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ABSTRACT 

Modifying photopolymer structure on the molecular and nanoscale level permits 

tailoring materials for use in a wide variety of applications. Understanding the 

fundamentals behind polymer structure at these levels permits the control of material 

properties. This work gains insight into the modification of structure on two levels, the 

nanoscale by use of structure templates and the molecular scale through the modification 

of polymer network formation. 

Lyotropic liquid crystals (LLCs) are a type of self-assembling surfactant system, 

which in combination with photopolymerization can be used to template ordered 

nanostructure within polymer materials. This structure can be controlled and utilized to 

influence the properties of a polymer material. This research examines materials used as 

templating agents and the types of nanostructures that may be obtained. Additionally, 

their effects upon the LLC templating process and material properties is determined. 

Structured polymers are created using LLC templates in pursuit of materials for use in 

water purification processes and electrochemical devices. Through a more complete 

understanding of the fundamentals of the templating process, the work presented here 

extends the LLC templating technique to a greater variety of materials and applications in 

the water remediation and energy storage fields. 

The second portion of this research is the use of reversible addition fragmentation 

chain transfer (RAFT) to modify photopolymer networks. RAFT agents are utilized to 

control the propagation reaction to create networks with increased homogeneity between 

network crosslinks. By increasing the uniformity of the polymer network, increases in 

polymer elongation and toughness as well as decreases in polymer modulus are observed. 
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The effects of RAFT agent addition on the network formation and the final properties of 

the photopolymer is examined. By understanding the mechanisms behind this 

modification technique, photopolymers can be extended into new applications where 

increased elongation and toughness is valued.   
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PUBLIC ABSTRACT 

The ability to control structure on extremely small levels (nanoscale, less than 

1/100,000 of a human hair) allows for unique changes to take place in material properties. 

These materials are created using light as an energy source to cause the polymer forming 

reaction to take place. Reactions that are started with light are generally very fast. This 

speed allows for the nanostructure to be copied from a desired pattern. Applications for 

these structured polymers include water purification, electronic devices, tough coatings, 

and thin plastic films. 

By creating water-loving polymers with very small structures throughout, it is 

possible to greatly increase the polymer water absorption. Additionally, if structure is 

added to a material that responds to high temperatures by releasing water, the material 

will release even more water due to this internal structure. This work describes ways that 

these unique materials could potentially be used to purify water. Creation of small energy 

storage devices is another use for a structured polymer. The tiny cracks and crevices can 

be utilized to store electrical energy in a material. 

 This project also explores how a network is built within a polymer. A polymer 

network can be thought of as a net, or fabric. Large holes weaken the network. However, 

a net or fabric with equally spaced holes of the same size will result in a stronger net. The 

same can be said for polymer materials. A uniform network makes materials more 

resilient. When a polymer network is produced in a more controlled manner, materials 

that can stretch further without breaking are created. 

Changes in material properties can be made by creating structures or better 

networks in a material on very small size scales. By learning how to control these 
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structures and networks, materials can be designed for applications in industrial, medical, 

environmental, and energy storage fields. 
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1: INTRODUCTION 

Tailoring structure and shape of materials at the nanoscale level has been 

demonstrated to be a powerful method for modifying the properties of materials. The 

adoption of nanoscale technologies has had expansive effects on scientific fields and has 

even created new fields and associated applications. Semi-conductors,1 membranes,2–5 

surface treatments,6–8 and energy storage9–12 are all fields that have benefitted from 

controlling features and structures on the nanoscale. 

A great variety of strategies have been employed in the pursuit of nanoscale 

structure. Biotemplating uses biological structures to directly imprint features.13–15 

Lithography techniques etch a desired pattern or structure using light; advances have 

been made to even allow features to be created that are lower than the diffraction limit for 

a given wavelength.16–18 Two photon 3D printing techniques allow the precise fabrication 

of 3D polymer structures on the micro and nanoscale.19–21 Spontaneous phase separation 

during polymerization into nano-sized domains has been demonstrated to be a unique 

method of creating electronic materials and nanostructured surfaces. As polymerization 

takes place, thermodynamics drive components into nano-domains.22,23 Self-assembled 

systems offer ease of synthesis, and a method that can be tailored for use with a wide 

variety of monomer systems. 

The modification of polymer network structures on the nanoscale also has 

significant effects on properties. Changing polymer morphology at the molecular level 

may allow for control over thermomechanical properties of the material. The use of the 

step-growth reaction of thiol-ene/ynes to create low stress materials with narrow glass-

transition temperature (Tg) ranges has been demonstrated.24–26 Oligomers created with 
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reactive groups clustered on their ends create self-assembled crosslinked zones, which 

allow higher modulus values to be obtained compared to a random control.27 Much 

research has gone into the modification of photopolymer toughness by modification of 

the network structure.28 The rapid onset of gelation in photopolymer networks induces 

high stresses to the polymer network. Increasing the conversion at which gelation occurs 

by regulating network formation may allow increased toughness. Chain transfer agents 

have been demonstrated to reduce shrinkage stress and increase elongation by modifying 

network architecture.29–31 The modification of network formation by chain transfer is a 

powerful tool that may permit facile control over the properties of photopolymers. This 

thesis will utilize ordered nanostructure systems to template polymers and will control 

network propagation using chain transfer agents to modify polymer properties. 

1.1: Photopolymerization 

Free radical photopolymerization begins with the reaction between a 

photoinitiator and a photon, which forms a high-energy radical. The radical goes on to 

react with monomers and then continues to propagate into polymer chains. Traditionally, 

the wavelength of these photons is in the ultra-violet (UV) range, light with wavelengths 

just short of visible or less than ~400nm. Visible light initiator systems are commercially 

available, and research of light sources and formulations for visible light are ongoing.32,33 

Initiation at higher wavelengths is desirable for the reduced energy required to generate 

visible light and the reduction of potential exposure to ionizing UV-light.33,34 

Photoinitiators typically undergo either Type I or Type II initiation. Type I is a 

unimolecular reaction, in which the species absorbs the photon and enters an excited 
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singlet state. Through intersystem crossing to a triplet state, the initiator is cleaved and 

two radicals are created as shown in Equation 1.1,35 

 𝐼
"#
2𝑅•                                                           (1.1) 

where I is the initiating species and R• is radical formed. The radicals formed are not 

necessarily of equal reactivity and both may not be capable of polymerization. Type II 

initiation requires two molecules. The first reacts with the photon to enter an excited 

state, which then abstracts a hydrogen from a second molecule, creating a single radical 

that goes on to react with monomer. Radicals go on to propagate as in Equation 1.2,35 

𝑅• + 𝑀
)* 𝑀•                                                        (1.2) 

where M is the unreacted monomer, M•
 is the new radical species, and ki is the initiation 

constant. The rate of initiation is described by Equation 1.3,35 

𝑅+ = 2𝛷𝐼.                                                          (1.3) 

where Ri is the rate of initiation, 𝛷 is the initiator quantum yield, and Io is the intensity of 

the absorbed radiation. 

After reaction with a monomer, the radical will transfer across the reacting bond. 

This transfer creates a propagating radical, which will continue reacting with monomers 

until termination, chain transfer, or monomer is no longer available to react with the 

radical. The rate of polymerization is dependent on the rate constant kp, which generally 

governs the overall rate of reaction of a polymerization (Equation 1.4).35 

𝑀/
• + 𝑀

)0
𝑀/12
•                                                    (1.4) 
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The constant, kp, is assumed to be constant regardless of polymer chain length. The rate 

of polymerization is thus described by Equation 1.5.35 

𝑅3 = 	𝑘3 𝑀 𝑀•                                                   (1.5) 

Eventually as a reaction propagates, there will be sufficient active monomers that 

two active center radicals will react to form inactive species, also known as termination. 

Termination occurs in two ways: combination and disproportionation. Combination 

results in the two polymer chains reacting to form one longer chain (Equation 1.6).35 

𝑀6
• +𝑀/

• )78 𝑀61/                                                (1.6) 

Disproportionation results in two ‘dead’ polymer chains. The two radicals abstract onto 

one another, thus terminating both chains (Equation 1.7).35 

 𝑀6
• +𝑀/

• )79 𝑀6 +𝑀/                                            (1.7) 

The rate of termination of the polymer chain is assumed to be equal to that of the 

initiation mechanism, which is known as the pseudo-steady state assumption. This 

assumption allows for the general polymerization rate equation to be derived from 

Equation 1.8.35 

𝑅3 = 𝑘3 𝑀
:*
)7

2
;                                                 (1.8) 

Substitution of Equation 1.2 for Ri gives the general rate of polymerization in Equation 

1.9.35 
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𝑅3 = 𝑘3 𝑀
<=>
)7

2
;                                               (1.9) 

Chain transfer is another consideration in the reaction rates of radical 

polymerization. Chain transfer is the abstraction of a radical from the propagating 

polymer chain to another molecule, usually a solvent or contaminant. However, chain 

transfer agents are also utilized to control molecular weight and polymer network 

structure. A typical chain transfer mechanism is given in Equation 1.10,35 

𝑀/
• + 𝑋𝐴

)7A 𝑀/𝑋 + 𝐴•                                              (1.10) 

where XA is the chain transfer agent. The subsequent reinitiation of the polymer chain 

that may occur afterward is shown in Equation 1.11.35 

𝐴• + 𝑀
)B 𝑀•                                                       (1.11) 

Chain transfer often results in shorter chain lengths than would otherwise be 

expected if only termination by disproportionation or combination occurred. Since the 

chain transfer is a chain-breaking reaction, it results in shorter chain lengths, which 

depend on the ratio of kp to ktr and ka to kp. When kp >> ktr and ka ≈ kp, there is no effect 

on Rp and a decrease in chain length. This effect is the most common result of chain 

transfer. The rate of polymerization is sufficiently rapid and the rate of reinitiation is 

comparably fast, so polymerization proceeds at roughly the same rate as without the 

transfer. Whereas kp >> ktr and ka  < kp results in a decrease in Rp and a decrease in chain 

length.35 In this case, the slower ka results in radicals staying in the inactive state, 

reducing the number of active centers, which slows the rate of polymerization. In general, 
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chain transfer is assumed to have only small effects on polymer materials. However, 

special cases exist where chain transfer is also exploited to create highly controlled 

polymer networks, chains, particles, and branches.36–39 

Reversible addition fragmentation chain transfer (RAFT) is a chain transfer 

method often employed when control over the chain length is desired. Equation 1.12 

outlines the mechanism by which RAFT controls the propagation of polymerization.40 

𝑀/
• + 𝑅2𝑀6

)C 𝑀/𝑅2•𝑀D
)EC 𝑅2𝑀/ +𝑀/

•                                    (1.12) 

The radical is reversibly ‘captured’ by the RAFT agent, thus controlling the 

reaction.40,41 Usually R1 is a trithiocarbonate, dithiocarbonate, or xanthate moiety. The 

repeated capture and release of the radical allows for numerous chains of polymer to 

proceed at equal rates, thus reducing the polydispersity of the chains. The control of chain 

and network formation is highly desirable for some applications. Uses for RAFT include 

the creation of star polymers where multiple branches of roughly equal length are desired, 

the creation of nanoparticles with uniform size, and the controlled functionalization of 

surfaces or particles.38,42–44 The use of RAFT polymerization has also been utilized for 

the modification of polymer properties, including the reduction of shrinkage stress and 

the changing of surface properties.29–31 

The advantages offered by photopolymerization over other types of 

polymerization are evidenced by its widespread use in industry and academia. The most 

notable advantage is the rapid rate of initiation. The rate of initiation for a given 

photoinitiator is governed solely by the intensity of light at a given wavelength (Equation 

1.3). Thus, increasing the intensity of the radiation will result in high concentrations of 
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radicals present in the reaction volume (Equation 1.9). Additionally, spatial and temporal 

control of initiating radiation is permitted by photopolymerization; polymerization can be 

controlled by where and how long an area is exposed. This allows for patterning to take 

place in areas such as photolithography, which provides the foundation for 

stereolithographic 3D printing.45–47 

A significant limitation to photopolymerization includes O2 inhibition. Initiating 

and propagation radicals are susceptible to reaction with oxygen forming an unreactive 

peroxy radical, resulting in inactive products (Equation 1.13).35,48 

𝑀/
• + 𝑂; → 𝑀/𝑂𝑂•                                                  (1.13) 

Steps are often taken to minimize O2 by polymerizing in an inert atmosphere or sparging 

solutions to remove dissolved oxygen. Many strategies have been examined to overcome 

and understand oxygen inhibition.49–51 Continuous liquid interface printing (CLIP) is a 

notable example that takes advantage of oxygen inhibition in radical 

photopolymerization. CLIP is an additive (3D) printing method which carries out the 

photopolymerization on the surface of an oxygen permeable membrane. Oxygen quickly 

inhibits the radical propagation outside of the irradiated area, thus allowing the object to 

be formed while the irradiated printing area is changed. This process allows continuous 

printing of 3D shapes.52 

Another limitation of photopolymerization is that the thickness of sample that can 

be polymerized is limited by Beer’s Law (Equation 1.14), 

A=εLc                                                            (1.14) 
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where A is the absorbance, ε is the molar extinction coefficient, L is the path length, and 

c is the concentration of the absorbing species.35 Initiators can only interact with photons 

as deep as the light can penetrate the uncured monomer. For this reason, many 

photopolymer precursors are transparent or only lightly pigmented, permitting sufficient 

exposure to and transmittance of light.53 

The lack of tough polymers available is one of the most significant limitations to 

the expanded use of photopolymers. Toughness is defined as the area under a stress-strain 

curve and is a measurement of the amount of energy a material can absorb.28,54 Most 

photopolymer resins result in materials that are high modulus with low elongation or low 

modulus with high elongation, both of which result in materials of low toughness. 

Modifying the network structures is a strategy for increasing the toughness of 

photopolymers. Generally, the goal of the modification is to create networks with fewer 

imperfections and points where stress can be generated, which can weaken the network. 

Thiol-ene/yne polymerization accomplishes this by creating networks in which 1:1 thiol-

ene/yne ratios react in a step-growth mechanism, creating a ‘perfect’ network with few 

inhomogeneities and low shrinkage stress.25,55 Another method that was explored used 

controlled oligomer structures with concentrated reactive groups on the end of the 

molecule to induce self-assembled crosslinked zones, thus increasing modulus.27 

Modifying toughness of photopolymers using chain transfer strategies is another 

promising avenue and is discussed in a later section. 

1.2: Lyotropic Liquid Crystals 

Lyotropic liquid crystals (LLC) are a class of material that exhibit soft crystalline 

mesophases. The materials are considered a separate phase of matter residing between 
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solids and liquids since they share features with both.56 They can be considered a 

defective crystal or as a melt with some orientation. The atoms in a liquid crystal have 

both long and short range order, corresponding to the solid or melt. The ease of which 

complex structures in LLCs self-assemble and the relative simplicity of their formulation 

when compared to thermotropic liquid crystals have made them an attractive material for 

sensors or templates.4,57–60 LLCs also offer an additional degree of freedom when 

compared to their thermotropic counterparts. The specific mesophase formed can be 

governed not only by temperature and pressure, but by surfactant concentration.61 

Micelles form at lower concentrations. More complex mesophases (hexagonal, 

bicontinuous, and lamellar) occur at higher concentrations (Figure 1.1).56  

LLC surfactants allow for a variety mesophases to be templated, and the various 

types of surfactants can permit compatibilization with different monomer types. The 

variety of structures and relative ease of control make LLC systems an attractive tool for 

 
Figure 1.1. Schematic showing the progression of LLC mesophases as concentration 

is increased. 
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the nanostructuring of polymer materials.62–65 This section will discuss surfactants used in 

LLC templating and the utilization of LLCs as structure directors. 

