.03 μm, 1.05±0.04 μm, 0.98±0.03 μm, and 1.00±0.04 μm 

for U20C4, U11C13, U5C19, and C24, respectively.  The rate of cinnamate dimerization was 

determined from a second order kinetic plot of absorbance versus UV-exposure time.  

The cinnamate absorbance peak at 275 nm decreased as UV-exposure time increased, as 

shown in Figure 7.6 for U20C4.  The decrease in cinnamate concentration was attributed 

to the loss of conjugated cinnamate groups as cinnamate dimerization occurred. 

Figure 7.6  Decrease in cinnamate UV-absorbance at 275 nm with increasing UV-
exposure time for U20C4. 
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  Figure 7.7 displays a second order kinetic plot of absorbance versus UV-exposure 

time for the cinnamate functionalized series.  The precursor and U24 were not included in 

the kinetic study because they contained no photo-reactive cinnamate groups.  C24 

contained the highest molar percentage of cinnamate and displayed the slowest rate of 

cinnamate dimerization, 0.05 s-1.  The rate of cinnamate dimerization increased as the 

concentration of urethane increased.  U20C4 displayed the fastest rate of cinnamate photo-

dimerization at 0.17 s-1, while possessing the highest Tg, -12 °C.  Therefore, the 

correlation between urethane concentration and the rate of cinnamate dimerization was 

not attributed to a glass transition temperature effect.  U11C13 and U5C19 displayed similar 

rates of cinnamate dimerization at 0.10 s-1 and 0.09 s-1, respectively. 

 The cinnamate absorbance of U20C4 did not change after 120 s of UV-irradiation.  

A change in cinnamate absorbance was not detected following 150 s of irradiation in all 

other films.  The absorbance plateau was attributed to the equilibration of cinnamate 

concentration.  Network formation prevented necessary chain mobility to satisfy the 

topochemical requirements of cinnamate dimerization.  As expected, the required UV-

exposure time to achieve cinnamate equilibration was concentration dependent.  U20C4 

was also coated from a 5 wt% solution to produce a 0.16±0.03 μm thick film.  The 5 

wt% and 10 wt% films exhibited nearly identical rates of cinnamate photo-reactivity at 

0.16 s-1 and 0.17 s-1, respectively.  However, only 90 s of UV-irradiation was required to 

equilibrate the 5 wt% film compared to 120 s for the 10 wt% film.   The 5 wt% film 

equilibrated faster due to a lower concentration of cinnamate groups. 
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Figure 7.7  Kinetic plot investigating the rate of cinnamate dimerization verses UV-
exposure time as a function of cinnamate and urethane concentration. 
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7.5 Conclusions 

 A random copolymer of poly(nBA-co-HEMA) was functionalized with cinnamate 

and urethane groups to introduce a novel combination of hydrogen bonding and photo-

reactive sites, respectively.  The reaction conditions were optimized to control the degree 

of functionality and a series of urethane and cinnamate containing copolymers were 

synthesized with comparable molecular weights.  Photo-rheology was utilized to monitor 

the viscoelastic changes in material properties with UV-exposure.  Cinnamate 

functionalized samples displayed an increase in viscosity with exposure time.  The 

change in viscosity was attributed to the intermolecular crosslinking dimerization of 

cinnamates.  The percentage increase in viscosity during photo-curing decreased as the 

urethane concentration increased.  This was attributed to a lower concentration of 

cinnamate groups and lower degree of crosslinking.  

 UV-vis spectroscopy was utilized to determine the concentration of conjugated 

cinnamate groups following segmented irradiation periods.  Conjugated cinnamate 

absorbance at 275 nm decreased as UV-exposure time increased and a side band at 240 

nm attributed to the presence of cyclobutane appeared.  The rate of cinnamate 

dimerization increased as the concentration of urethane increased, suggesting that 

hydrogen bonding sites promoted cinnamate dimerization.  
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Chapter 8: In situ Photo-crosslinking Electrospun Fibers of Cinnamate  
 

Functionalized Low Tg Acrylics 
 
 

 

8.1 Abstract 

 Electrospun fibers were in situ photo-crosslinked to develop fibrous membranes 

from cinnamate-functionalized low Tg acrylics.  Poly(n-butyl acrylate-co-2-hydroxyethyl 

methacrylate) (poly(nBA-co-HEMA)) precursor was functionalized with 6 mol% 

cinnamate functionality.  The photo-reactive cinnamates were introduced from the 

reaction of HEMA repeat units with cinnamoyl chloride.  Electrospinning was conducted 

approximately 55 °C above the Tg of the cinnamate acrylate and the electrospun fibers 

did not retain their fibrous morphology without photo-curing.  Electrospinning without 

photo-curing produced an adhesive coating resulting from the bulk flow of the low Tg 

acrylic, and the surface of the collection substrate became tacky.  However, electrospun 

fibers were collected that retained their fibrous morphology and resisted flow when in 

situ photo-cured during electrospinning.  The intermolecular photo-dimerization of 

cinnamates resulted in a network formation that prevented the low Tg acrylic from 

flowing, and the photo-cured membrane contained a gel fraction of 74 ± 5%.  In situ 

photo-curing represents a strategy to broaden the available polymer architectures to 

electrospin high surface area fibrous membranes for applications in medical bandages, 

filtration membranes, and protective clothing. 
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8.2 Introduction   

 Photo-reactive polymers are widely used in liquid crystalline,1 drug delivery,2 

tissue engineering,3 adhesive,4 lithographic,5 coating,6 and photonic7 applications.  Photo-

reactions offer solvent-free environmentally beneficial strategies, efficient processing, 

selective reactivity, and fast curing kinetics.8  Photo-reactive monomers and oligomers 

are extensively applied as surface protective coatings due to an extremely fast rate of 

photo-crosslinking to form insoluble, mechanically durable networks.1,9,10  In the 1950’s 

Minsk and coworkers were the first to study the photo-dimerization of cinnamate 

groups.11,12  Minsk and researchers reported the photo-crosslinking reaction of cinnamate 

groups in poly(vinyl cinnamate).  Cinnamates are thermally stable below 200 °C13 and 

known to photo-dimerize without a photo-sensitizer through a [2π + 2π] cycloaddition to 

form cyclobutane.14  Since Minsk’s initial discovery the cinnamate functionality has 

received interest in polymeric and small molecules as a photo-reactive crosslinker.15-19  In 

the present study a low Tg cinnamate functionalized acrylate was electrospun in the 

presence of UV-irradiation to develop insoluble fibrous membranes. 