 

1.2.1: LLC Surfactants 

LLC systems are all formed by a surfactant mesogen. Surface active agents, or 

surfactants, are chemicals that consist of both a polar and non-polar segment. The dual 

nature of the molecule allows one end to act independently from the other end.61 In an 

appropriate solvent, surfactants may self-assemble into LLC mesophases. The mesophase 

in which the surfactants self-assemble is related to the concentration and the critical 

packing parameter (CPP). This dimensionless number parameterizes the ratio of 

surfactant head group surface area to the length of the hydrophobic tail.66 Surfactants can 

be classed per their chemical components, with different chemical structures allowing for 

a variety of different mesophases to form over different ranges. Examples of different 

families of surfactants are shown in Figure 1.2. 

Amphiphilic or amphoteric surfactants are uncharged, consisting of a polar 

(hydrophilic) head and a nonpolar (hydrophobic) tail. Amphiphilic surfactants are 

commonly used as detergents since they do not form salts with mineral deposits in water 

during   

washing, unlike ionic surfactants. Simple amphiphilic surfactants see a wide range 

of uses in cosmetics, petroleum refinery and drilling, and biological studies.67–69 

Numerous studies have examined the types and ranges of mesophases available in 

amphiphilic polyoxyethylene alkyl ether surfactants.70–74 Efforts have also been carried 
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out to attempt to model the thermodynamics of mesophases and self-assembly in these 

surfactants.75,76 

 
Figure 1.2. Examples of different linear surfactant types: a) amphiphilic 

(polyoxyethylene alkyl ether), b) ionic (lauryl based), and c) silicone 

(polydimethylsiloxane). 

Ionic surfactants contain an ionic group, either cationic (positive charge) or 

anionic (negative charge). These surfactants are commonly found in soaps and 

detergents. Ionic surfactants containing ammonium ions are used as antibacterial agents. 

The ions induce super-oxidative stress in bacteria, killing them.77,78 LLC behavior has 

been observed in cetyltrimethylammonium bromide (CTAB), 

dodecyltrimethylammonium bromide (DTAB), and sodium dodecyl sulfate (SDS).58,79–82 

Other surfactants which exhibit LLC mesophases include linear 

polydimethylsiloxiane-poly(ethylene oxide) surfactants, where the hydrophobic silicone 

tail groups consist of a MeSi and the hydrophilic head groups of polyethylene oxides.83–85 
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Phase diagrams were generated with a variety of silicone oils and water, with hexagonal 

and lamellar mesophases observed. 

A limitation of polyoxyethylene alkyl ether surfactants is that they become solids 

at comparatively low concentrations (Krafft point), due to their rigid hydrocarbon moieties. 

Krafft point, or temperature, refers to the concentration at which a surfactant mixture 

becomes solid. A mixture containing a high Krafft point surfactant will remain liquid even 

in high concentrations.84 Due to increased flexibility of the silicone backbone chain as 

compared to an alkyl group, silicone surfactants permit the use of much higher 

concentrations without the processing issues of working with a solid precursor. 

The hydrophilic-lipophilic balance (HLB) of a surfactant is one method of 

quantifying the nature of surfactant compatibility with a mixture. HLB compares 

hydrophilic and hydrophobic chain portions. The HLB is a ratio of hydrophilic to lipophilic 

portions of a surfactant multiplied by 20. HLB is used to easily determine surfactant 

compatibility and to predict the type of emulsion it tends to form with various solvents. 

Emulsions are categorized broadly as oil in water (O/W) and water in oil (W/O).56 The 

HLB calculated for the surfactant allows easy selection of a surfactant based on the desired 

final formulation properties. A higher HLB indicates the surfactant is more hydrophilic and 

will tend to form O/W emulsions. A lower HLB is lipophilic and more suitable for use in 

an oily system in which an aqueous phase is to be dispersed, W/O emulsion. The HLB can 

be used for LLC templating to determine surfactant suitability for a monomer by comparing 

the relative hydrophilicity of the polymer to the HLB.67 An HLB between three and eight 

will result in a W/O emulsion and would be suitable for a hydrophobic monomer. An HLB 

between 8 and 18 forms an O/W, preferring a hydrophilic monomer.67,68 
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1.2.3: Lyotropic Liquid Crystals as Structure Directors 

LLCs are useful as templates for polymer systems and have been used to modify 

the properties of the polymer.64,86–88 Monomer, initiator, additives, and comonomers are 

added to an LLC mixture and self-assemble within the mesophase per hydrophobic or 

hydrophilic character. After the mixture has self-assembled, it is exposed to UV 

radiation. During photopolymerization, the rapid initiation rate permits the structure to be 

approximately templated in the resulting polymer. After polymerization is complete, the 

LLC surfactant template is rinsed away, leaving an ordered nanostructured polymer 

material behind. Figure 1.3 shows a schematic for the templating processes used to create 

nanostructured polymers utilizing photopolymerization and LLCs. The addition of 

ordered nanostructure to hydrogels increases the compressive modulus of swollen gels 

and the swelling ratio due to structure.89 

Figure 1.3. Schematic describing the process used for LLC templating with 

photopolymerization. The LLC mesophase shown is an inverse hexagonal mesophase. 

The ionic surfactants DTAB and CTAB have been utilized as templates for 

polymers, though the range and type of mesophases available are somewhat limited.69,70 

Polyoxyethylene alkyl ether surfactants used as templates have been limited to the cetyl-
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alcohol based agents: Brij C2, C10, and C20.65,90,91 These surfactants display a wide 

range of mesophases, including the bicontinuous mesophase, which is sought after due to 

its high transport characteristics.3,92 

The relationship between solvent, surfactant, and monomer is an important 

consideration for LLC templating. If a surfactant and monomer system does not form a 

homogeneous LLC mixture spontaneously, then templating will be difficult and require 

special consideration, such as additional surfactants, additives, or special mixing 

techniques. To expand the variety of monomers available for templating, it is desirable to 

have a wide variety of surfactants with a large range of solvent and monomer 

compatibilities. 

1.3: Stimuli-responsive Polymers 

Polymers exhibiting a response to an external stimulus are known as stimuli-

responsive. Due to the novel applications they may be applied to, the materials have 

received much research attention. Materials that respond to temperature, pH, light, ions, 

and pressure have been studied.93–95 Stimuli-responsive materials may find applications 

as gates, switches, or pumps within microfluidics; their stimuli response will allow for 

simple actuation of the microfluidic device and for facile incorporation into the 

microfluidic channels.96,97 Another use for stimuli responsive materials is as potential 

forward osmosis draw agents, which are discussed in detail later. 

N-isopropyl acrylamide (NIPAM) is a thermoresponsive polymer that has 

received significant interest. Following application of heat, poly(n-isopropylacrylamide) 

(PNIPAM) undergoes a reversible volume transition at 32 ˚C when hydrated with water. 

The volume transition is a consequence of a coil-to-globule transition of the polymer 
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chains. The chains transition from being hydrated with water molecules to preferring the 

partially dehydrated state of globules of polymer chains. Due to the hydrophilic domain 

of the monomer chain disassociating from water, this transition in a hydrated PNIPAM 

hydrogel results in the expulsion of water from the bulk hydrogel.98 PNIPAM is often 

studied due to its transition temperature or lower critical solution temperature (LCST) of 

roughly 32 ˚C, which is near that of human biology.99 As such, the polymer has been 

studied for drug delivery applications as well as biomaterial actuators.100,101 The LCST 

and water absorption can be modified by copolymerization or combining hydrophilic or 

hydrophobic monomers with the PNIPAM.102,103 Adding hydrophilic monomers will 

increase the LCST and increase swelling: adding hydrophobic monomers results in the 

opposite. 

The addition of LLC templated structure to stimuli-responsive PNIPAM has been 

shown to increase the swelling ratio, the dynamic range, the water released during the 

deswelling event at the LCST, and the rate at which the stimuli response occurs. 86,104 The 

volume response to temperature is increased dramatically by the addition of LLC 

templated structure to the material.86 The increased swelling combines with the internal 

pore structure to allow rapid and complete deswelling of the material. Additionally, the 

stimuli-responsive nature of materials is improved with specific nanostructure. Increases 

in the dynamic range of swelling are observed in materials with LLC templated structure 

as compared to chemically identical isotropic samples.86,104 Using LLC templating to 

impart structure to a photopolymer system creates a porous nanostructure in the material, 

which prevents the formation of a dense deswollen ‘shell’ on the outside of the hydrogel. 

In an isotropic polymer, the formation of this shell prevents the release of water.105 The 
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templated materials, unhindered by this densification, can continue releasing water 

throughout the deswelling process. This increase in transport through the material allows 

larger dynamic ranges of deswelling.86 

LLC templating has also been utilized to improve the durability and stimuli-

response of PNIPAM.104 This was achieved by simultaneously polymerizing PNIPAM in 

the hydrophilic domain of a polyoxyethylene (2) cetyl ether hexagonal mesophase with a 

silicone diacrylate monomer in the hydrophobic domain to create a dual-network 

material. These materials exhibited increased elongation due to the addition of silicone 

with increased swelling and stimuli-responsive dynamic range as compared to isotropic 

materials. 

1.4: Forward Osmosis 

An application for which templated stimuli-responsive materials may be useful is 

forward osmosis (FO). FO is a water purification process relying on the chemical 

potential of a draw agent to pull water across a membrane.106 It differs from the more 

commonly known reverse osmosis (RO) process in which water is forced through a 

membrane for purification. RO has large energy requirements due to the use of high 

pressure pumps, whereas FO is a low energy process, occurring via passive osmotic 

pressure.107 FO utilizes the high osmotic pressure of a draw agent to draw water through a 

membrane. This dilution (swelling) process allows water to pass through a membrane for 

purification and into the draw agent.108,109 

A major obstacle for the commercial adoption of FO is the regeneration of the 

draw agent, should the water need to be recovered for use or if it is desirable that the 

draw agent be reused. This second step required of forward osmosis draw agents adds 
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considerable complexity to their use as a water remediation method. Since regeneration 

of the agent and recovering the purified water is highly desirable, many methods and 

materials have been explored.110–114 

Commercial methods of FO have utilized ammonia-carbon dioxide solution as a 

draw agent.115 The ammonia solution forms various ammonium salts which draw water 

across a membrane leaving behind a concentrated brine. The ammonium salt solution is 

then distilled, driving off the ammonium salts as ammonia and carbon dioxide to be 

collected and reused. The resulting water stream may contain as little as 1 ppm 

ammonia.107,115 

Another method of purifying water using FO is shown in patent literature. Trevi-

systems, Inc. has developed a method using a linear poly(glycol) based polymer. This 

polymer system forms aggregates upon application of elevated temperatures (40-90 ˚C). 

The polymer aggregates are gravimetrically separated from the purified water and are of 

high enough molecular weight to be easily separated by a filtration process, ensuring very 

high purity.116 This method is in commercial use currently in several locations around the 

world. 

Crosslinked hydrogels are another promising polymeric material for FO 

applications. PNIPAM is often studied as a potential driver for FO processes due to its 

low stimuli-response temperature.117 PNIPAM has been combined with superabsorbent 

materials such as sodium acrylate (SA) and acrylic acid in both copolymers and dual 

network materials.118,119 Results of using these materials have shown promise for use as 

FO draw agents. The addition of SA results in higher swelling ratios when swollen in DI 

water, however the stimuli-response is reduced. An additional study examined the effect 
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particle size has on the swelling and deswelling properties of these copolymer 

materials.120 It found that the diffusional mode changed from Fickian to non-Fickian as 

particle size increased. Further work has examined the use of polyurethane-hydrogel 

interpenetrating networks.121 These materials were created by soaking a commercial 

polyurethane sponge in a PNIPAM and SA solution. After curing, a dense sponge is 

formed, which exhibited high rates of water flux. However, deswelling of the material 

was not examined.  

Polymer swelling is best understood as the solvation of the polymer chains. A 

linear polymer can dissolve into an appropriate solvent, but a crosslinked polymer is 

incapable of dissolving, due to the chemical bonds crosslinking it into a cohesive 

network.54 Therefore, when a crosslinked polymer is exposed to a solvent in which it 

would normally be soluble the material will swell, or absorb, the solvent. Depending on 

the polymer and its desired application, this can have several effects. In the case of a 

structural polymer such as nylon, the absorption of water can reduce the material 

modulus.122,123 For a hydrogel, the swelling is desirable and being able to tailor and 

predict the swelling for applications may be useful, particularly for FO processes 

described above. 

Many equations have sought to predict the amount of swelling a polymer will 

undergo in various solvents, temperatures, and crosslink densities. In Equation 1.15, the 

Flory-Rehner model describes the equilibrium swelling of a lightly crosslinked polymer 

network,124 

− ln 1 − 𝑣; + 𝑣; + 𝜒2𝑣;; = NC
#D8

1 − ;D8
D

𝑣;
C
O − #P

;
                  (1.15) 
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where v2 is the volume fraction of polymer in the swollen mass, v1 is the molar volume of 

the solvent, χ1 is the Flory solvent-polymer interaction term, 𝑣 is the specific volume of 

the polymer, M is the molecular mass, and Mc is the molecular mass between crosslinks. 

Another property that useful for judging material suitability for FO application is 

osmotic pressure. Osmotic pressure is the pressure that would have to be applied to a 

solution to prevent it from passing into a pure solvent. Osmotic pressure measurements 

are typically carried out in a U-tube device (Figure 1.4). In a U-tube device, the two 

solutions equilibrate across the membrane, due to differences in chemical potential. The 

height difference between the two liquids can then be used to calculate the osmotic  

pressure of the substances using Equation 1.16,  

  Π=ρgh                                                               (1.16) 

where ∏ is the osmotic pressure, ρ is the density of solution, g is the gravimetric 

constant, and h is the difference in heights between the two solution levels. However, a 

U-tube type device is not appropriate for measuring the osmotic pressure of a solid such 

as a hydrogel.125 In a hydrogel, the crosslinked nature does not allow a 

gravimetric/density determination of pressure to occur since liquid levels cannot be 

measured and compared. Therefore, unique apparatuses and methods are required to 

quantify the osmotic pressure of hydrogel materials.126,127 

1.5: Capacitors 

A capacitor is an electrical storage device that stores energy in the form of an 

electrical field. Capacitors in their simplest form consist of an insulating dielectric layer 

sandwiched between two conductive plates.128 When a voltage is applied to the device,  
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the surfaces between the two plates collect charge between. When a load is applied, the 

charge will be released. A typical electric double-layer capacitor (EDLC) may consist of 

two conductors around a dielectric. The Capacitance (C) can be described by Equation 

1.17,10 

𝐶 = RS
T

                                                             (1.17) 

where ε is the electrolyte dielectric constant, A is the accessible surface area, and D is the 

distance between the ion and the plate. Commercial capacitors are designed to maximize 

surface area per volume and minimize D. By doing so, a material with the most energy 

per volume can be created. Materials for the insulating layer in an EDLC can consist of 

paper, polyethylene, mylar, or other polymer films, which are often coiled together to 

 
Figure 1.4. Schematic of a U-tube device used to calculate the osmotic pressure 

of a solution. The blue represents pure water, which is drawn across a semi-

permeable membrane into the higher osmotic pressure solution (yellow). 

Equilibrium will be reached when the potential energy from the diluted liquid 

(green) surface level is equal to the osmotic pressure of the solution, (Equation 

1.16). 
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maximize area per volume in a device. The conducting layer typically consists of a metal 

foil. These simple devices are known as film capacitors.128A higher performance 

capacitor type is an electrolytic capacitor, which consists of a passivated oxide layer on a 

metal film. This oxide layer acts as the dielectric. A liquid, gel, or solid electrolyte forms 

the negative, and the metal film the positive. Electrolytic capacitors offer higher 

capacitance per volume than film or ceramic types.128  

When optimizing Equation 1.17 for maximum capacitance by increasing surface 

area and decreasing the distance ion travels, it stands to reason that nanomaterials could 

be valuable for the creation of capacitors. Nanomaterials exhibit high surface area for a 

given volume and since size scales are small, it can be assumed that distances between 

features will be small. For these reasons, carbon nanomaterials with controlled pore size 

are often used. Templating methods utilizing inorganic templates result in pore sizes <10 

nm.10 The ideal pore size is largely a function of the size of the electrolyte ion, with large 

effects being observed due to ion diffusion limitation. Increases in capacitance of carbon 

structures will likely come from the integration of nanoporous carbon with materials that 

exhibit pseudocapacitance or faradaic surface charging. 

1.6: Controlling Polymer Network Morphology 

Recent work has sought to apply chain transfer agents as a method for controlling 

network formation and crosslinking inhomogeneity.24,30 Previously, most chain transfer 

agents have been used to control chain length of linear polymers and allow for the 

creation of grafted, star, branch, or block polymers. Liska outlines several strategies, 

including the use of RAFT agents, for increasing the toughness of photopolymer 

materials using chain transfer.28  
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RAFT agents have been used to direct the structure of linear and branched 

polymers.27 The controlled propagation of the polymerizing radical has also been used as 

a method of controlling the chain formation in crosslinked materials. Leung and Bowman 

have explored the use of RAFT agents as a method for reducing the shrinkage stress in 

methacrylate dental materials. They showed that the addition of the RAFT agent allowed 

significant reduction in the shrinkage stress in the material. The reduction in stress was 

attributed to more uniform network formation by controlling radical propagation.29 Vana 

and Henkel observed changes in polymer surface and elongation properties when RAFT 

was added to butyl acrylate (BA) prepolymer mixtures. The addition of RAFT increased 

the surface tack of the adhesive BA polymer and increased the elongation. However, the 

RAFT reduced modulus in the materials and slowed the polymerization rate 

significantly.31,129  

1.7: Summary 

The goal of this work is to demonstrate the relationship between polymer 

structure and properties and how controlling structure can be used to tailor the properties 

of photopolymer materials. Structure will be examined and modified on two different size 

scales, the nanoscale by porous templating with LLC-templates and the molecular scale 

by modifying radical polymerization reaction through use of RAFT agents.  

Chapter 4 will describe LLC templating a copolymer of a superabsorbent and a 

thermoresponsive monomer to create nanostructured hydrogel materials. The effect 

polymer structure has on the swelling properties, deswelling properties, and reversibility 

of the stimuli-response will be examined. This chapter will examine how increased load 

levels of superabsorbent affect the fidelity of the templated structure. It will also discuss 
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the implications that reducing polymer structure has on the swelling and stimuli-

responsive properties. Chapter 5 continues to examine the same templated copolymer 

materials, but will focus on their suitability for use as FO draw agents. To this end, the 

amount of flux the materials can generate through an FO membrane is tested, and the 

osmotic pressure of the materials is examined. Finally, the materials are placed in a 

proof-of-concept device as a draw agent for purifying river water. 

Chapter 6 screens a wide variety of amphiphilic polyoxyethylene alkyl ether 

surfactants for LLC mesophase behavior. The surfactants are then used as templates for 

PNIPAM. The importance of templating mesophase is demonstrated by templating in the 

inverse and normal phases as well as with a non-LLC surfactant. The work expands the 

knowledge of LLC surfactants, which may allow additional monomers to be templated in 

this manner. 

In Chapter 7, LLC templates and photopolymerization are used to create 

capacitive silicone films. Electrochemical properties can be modified by the simple 

templating of structure to a non-conducting polymer. Films are examined using cyclic-

voltammetry to observe capacitive behaviors. In summary, this work will demonstrate a 

wide variety of applications and properties that can be modified and controlled utilizing 

changes in structure of polymer networks and materials.  

Chapter 8 demonstrates the impact of polymer network formation by examining 

the thermomechanical properties of urethane diacrylate films modified during 

polymerization by a RAFT agent. The films are examined for changes in modulus, Tg, 

elongation, and toughness. Additionally, the effects of generating large amounts of 

radicals using high intensity light on the network formation and properties is examined  
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 2: OBJECTIVES 

Control and modification of polymer properties through understanding structure 

property relationships on the molecular, nanometer, and micrometer level are powerful 

tools for the tailoring of materials. This work investigates the modification of properties 

on two size-scales: on the nanostructure level by surfactant templating and on the 

molecular level by utilizing reversible addition fragmentation chain transfer (RAFT) 

agents to tailor network morphology. Lyotropic liquid crystal (LLC) surfactants are 

combined with photopolymerization to reliably template a variety of monomer types. By 

templating nanostructure within a polymer, a network can be formed within the material 

that allows higher degrees of transport and improved response kinetics and transitions to 

thermal stimulus. RAFT agents are used to modify the propagation of radical 

photopolymerization, enabling the control of network formation. This control over the 

formation of a polymer network morphology can modify material properties, including 

elongation, modulus, and toughness, of a crosslinked photopolymer.  

Within the material science field, the importance of understanding and controlling 

material properties from ‘the ground up’ cannot be overstated. The overall goal of this 

work is to show the impact that structure of different size scales has upon the material 

properties of photopolymers. Additionally, this work aims to analyze how control over 

structure can be used for material applications. These goals will be accomplished through 

the following objectives: 

1. Create stimuli-responsive superabsorbent materials with LLC templating and 

photopolymerization. 

2. Determine suitability of hydrogel materials as forward osmosis draw agents. 
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3. Correlate LLC surfactant mesophase templates with swelling by utilizing linear 

amphiphilic surfactants of various head and tail lengths. 

4. Utilize LLC templating and photopolymerization as a method for creating 

capacitive materials from silicone diacrylates. 

5. Control network morphology and elongation of urethane diacrylates with RAFT 

chain transfer agents 

 The first objective is achieved in Chapter 4 by demonstrating that the thermo-

responsive volume transition is augmented by LLC templating in poly(n-isopropyl 

acrylamide-sodium acrylate) (PNIPAM-SA) copolymers. Non-templated, isotropic 

copolymers do not retain the large volume transition apparent in templated hydrogels. 

Furthermore, it is demonstrated that as SA concentration increases, the complexity and 

degree of template retention is reduced. A corresponding reduction in the range of 

volume transition is also observed. 

Chapter 5 fulfills the second objective by testing the flux and osmotic pressure of 

LLC templated PNIPAM-SA copolymers through direct and indirect methods. It is 

determined that LLC templated materials induce higher water flux through semi-

permeable membranes. At the same time, the structure created with LLC templates does 

not increase the osmotic pressure. This observation combined with the findings in 

Chapter 4 shows promise for utilizing LLC templating techniques for forward osmosis 

draw agents because of the large amount of stimuli-responsive volume transition 

resulting from the continuous pore network.  

Objective 3 is accomplished in Chapter 6 through systematic evaluation of linear 

amphiphilic surfactants for the presence of LLC phases when mixed with water. 
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Surfactants at various concentrations are then used as templates for PNIPAM hydrogels. 

By varying the surfactant concentration, different mesophases are used as templates. The 

work determines the effect of templated nanostructure on the swelling of materials and 

separates nanostructure effects from the simple presence of surfactant during 

polymerization.  

Finally, Objective 4 is achieved when polymer electrochemical properties are 

modified utilizing LLC and photopolymerization in Chapter 7. Silicone diacrylates are 

templated in the lamellar mesophase on a carbon cloth electrode. The capacitance of the 

materials is measured using cyclic voltammetry. Values are compared to isotropic 

samples of the same polymer. The ordered structure within the silicone material acts as a 

multitude of nanoscale electric double layer capacitors, allowing the nanostructured film 

to exhibit several orders of magnitude more specific capacitance than non-templated 

films. 

The fifth objective is met in Chapter 8 by modifying network morphology in 

urethane diacrylates polymerized in the presence of RAFT agents. By exploiting the 

reversible nature of the chain transfer mechanism of RAFT, chain growth can be 

controlled to create networks with increased elongation and reduced modulus. The 

network property modification is hypothesized to be caused by increased homogeneity of 

the molecular weight between crosslinks in the polymer network. 

These objectives provide understanding regarding the fundamentals of polymer 

structure on the nano- and microscale and how they influence bulk properties of 

materials. This work demonstrates that small scale changes can have large scale impacts 

on the properties of materials. By studying and understanding the fundamentals of 
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structure-property relationships, especially on small size scales, new applications for 

photocured polymer systems can be envisioned and developed. 
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3: MATERIALS AND EXPERIMENTAL METHODS 

This chapter describes the materials and methods used to explore the effects of 

small scale structure on the properties of photopolymers. Surfactant selection and the 

basic procedure for lyotropic liquid crystal (LLC) templating is described in the first 

section. This is followed by a description of the preparation of films modified with 

reversible addition fragmentation chain transfer (RAFT) and the preparation of capacitive 

silicone films. Finally, characterization methods used to observe structure, 

polymerization reaction kinetics, thermomechanical properties, transport, and 

electrochemical properties are described. 

3.1: Material and Sample Preparation 

3.1.1: Materials 

Materials used in this study consisted of the following commercially available 

monomers: n-isopropyl acrylamide (NIPAM, Sigma-Aldrich), sodium acrylate (SA, 

Sigma-Aldrich), a silicone diacrylate oligomer 1500 MW (Di-1508, Siltech), and a 

diacrylate oligomer 3500MW, (CN 9002, Sartomer). 2,2-dimethoxy-2-

phenylacetophenone (DMPA, Ciba) was used as a photoinitiator and n-n’methylene 

bisacrylamide (MBA, Sigma-Aldrich) was used as a crosslinker. Deionized water, 

ethanol (Sigma-Aldrich), and acetone (Sigma-Aldrich) were used as solvents. 

Polyethylene glycol, 6000 MW (PEG6000, Sigma-Aldrich), and sucrose (table sugar) 

were used as solutes to create osmotic pressure solutions. Cyanomethyl dodecyl 

trithiocarbonate RAFT agent was prepared as described elsewhere.1 Figure 3.1 shows the 

chemical structures of materials used in this study.  



www.manaraa.com

 
 

40 

A variety of surfactants were used in LLC templating processes. Surfactants with 

hydrophilic poly(oxy ethylene) head groups and hydrophobic alkyl tails were used in all 

studies. Surfactants used for modeling swelling in LLC templated hydrogels were 

selected based on the a wide variety of head and tail lengths available. These surfactants 

include head groups of ~2, ~10, and ~20 ethylene oxide groups each combined with 

lauryl (12), cetyl (16), and a steryl (18) alkyl groups, for a total of nine surfactants (see 

Figure 3.1e for representative structure). The nine surfactants are as follows: 

polyoxyethylene (4) lauryl ether (Brij L4, Sigma-Aldrich); polyoxyethylene (2) cetyl 

ether (Brij C2, Sigma-Aldrich); polyoxyethylene (2) steryl ether (Brij S2, Sigma-

Aldrich); polyoxyethylene (10) lauryl ether ( Sigma-Aldrich); polyoxyethylene (10) cetyl 

ether (Brij C10, Sigma-Aldrich); polyoxyethylene (10) steryl ether (Brij S10 Sigma-

Aldrich); polyoxyethylene (23) lauryl ether (Brij L23, Sigma-Aldrich); polyoxyethylene 

(20) cetyl ether (Brij C20, Sigma-Aldrich); polyoxyethylene (20) steryl ether (Brij S20, 

Sigma-Aldrich). The systematic combinations of surfactant heads and tails allows 

examination of the difference that head and tail length makes with respect to 

compatibility, swelling, and mesophase availability. 
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Figure 3.1. Materials used in this study include a) n-isopropyl acrylamide (NIPAM), b) 

n-n’ methylene bisacrylamide (MBA), c) 2,2-dimethoxy-2-phenylacetophenone 

(DMPA), d) sodium acrylate (SA), e) polyoxyethylene alkyl ether surfactant, f) 

silicone diacrylate (Di-1508), and g) cyanomethyl dodecyl trithiocarbonate (CDT). 

3.1.2: Polymerization 

Polymerization of materials was achieved using mercury arc lamps in various 

form factors. The most typical was an Omnicure 1500 equipped with a collimator, 

allowing for a uniform hexagon-shaped beam pattern to be utilized. Occasionally, some 

experiments required the high intensity light from an industrial mini-belt lamp (Fusion 

Systems, LC-6B). Samples were passed under the belt lamp in multiple passes to achieve 

full conversion, with conversion analyzed between each pass. 
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3.1.3: Preparation of LLC Templated Films 

LLCs were prepared by mixing surfactants with water, heating, and vortex mixing 

to fully incorporate and create the mesophase. Initiator and monomers were then added 

before additional mixing to allow self-assembly of the monomer into the liquid crystal. 

To ensure appropriate mixing, monomer, crosslinker, and photoinitiator were mixed 

together before adding surfactant and water. Achieving an LLC mesophase is often 

accompanied by an increase in viscosity of the mixture, occasionally resulting in 

extremely viscous fluids with high clearing points.  

LLC templated copolymer discs for use in swelling and forward osmosis (FO) 

studies were prepared by heating and vortex mixing DMPA, NIPAM, and MBA. The 

surfactant Brij C2 was added to the mixture, heated, and vortex-mixed again before the 

mixture became too viscous. SA and water were then added to the mixture, heated, and 

vortex-mixed. The surfactant-templated mixtures were poured into 12 mm OD x 3 mm 

circular Teflon®-impregnated Delrin® molds while hot and allowed to cool before 

photocuring. The extensive mixing procedure is necessary due to the complexities of 

NIPAM mixing thermodynamics. NIPAM solutions exhibit many temperature dependent 

stable and metastable phases.2 For example, a NIPAM solution of water will separate into 

a NIPAM rich phase and a water rich phase at temperatures below 25 ˚C. Following the 

insertion of a single NIPAM crystal, the solutions will equilibrate into a single liquid 

phase.  

Isotropic mixtures were cooled to room temperature while being vortex mixed 

aggressively and then poured into Teflon®-impregnated Delrin® molds. 

Photopolymerization of both mixtures was performed using 10 mW/cm2 of 365 nm light 
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from an Omnicure 1500 high-pressure mercury arc UV lamp for 20 min. The resulting 

discs were then rinsed in ethanol for at least 24 h to remove surfactant and unreacted 

monomers before being vacuum dried. This method removes over 95% of the templating 

surfactant.3–5  

3.1.4: Preparation of RAFT Modified Films 

Films for RAFT studies were synthesized from CN 9002, a proprietary urethane 

diacrylate from Sartomer of roughly 3500 g/mol. DMPA was used as the photoinitiator 

and samples were modified with a cyanomethyl trithiocarbonate chain transfer (RAFT) 

agent. Ratios from 0-5:1 RAFT: PI were created for property and polymerization kinetics 

analysis. Samples were heated while mixing to reduce viscosity and were then poured 

onto a glass slide with 300 µm spacers and then sandwiched with a second glass slide. 

Samples were then reheated gently with a heat gun to ensure uniformity of the films. 

Excessive heat may lead to bubbling and care was taken to heat minimally. Samples were 

polymerized under either the Omnicure 1500 as outlined above or the high intensity belt 

lamp at 3ft/min.  

3.1.5: Preparation of Silicone Electrode Materials 

Characterization of LLC templated materials for capacitance measurements 

requires the polymer films to be applied to an electrode. Carbon/graphite cloth was 

chosen due to its flexibility and ease of cutting. Polymer samples were prepared as above, 

then materials were placed on carbon cloth and pressed down with a silicone treated glass 

slide to a thickness of 300 µm as determined by spacers attached to the glass slide. The 

slide was then removed and the material cured under UV light for 6 min at 20 mW/cm2 at 
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365 nm before being rinsed and dried as before. Electrode samples are then analyzed 

using cyclic voltammetry. 