 Electrospinning is a strategy to develop nanostructured materials of nonwoven 

fibrous membranes with fiber diameters ranging from nanometers to microns with high 

surface areas.20-23  An external electric field is applied to a solution or melt traditionally 

containing entangled high molecular weight polymers.  The solution or melt droplet 

becomes unstable in the presence of an electric field, and a submicron jet is ejected from 

the droplet and travels towards a grounded substrate.24  As the jet travels toward the 

grounded substrate it becomes unstable and demonstrates a whipping motion.  The 

whipping-like motion accounts for solvent evaporation and thinning of single fibers 
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resulting in submicron fiber diameters.21  The electrospun mat is collected as a disordered 

three-dimensional nonwoven fibrous membrane with a high specific surface area and 

submicron degree of porosity.25  Traditionally, the formation of electrospun fibers 

requires viscous, entangled, high molecular weight polymers in solution or in the melt, 

since sufficient physical associations are necessary to withstand electrostatic forces and 

whipping instabilities of the charged electrospun jet.20-23  Solutions of low viscosity fluids 

without sufficient physical associations breaks up during electrospinning resulting in 

electrospraying.26,27  Electrospun fibers have received significant attention as filtration 

membranes, vascular grafts, drug delivery vehicles, and tissue scaffolds.28-31 

  Electrospinning is typically conducted at room temperature and requires a 

polymer with a Tg above room temperature to prevent bulk flow of the electrospun 

membrane.  However, thermal curing,32 UV-curing,33 and chemical treatment34 are 

strategies reported in the literature to crosslink electrospun fibers and increase their 

mechanical stability.  Reported crosslinking mechanisms are applied post-electrospinning 

when the fiber has already formed and crosslinking increases the mechanical properties 

and decreases the membranes solubility.32-35  Gupta and coworkers36 introduced a photo-

curing technique to in situ photo-crosslink electrospun fibers of cinnamate functionalized 

poly(methyl methacrylate (MMA)-co-2-hydroxyethyl acrylate (HEA)).  The electrospun 

jet was exposed to UV-irradiation while in flight to the grounded target.  The cinnamate 

acrylates had Tg‘s greater than 90 °C and no morphological difference was observed 

between the fibers electrospun with and without in situ photo-curing.  However, the in 

situ photo-cured fibers produced insoluble crosslinked membranes and the non-cured 

membranes remained completely soluble.  Kim and coworkers37 were the first to in situ 
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photo-cure electrospun fibers of oligomeric precursors.  Conventional free radical 

polymerization was used to synthesis prepolymers of 2-hydroxyethyl methacrylate 

(HEMA) and ethylene glycol dimethacrylate (EGDMA).  Short polymerization times of 

3-4 min at 70 °C were utilized to keep the oligomeric branched acrylates soluble.  A 

photoinitiator was incorporated and the prepolymer solution was electrospun and in situ 

photo-cured, producing crosslinked electrospun HEMA hydrogels. 

 We report a strategy to electrospin low Tg polymers and develop insoluble 

crosslinked membranes.  Our group’s traditional electrospinning procedure21,38-44 was 

modified to UV-irradiate the electrospinning jet as it traveled to the grounded substrate, 

and Figure 8.1 displays the electrospinning setup with in situ photo-curing.  Random 

copolymers of poly(n-butyl acrylate (nBA)-co-HEMA) were synthesized as a reactive 

macromolecular precursor.  The precursor acrylate was functionalized with cinnamates to 

incorporate a photo-crosslinker that did not require a photo-sensitizer.  HEMA repeating 

units of the precursor were functionalized with cinnamate groups from the acid chloride 

reaction with cinnamoyl chloride.  The influence of in situ photo-curing during 

electrospinning was investigated, and the cinnamate acrylate electrospun membranes 

were characterized with SEM, FTIR spectroscopy, and gel fraction analysis. 
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Figure 8.1  Electrospinning setup with in situ photo-curing.

 187



8.3 Materials and Methods 

8.3.1 Materials   

 Azobisisobutyronitrile (AIBN 98%), n-butyl acrylate (≥99%), 2-hydroxyethyl 

methacrylate (≥99%), cinnamoyl chloride (98%), triethylamine (TEA, ≥99%), 

hydroquinone (99%), ethyl acetate (HPLC), tetrahydrofuran (THF, HPLC), 

dichloromethane (HPLC), N,N-dimethylformamide (DMF, HPLC), chloroform, and 

methanol (HPLC) were purchased from Sigma-Aldrich Chemical Co.  AIBN was 

recrystallized twice from methanol.  THF was passed through a PURE SOLV MD-3 

Solvent Purification System (Innovative Technology Inc.) immediately prior to use.  

Cinnamoyl chloride was sublimed and produced white crystals that melted between 35-

37 °C.  TEA was distilled from CaH2.  nBA was passed through a neutral alumina 

column to remove any inhibitor.  The purification of HEMA was modified from the 

literature procedure.45  HEMA (100 g, 0.77 mols) was dissolved in distilled water (400 

mL) and hydroquinone (0.10g, 0.90 mmol) was added.  The aqueous solution was 

washed ten times with hexanes to remove any diacrylate present, and NaCl (50 g, 0.90 

mol) was added to the final aqueous solution.  HEMA was extracted from the aqueous 

layer with ethyl ether and additional hydroquinone (0.10 g, 0.90 mmol) was added.  The 

organic layer was dried over CaSO4 and concentrated in vacuum.  HEMA was passed 

over neutral alumina to remove hydroquinone prior to use.  All reactions were conducted 

under an argon environment in flamed-dried glassware, unless otherwise noted.       