3.2: Characterization 

3.2.1: Structure Characterization 

Small-angle X-ray scattering (SAXS) was utilized to determine the mesophase of 

an LLC or an LLC templated system. The interaction of X-rays with electrons as the 

photons pass through ordered surfactant structure scatter in distinctive patterns (Figure 

3.2). These patterns may be analyzed to observe the distinctive ratios for each LLC 

mesophase.6 SAXS profiles are measured for templated systems to determine the 

structure before and after polymerization. The SAXS instrument used was a Heccus M-

Braun with a Kratky-type collimator, Nonius FR590 with copper target Röntgen tube 

with a Ni-filtered Cu-Kα line of 0.154 nm as the radiation source and a linear PSD-50 

detector. Silver stearate was used to calibrate the instrument. Care was taken that detector 

and beam were in optimal alignment and the beam was as narrow as is practical to obtain 

maximum peak resolution and minimal scattering.7 The scattering vector, q, was obtained 

by Equation 3.1,  

𝑞 = 4𝜋 sin ;Z
[
= 2𝜋/𝑑                                                      (3.1) 

where 2θ is the angle of scattering, λ is the wavelength of the X-ray (0.154 nm), and d is 

the characteristic distance between repeat structures in the LLC mesophase, also known 

as d-spacing. The resulting profiles were background subtracted and the resulting 

difference was Lorentz corrected and desmeared to correct for collimation and 
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wavelength effects.7 The resulting peaks are used to index to mesophases, for examples 

peak ratios of √3, √4, √7, and √12 indicate the presence of a bicontinuous mesophase.6 

3.2.2: Photopolymerization Kinetics 

Fourier transform infrared (FTIR) spectroscopy was used to measure conversion 

of double bonds in RAFT modified urethane diacrylate samples. By tracking the 

disappearance of double bond peak from the acrylate or by comparing the peak to a non-

reactive peak area or height, it is possible to determine the conversion and relative rate of 

polymerization for a given polymerization reaction.  

3.3: Characterization of Swelling and Stimuli-responsive Properties 

Testing of hydrogel materials was performed using a variety of methods to 

determine the effects that templating an ordered nanostructure have on the swelling and 

subsequent deswelling of materials. Hydrogel materials consisting of PNIPAM and its 

 
Figure 3.2. Schematic showing the means by which SAXS examines order in LLC 

samples. 
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copolymers were swollen in water to measure differences in swelling ratio due to LLC 

templated structure within the materials. Materials were weighed after rinsing and 

thorough drying in a vacuum chamber. Materials were then placed into water. Swelling 

was measured after 48 h or whenever equilibrium mass was obtained. Swelling ratio, Q, 

was reported as swollen mass (Ms) over dry mass (Md), Equation 3.2. 

𝑄	 = 	 D_
D9

                                                            (3.2) 

 The stimuli-responsive characteristics of PNIPAM and its copolymers were 

observed in two ways. The first measured the response of the material as a function of 

temperature. The second measured response as a function of time in an isothermal 

environment. Swelling ratio at various temperatures was examined to determine the lower 

critical solution temperature (LCST). LCST is described as the inflection point along the 

curve made from the equilibrium swelling ratios of a stimuli-responsive polymer swollen 

at various temperatures.8 The difference in swelling ratio at initial temperature (𝑄`*) and 

final temperature (𝑄`c) can be described as the dynamic range (DR) of the responsive 

material as shown in Equation 3.3. 

𝐷𝑅 = 𝑄`* − 𝑄`c                                               (3.3) 

Powdered hydrogel samples of templated and isotropic samples were prepared 

using a standard blade coffee grinder. Samples were ground in stages and the resulting 

particles were sorted with a mini-sieve system (LabCo). 
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3.3.1: Forward Osmosis 

Osmotic pressure is an important indicator of the ability of the material to 

function as an FO draw agent. To measure hydrogel osmotic pressure, the use of a semi-

permeable membrane is required to separate the draw agent from the opposing draw 

solution, allowing only water to pass. FO membranes or dialysis tubing with suitably low 

molecular weight (MW) cutoff may be utilized to separate a solution from the hydrogel. 

Dialysis tubing has very high permeability to small organic molecules, therefore its 

resistance is considered negligible when compared to purifying membranes. The 

membrane serves as a barrier between the two ‘solutions,’ only allowing water to pass 

through. In this way, the U-tube allows water to move to one side of the ‘U’ until forces 

balance, preventing additional water movement. The height attained by the higher 

osmotic pressure liquid is used to calculate osmotic pressure with Equation 1.16. Solid 

materials, such as hydrogels, cannot be tested in this manner and other methods that test 

osmotic pressure indirectly have been designed.9–11 By creating a calibration curve of 

known osmotic pressure solutions, osmotic pressure of concentrated polymer solutions 

and hydrogel can be approximated.12 The hydrogel encapsulated in a semi-permeable 

membrane pouch is swollen in a solution to equilibrium. The swelling ratio at equilibrium 

can be compared to the known osmotic pressure solutions. At the osmotic pressure where 

the hydrogel is not able to draw significant water across the membrane, the two materials 

are considered to be a equilibrium. Using this information, it is possible to determine the 

osmotic pressure of a hydrogel by extrapolating the curve calculated by swelling at 

several osmotic pressures to a swelling ratio of zero.10  
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The choice of osmotic solution opposite the hydrogel is an important 

consideration for determining draw agent osmotic pressure. Ideally, a solution will have 

high water solubility and suitably high osmotic pressure at a low solution viscosity and 

concentration. If the solution becomes too viscous at high concentrations, difficulty 

maintaining a uniformly mixed solution may occur, and boundary layers may form at the 

membrane surface. The unmixed layer will confound the osmotic pressure measurements. 

If high concentrations are needed, calculating osmotic pressure using the ideal solution 

assumption may become inaccurate.13 

A device based on one described by Dieng, for which the original purpose was to 

measure the water absorbency of clay soils, was constructed to measure mass transfer 

into the hydrogel polymer in real-time. A balance with real-time mass determination 

capabilities was modified to accept a membrane holder. A forward osmosis membrane 

was placed within the membrane holder. Water flowed to the back side of the membrane 

rejection layer. The balance was tared, and powdered hydrogel samples were then placed 

upon the membrane. As water was absorbed into the hydrogel, it was replaced by the 

reservoir. Thus, the increase in mass was recorded by the balance. The mass of water was 

used to calculate flux of water across the membrane in L/m2/h (LMH) by dividing the 

volume of water by the surface area of the exposed membrane over time.  

Pouches of hydrogel materials were tested using FO membranes from Hydration 

Technologies, Inc. Pouches were assembled from 0.006 inch thick polyethylene film. The 

FO membrane was sealed around the edges using a commercial heat sealer to melt the 

film and membrane together, forming a watertight seal on three edges. Pouches were then 

weighed, filled with the desired hydrogel (powder or whole), weighed again, and sealed 
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completely before being placed into solution. After a given time, the pouches were 

removed from the solution, dabbed dry, and weighed to determine the mass of water 

drawn into the pouch via the osmotic pressure of the hydrogel. The flux of water into the 

pouch was thereby estimated. 

A variation of the above pouch experiments was used to determine the osmotic 

pressure of a given hydrogel composition. Solutions were prepared from deionized water 

and PEG6000 or sucrose. Osmotic pressure was calculated by using values observed 

previously.13–15 Pouches containing the hydrogel were immersed in the stirred solution 

and weighed as described above. The osmotic pressure calibration curve standard was 

used to determine the theoretical osmotic pressure of the hydrogel material.  

3.3.2: Dynamic Mechanical Analysis  

Methods to characterize network formation rely on derivations from 

thermomechanical data. Typical methods can include tensile stress-strain measurements, 

which allow Young’s modulus to be calculated from the slope. The stress-strain curve 

allows the comparison of toughness and elasticity between formulations. Toughness is a 

measure of the amount of energy a material absorbs, and it is calculated by integrating the 

function of the stress-strain curve.16 The slope of the curve gives Young’s modulus, 

which can be used to calculate the crosslink density of a polymer network.17 Other 

methods to calculate crosslink density involve swelling the network in a solvent with a 

known Flory solubility parameter.18 Measuring the modulus over a wide range of 

temperatures is also useful for determining information about a polymer network. The 

tangent of loss over storage modulus versus temperature yields a peak, which 

corresponds to Tg. The shape and location of the Tg peak can provide information about 
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the network, including uniformity, domains, and chain behavior.19 Tensile mode was 

used for quantifying the stress-strain, glass transition temperature (Tg - from Tan(δ) 

peaks), and toughness.16 Samples were prepared by cutting rectangular films from 

prepared samples to approximately 6 x 12 mm. Temperature was increased from -100 to 

50 ˚C with a strain ramp rate of 1 N/min. Dynamic mechanical analysis experiments were 

performed with a TA Instruments Q800 dynamic mechanical analyzer (DMA) in tensile 

mode. Samples of roughly 3mm by 6 mm were clamped in the tensile clamps and 

temperature sweeps were performed from -100 to 50 ˚C at a heating rate of 3 ˚C/min to 

determine the Tg of the cured urethane films by recording Tan(δ) versus temperature. 

Stress and strain of films were evaluated at 30 ˚C with a force rate of 1.0 N/min. From 

stress and strain Young’s modulus was calculated from the slope of the linear portion of 

the curve and toughness by integrating the area under the curve.  

3.3.3: Cyclic Voltammetry 

The capacitance of isotropic silicone and LLC templated silicone materials was 

examined. Capacitance measurements were made using cyclic voltammetry. A 1 mM 

aqueous solution of NaNO3 was prepared and sparged using N2. A three-electrode setup 

was used. A platinum mesh performed as the counter electrode. The reference electrode 

(RE) was a saturated calomel electrode (SCE), and the working electrode (WE) consisted 

of the polymer samples pressed onto carbon cloth.  

Cyclic voltammetry was performed (CH instruments, 760B potentiostat) at scan 

rates of 5, 10, 25, 50, 75, 150, and 200 mV/s, from 0.5 V to 1.3 V. Films were 

equilibrated in the NaNO3 electrolyte solution for a minimum of 24 h before testing. The 
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envelope width from the resulting voltammogram was used to calculate the capacitance 

for samples at each scan rate using Equation 3.5. 

Cd= 2ic/vs      (3.5)  

where Cd is the capacitance of the device, ic is the average current observed in the 

envelope, and vs is the voltage scan rate. 

Analysis of capacitance was carried out using the plot of i versus vs for low scan 

rates (5-20 mV/s) and i versus √vs for high scan rates (50-200 mV/s). The y-intercept for 

the linearized equation for i versus vs was assumed to be the capacitance of the polymer 

film. Specific capacitance of the films was calculated by dividing the capacitance value 

by the mass. Volume of the polymer film was calculated from the mold dimensions.  

  



www.manaraa.com

 
 

52 

3.4: References 

(1)		 Wood, M. R.; Duncalf, D. J.; Rannard, S. P. Selective One-Pot Synthesis of 
Trithiocarbonates , Xanthates , and Dithiocarbamates for Use in RAFT / MADIX 
Living Radical Polymerizations. Organic Letters. 2006. 8(4), 553-556.  

(2)  Sasaki, S.; Okabe, S.; Miyahara, Y. Thermodynamic Properties of N-
Isopropylacrylamide in Water: Solubility Transition, Phase Separation of 
Supersaturated Solution, and Glass Formation. J. Phys. Chem. B 2010, 114, 
14995–15002. 

(3)  Forney, B. S.; Guymon, C. A. Fast Deswelling Kinetics of Nanostructured poly(N-
Isopropylacrylamide) Photopolymerized in a Lyotropic Liquid Crystal Template. 
Macromol. Rapid Commun. 2011, 32 (9–10), 765–769. 

(4)  Clapper, J. D.; Guymon, C. A. Physical Behavior of Cross-Linked PEG Hydrogels 
Photopolymerized within Nanostructured Lyotropic Liquid Crystalline Templates. 
Macromolecules 2007, 40 (4), 1101–1107. 

(5)  Forney, B. S.; Baguenard, C.; Guymon, C. A. Improved Stimuli-Response and 
Mechanical Properties of Nanostructured poly(N-Isopropylacrylamide-Co-
Dimethylsiloxane) Hydrogels Generated through Photopolymerization in 
Lyotropic Liquid Crystal Templates. Soft Matter 2013, 9 (31), 7458–7467. 

(6)  Hyde, S. T. Identification of Lyotropic Liquid Crystalline Mesophases. In 
Handbook of Applied Surface and Colloid Chemistry; Holmberg, K., Ed.; John 
Wiley & Sons, Inc., 2001; pp 299–332. 

(7)  Schnablegger, H.; Singh, Y. The SAXS Guide: Getting Acquianted with the 
Principles, 2nd ed.; Anton Paar GmbH.: Graz, Austria, 2011. 

(8)  Bäcker, M.; Raue, M.; Schusser, S.; Jeitner, C.; Breuer, L.; Wagner, P.; 
Poghossian, A.; Förster, A.; Mang, T.; Schöning, M. J. Microfluidic Chip with 
Integrated Microvalves Based on Temperature- and pH-Responsive Hydrogel Thin 
Films. Phys. Status Solidi Appl. Mater. Sci. 2012, 209 (5), 839–845. 

(9)  Money, N. P. Osmotic Pressure of Aqueous Polyethylene Glycols ’ Relationship 
between Molecular Weight and Vapor Pressure Deficit. Plant Physiol. 1989, 91, 
766–769. 

(10)  Horkay, F.; Tasaki, I.; Basser, P. J. Osmotic Swelling of Polyacrylate Hydrogels in 
Physiological Salt Solutions. Biomacromolecules 2000, 1 (1), 84–90. 

(11)  Vink, H. Precision Measurements of Osmotic Pressure in Concentrated Polymer 
Solutions. Eur. Polym. J. 1971, 7 (2), 1411–1419. 

(12)  Parsegian, V. A.; Rand, R. P.; Fuller, N. L.; Rau, D. D. Osmotic Stress for the 



www.manaraa.com

 
 

53 

Direct Measurement of Intermolecular Forces. Methods Enzymol. 1986, 127, 400–
416. 

(13)  Granik, V. T.; Smith, B. R.; Lee, S. C.; Ferrari, M. Osmotic Pressures for Binary 
Solutions of Non-Electrolytes. Biomed. Microdevices 2002, 4 (4), 309–321. 

(14)  Michel, B. E.; Kaufmann, M. R. The Osmotic Potential of Polyethylene Glycol 
6000. Plant Physiol. 1973, 51 (5), 914–916. 

(15)  Lewis, G. N. The Osmotic Pressure of Concentrated Solutions, and the Laws of the 
Perfect Solution. J. Am. Chem. Soc. 1908, 30 (5), 668–683. 

(16)  Brazel, C. L.; Rosen, S. L. Fundamental Principles of Polymeric Materials; John 
Wiley & Sons, Inc.: Hoboken, New Jersey, 2012. 

(17)  Flory, P. J. Molecular Theory of Rubber Elasticity. Polym. J. 1985, 17 (1), 1–12. 

(18)  Flory, P. J.; Rehner, J. Statistical Mechanics of Cross-Linked Polymer Networks 
II. Swelling. J. Chem. Phys. 1943, 11 (11), 521–526. 

(19)  Ye, S.; Cramer, N. B.; Bowman, C. N. Relationship between Glass Transition 
Temperature and Polymerization Temperature for Cross-Linked Photopolymers. 
Macromolecules 2011, 44, 490–494. 

 

  



www.manaraa.com

 
 

54 

4: RESPONSIVE SUPERABSORBENT HYDROGELS VIA 

PHOTOPOLYMERIZATION IN LYOTROPIC LIQUID CRYSTAL 

TEMPLATES1 

In this work, stimuli-responsive, superabsorbent materials are created by 

copolymerization of stimuli-responsive poly(n-isopropyl acrylamide) (PNIPAM) in 

combination with superabsorbent sodium acrylate (SA) via photopolymerization in 

lyotropic liquid crystal (LLC) templates. Templating PNIPAM in LLC mesophases 

imparts nanostructure to the polymer that significantly increases transport and swelling 

when compared to isotropic hydrogels. These materials exhibit twice the equilibrium 

swelling ratio of analogous non-templated materials and show a dynamic range between 

the swollen and deswollen state that is 5 times greater. To further augment this stimuli-

responsive range, LLC-templated PNIPAM was combined with the superabsorbent 

monomer sodium acrylate (SA). As SA concentration is increased, significant structure 

changes are observed during polymerization that leads to less-defined nanostructure and 

lower stimuli response. Maximum swelling and temperature response are observed at low 

concentrations of SA (~2 wt%). These LLC-templated copolymers exhibit stimuli-

responsive volume transitions up to 40 times and equilibrium swelling ratios of 60 times 

their dry mass. This 600% increase in thermal response is due to the combined high 

swelling capabilities of SA with the enhanced thermal-response behavior induced by the 

LLC-templated nanostructure. Additionally, the nanostructure induces fast deswelling 

                                                

1McLaughlin, J. R., Abbott, N. L., & Guymon, C. A. Polymer 2018. 148, 119-126. 
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rates at temperatures above the lowest critical solution temperature of PNIPAM. The high 

dynamic range and quick response of this composition could allow for the development 

of superabsorbent, stimuli-responsive hydrogels in a variety of biomaterial, microfluidic, 

and water remediation applications.  

4.1: Introduction 

Hydrogels that respond to stimuli such as light, pH, or temperature have long 

been studied for applications including drug delivery, microfluidics, and use in 

micropumps.1–3 Poly(n-isopropyl acrylamide) (PNIPAM) is one such stimuli-responsive 

material of significant interest. PNIPAM undergoes a reversible coil-to-globule transition 

upon heating to a lower critical solution temperature (LCST) of approximately 32 ˚C. 

This transition leads to a decrease in hydrophilicity resulting in reduced water solubility 

of linear polymer chains.4 In a water-swollen, crosslinked hydrogel, this collapse of the 

chains between crosslinks manifests as a volume decrease and water release. Due the 

proximity of this transition to physiological temperatures, PNIPAM been examined for 

use as a drug-release agent as well as in actuators, sensors, and pumps.1,5,6 To enhance 

performance for these applications, several methods have been used to increase water 

swelling capacity and release in PNIPAM systems. Promising results have been observed 

by creating specific polymer morphologies including interpenetrating networks (IPN) or 

semi-IPNs using crosslinked PNIPAM.7–10 Another means of significant interest for 

enhancing swelling capacity is to incorporate superabsorbent monomers into stimuli-

responsive materials.11,12 

Superabsorbents exhibit high degrees of swelling, often well over 10 times their 

dry mass.13,14 The extensively used sodium acrylate (SA) is often incorporated for 
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applications in consumer health products such as lotions, creams, powders, diapers, and 

soil management.15,16 Unfortunately, superabsorbent materials, including SA, tend to lose 

mechanical integrity and become weak pastes or gels when swollen17 making them 

unsuitable if reuse or repeated handling is required. When incorporated with PNIPAM, 

SA may also limit the degree of stimuli-response. The hydrophilic nature of the 

superabsorbent prevents complete water release from the system. Therefore, PNIPAM 

materials modified with SA exhibit small dynamic ranges of water release and slow 

response kinetics, making them less desirable for practical applications.6 While stimuli-

responsive hydrogels incorporating SA superabsorbents have shown promise in water 

purification as draw agents for forward osmosis,18–21 these materials would benefit 

significantly from enhanced water release speed and magnitude.  

One promising means to improve the stimuli-responsive kinetics and water 

swelling has recently been demonstrated when templating lyotropic liquid crystal (LLC) 

nanostructures, in PNIPAM materials via radical photopolymerization.22 LLC are 

surfactant/water mixtures with structure on the nanometer scale when mixed at 

appropriate concentrations. Monomers can be incorporated in LLC domains, then 

photopolymerized to facilitate greater degrees of nanostructure formation in the 

polymer.23,24 After photopolymerization, the LLC template surfactant is removed, 

resulting in a template directed polymer structure (Figure 4.1). Since 

photopolymerization reactions proceed rapidly, the nanostructure imparted to the 

monomer by the LLC mesophase may, to some extent, be kinetically trapped in the 

resulting polymer.25 The resulting photocured network may then exhibit distinct 

morphologies originating from the LLC template.23,26 Conversely, thermal 
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polymerizations are relatively slow and allow for thermodynamic phase separation to 

occur during the polymerization, resulting in formation of significantly different 

structures.27 

Through structure development and controlled porosity, LLC templating has 

shown great promise for controlling the swelling and mechanical properties of hydrogel 

materials. The structure allows enhanced transport and mechanical properties, which 

could be of particular utility in stimuli-responsive materials.22,28–30 For example, recent 

work has shown that equilibrium swelling ratio of LLC templated PNIPAM polymer 

materials in water is doubled compared to non-templated equivalent materials, and have 

much faster deswelling of the absorbed water. The increased deswelling was attributed to 

the ordered structure allowing more facile transport of water to and from the hydrogel in 

addition to preventing the formation of a dense outer ‘shell’ as the material undergoes the 

volumetric transition and deswelling. Interestingly, even with twice the water content, the 

 

Figure 4.1. Schematic showing steps for LLC templating using photopolymerization. 

LLC mesophases self-assemble from water and surfactant mixtures. Monomer 

segregates in polar and/or non-polar domains. After photopolymerization the surfactant 

is removed, leaving the templated polymer. 
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nanostructured material showed little change in compressive modulus in the swollen state 

relative to isotropic materials.  

In developing temperature-sensitive materials with high swelling capacity via 

copolymerization of stimuli-responsive polymers with superabsorbents, the degree of 

swelling of the resulting material increases. Unfortunately, this increase is accompanied 

by a reduction in the magnitude of the stimuli-response range.7 We hypothesize that 

combining LLC templating with superabsorbent monomers will further increase swelling 

while also allowing increases in the stimuli-responsive range of hydrogel materials with 

directed structure and transport. In this work, we utilize the advantages of both LLC 

templating and SA copolymerization with PNIPAM to examine the impact of enhanced 

swelling and structure on stimuli-responsive properties.5,7,21,31 LLC templated PNIPAM 

materials were copolymerized with SA to determine the effects of SA addition on 

structure retention, water swelling, and stimuli-response. The templated polymer 

structure was examined using small-angle X-ray scattering (SAXS) profile analysis and 

scanning electron microscopy (SEM). Material swelling and deswelling were measured 

as a function of temperature while deswelling kinetics were examined isothermally to 

elucidate thermoresponsive behavior. Finally, swelling and deswelling cycles were 

examined to determine the repeatability of stimuli-response. Through a combination of 

LLC templating and copolymerization of a superabsorbent with a stimuli-responsive 

monomer, novel materials that are both superabsorbent and can quickly and reversibly 

respond to temperature have been created.  
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4.2: Experimental 

Monomers used to develop stimuli-responsive superabsorbent gels in this work 

include n-isopropyl acrylamide, n,n’-methylene bisacrylamide (MBA) crosslinker, and 

sodium acrylate (SA), all from Sigma-Aldrich. The photoinitiator incorporated was 2,2-

dimethoxy-2-phenylacetophenone (DMPA, Ciba). Poly(oxyethylene)-2-cetyl ether (Brij 

52, Sigma-Aldrich) was utilized as the templating surfactant, and ethanol as a rinse 

solvent to remove surfactant along with residual monomer and photoinitiator. Chemical 

structures of surfactants, monomers, and photoinitiator are given in Figure 4.2. All 

materials were used as received.  

LLC-templated and isotropic hydrogels were created with copolymer 

compositions containing 0 to 5 wt% SA, 20 wt% NIPAM, and a 1:100 mass ratio of both 

MBA and DMPA to total monomer content with water comprising the remainder of each 

formulation. LLC-templated copolymer discs were prepared by heating and vortex 

mixing DMPA, NIPAM, and MBA. Surfactant (Brij 52), SA, and water were added to 

the mixture with heating and mixing between addition of each component. The 

surfactant-templated mixtures were placed into 12 mm diameter x 3 mm circular 

Teflon®-impregnated Delrin® molds while hot and allowed to cool before photocuring. 

Isotropic systems incorporating monomers, water, and photoinitiator were heated during 

mixing and then cooled to room temperature before being placed into the same molds. 

Photopolymerization of mixtures was performed using 10 mW/cm2 of 365 nm light from 

an Omnicure 1500 high-pressure mercury arc UV lamp for 20 min. The resulting discs 

were then rinsed in ethanol for at least 24 h to remove surfactant, residual photoinitiator, 

and unreacted monomers before vacuum drying.22,28,32 
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Figure 4.2. Materials used in this work including: a) N-isopropyl acrylamide (NIPAM), 

b) 2,2-dimethoxy-2-phenylacetophenone (DMPA), c) N-N’ methylene bisacrylamide, 

d) sodium acrylate (SA), and e) polyoxyethylene (10) cetyl ether (Brij 52). 

4.2.1: Small Angle X-ray Scattering (SAXS) 

SAXS was used to assess LLC-structure by collecting diffraction profiles of 

materials before and after polymerization. The SAXS instrument used was a Heccus M-

Braun, with a Kratky-type collimator, Nonius FR590 with copper target Röntgen tube 

with a Ni-filtered Cu Kα line of 0.154 nm as the radiation source and a linear PSD-50 

detector. Silver stearate was used to calibrate the instrument. Profiles are shown with 

background profiles subtracted, Lorentz corrected, desmeared, and smoothed. 

 

a) b) 

c) 

d) e) 

2 
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4.2.2: Scanning Electron Microscopy (SEM) 

Samples were imaged using a Hitachi S-4800 scanning electron microscope with 

accelerating voltages between 1.5 kV and 2.5 kV. Prior to image collection, the samples 

were vacuum dried for at least 24 h, fractured, and sputter-coated with Au/Pd for three 

min at 10 mA. Images shown are polymer structures along the fracture plane. 

 

4.2.3: Temperature Response of Materials 

Dried discs were placed in room temperature (22 ˚C) deionized water and allowed 

to swell to equilibrium. Temperature response of discs was measured by allowing discs to 

equilibrate for 24 h at temperatures ranging from 22 ˚C to 55 ˚C. Disc mass was 

measured after dabbing excess water with a moistened laboratory napkin. Swelling ratio 

for the above experiments was calculated using Equation 3.2. All swelling and deswelling 

studies were performed in triplicate with error reported as standard deviation. The 

dynamic range (DR) of stimuli-response was defined by Equation 3.3 as the difference 

between equilibrium swelling ratios at two times or two temperatures. The LCST of each 

sample was determined by calculating the inflection point of the temperature response 

curve in the negative sloping region.33,34 

4.2.4: Kinetic Swelling and Deswelling. 

Discs were swollen to equilibrium mass in distilled water at 22 ˚C. To measure 

the rate of deswelling at elevated temperatures, the discs were placed in distilled water at 

50 ˚C. The mass was then measured at different times to ascertain the degree and rate of 

stimuli-response. The discs were dabbed lightly with a moistened laboratory napkin to 

remove surface water before mass was recorded. To demonstrate the reversibility of the 
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stimuli-responsive behavior, the discs were immersed at 50 ˚C for 24 h. The samples 

were then re-swollen in deionized water at 22 ˚C for 24 h before again being immersed in 

water at 50 ˚C for 24 h. The swell/deswell cycle was repeated four times, alternating 

between 50 ˚C and 22 ˚C with mass recorded after each swell and deswell. The reversible 

dynamic range (RDR), a measure of the water that can be repeatedly absorbed and 

released by a sample over a 24 h swelling and deswelling cycle, was calculated by 

subtracting the equilibrium swelling ratios at 50 ˚C and 22 ˚C averaged for the final three 

cycles, (Equation 4.1). 

𝑅𝐷𝑅 = 𝑄;;	˚f − 𝑄gh	˚f                                                 (4.1) 

4.3: Results and Discussion 

Prior work has demonstrated that LLC-templated PNIPAM hydrogels exhibit 

rapid and large dynamic range deswelling above the lower critical solution temperature 

(LCST). The network created using LLC templating also facilitates significantly 

increased swelling and enhanced overall stimuli-response.22 These property 

enhancements are largely due to the formation of a nanostructured network directed by 

the LLC. Increasing the dynamic swelling and overall swelling ratio to an even greater 

degree could be desirable for many applications such as water remediation. This work 

demonstrates the generation of materials with high swelling and stimuli-response by 

photopolymerizing superabsorbent and stimuli-responsive monomers in LLC templates. 

We believe that increased swelling in combination with induced nanostructure will allow 

greater increases in the magnitude of the stimuli-response.  
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PNIPAM retains its nanostructure well during LLC templating,22,28 but adding an 

ionic species such as SA may affect structure both before and after polymerization. To 

determine the influence of SA on LLC phase structure, SAXS was used to observe the 

LLC mesophase of templated NIPAM-SA copolymer hydrogels pre- and post-

polymerization as a function of SA concentration up to 4 wt% (Figure 4.3).  

In the SAXS profiles before polymerization without SA, a strong primary peak 

with several higher-order reflections is observed, consistent with a bicontinuous LLC 

mesophase.35 Upon addition of 2 wt% SA before polymerization, similar profiles to the 0 

wt% control are observed. After polymerization, the 2 wt% SA sample peaks are not as 

well defined compared to the pre-polymerization profile, but still indicate bicontinuous 

structure. These changes imply that SA disrupts the LLC structure particularly as 

polymerization progresses. Retention of structure is even more difficult at higher 

concentrations of SA. The templated 4 wt% SA profile before polymerization still 

indexes strongly to a bicontinuous mesophase. During polymerization, the peaks appear 

to shift to positions indicative of a hexagonal mesophase. The observed shift indicates 

mesophases are becoming less stable during polymerization with increasing SA, and that  

the final structure may exhibit lower degrees of or even different order indicating some 

degree of phase separation.  

Prior work has shown that changes in ordering on the microscopic level are also 

observed for LLC-templated systems that mirror that found at the nanoscale. Templated 

hydrogels exhibit textures at micron size scales directly related to the internal 

nanostructures present in the material.36 SEM was thus utilized to observe the differences 

in internal surface features of the isotropic and LLC-templated materials with increasing  
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Figure 4.3. SAXS profiles of PNIPAM 20%/SA mixtures containing a) 0, b) 2, 

and c) 4 wt% SA templated with 40 wt% Brij 52 in water before (—) and after (-

--) photopolymerization. 
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SA loading (Figure 4.4). Isotropic material morphologies at all SA concentrations 

appear to be relatively uniform, with little porosity or structure definition indicative of 

internal structure.  

On the other hand, the LLC templated materials appear to have much greater 

definition. In the templated 0 wt% SA sample, the internal surface appears to exhibit a 

well-defined porous texture, indicating that significant internal porosity is present in the 

responsive hydrogel. When the SA loading is increased to 2 wt%, the sample still shows 

defined texture, but the porosity appears to be slightly decreased. A decrease in structure 

definition is consistent with observations in the SAXS profiles discussed earlier. As SA is 

further increased to 4 wt%, the structure is much less defined, with even less evidence of 

porous structure. These results imply that the presence of SA disrupts LLC phase stability 

during polymerization and may allow less retention of the templated LLC structure. 

These less defined polymer morphologies may also lead to significant changes in water 

absorption and stimuli-response properties. 

Other research has shown that water absorption of stimuli-responsive PNIPAM is 

increased by incorporating SA. However, the increased swelling came at the expense of 

stimuli-response with the additional hydrophilic moieties limiting water release. Stimuli 

response and swelling are both enhanced in PNIPAM hydrogels by LLC templating 

hydrogels in LLC mesophases.22,28 It is therefore reasonable to believe that combining 

superabsorbents with LLC structure will allow even greater degrees of swelling and 

subsequent release of water. To determine the effect of adding SA to swelling and 

stimuli-response for both templated and untemplated NIPAM hydrogels, the swelling 

ratio was examined with increasing concentration of SA as a function of temperature  
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Figure 4.4. SEM micrographs comparing isotropic PNIPAM hydrogels with a) 0, b) 2, 

and c) 4 wt% SA and templated PNIPAM hydrogel samples with d) 0, e) 2, and f) 4 

wt% SA in LLC templated materials. The scale bar represents 500 µm. 
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 (Figure 4.5). The characteristic temperature at which the deswelling event occurs, 

i.e., the lower critical solution temperature (LCST) was also determined from the 

inflection point of each curve. LCST and swelling data for the formulations are 

summarized in Table 4.1. The addition of SA to isotropic PNIPAM systems causes 

equilibrium swelling ratios both above and below the LCST to increase significantly at 

temperatures with added SA (Figure 4.5a).  