8.3.2 Instrumentation   

 Size exclusion chromatography (SEC) was used to determine molecular weights 

and polydispersity indices (PDI), Mw/Mn.  Molecular weights were determined at 40 °C 
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in tetrahydrofuran (ACS grade) at a flow rate of 1 mL min-1 on a Waters GPC equipped 

with 3 in-line Polymer Laboratories PLgel 5 μm MIXED-C columns with a Waters 717 

autosampler.  A triple detection system included a Waters 2414 Refractive Index 

Detector, Viscotek 270 Dual Detector viscometer, and Wyatt Technologies miniDAWN 

multiangle laser light scattering (MALLS) detector.  The MALLS detector was used to 

determine absolute weight-average molecular weights with the refractive index 

increments (dn/dc) determined online.   

 1H NMR spectroscopy was performed on a Varian Unity 400 spectrometer at 400 

MHz in CDCl3.  Differential scanning calorimetry (DSC) was performed under a nitrogen 

flush at a heating rate of 10 °C/min on a TA Instruments DSC 1000.  Data was collected 

on the 2nd heat cycle.  FTIR spectroscopy was performed on a MIDAC M-1700 FTIR 

with Durascope single bounce diamond ATR.  UV-Vis spectroscopy was performed 

using an Analytical Instrument Systems Inc. spectrometer equipped with fiber optic 

cables, a DT1000CE light source, and an Ocean Optics USB2000 UV-Vis detector.  UV-

curing was performed with a Fusion UV Systems Inc. 100 W mercury bulb with a 

P300MT power supply.  Light intensities were measured using an EIT Inc. UV power 

puck.  Irradiation for 10 s produced intensities of UVA 0.326 W/cm2 and UVB 0.262 

W/cm2. 

8.3.3 Synthesis of Poly(nBA-co-HEMA) Precursor   

 Scheme 8.1 displays the reaction scheme for the synthesis of poly(nBA-co-

HEMA) precursor.  AIBN (0.504 g, 3.07 mmol) was dissolved in ethyl acetate (85.0 mL) 

in a 500-mL, round-bottomed flask equipped with a magnetic stir bar.  nBA (43.5 g, 

0.339 mol) and HEMA (6.84 g, 0.060 mol) were added to the reaction flask using a
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Scheme 8.1  Synthesis of the poly(nBA-co-HEMA) precursor. 

 190



degassed syringe.  The reaction flask was placed in a 65 ˚C bath for 24 h.  The reaction 

was precipitated into hexanes and vacuum dried under reduced pressure.  79 mol% nBA, 

21 mol% HEMA, Mw 231,000, PDI 2.51, Tg -38 °C.  ATR-IR: (C=O) 1714 cm-1, (C-H) 

2800-2950 cm-1, (C-O) 1000-1260 cm-1.  1H NMR, (CDCl3): δ (ppm) 4.07 (2H, CO2-

CH2-CH2 (nBA)) and (2H, CO2-CH2-CH2 (HEMA)), 3.80 (2H, CH2-CH2-OH (HEMA)), 

0.90 (3H, CH2-C(-CH3)(-C(O)-O-) (HEMA)).  The chemical shifts of all the protons in 

the polymer backbone were between 2.50 and 1.00 ppm. 

8.3.4 Cinnamate Functionalization of the Acrylic Precursor   

 Scheme 8.2 displays the reaction scheme for the cinnamate functionalization of 

the acrylic precursor.  The precursor (7.55 g, 0.013 mol HEMA) was dissolved in 

dichloromethane (20.0 mL) in a 250-mL, two-necked, round-bottomed flask equipped 

with a magnetic stir bar and addition funnel.  The solution was placed in an ice bath and 

triethylamine (3.19 g, 0.032 mol) was added to the reaction flask using a degassed 

syringe.  Cinnamoyl chloride (5.25 g, 0.032 mol) was dissolved in dichloromethane (6 

mL) and added drop-wise to the reaction flask.  The reaction was stirred in an ice bath for 

2 h.  The reaction was precipitated into hexanes and vacuum dried under reduced 

pressure.  79 mol% nBA, 15 mol% HEMA, 6 mol% cinnamoyloxyethyl methacrylate 

(CEMA), Mw 254,000, PDI 2.25, Tg -30 °C.  ATR-IR: cinnamate (C=C, vinyl) 1637 cm-1, 

(C=C, Aromatic) 1500 cm-1.  1H NMR, (CDCl3): δ (ppm) 7.75 (1H, CO2-CH=CH-Ar 

(CEMA)), 7.57 (2H, Ar H (CEMA)), 7.40 (3H, Ar H (CEMA)), 6.51 (1H, CO2-CH=CH-

Ar (CEMA)), 4.40 (2H, C(O)-O-CH2-CH2 (CEMA), 4.21 (2H, CO2-CH2-CH2 (CEMA)), 

4.07 (2H, CO2-CH2-CH2 (nBA)) and (2H, CO2-CH2-CH2 (HEMA)), 3.80 (2H, CH2-CH2-
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Scheme 8.2  Cinnamate functionalization of the acrylic precursor. 

 192



OH (HEMA)), 0.90 (3H, CH2-C(-CH3)(-CO2) (HEMA)).  The chemical shifts of all the 

protons in the polymer backbone were between 2.50 and 1.00 ppm. 

8.3.5 In situ Photo-curing Electrospun Fibers   

 The cinnamate functionalized acrylate was dissolved in DMF/CHCl3 (3/1 vol) at 

concentrations of 15 wt%, 25 wt%, and 35 wt%.  Electrospun fibers of the cinnamate 

functionalized acrylate were collected following our groups electrospinning 

procedure,21,38-44 which was adapted to include in situ photo-curing, as shown in Figure 

8.1.  The solutions were transferred to a 20-mL syringe with an 18-gauge needle, and the 

syringe was mounted in a KD Scientific Inc. syringe pump.  The positive lead of a 

Spellman High Voltage Electronics Corp. CZE1000R high voltage power supply was 

connected to the syringe needle, and the stainless steel collection target was grounded and 

at a tip to screen (TTS) distance of 15 cm.  The fluid was pumped at a constant flow of 5 

mL/h, and 15 kV of voltage was applied.  The electrospinning jet was exposed to a 

F300M Fusion UV System with H-bulb and intensity in the UVB of 0.245 W/cm2. The 

same setup was used to electrospin a 25 wt% cinnamate acrylic solution in DMF/THF 

(3/1 vol) without UV-irradiation.  Electrospun fibers were analyzed using a Leo® 1550 

field emission scanning electron microscope (FESEM).  Electrospun fibers were 

collected on a ¼” x ¼” stainless steel mesh, and adhered to a SEM disc.  The mounted 

fibers were sputter-coated with an 8 nm Pt/Au layer to reduce electron charging.  Gel 

fractions were determined for in situ photo-cured electrospun fibers and non-cured 

controls.  Soxhlet extractions were performed in refluxing THF for 16 h.    
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8.4 Results and Discussion 

8.4.1 Synthesis and Functionalization of Poly(nBA-co-HEMA) with Photo-reactive 

Cinnamate   

 nBA was incorporated into the precursor copolymer to provide a low Tg segment, 

and HEMA was incorporated as a functionalization site for the subsequent incorporation 

of cinnamate groups.  The acrylic precursor contained 79 mol% nBA and 21 mol% 

HEMA and a Mw 231,000, PDI 2.51, and Tg -38 ˚C.  The precursor copolymer was 

functionalized with cinnamates to incorporate a photo-crosslinker.  HEMA repeating 

units of the precursor were functionalized with cinnamate groups from the acid chloride 

reaction with cinnamoyl chloride.  Characterization following cinnamate 

functionalization was performed using NMR spectroscopy, FTIR spectroscopy, DSC, and 

SEC analysis.  1H NMR analysis of the cinnamate functionalized precursor confirmed the 

appearance of cinnamate resonances at 6.51, 7.40, 7.57, and 7.75 ppm.  The resonance at 

3.80 ppm corresponding to the methylene adjacent to the hydroxyl of HEMA diminished, 

and a new resonance at 4.40 ppm corresponding to the methylene adjacent to the ester of 

cinnamoyloxyethyl methacrylate (CEMA) appeared.  The cinnamate functionalized 

acrylate contained 79 mol% nBA, 15 mol% HEMA, and 6 mol% CEMA and a Mw 

254,000, PDI 2.25, and Tg -30 °C.  As expected, the Tg increased following cinnamate 

functionalization due to the incorporation of planar bulky cinnamate groups.  The UV-vis 

characterization of the precursor and cinnamate functionalized films are shown in Figure 

8.2.  The precursor did not absorb in the UV region, however, the cinnamate 

chromophore of the functionalized acrylic absorbed at 275 nm. 
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Figure 8.2  UV-vis absorbance of the acrylic precursor and cinnamate functionalized 
acrylate. 
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8.4.2 Electrospinning Cinnamate Functionalized Low Tg Acrylic Without UV-curing  

 Cinnamate functionalized acrylic electrospun fibers did not retain their fibrous 

morphology without in situ photo-crosslinking.  The Tg of the cinnamate functionalized 

acrylate was -30 °C and electrospinning experiments were conducted at room 

temperature, approximately 55 °C above the Tg.  An electrospun jet originated from the 

Taylor cone of the electrospinning droplet and the cinnamate functionalized acrylate did 

electrospin fibers without in situ photo-curing.  However, the low Tg acrylic fibers flowed 

and did not retain their fibrous structure.  Electrospinning without in situ photo-curing 

resulted in a low Tg acrylic coating on the collection substrate as shown in the SEM 

image in Figure 8.3.  The surface of the collection grid became tacky due to the low Tg 

acrylic coating, and the acrylic was easily removed from the substrate when washed with 

THF.  Choi and coworkers46 observed the flow of polybutadiene (Tg -80 °C) electrospun 

fibers that were not crosslinked, and UV-curing post-electrospinning was necessary to 

retain the polybutadiene fiber morphology.   

Figure 8.3  SEM of cinnamate functionalized acrylic electrospun without in situ photo-
curing, which resulted in an acrylic coating on the collection substrate. 
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8.4.3 In situ Photo-crosslinking Electrospun Cinnamate Functionalized Low Tg 

Acrylic Fibers 

 The literature reports many examples of high molecular weight polymers 

electrospun from viscous solutions at concentrations typically above Ce or from the melt 

phase, and chain entanglements are necessary to withstand the Raleigh instabilities and 

stabilize the whipping electrified jet to produce continuous fibers.20,21,23,47  Traditionally 

polymers with a Tg greater than room temperature are electrospun to prevent polymer 

flow and retain the fiber morphology, however, thermal curing,32 UV-curing,33 and 

chemical treatment34 are strategies reported in the literature to crosslink electrospun 

fibers.  Reported crosslinking mechanisms are applied post-electrospinning when the 

fiber has already formed and crosslinking increases the mechanical properties and 

decreases the membranes solubility.32-35  We report a strategy to electrospin low Tg 

polymers and develop insoluble crosslinked membranes.    

 Electrospun fibers were in situ photo-crosslinked to develop fibrous membranes 

of cinnamate functionalized low Tg acrylates.  The electrospun jet generated from the 

Taylor cone of the electrospinning droplet was UV-irradiated as it proceeded to the 

collection substrate as shown in Figure 8.1.  The UV-light was irradiated through a quartz 

plate onto the electrospinning jet to prevent the collection of electrospun fibers on the 

UV-light.  As shown in Figure 8.2 the cinnamate chromophore absorbs 275 nm light in 

the UVB region.  The UVB intensity measured through the quartz plate at a distance of 

20 cm from the UV-lamp was 0.245 W/cm2 with an energy dose of 2.48 J/cm2 for 10 s. 