Untemplated control samples without SA swell to a ratio below the LCST at 22 

˚C (Q22 ˚C ) of over 10 and subsequently deswell at higher temperatures by more than 50% 

above the LCST (Q55 ˚C ). This transition results in water release approximately 5 times 

the dry mass resulting in a dynamic range (DR) of about 7. Upon addition of 2 and 4 wt% 

SA, the swelling ratio of the material increases dramatically to over 30 and 40 below the 

LCST respectively. Even with this greater swelling, the DR remains similar with values 

of approximately 8 and 10. Interestingly, the LCST at which the volume transition occurs 

for the SA isotropic materials increases slightly to 35 ˚C, whereas the isotropic control  

transitions at the lower temperature of 32 ˚C (Table 4.1). Similar shifts in LCST have 

been observed upon the addition of hydrophilic monomers to other stimuli-responsive 

systems based on increased hydrophilic nature of the hydrogel.34,37  

Adding SA does increase swelling for PNIPAM systems, but does not result in 

large increases in overall water release. It is reasonable to believe that the higher porosity 

imparted by LLC templating may allow stimuli-responsive characteristics of PNIPAM to 

improve and allow greater water release at the higher swelling ratios realized due to the 

addition of SA. The LLC-templated control without SA deswells from about 18 to 2 

times the dry mass when heated above the LCST (Figure 4.5b and Table 4.1). This  
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Figure 4.5. Equilibrium swelling ratios (Q) at various temperatures for a) isotropic and 

b) templated materials with increasing concentrations of SA. Dynamic range (DR) is 

the difference between Q 22 ˚C and Q 55 ˚C. The LCST is found from the inflection point 

of each curve (as indicated by the arrow). 

response represents an almost 3-fold increase from the overall dynamic range 

(DR) of the isotropic sample, likely due to the enhanced transport within the templated 

structure. As SA loading is increased to 2 wt%, the Q value equilibrium swelling ratio  
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below the LCST is significant, increased to over 45, while the equilibrium swelling ratio 

above the LCST is approximately 10 resulting in a DR of more than 35 times the dry 

mass (a full 4 and a half times increase in stimuli-response compared to the isotropic 

sample). The large increase in overall stimuli-response shows the synergistic effect of 

incorporating SA in a LLC templated material. Further increase in SA loading to 4 wt% 

in a templated hydrogel also brings Q22 ˚C to almost 60 with the deswollen value at 55 ˚C 

to over 30, again representing a significant increase in DR as compared to the analogous 

isotropic samples. Interestingly, the enhancing effect from LLC templated structure is not 

as large as in the 2 wt% SA sample, a trend supported by the change in morphology and 

decrease in observed porosity discussed previously. The reduction in defined structure in 

Table 4.1. Swelling degree, LCST, dynamic range, post-polymerization mesophase for 

templated and isotropic samples at equilibrium. 

Sample Q22˚C Q55˚C LCST, ˚C Dynamic 
Range 

Post-
polymerization     

mesophase 

Templated 0% 
SA 18 ± 1 1.9 ± 0.2 32.3 16 Bicontinuous 

Cubic 

Templated 2% 
SA 45 ± 1 9.6 ± 0.5 42.1 36 Bicontinuous 

Cubic 

Templated 4% 
SA 57 ± 4 25.3 ± 0.9 46.3 32 Hexagonal 

Isotropic 0% 
SA 10.8 ± 0.8 3.7 ± 0.2 32.1 7.1 N/A 

Isotropic 2% 
SA 30 ± 4 22 ± 3 34.6 8 N/A 

Isotropic 4% 
SA 43 ± 5 34 ± 6 34.7 10 N/A 
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the 4 wt% SA templated sample and the corresponding decrease in stimuli-response 

illustrates the importance of structure and pore morphology on material properties. As 

pore definition is decreased in templated materials with increasing SA concentration, 

stimuli-responsive properties move closer to those of isotropic systems.  

For templated materials, SA addition affects LCST to a much larger degree than 

in isotropic materials. As SA loading increases in isotropic samples, the LCST increases 

only about 3 ˚C from 32 ˚C. On the other hand, the 2 wt% and 4 wt% templated SA 

samples exhibit LCSTs at the much higher temperatures of 42.1 and 46.3 ˚C, 

respectively. The marked increase is not likely due to changes in chemistry as the 

compositions are virtually identical. Instead, the large increases in LCST appear to be a 

consequence of the nanostructure allowing significantly more water into the system that 

changes the inherent behavior of the gel to act as a more hydrophilic material. With the 

additional water, higher energy would be required for the deswelling transition to occur, 

thereby driving the LCST to occur at higher temperatures. The larger magnitude of 

swelling and stimuli-response also appears to be directly due to the ordered structure and 

continuous pore network templated within the material. The structure allows additional 

water to be absorbed within the material and subsequently allows the hydrogel to collapse 

to a greater degree, expelling more water during stimuli-response events due to additional 

void space from the porous network.  

Another possible advantage of the LLC-templated structure is faster deswelling of 

water from the hydrogel system.22 To elucidate the deswelling kinetics of the copolymers 

as a function of SA concentration, the stimuli response of PNIPAM/SA copolymer 

materials was examined by immersing samples in 50 ˚C water. Mass change from water 
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expulsion was then examined as a function of time (Figure 4.6). Isotropic samples at both 

load levels of SA deswell slowly over 20 min, each releasing roughly an equal amount of 

water despite the much greater swelling at higher concentrations of SA (Figure 4.6a). The 

isotropic 0 wt% SA control deswells rapidly, similar to results in prior work.22 These 

three isotropic samples lose roughly 6-7 times their dry mass in water after 20 min. 

On the other hand, templated samples with superabsorbent SA exhibit much more 

rapid deswelling from equilibrium even upon incorporation of SA (Figure 4.6b). The 

LLC-templated 0 wt% SA sample deswells rapidly and virtually to completion in 90 s, 

with over double the water expelled as compared to the isotropic material. Upon addition 

of 2 wt% SA in templated samples, greater initial swelling is observed while the rate at 

water expelled is reduced. By 20 min, 90% of the release response is observed, 

representing a mass approximately 35 times that of the dried polymer. Interestingly, 

nearly 6 times more water is released by the templated 2 wt% SA sample than its 

isotropic analogue. Increasing SA content to 4 wt% further raises the equilibrium 

swelling ratio as discussed previously, however the response rate is decreased even 

further, due to differences in the templated structure. At 20 min, only 65% of the water 

that is released at equilibrium has been expelled. Even so, the templated material exhibits 

a much larger stimuli-response than the analogous isotropic material with about 3.5 times 

more water being released after 20 min.  

The increase in deswelling rate in, templated samples is again likely due to the 

nanostructure preventing the formation of a dense deswollen outer layer of material 

which often occurs in non-templated materials.38 Typically, when a PNIPAM hydrogel is 

deswollen, the outside surface will respond to the stimulus by expelling water. In  
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Figure 4.6. Equilibrium swelling data showing the rate of stimuli-response for a) 

isotropic and b) LLC-templated materials with varying concentrations of SA placed in 

50 ˚C water after initial equilibration at 22 ˚C. 

isotropic samples, this results in a dense polymer ‘shell’ on the outside, which slows 

water expulsion from the inside of the bulk material and reduces water transport to the 

interior. This behavior is observed with the gradual deswelling of the isotropic samples. 

However, the ordered nanostructure and porosity of the LLC-templated materials allows  
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Figure 4.7. Swelling ratios of a) isotropic and b) LLC-templated materials with varying 

concentrations of SA during 24-h cycling from 22 ˚C to 50 ˚C. Discs were equilibrated 

at each temperature for 24 h. Average peak-to-valley change from cycles 2-4 were used 

to calculate the reversible dynamic range (RDR). 

water to flow from the material quickly and more completely, unhindered by a dense 

polymer layer. Heat may also transport more efficiently through the disc via the increased 

water transport and water content, allowing for more rapid stimuli-response from the 
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transition. Increased transport from LLC templated nanostructure is essential to the rapid 

response rate of these materials. The slower response of templated NIPAM/SA is also not 

surprising given the lower degrees of order as the SA disrupts the LLC-structure.  

Reversibility of the thermoresponsive transition for linear PNIPAM chains in 

solution is well understood; similar cycling studies of templated hydrogel materials 

would reveal if the templated structure is stable or collapses over repeated cycles.34 It is 

also important to understand how the content of SA will affect the repeated swelling and  

deswelling of LLC templated materials. To demonstrate the hydrogel copolymer 

stimuli-response reversibility, materials were cycled between 22 ˚C and 50 ˚C (Figure 

4.7). After 24 h at each temperature, mass was determined. Cycling experiments also 

allowed the reversible dynamic range (RDR), i.e., the average of the difference from the 

swollen to deswollen state from a 24-h cycle, of stimuli-response to be measured, 

demonstrating the repeatability of the process. Isotropic samples show a relatively small 

RDR for the four cycles measured (Figure 4.7a). The isotropic 0 wt% and 2 wt% SA 

samples exhibit an RDR of 8 with an increase to approximately 10 for 4 wt% SA loading. 

Isotropic formulations swell and deswell consistently and reversibly, demonstrating the 

material structure and dynamics are not changing after several cycles. 

The LLC-templated materials also demonstrate reversibility but with much higher 

RDR (Figure 4.7b). The templated 0 wt% SA control responds to temperature by 

expelling 16 times its dry mass of water after several cycles, double the RDR of the 

isotropic material. When SA loading is increased to 2 wt% in the templated sample, an 

RDR of approximately 32 which represent a total of 4 times more water released per 

cycle than observed from its isotropic counterpart. Increasing SA further to 4 wt% results 
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in a slightly lower RDR, about 28 times the dry mass, but one which is still 3 times larger 

than the isotropic analogue. Repeated cycling of both isotropic and templated samples 

shows no indication of attenuated swelling capacity or loss of stimuli-response for the 

cycles tested. A reduction in maximum swelling over cycles is also not observed, which 

is evidence that the templated structure is not changing. The initial higher equilibrium 

swelling ratio before the first cycle of the templated materials arises as full equilibrium 

swelling takes over two days, whereas the samples for subsequent cycles were only 

allowed 24 h to swell. The isotropic samples do not exhibit the same initial difference due 

to the much smaller amount of water that absorbs.  

4.4: Conclusions 

Herein, we demonstrate that effective temperature-responsive, superabsorbent 

materials are produced through photopolymerization of NIPAM with SA in LLC 

templates. The ordered LLC-template significantly influences the structure of NIPAM-

co-SA polymer networks. As SA loading is increased, decreased structure definition and 

retention of LLC phase morphology are observed as SA interferes with LLC self-

assembly, thereby providing a less stable template. At intermediate concentrations (e.g., 2 

wt% SA), significant pore structure is still observed. With further increases in SA 

loading, LLC phase morphology changes during polymerization, resulting in a less 

defined and almost amorphous polymer structure. This changing structure with addition 

of SA shows interesting effects on swelling and the temperature-response of these 

hydrogel materials. Higher equilibrium swelling ratios are obtained with addition of SA 

to both isotropic and templated copolymers as would be expected. In isotropic, non-

templated materials, the addition of SA increases swelling but only slightly increases the 
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amount of water released above the LCST. On the other hand, with templated systems the 

addition of SA dramatically increases both the degree of swelling and the water release. 

For example, with incorporation of 2 wt% SA, templated materials release over 4 times 

more water than isotropic analogues. Additionally, LLC-templated materials exhibit 

faster and more complete volume transitions. This volume transition is reversible upon 

repeated swelling and deswelling cycles. The enhanced dynamic range and faster release 

properties of the LLC-templated materials is likely due to the continuous pore network 

imparted to the polymer by LLC templating. As pore network becomes less defined with 

higher loadings of SA, the decrease in structure definition corresponds to a significant 

reduction in temperature-induced volume transitions. These superabsorbent, temperature-

sensitive materials could prove useful for applications that require large, rapid, and 

reversible changes in volume and water content such as drug delivery and water 

remediation.  
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5: SUPERABSORBENT, NANOSTRUCTURED, AND STIMULI-RESPONSIVE 

HYDROGELS AS FORWARD OSMOSIS DRAW AGENTS 

Utilizing forward osmosis (FO) to purify water has gained much attention 

recently based on its low energy requirements and simplicity. Appropriate agents must 

draw water through a membrane efficiently. Additionally, effective separation of the 

draw agent from the processed water is critical for large scale applications. The use of 

stimuli-responsive hydrogels as draw agents has been studied by several research groups 

in recent years. The reusable and solid nature of hydrogels permits materials to be easily 

separated during regeneration. The goal of the work presented here is to examine the 

efficacy of stimuli-responsive hydrogels created with lyotropic liquid crystal (LLC) 

templating to induce nanostructure in copolymers prepared from stimuli-responsive N-

isopropyl acrylamide (NIPAM) and superabsorbent sodium acrylate (SA). Hydrogel 

nanostructure through LLC templating increases swelling while maintaining stimuli-

response, permitting materials suitable as draw agents to be produced. To determine the 

efficacy of materials as FO draw agents, osmotic pressure was measured indirectly by 

determining the ability to swell against solutions with different concentration. This 

process was performed on templated and non-templated materials with varying amounts 

of SA. Templated hydrogels absorb more water at lower osmotic pressures than isotropic 

controls. At osmotic pressures greater than 3.35 atm, the swelling ratio of all materials 

tends to converge at low swelling ratios. Additionally, the rate at which the hydrogels 

absorbed water against an osmotic solution through an FO membrane was compared for 

nanostructured and isotropic materials. The increased resistance from the FO membrane 

combined with the osmotic pressure causes materials of all compositions and structures to 



www.manaraa.com

 
 

82 

draw at similar rates. Flux measurements examining the rate at which pure water is 

absorbed through an FO membrane were carried out using powdered samples of the 

materials. Templated materials exhibit much greater flux rates with only the membrane 

resisting swelling. In addition, a proof-of-concept device examined the suitability of 

nanostructured hydrogels as FO draw agents; water from a local river was drawn through 

an FO membrane using hydrogel draw agents. It was determined that the rate and amount 

of water that was absorbed was not significantly different between the templated and 

isotropic samples. However, theoretical water yields for templated materials were much 

higher than isotropic. 

5.1: Introduction 

Billions of people in the world do not have access to clean, reliable water.1 As a 

result, providing a low cost, simple method for purifying water has been a major area of 

research in the scientific community for many years.2–4 One promising strategy for 

energy efficient water purification is forward osmosis (FO). FO is an alternative to 

reverse osmosis (RO), a technique that uses high pressure pumps to force water through 

an RO membrane to purify the water of ions and organisms. RO membranes are typically 

thick, consisting of many active and support layers to resist these high pressures, which 

reduces throughput. In addition, forcing water through a membrane results in fouling. 

Consequently, large amounts of energy are required to pressurize water for purification.5 

In addition to water purification, FO may be applied in a wide variety of industrial 

processes.5,6 Concentrating waste streams to reduce volume by dehydration is one such 

application.5 The concentrated waste may then be more easily transported for disposal or 

treatment. Another application of FO is in the concentration of heat sensitive products, 



www.manaraa.com

 
 

83 

such as fruit juices and other food products.6 In these examples, the heat used in 

distillation or other separations would damage the product. FO is an excellent solution as 

it uses relatively low amounts of energy and heat. Additionally, the membranes will be 

less affected by fouling due to solids or particulates in the juice products. 

In contrast to RO, FO pulls water through a semi-permeable membrane utilizing a 

high osmotic pressure draw agent (Figure 5.1). The milder pulling action of FO means 

that membranes can be thinner, fouling is less of a concern, and energy requirements may 

be greatly reduced.2 FO membranes can consist of only a thin polymer support layer and 

the active membrane layer, which rejects impurities.  