 Cinnamate functionalized acrylic electrospun fibers retained their fibrous 

morphology when in situ photo-cured.  DMF/THF (3/1 vol) was chosen as the 
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electrospinning solvent to balance the solvents volatility and optimize the electrospinning 

procedure.  DMF (bp 153 °C) was incorporated as a low vapor pressure solvent to 

provide mobility to the cinnamate side chains in the electrospun jet.  Upon UV-irradiation 

vinyl cinnamate groups require a center to center distance ≤ 4.2 Å to promote photo-

dimerization.48  Sufficient chain mobility was required to arrange cinnamates in a 

confirmation beneficial for photo-dimerization.  The low volatility of DMF increased the 

polymer chain mobility in the electrospinning jet, and provided the fluidity necessary for 

cinnamates to photo-dimerize.  THF (bp 66 °C) was incorporated as a good solvent for 

the cinnamate functionalized acrylic and as a volatile portion to prevent solvent 

accumulation in the collected fibers.   

 Figure 8.4 displays the in situ photo-cured cinnamate acrylate electrospun fibers 

at different electrospinning concentrations.  Droplets formed at 15 wt% (Figure 8.4a) as a 

result of the low solution viscosity destabilizing the electrified jet.  Sufficient solution 

viscosities were necessary to withstand the electrostatic forces and whipping instabilities 

of the charged electrospun jet.20-23  When the concentration was increased to 25 wt% 

smooth continuous fibers formed with diameters ranging from 5 μm to 10 μm, as shown 

in Figure 8.4b.  The increased solution viscosity stabilized the electrospinning jet and 

resulted in the transition from droplets to continuous fibers at 25 wt%.  Figure 8.4c 

displays the formation of continuous fibers with larger diameters ranging from 20 μm to 

60 μm when electrospun from 35 wt%. 

 The FTIR spectra of the cinnamate acrylate and in situ photo-cured electrospun 

membrane are displayed in Figure 8.5.  The cinnamate C=C absorbance at 1637 cm-1 for 

the cinnamate acrylate disappeared in the photo-cured electrospun membrane.  The
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Figure 8.4  SEM of the in situ photo-cured cinnamate acrylate electrospun fibers from 
concentrations of a) 15 wt% b) 25 wt% c) 35 wt% in DMF/THF (3/1 vol). 
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Figure 8.5  FTIR spectroscopy of the cinnamate acrylate and in situ photo-cured 
electrospun membrane.  The cinnamate C=C stretch decreased following photo-curing. 
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decrease in vinyl concentration was attributed to cinnamate photo-dimerization resulting 

from the [2π + 2π] cycloaddition of conjugated cinnamates.  The gel fraction analysis was 

conducted on control films of non-cured cinnamate acrylate and in situ photo-cured 

electrospun membranes in refluxing THF.  The non-cured control films contained no gel 

fraction due to their linear topology and solubility in THF.  However, the photo-cured 

electrospun membranes contained gel fractions of 74 ± 5% due to the network 

architecture formed from the intermolecular photo-dimerization of cinnamates. 

8.5 Conclusion 

 Electrospun fibers were in situ photo-crosslinked to develop fibrous membranes 

from cinnamate functionalized low Tg acrylics.  The random acrylic precursor contained 

79 mol% nBA, 21 mol% HEMA and Tg -38 ˚C.  The precursor acrylic was functionalized 

with cinnamates to incorporate a photo-crosslinker that was thermally stable and did not 

require a photo-initiator.  HEMA repeating units of the precursor were functionalized 

with cinnamate groups from the acid chloride reaction with cinnamoyl chloride.  The 

cinnamate functionalized acrylic contained 79 mol% nBA, 15 mol% HEMA, and 6 mol% 

CEMA and Tg -30 °C.  In situ photo-curing was required to electrospin continuous fibers 

that retained their fibrous morphology.  Electrospinning was conducted approximately 55 

°C above the Tg of the cinnamate acrylate, and electrospinning without in situ photo-

curing resulted in bulk flow of the fibers and acrylic coating on the collection substrate.  

Fibrous membranes were collected of the low Tg cinnamate acrylate in the presence of in 

situ photo-curing.  The electrospun jet generated in the presence of an electric field was 

UV-irradiated as it proceeded to the collection substrate.  The photo-cured electrospun jet 

facilitated the formation of photo-dimers due to the rapid rate of cinnamate photo-
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reactivity, and the intermolecular network prevented bulk polymer flow and stabilized the 

fiber structure.  The cinnamate C=C absorbance at 1637 cm-1 decreased in the photo-

cured electrospun membrane indicating the disappearance of conjugated cinnamate 

groups from the formation of photo-dimers.  The in situ photo-cured electrospun 

membranes produced gel fractions of 74 ± 5%, and represented a strategy to develop 

robust nonwoven membranes from low Tg macromolecules. 
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Chapter 9: Overall Conclusions 

 

The synthesis and characterization of photo-reactive low molar mass surfactants 

and macromolecules was described.  First, the micellar morphology of gemini surfactant, 

12-2-12, was investigated to fundamentally understand the solution properties of 

ammonium gemini surfactants.  The solution microstructure in water and water:methanol 

was characterized with cryo-TEM and solution rheology.  The cosolvent mixture of 

water:methanol was investigated to explore the solvents role in self-assembly and 

electrospinning.  The 12-2-12 microstructure in water transitioned from linear, entangled, 

threadlike micelles to branched threadlike micelles at 1.5 wt%, and at 2.7 wt% the 

microstructure evolved into a viscoelastic, entangled, highly-branched threadlike 

network.  In water:methanol 12-2-12 produced a considerably different micellar 

microstructure compared to water, and the micellar morphology transitioned from 

partitioned globular micelles into overlapped micelles at C* = 11 wt%.     

The supramolecular microstructures of 12-2-12 in water and water:methanol lead 

to highly viscous solutions, and their electrospinning was explored.  Electrospinning 12-

2-12 in water did not produce surfactant fibers at any concentration.  However, for the 

first time nonwoven fibrous scaffolds were electrospun from gemini surfactants, with 

fiber diameters between 0.9 and 7 μm with water:methanol as the solvent.  The 12-2-12 

fiber morphology transitioned from beaded fibers into continuous fibers at concentrations 

greater than 2C* in water:methanol.  The entangled supramolecular structure of the low 

molar mass surfactant stabilized the electrospinning jet and resulted in continuous fibers.  

Electrospinning gemini surfactant fibers from polar solvents represents an innovative 
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strategy to develop high surface area scaffolds or membranes with charged hydrophilic 

surfaces for the development of charged controlled-release membranes, tissue 

engineering scaffolds, or biologically compatible coatings. 

In situ FTIR spectroscopy was used to explore the influence of spacer length on 

the quaternization reaction rate for the synthesis of 12-2-12 and 12-6-12.  Complete 

quaternization of 12-6-12 was completed after only 5 h, whereas 12-2-12 required 40 h.  

The electron donating character of hexamethylene increased the nucleophilicity of the 

unreacted amine, and decreased the reaction time required to complete quaternization. 

DSC was correlated with PLM to explore the thermal transitions of model and 

photopolymerizable gemini surfactants.  DSC and PLM characterization were limited to 

160 °C to prevent thermal degradation of the quaternized ammonium surfactants.  Gemini 

12-2-12 was the only surfactant that displayed two endothermic transitions at 94 °C and 

104 °C.  Both thermal transitions corresponded to crystal-to-crystal transitions, meaning 

12-2-12 has three crystalline structures.  One endothermic transition was observed for 16-

2-16 and 18-2-18 at 104 °C and 105 °C, respectively, and each corresponded to a crystal-

to-crystal transition.  A single broad endothermic transition centered at 98 °C was 

observed for Acry-2-Acry, and Cinn-2-Cinn had the highest endothermic transition at 143 

°C, which corresponded to an isotropic melting transition. 

Conductance experiments were utilized to explore the influence of concentration 

and tail composition on Tk in water and water:methanol.  No change in conductance was 

measured and no Tk was observed for 12-2-12 at concentrations below the CMC.  

However, the Tk was consistent at concentrations above the CMC.  The Tk of the gemini 

surfactant series was measured in water and water:methanol to explore the influence of 
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solvent on the solution properties.  The Tk increased with increasing tail size in water and 

water:methanol.  12-2-12 displayed the lowest Tk at 15.8 °C and Cinn-2-Cinn the highest 

at 69.5 °C in water.  A similar trend was evident in water:methanol, in which 12-2-12 had 

the lowest Tk at -17.0 and Cinn-2-Cinn the highest at 46.2 °C.  The Tk was lower for all 

surfactants in water:methanol compared to water because the cosolvent disrupted the 

crystalline packing of the gemini tails.  The addition of a cosolvent represents a strategy 

to increase the applicable temperature range for gemini surfactants. 

The influence of hydrogen bonding associations on the photo-reactivity of 

cinnamate functionalized macromolecular architectures was studied.  A novel synergy 

combining hydrogen bonding and photo-reactive groups was developed in low Tg 

acrylics for application as hot melt pressure sensitive adhesives.  Acrylic copolymers of 

2-ethylhexyl acrylate (EHA), 2-hydroxyethyl acrylate (HEA), and methyl acrylate (MA) 

were functionalized with urethane and cinnamate groups, and the reaction conditions 

were optimized to control the degree of functionality and manipulate the relationship 

between hydrogen bonding and photo-active sites.  Hydrogen bonding associations 

provided strategies to increase the apparent molecular weight post-processing to prevent 

creep and cohesive failure.  Processing above the hydrogen bonding dissociation 

temperature presents a methodology to maintain viscosities low for melt processing.  

Isothermal rheological experiments at 150 °C confirmed the melt stability of the 

cyclohexyl urethane linkage, cinnamate, and the acrylic adhesive composition. 

Low Tg acrylic precursors were functionalized with both urethane and cinnamate 

groups.  The charged molar equivalence of cyclohexyl isocyanate to HEA determined the 

degree of urethane functionalization.  All remaining residual HEA units of the urethane 
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functionalized acrylic were reacted with cinnamoyl chloride introducing cinnamate 

functionality.  The UV-cured peel strength increased as the concentration of urethane 

increased.  Higher concentrations of cinnamates increased the Tg of the UV-cured film, 

preventing the adhesive from spreading and adequately contacting the substrate.  All UV-

cured films containing cinnamate groups failed 100% adhesively.  Complete adhesive 

failure was attributed to the network formation from the intermolecular photo-

dimerization of cinnamates.  The percentage of adhesive failure for non-cured tapes 

increased as the concentration of urethane units increased.  Increasing adhesive failure 

with urethane concentration was attributed to an increase in apparent molecular weight 

resulting from the intermolecular association of hydrogen bonding groups. 

A control series was synthesized for comparison to the urethane series to 

investigate the influence of hydrogen bonding groups on the rate and efficiency of 

cinnamate photo-reactivity.  The control series contained cinnamate groups and residual 

HEA units, and did not contain any urethane sites.  The rate of cinnamate photo-

dimerization as a function of composition comparing the urethane and control series was 

determined from a second order kinetic plot following the disappearance of conjugated 

cinnamates with UV-exposure.  The urethane sample, 2U21C3, and the control sample, 

2H21C3, contained three mole percent cinnamate with comparable molecular weights.  

Sample 2U21C3 dimerized at a rate of 0.314 s-1 and 2H21C3 at a rate of 0.170 s-1, 

indicating the presence of urethane groups assisted in the rate of cinnamate dimerization 

through the formation of intermolecular hydrogen bonds that confined the cinnamate 

groups in a proximity beneficial for photo-reactivity.  The presence of the urethane was 

not influential when the concentration of the cinnamate group was increased for samples 
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2U8C16 and 2H9C15.  The low concentration of urethane groups did not influence the rate 

of cinnamate photo-reactivity and the rate of dimerization was very similar for 2U8C16 

and 2H9C15 at 0.069 s-1 and 0.081 s-1, respectively.  The relationship between urethane 

groups and cinnamate photo-reactivity provides evidence that high concentrations of 

hydrogen bonding associations can increase the efficiency of cinnamate photo-

dimerization. 