 
Figure 5.1. A simplified schematic illustrating a forward osmosis process. A semi-

permeable membrane separates the draw agent from a draw solution. The high osmotic 

pressure draw agent pulls water from the draw solution through the membrane 

preventing solutes from crossing. The draw agent is diluted during this process. 
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FO utilizes the osmotic pressure of a draw agent to passively pull water across a 

membrane. The draw agent is diluted during the osmotic diffusion process. Therefore, an 

ideal draw agent would have a high osmotic pressure to draw water effectively.7 After 

water is drawn through the membrane, the water can be recovered and the draw agent 

may be regenerated. One advantage of FO is that its low energy requirements enable FO 

water purification to be used in areas that have expensive or scarce electrical power.8 

Although it boasts many advantages, FO has engineering challenges that must be 

addressed to further its adoption as a widespread method. One is that draw agents must 

have high osmotic pressures to draw water across a membrane from a brine or other 

solution. Osmotic pressure draw agents with pressures more than 30 atm are desirable for 

purifying sea water which has an osmotic pressure of roughly 22 atm.9,10 Another 

challenge is that the water must be recovered and the draw agent regenerated following 

the purification process. Finding draw agents that pull large amounts of water across a 

membrane as well as release that water upon application of a stimulus is a complex 

problem, especially as hydrophilic materials with high osmotic pressures do not typically 

expel water readily. Multiple strategies have been pursued to find a draw agent with high 

osmotic pressure and the ability to absorb a large quantity of water and then release it 

upon introduction of a stimulus. One promising method is the use of ammonium 

carbonate salt solutions as an osmotic draw agent. Ammonium carbonate salts can be 

thermally degraded and distilled out of a purified water solution with application of 

modest heat. Challenges associated with this method include poor water taste due to 

residual salts and ammonia in recovered water.4 Additionally, the ammonium carbonate 

draw agent regeneration is complicated due to the extensive equipment required for the 
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collection of carbon dioxide and ammonia gas.3 In applications where water collected 

from the draw agent was not required to be potable, other approaches have utilized 

simple NaCl brine or high concentration solutions.6  

Recent research has examined stimuli-responsive polymer hydrogels as draw 

agents.11,12 Thermo-responsive polymers, such as poly(n-isopropylacrylamide) 

(PNIPAM), undergo a volume transition upon heating. At the lower critical solution 

temperature (LCST), the temperature at which polymer chains become less soluble in 

water, PNIPAM undergoes a coil-to-globule transition.13,14 During this transition, the 

polymer becomes much less hydrophilic and will separate from water.15 With a transition 

temperature of 32 ˚C, PNIPAM is an attractive option for drug delivery applications due 

to its proximity to biological temperatures.16 In an aqueous solution of linear polymer, the 

change is observed when the polymer chains become insoluble and ‘cloud’ the liquid.17 

Thus, the term ‘cloud point’ is often used when discussing stimuli-responsive materials in 

solution. Therefore, a crosslinked hydrogel consisting of PNIPAM will expel water and 

shrink, releasing water. A shortcoming of these materials is that the osmotic pressure of 

PNIPAM is often lower than ideal for drawing against a contaminated source. Thus, 

research on hydrogel based materials often focuses on increasing the osmotic pressure of 

the materials.18 

Recent work has explored the use of sodium acrylate (SA) as a comonomer or as 

a secondary network in stimuli-responsive materials to increase osmotic pressure and 

overall swelling capacity.19 Copolymerizing PNIPAM with SA has resulted in increases 

in the overall swelling of the materials but at the expense of stimuli-responsive ranges.20 

Higher osmotic pressure increases the hydrophilicity of a material but decreases stimuli-
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response. The stimuli-responsive nature of these copolymers relies on balancing between 

very hydrophilic and nearly hydrophobic so that upon stimulus the material expels water. 

The addition of a high osmotic pressure moiety can upset this delicate balance by 

increasing the hydrophilicity of the hydrogel, reducing the desired water expulsion 

response. Materials for which the swelling ability and osmotic pressure may be increased 

without attenuation of stimuli-response are very desirable for FO applications.  

One strategy for increasing the swelling of materials without a corresponding 

decrease in stimuli-response is by the addition of a templated nanostructure via lyotropic 

liquid crystal (LLC) templating.21,22 LLC templating utilizes surfactant and water 

mixtures, which may self-assemble into ordered nanostructures when surfactants are 

present in high concentrations. The various structures observed are dependent upon the 

concentration and type of surfactant, as shown in Figure 1.1. Templating of a polymer is 

achieved via mixing a monomer into LLC mixtures where the monomer can segregate 

into different regions depending upon its hydrophilic/hydrophobic nature. The materials 

are then polymerized and the LLC template removed, leaving a nanostructured polymer 

material (Figure 1.3).23   

Photopolymerization is utilized because it occurs at ambient temperatures. 

Elevated temperatures influence and eventually melt the LLC order. Photopolymerized, 

nanostructured materials have been shown to increase diffusional, swelling, and stimuli-

responsive properties of various hydrogels when compared to their isotropic 

counterparts.23 Forney and Guymon demonstrated that the addition of bicontinuous cubic 

nanostructure to a PNIPAM hydrogel allowed swelling ratios of ten times the dry mass, 

an increase of nearly double that of an isotropic material of identical chemical 
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composition.22 The LLC templated materials also exhibit faster and more complete 

deswelling at 40 ˚C. This more complete and rapid response was attributed to 

nanostructure allowing increased transport of water out of the hydrogel and the 

prevention of a dense outer deswollen layer. Additionally, the mechanical properties of 

nanostructured materials were not adversely affected by the increased water capacity. 

Modulus of swollen nanostructured and isotropic materials were nearly identical.  

Further improvements to LLC templated materials for potential use as FO agents 

may be achieved by copolymerizing with SA. The results of combining the improved 

stimuli-response of LLC templating with a high swelling superabsorbent monomer are 

described in Chapter 4. The LLC templated materials described previously exhibit 

equilibrium swelling ratios of up to 50 and expel 40 times their dry mass upon 

application of heat. These ratios represent a five times increase in both metrics as 

compared to the isotropic counterparts. Additionally, material swelling and deswelling is 

reversible. The templated materials exhibit thermo-responsive volume transitions through 

multiple cycles that are approximately 400% greater than the isotropic materials. The 

increase in swelling combined with a large stimuli-response makes these nanostrucutred 

superabsorbents promising for use as draw agents.  

 In this chapter, copolymerization of PNIPAM with SA will be combined with 

LLC templating to create nanostructured stimuli-responsive FO draw agents. To 

investigate if an LLC templated nanostructure within hydrogels affects the suitability of 

the materials for draw agents, various strategies for measuring the efficacy of hydrogels 

are utilized. Both isotropic and LLC templated nanostructured materials are prepared 

with varying concentrations of SA. Flux across an FO membrane is measured to 
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determine FO efficacy. By comparing swelling ratios to known osmotic pressure 

solutions, the osmotic pressure of hydrogel materials is evaluated. Finally, pouches are 

created to simulate a practical configuration to test the ability of the material as a draw 

agent. 

5.2: Experimental 

Monomers used to synthesize copolymers include N-isopropyl acrylamide 

(NIPAM, Sigma-Aldrich) at 20% of solution mass, N-N’ methylene bisacrylamide 

(MBA) (Sigma-Aldrich) at 1% prepolymer solution mass, and sodium acrylate (SA) 

(Sigma-Aldrich) at varying concentrations from 0-5% prepolymer mass with water 

making up the difference. The photoinitiator used was 2,2-Dimethoxy-2-

phenylacetophenone (DMPA) photoinitiator (Ciba) at 1 mass% with respect to monomer. 

Poly(oxyethylene)-2 cetyl ether (Brij® 52, Sigma-Aldrich) was utilized as the templating 

surfactant at 40% by weight and ethanol used as a rinse solvent. Figure 5.2 shows the 

chemical structures of materials used. All materials were used as received. Synthesis of 

hydrogel materials was carried out as described in Chapter 4. 

5.2.1: Real-time Swelling 

Real-time swelling of materials was measured using the apparatus in Figure 5.3, 

which was based on a device used for similar experiments that measured the absorptivity 

of clay soils by Dieng et al. 24,25 As water is drawn into the hydrogel through a 

membrane, the increase in mass is recorded by the balance. Drawing performance was 

analyzed by measuring flux through a membrane in real-time into a powdered polymer 

material. Powdered material was prepared by grating polymer discs in a coffee grinder 

and sieving to a particle size between 250 and 700 µm. The device consists of a balance 
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with a mounted dead-end FO membrane holder. A tube runs from a reservoir of water to 

a membrane mounted in the holder. The apparatus is filled so that water is in constant 

contact with the bottom of the FO membrane (Hydration Technology Innovations (HTI)) 

and the balance is tared for the mass of water, tubing, and membrane holder. Powdered  

 
Figure 5.2. Materials used in this work include: a) N-isopropyl acrylamide, b) 2,2-

Dimethoxy-2-phenylacetophenone (DMPA), c) N-N’ methylene bisacrylamide, d) 

Sodium acrylate (SA), and e) Polyoxyethylene (10) cetyl ether (Brij 52). 

polymer (0.3 g) is placed on top of the membrane and the mass of water drawn through 

the membrane into the powder is measured to determine the water flux across the 

membrane. The balance is connected to a computer, allowing for mass to be measured in 

real-time. Flux was calculated by dividing the volume of water absorbed by the 

membrane surface area over time. 
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5.2.2: Osmotic Solutions 

Solutions consisting of PEG6000, PEG20K, or sucrose were mixed at varying 

concentrations to compare swelling of hydrogel discs against solutions with varying 

osmotic pressures. Swelling ratios were calculated using Equation 3.2. 

. 

 
Figure 5.3. Schematic a) describing the apparatus used to perform real-

time flux and water absorption measurements and b) image of the 

experimental setup. 
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Osmotic pressures were determined using data from Frazer and Myrick for the 

sucrose solutions and Money for the PEG6000 and PEG20K .26,27 The osmotic pressure 

of the hydrogels was calculated by linearizing the swelling curve and calculating the x-

intercept. 

5.2.3: Membranes 

Tubular dialysis tubing with MW cutoff of 12,000 g/mol was used as a barrier 

between sucrose and the hydrogel discs. Discs were placed in dialysis tubing, which was 

sealed by knotting one end and using clips on the other. The samples were removed from 

the dialysis tubing, lightly dabbed with a laboratory napkin to remove excess water from 

the surface and then weighed at regular intervals. The disc was then replaced in the 

tubing and the clip used to reseal the sample before being placed back into solution. 

A cellulose acetate membrane on a non-woven polyethylene support donated by 

HTI was used as the FO membrane for swelling studies. Pouches were constructed of 

polyethylene film and FO membrane (Figure 5.4). Membrane material with the active FO 

side facing outward was heat sealed into a pouch with 150 µm thick polyethylene film 

similar to the construction of the HTI pouches shown previously. The pouch was 

constructed around the hydrogel sample of a known mass (3 g). The pouch was then 

immersed in a well-stirred osmotic solution. PEG20K solutions with osmotic pressures 

from 0.04 to 10 atm were used. Pouch mass was recorded at specified intervals. 

5.2.4: River Water Absorption Prototype 

Pouches filled with 3 g of hydrogel 2% SA powder were swollen in water 

collected from the Iowa River. Water samples were taken from the Iowa River on a calm 

August day. Sediment levels in the water were assumed to be low as there was no 
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precipitation in the previous week. Pouches were swollen for 90 days with pouch mass 

recorded at regular intervals to determine water uptake. 

5.3: Results and Discussion 

Previous work has shown that imparting ordered structure to hydrogels allows for 

increased water absorption. However, this characteristic only reveals the equilibrated 

nature of the swelling event. By measuring the flux of water through a membrane as it is 

drawn through a membrane by a hydrogel, the kinetics of the swelling process are better 

understood. Flux is defined as the volume of water that passes through an area of 

membrane over time. High flux of water with good rejection of contaminants is an 

important consideration for successful membrane application. A real-time balance was 

used to measure flux and mass of water absorbed for 0, 2, and 5% SA for LLC templated 

 
Figure 5.4. A single-use water purification device manufactured by Hydration 

Technology Innovations. The pouch is constructed with one side forward osmosis 

membrane and the other poly(ethylene). It is then filled with a sports drink powder 

and sealed. Water passes through the membrane, is purified, and then mixes with the 

drink mixture for consumption. Image courtesy of Hydration Technology 

Innovations and Eastman Chemical. 
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and isotropic formulations (Figure 5.5). The swelling and flux of 0% SA control samples 

are greater for the templated samples. Additionally, due to better consistency in materials, 

templated samples exhibit lower standard deviations between samples tested. Templated 

sample synthesis results in more uniform properties than isotropic materials due to 

surfactant compatibilization of the monomers. The flux of isotropic and templated 

samples increases initially as hydrogel swelling improves the contact between membrane 

and powder, reaching a maximum soon after measurements begin. Samples containing 

2% and 5% SA exhibit similar trends, however with increased flux. The maximum flux 

was reached at roughly 30 min for the 2% and 5% samples. Samples containing more SA 

absorb more water and draw water through the membrane at a higher apparent flux. 

Increased water flux indicates that the materials may be capable of FO processes 

across an FO membrane. However, applications for FO will require drawing water from a 

solution with osmotic pressure, which resists extraction through the membrane. The 

unstirred nature of solution side means that the inclusion of a solute into the water side of 

the membrane will lead to the rapid concentration of solution on the membrane surface, 

creating a highly concentrated boundary condition that prevents accurate flux  

measurements. As such, more realistic methods of measuring suitability of hydrogels for 

forward osmosis are required. 

Measuring the absorption characteristics of hydrogels against an osmotic draw is 

highly desirable for the determination of suitability for FO applications. Prior work has 

shown that the osmotic pressure of hydrogels may be determined by swelling a hydrogel 

against a solution with a known osmotic pressure.28,29 To evaluate the osmotic pressure of  
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Figure 5.5. Flux of pure water absorbed by isotropic (—) and templated (---) NIPAM-

co-SA powdered samples at a) 0%, b) 2%, and c) 5% SA through FO membrane. 

Measurements were made with the device described in Figure 5.3. 
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templated and isotropic copolymerized hydrogels, swelling experiments were carried out 

with hydrogels encased in dialysis tubing. The tubing was then immersed in sucrose  

solutions at various osmotic pressures between 0 and 10 atm, achieved by changing the 

concentration (Figure 5.6). 

By measuring hydrogel swelling at varying concentrations, the osmotic pressure 

may be indirectly measured. For distilled water, swelling is much greater for LLC 

structured materials. The swelling ratio as compared to the dry mass (Q) of templated SA 

0% is nearly double that of the isotropic material. When the SA content is increased to 

2%, the templated sample swells to a Q approximately 20 greater than the isotropic 

system, meaning that it increases the water absorbed on the order of 20 times the dry 

mass of the copolymer. Further increasing SA to 4%, causes a reduction in the difference 

between final Q for the templated and isotropic samples and the hydrogel has an 

equilibrium swelling ratio of 10 more than the isotropic material. As osmotic pressure is 

increased to 0.04 atm, a marked decrease in swelling is observed for all materials. 

Swelling still increases as a function of SA content but there is a greater convergence in 

swelling for templated and isotropic samples. Further increasing osmotic pressure of the 

sucrose solution to 3.35 atm causes a decrease in swelling for all samples. As observed in 

Figure 5.5 the more uniform sample properties of LLC templated materials allow for less 

variation between samples runs. Templated materials with 2% SA loading swell to 

greater ratios than isotropic materials through 3.35 atm. 