 Photo-rheology was introduced to explore the influence of hydrogen bonding 

associations on the photo-reactivity of cinnamate functionalized low Tg acrylic 

precursors.  A random copolymer of poly(nBA-co-HEMA) was functionalized with 

cinnamate and urethane groups to introduce hydrogen bonding and photo-reactive sites, 

respectively.  The reaction conditions were optimized to control the degree of 

functionality and a series of urethane and cinnamate containing acrylics were synthesized 

with comparable molecular weights.  Photo-rheology was utilized to monitor the 

viscoelastic changes in material properties with UV-exposure.  Cinnamate functionalized 

samples displayed an increase in viscosity with exposure time.  The change in viscosity 

was attributed to the intermolecular dimerization of cinnamates.  The percentage increase 

in viscosity during photo-curing decreased as the urethane concentration increased.  This 

was attributed to a lower concentration of cinnamate groups and lower degree of 

crosslinking.  

UV-vis spectroscopy was utilized to determine the concentration of conjugated 

cinnamate groups following segmented irradiation periods.  Conjugated cinnamate 

absorbance at 275 nm decreased as UV-exposure time increased.  The rate of cinnamate 
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dimerization increased as the concentration of urethane increased, suggesting that 

hydrogen bonding sites promoted cinnamate dimerization. 

For the first time electrospun fibers were in situ photo-crosslinked to develop 

fibrous membranes from cinnamate functionalized low Tg acrylics.  The random acrylic 

precursor contained 79 mol% nBA, 21 mol% HEMA and Tg -38 ˚C.  The precursor 

acrylic was functionalized with cinnamates to incorporate a photo-crosslinker that was 

thermally stable and did not require a photo-initiator.  HEMA repeating units of the 

precursor were functionalized with cinnamate groups from the acid chloride reaction with 

cinnamoyl chloride.  The cinnamate functionalized acrylic contained 79 mol% nBA, 15 

mol% HEMA, and 6 mol% CEMA and Tg -30 °C.  In situ photo-curing was required to 

electrospin continuous fibers that retained their fibrous morphology.  Electrospinning was 

conducted approximately 55 °C above the Tg of the cinnamate acrylate, and 

electrospinning without in situ photo-curing resulted in bulk flow of the fibers and acrylic 

coating on the collection substrate.  Fibrous membranes were collected of the low Tg 

cinnamate acrylate in the presence of in situ photo-curing.  The electrospun jet generated 

in the presence of an electric field was UV-irradiated as it proceeded to the collection 

substrate.  The photo-cured electrospun jet facilitated the formation of photo-dimers due 

to the rapid rate of cinnamate photo-reactivity, and the intermolecular network prevented 

bulk polymer flow and stabilized the fiber structure.  The cinnamate C=C absorbance at 

1637 cm-1 decreased in the photo-cured electrospun membrane indicating the 

disappearance of conjugated cinnamate groups from the formation of photo-dimers.  The 

in situ photo-cured electrospun membranes produced gel fractions of 74 ± 5%, and 

 211



 212

represented a strategy to develop robust nonwoven membranes from low Tg 

macromolecules. 

 



Chapter 10: Suggested Future Work 

 

10.1 Photopolymerizable Gemini Surfactant Lyotropic Liquid Crystals 

 Explore the lyotropic liquid crystalline (LLC) behavior of photopolymerizable 

Acry-2-Acry and Cinn-2-Cinn gemini surfactants in water.  Gin and coworkers1 

synthesized a phosphonium gemini surfactant with diene groups at the terminal of each 

hydrocarbon tail.  The phosphonium gemini surfactants formed hexagonal (HI), 

bicontinuous cubic (QI), and lamellar (Lα) phases in water.  A photoinitiator was 

necessary to photopolymerize the LLC phases with retention of the self-assembled 

architectures.  The polymerized LLC phases resulted in a crosslinked microstructure that 

was insoluble and thermally stable.  Ammonium gemini surfactants Acry-2-Acry and 

Cinn-2-Cinn are novel surfactant compositions that are not reported in the literature.  The 

smaller size of the ammonium headgroup compared to phosphonium would increase the 

packing parameter, and allow LLC phases to form at lower surfactant concentrations.  

Acry-2-Acry would require a photoinitiator to polymerize the self-assembled 

architecture, however, Cinn-2-Cinn would not require a photoinitiator.  Crosslinked 

gemini surfactant hexagonal and bicontinuous cubic phases offer potential as drug-

delivery vehicles,2 nanofiltration membranes for the purification of water,3 and as 

nanoreactors for the synthesis of novel nanostructured materials.4         

10.2 Photo-reactive Asolectin Electrospun Membranes 

 Our research group was the first to electrospin nonwoven membranes from low 

molar mass lipids.5  The electrospun lipid membrane was soluble and not mechanically 

stable because the lipids were physically associated and not covalently coupled.  
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Asolectin is a mixture of phospholipids with a variety of charged and uncharged 

headgroup compositions shown in Figure 10.1.  The tails of the lipid mixture are 

composed of 24% saturated fatty acids, 14% mono-unsaturated fatty acids, and 62%  

Figure 10.1  Mixture of lipids that compose asolectin. Referenced from Sigma-Aldrich. 
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poly-unsaturated fatty acids.  Preliminary experiments indicated asolectin absorbs in the 

UV-region from 270 nm to 320 nm as shown in Figure 10.2.  Asolectin films were UV-

irradiated to explore the photopolymerizable behavior of the unsaturated asolectin lipids.  

Bulk films of asolectin were cast from 40 wt% solutions in chloroform containing 0 wt%, 

0.1 wt%, and 1.0 wt% 2,2-dimethoxy-2- phenylacetophenone photoinitiator.  The UV-

cured asolectin films received a UV-dose of UVA 3.87 J/cm2, UVB 2.99 J/cm2, and UVC 

0.412 J/cm2 and resulted in a self-standing lipid film that remained completely soluble.

Figure 10.2  UV-vis characterization of asolectin at 0.1 wt% in chloroform and 
chloroform. 
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TGA analysis shown in Figure 10.3 indicated no change in the thermal degradation 

temperature between the UV-irradiated films and a non-irradiated asolectin control.  

Figure 10.4 depicts the melt rheology at 110 °C for the UV-irradiated and non-irradiated 

control films.  UV-irradiated films had a storage modulus approximately two-orders of 

magnitude higher than the non-irradiated control, however, the concentration of 

photoinitiator did not influence the modulus.  Molecular weight characterization of the 

asolectin films was not possible due to the highly charged nature of the lipid mixture, 

however, it was speculated that the increase in modulus was attributed to the increase in

Figure 10.3  TGA analysis of the UV-irradiated asolectin films with 0 wt%, 0.1 wt%, 
and 1.0 wt% photoinitiator and a non-irradiated control film. 
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Figure 10.4  Storage modulus of UV-irradiated asolectin films with 0 wt%, 0.1 wt%, 
and 1.0 wt% photoinitiator and non-irradiated control film.  Melt rheology conditions: 8 
mm parallel plates, 2% strain, 110 °C, and 1 mm gap. 
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molecular weight from the photoinitiated reaction of unsaturated lipid tails.  These initial 

experiments indicate asolectin is photo-reactive and offers the potential to develop 

mechanically stable electrospun lipid membranes.  UV-irradiated electrospun lipid 

membranes will not result in crosslinked photo-cured scaffolds, however, UV-irradiating 

could increase the tensile properties and durability of the electrospun lipid membranes. 

10.3 Designer Electrospinnable Photo-reactive Amphiphiles 

 Electrospinning low molar mass amphiphiles represents a strategy to develop 

three-dimensional biocompatible nonwoven membranes from phospholipids and other 

sustainable resources.  However, electrospun membranes of low molar mass amphiphiles 

are not mechanically robust and strategies are required to increase the stability of 

amphiphilic membranes.  Incorporating photo-reactive polymerizable groups in the 

surfactant architecture represents a methodology to polymerize electrospun membranes in 

situ or post-electrospinning.  It is well documented and my research confirms that the 

solution properties and supramolecular architecture are highly dependent on the 

surfactant composition.  Altering the composition of the surfactant will influence the self-

assembled structure, and electrospinning low molar mass surfactants requires the 

formation of elongated cylindrical micelles to stabilize the electrospinning jet.   

The solution properties and electrospinning of Acry-2-Acry were explored in an 

attempt to electrospin a polymerizable gemini surfactant.  Acry-2-Acry had a Tk below 

room temperature (-2.80 °C) and formed optically clear dispersed solutions at room 

temperature.  Cinn-2-Cinn had a Tk of 46.2 °C and therefore precipitated from solution at 

room temperature, and was not suitable for electrospinning.  The solution rheology of
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Figure 10.5  Solution rheology of Acry-2-Acry in water:methanol (1:1 vol). 
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Acry-2-Acry in water:methanol (1:1 vol) revealed a C* = 18 wt%, as shown in Figure 

10.5.  The scaling relationships were very similar for Acry-2-Acry (nsp ~ C1.7 at C < C* 

and nsp ~ C2.3 at C > C*) and 12-2-12 (nsp ~ C1.5 at C < C* and nsp ~ C2.4 at C > C*) in 

water:methanol in the dilute and semidilute concentration regimes.  Electrospinning 

Acry-2-Acry at 70 wt% in water:methanol produced surfactant droplets, as shown in the 

SEM image in 10.6a.  In situ photo-curing the Acry-2-Acry electrospun jet did not 

stabilize the fibers and also resulted in droplets as shown in Figure 10.6b.  Acry-2-Acry 

did not disperse in water:methanol at concentrations above 70 wt%.    

Figure 10.6  SEM of Acry-2-Acry electrospun from 70 wt% in water:methanol (1:1 vol), 
a) without in situ photo-curing, b) in situ photo-cured. 
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  Incorporating a longer tail and larger hydrophobic content is recommended to 

increase the surfactant solution viscosity and stabilize the electrospinning jet to produce 

continuous polymerizable surfactant fibers.  For surfactants with polymerizable tails, it is 

recommended to design ammonium gemini surfactants with a spacer of two carbons and 

a 12 carbon tail functionalized with methacrylate polymerizable groups, as shown in 

Figure 10.7.  Increasing the tail length beyond 12 or 14 carbons could increase the Tk 

value to above room temperature, which would inhibit electrospinning.  Also, it is 

recommended to explore gemini surfactants with polymerizable headgroups, like the 

designer gemini in Figure 10.7, however, the tail length should be increased to 14 

carbons to balance the headgroup and tail volume contributions to satisfy the required 

packing parameter to form cylindrical micelles.    

Figure 10.7  Polymerizable gemini surfactants.
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Appendix A: Surfactant Scaling Relationships in Water and 
Water:Methanol 

 
 

 C* (wt%) C** (wt%) C<C* C*<C<C** C**<C 

12-2-12 1.5 2.7 ηsp ~ C1.7 ηsp ~ C4.8 ηsp ~ C14.0 

CTAB* 11 N/A ηsp ~ C1.8 ηsp ~ C10.4 N/A 

Table A.1  Scaling relationships in water at 25 °C.  *CTAB has a Kraft Temperature of 
26 °C in water and the solution rheology was run at 30 °C. 
 
 

 C* (wt%) C<C* C*<C 

12-2-12 11 ηsp ~ C1.8 ηsp ~ C2.4 

CTAB 19 ηsp ~ C1.5 ηsp ~ C2.7 

Acry-2-Acry 18 ηsp ~ C1.7 ηsp ~ C2.3 

Table A.2  Scaling relationships in water:methanol (1:1 vol) at 25 °C. 
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