A decrease in equilibrium swelling ratio is expected when a draw agent is swollen 

against a solution possessing an osmotic pressure. This osmotic pressure creates a 

resistance to water passing across the membrane. When drawing against a solution with 
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an osmotic pressure of 10 atm, swelling is further decreased. Samples containing no SA 

swell to a Q of nearly 2, and samples containing SA do not swell significantly more. No 

significant differences between isotropic and templated materials are observed once a  

 
Figure 5.6. Equilibrium swelling ratios of isotropic (—) and templated (---) NIPAM-

co-SA samples at varying osmotic pressure sucrose solutions swollen in dialysis 

tubing. 

suitably high osmotic pressure of draw solution is reached. While free-swelling of 

hydrogels increases with the addition of SA, significant increases in hydrogel osmotic 

pressure are not realized. Upon examination of the components contributing to osmotic 

pressure in Equation 5.1; these results are not unexpected. 30 

∏ion + ∏elastic + ∏solv = ∏tot            ( 5.1) 
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The chemical mixing or solvation (solv) osmotic pressure of a hydrogel can be 

expected to be much larger than the other two contributing factors due to the non-ionic 

polymer chains making up the bulk of the hydrogel. Imparting structure, which modifies 

the elastic term, to a hydrogel is sufficient to swell an already hydrophilic material in DI 

water more than an isotropic counterpart. By increasing osmotic pressure, swelling ratios 

fall dramatically. The high swelling ratios observed in LLC templated materials for pure 

water but not for sucrose solutions is evidence that osmotic pressure is affected by 

chemical potential more than the increased transport due to the continuous pore network 

structure in LLC templated hydrogels.22,23 

The rate of water drawn across a membrane is also an important consideration for 

FO draw agents, especially at higher osmotic pressures. In a reusable batch process, the 

rate of water through the membrane and draw agent regeneration are the two potential 

rate limiting steps of the cycle time. To observe the rate at which water was absorbed 

through an HTI FO membrane into templated and isotropic systems with varying SA, FO 

pouches were created. Hydrogel materials were heat sealed in FO pouches and were 

immersed in a 2 atm solution of PEG20K (134 g/L). The mass of water absorbed through 

the membrane was recorded at specific intervals (Figure 5.7). Overall swelling was 

approximately equal for templated and isotropic samples at all SA concentrations. This 

result is consistent with the varied osmotic pressure studies discussed in Figure 5.7. The 

rate of swelling was also not significantly different for any tested samples due to the 

increased resistance of the FO membrane combined with the osmotic pressure of the 

solution. A noteworthy result was the reduced consistency of swelling at longer times for 

higher SA concentrations. This result is attributed to structural loss and heterogeneities 
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observed for higher SA concentration samples. These results do not directly measure 

water flux into the hydrogel since surface area changes as the materials swell. The 

contact with the membrane surface is changing, particularly during the early swelling 

period. 

Swelling pouched hydrogels using river water will allow the materials to be tested 

in a real-world problem. Powdered samples (3 g) of an isotropic and a templated 2% SA 

hydrogel were heat sealed into pouches and immersed in the beakers containing river 

water. Water absorption was measured by weight over a period of 90 days (Figure 5.8). 

Rates of absorption are roughly equal for both templated and isotropic samples 

throughout the initial rapid swelling and continue to remain statistically the same 

throughout the experiment. 

The river water prevents the enhanced swelling previously observed in LLC 

templated materials. This behavior is due to the slight osmotic pressure present in 

unpurified water. After five days, both samples exhibit swelling ratios of 15, significantly  

lower ratios than observed for materials swollen in DI water. However, this result is still 

promising for forward osmosis applications since the templated material surpasses its 

predetermined swelling ratio of 7 after deswelling at 50 ˚C, as observed in Chapter 4. The 

isotropic sample never attains its equilibrium swelling ratio post exposure to 50 ˚C, even 

upon the conclusion of the experiment after nearly three months. However, LLC 

templated structure could allow the templated material to still release water due to the  



www.manaraa.com

 
 

99 

 

 

 
Figure 5.7. Rate of water absorption into isotropic (—) and templated (---) NIPAM-co-

SA samples at a) 0%, b) 2%, and c) 4% concentrations of SA from a 2 atm solution of 

PEG20K through a forward osmosis pouch. 
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high dynamic range of swelling ratios observed previously in Chapter 4. The isotropic 

material never attains a sufficiently high swelling ratio for stimuli-response to be 

observed. The templated material can exhibit stimuli-response after a couple of days and 

may expel meaningful water amounts after only a week. The FO pouch device is 

promising, due to the high degree of stimuli-response allowed by the templated structure 

and the increased amount of water that is released from a templated material.  

 
Figure 5.8. Water drawn into forward osmosis membrane pouches by isotropic (—) or 

templated (---) NIPAM-co-SA 2% powder over 90 days. The rate and amount of water 

absorbed through the membrane was independent of the structure of the polymer. Lines 

show the deswelling ratio for templated or isotropic materials. 
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5.4: Conclusions 

Standardized methods of determining FO capabilities of materials are not readily 

available.8,31 The methods typically used to characterize superabsorbent stimuli-

responsive materials are unable to fully characterize a draw agent. Simple swelling in 

water, or ‘free’ swelling, does not consider the resistive forces of an FO membrane or the 

effects of solutes in the draw agent. In addition, free swelling in a draw solution does not 

allow reliable determination of how a material will behave opposite a membrane from a 

draw solution. Solutes in the water may chemically interact with the polymers or may be 

absorbed into the hydrogel matrix with little to no effect on the overall swelling of the 

material. LLC nanostructure allows increased swelling of hydrogel materials, which may 

increase the rate at which water is absorbed into the material.21,22,32 The creation of 

nanostructured copolymers of PNIPAM and SA results in materials with increased rates 

of water drawn across a membrane. These increases are due to higher rates of transport of 

water through the hydrogel, permitting larger water fluxes through the membrane. For 

hydrogels swollen with distilled water, the highest resistance to water absorption through 

the membrane is the saturation of hydrogel at the membrane surface. However, when an 

osmotic agent is placed opposite the hydrogel draw agents, it results in reduced swelling 

for all samples regardless of structure or SA content. When an osmotic solution is 

opposite the hydrogel, the limiting factor becomes the passing of water from the solution 

side of the membrane to the draw agent. Although LLC-nanostructured materials exhibit 

higher water swelling and better flux ratios when swollen with DI water, it does not 

appear that the structure increases osmotic pressure. This result is confirmed with a 

sample of water from the Iowa River. When hydrogels are encased in an FO membrane 
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and swollen in river water, the osmotic agents in the river water present enough 

resistance to cause nearly identical swelling ratios and rates between the isotropic and 

templated materials. The methods explored in this chapter support further investigation of 

the use of LLC templated materials as FO draw agents by allowing flux and osmotic 

pressure to be characterized independent of hydrogel water absorption. 
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 6: POLY(N-ISOPROPYL ACRYLAMIDE) HYDROGELS TEMPLATED WITH 

POLYOXYETHYLENE ALKYL ETHERS IN NORMAL AND INVERSE 

LYOTROPIC LIQUID CRYSTAL MESOPHASES 

Templating ordered nanostructure within hydrogels has been shown to enable 

control of material swelling and transport. One method of creating these structured 

materials is to use self-assembled lyotropic liquid crystals (LLCs), which consist of 

ordered surfactant and water, as a structuring agent for photopolymerization. The type of 

surfactant used can have large effects on which mesophases are accessible and which 

monomers may be templated. Despite the importance of the templating surfactant on the 

mesophase and compatibility in monomer systems, work on this technique has focused 

on the use of a limited number of surfactants. Expanding the availability of surfactants 

with a greater variety of hydrophobic and hydrophilic characters that still exhibit LLC 

mesophases will increase flexibility in monomer choice and structure for templated 

materials. Surfactants examined in this work were nonionic polyoxyethylene alkyl ether 

surfactants. Three hydrophobic tail group lengths were examined in combination with 

three hydrophilic head group lengths. The surfactants were examined for the presence of 

LLC mesophases and utilized as templates for photopolymerized poly(n-isopropyl 

acrylamide) (PNIPAM) hydrogels. Isotropic, isotropic surfactant templated, normal 

nanostructured, and inverse nanostructured were all examined as templates for PNIPAM 

hydrogels. Swelling ratios are generalized based on the type of structure present during 

polymerization. The creation of highly ordered nanostructure in a PNIPAM hydrogel 

results in a roughly two-fold increase in the water uptake as compared to the isotropic 

control. Samples templated with the surfactant L23, which exhibits no mesophase 
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behavior, shows almost no increase in swelling when compared to the isotropic sample. 

Additionally, when PNIPAM is templated using inverse mesophases, no swelling 

increase is observed. In the inverse phase, the materials no longer exhibit a continuous 

polymer mesophase, losing the increased transport and swelling properties associated 

with this structure. By examining surfactants of various head and tail lengths, mesophases 

and their accessibility can be extended through the use of a variety of polyoxyethylene 

alkyl ether surfactants. PNIPAM hydrogels templated with different surfactants are also 

examined for mesophase retention. In this study, we demonstrate that PNIPAM templated 

in a normal nanostructured mesophase will exhibit double the swelling compared to an 

isotropic polymer. Due to the lack of continuous polymer within the structure, templating 

in an inverse mesophase does not allow these increases in swelling ratio. The influence 

on surfactant choice in monomer compatibility, mesophase availability, and final material 

swelling properties are examined 

6.1: Introduction 

Imparting structure to hydrogels using lyotropic liquid crystals (LLCs) and 

photopolymerization has been demonstrated to allow control over swelling, stimuli-

response, and mechanical properties in numerous studies.1–6 The nanostructured network 

templated by the LLC mesophase permits increased transport of liquid through the 

hydrogel and can act to reinforce the material. Templating with self-assembled monomers 

and surfactant mesophases creates an ordered network within the bulk material. As 
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surfactant concentration is increased, the mesophases become increasingly complex 

(Figure 6.1).  

Low concentrations of surfactant result in spherical micelles forming within the 

solvent. Further increases in surfactant concentration may cause the micelles to begin to 

aggregate into cubic structures.7 Eventually as concentration is further increased, a 

hexagonal (columnar) mesophase can form based on the specific surfactant system. 

Bicontinuous cubic mesophases (primitive, gyroid, and diamond) may form if conditions 

and surfactants permit. These bicontinuous mesophases are uncommon and usually only 

form for a narrow range of concentrations. At higher surfactant concentrations, lamellar 

mesophases are often observed. Lamellar structures consist of alternating layers of 

surfactant and solvent. Further increases in surfactant concentrations may result in the 

formation of inverse mesophases that proceed in the opposite order. The normal 

 

Figure 6.1. A schematic illustrating LLC mesophases and their progression as 

surfactant concentration is increased. Hydrophillic head groups are represented by red 

and hydrophobic tail groups by gray.  
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mesophases are considered oil-in-water (O/W), whereas the inverse mesophases are 

water-in-oil (W/O).8–10 The type and geometry of the surfactant chosen for use as a 

templating agent has a great influence on the type of mesophase present and the 

compatibility with various monomers.11 The variety of mesophases available and the 

ability to control which structures are accessible with increasing concentration enables 

LLC templating to be a highly flexible, simple tool for imparting structure to polymer 

materials.  

To create an LLC templated polymer, monomer and photoinitiator are 

incorporated into an LLC mesophase and will assemble within the mesophase depending 

the relative hydrophilicity of monomer and surfactant (Figure 6.2). The prepolymer 

mixture is then irradiated with UV-light to initiate the photopolymerization. 

Photopolymerization is instrumental in LLC templating processes for two 

reasons: fast initiation kinetics and low temperature (room temperature) polymerization.2 

The rapid initiation of a photoinitiator by interaction with a photon creates large 

 

Figure 6.2. A schematic illustrating the LLC templating process. 1) A lamellar LLC 

mesophase is used as a template after which 2) hydrophilic monomer (blue) is added to 

the mesophase. 3) After polymerization and removal of the LLC surfactant mesophase, 

a templated polymer remains. 
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quantities of radicals. The propagation reactions proceed rapidly in in the free-radical 

polymerization. A significant advantage of photopolymerization is that the reactions may 

be initiated at room temperature. In the case of LLC templating, polymerization at room 

temperature, where mesophases are typically formed, is particularly important. DePierro 

demonstrated that utilizing photoinitiators rather than thermal initiation enables better 

mesophase retention and the inclusion of smaller features templated into the material.12  

It is hypothesized that polymerization with surfactants that do not exhibit highly 

ordered mesophases or templating with inverse mesophases will not have the same 

effects on hydrogel properties as highly ordered mesophases. This chapter will elucidate 

the differences when non-LLC forming surfactants are used as monomer templates as 

compared to highly ordered LLC systems. Comparing various surfactant and mesophase 

effects on the swelling of hydrogels will lead to a better understanding of the 

consequences that templating agents have on the properties of materials. The methods for 

LLC templating hydrogels are simple in practice, but have only been utilized with a 

relatively small number of monomers and surfactant. Exploring different head and tail 

length surfactants may allow the templating of additional monomer systems. A system of 

surfactants was examined to determine trends in mesophase availability, structure 

retention, and how swelling is affected by the type of templating structure. 

This work explores a range of polyoxyethylene alkyl ether surfactants for LLC 

templating, many of which have not been utilized as templating agents previously. We 

use a systematic approach for surfactant choice to examine the effects of mesophase and 

surfactant on the swelling properties of LLC templated hydrogels. We first examine 

binary systems of surfactant and water to better understand mesophase availability in 
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these materials. Then PNIPAM templated in LLC mesophase is characterized using 

small-angle X-ray scattering (SAXS). PNIPAM hydrogels templated with different 

surfactants and mesophases were swollen in water to determine the effects on swelling 

that are induced by changing surfactant, mesophase, and concentration. Additionally, 

surfactant systems observed that do not exhibit mesophase during the binary screening 

experiments are utilized as controls for LLC templated polymers. Exploring and 

characterizing various templating surfactants and their effect on polymer properties will 

enable greater application and control over nanostructure created through 

photopolymerization in LLC templates.  

6.2: Experimental 

6.2.1: Materials 

To systematically examine the relationship between surfactant structure, 

mesophase, and swelling, a surfactant system available with many head/tail length 

combinations was chosen. The Brij series of polyoxyethylene alkyl ether surfactants 

(Figure 6.3), from CRODA Chemical is available with three tail group lengths (lauryl/12, 

cetyl/16, and steryl/18 chains) and three ethylene oxide head group lengths (short, 

medium, and long) for a total of nine combinations of surfactant head/tails, (Table 6.1). 

For simplicity, the surfactants in this chapter will be described using the Brij (Croda 

Chemicals) naming convention, consisting of a letter designating the alkyl chain followed 

by the number of ethylene oxide groups in the head group. The letter is derived from the 
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long chain alcohol the surfactant originated from. For example, L10 consists of a lauryl 

alcohol joined to a 10-unit ethylene oxide.  

 

Figure 6.3. A generic polyoxytheylene alkyl surfactant where m designates the number 

of alkyl repeat units (12, 16, or 18) and n the number of oxyethylenes present.  

N-isopropyl acrylamide (Sigma-Aldrich, St. Louis, MO) and N-N’ methylene 

bisacrylamide (MBA) (crosslinker, Sigma-Aldrich, St. Louis, MO) were used as 

monomers for the creation of hydrogels, while the photoinitiator used was 2,2-

Table 6.1. Surfactants used in the study.  

Designation Alkyl 
Units (m) 

Ethylene 
Oxide 

Units (n) 
Head MW Tail MW Total MW 

L4 12 4 192.67 169.33 362 

L10 12 10 457.53 169.33 626.86 

L23 12 23 1030.21 169.33 1199.54 

C2 16 2 104.56 225.44 330 

C10 16 10 457.56 225.44 683 

C20 16 20 898.56 225.44 1124 

S2 18 2 104.51 253.49 358 

S10 18 10 457.51 253.49 711 

S20 18 20 896.51 253.49 1150 
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dimethoxy-2-phenylacetophenone (DMPA, Ciba, location). Surfactants (Sigma-Aldrich, 

St. Louis, MO) used for LLC templating are shown in Table 6.1. Ethanol was utilized to 

remove surfactant from the cured hydrogel material. All materials were used as received. 

6.2.2: Hydrogel Preparation 

LLC templated copolymer discs were prepared by heating and vortex mixing the 

prepolymer mixture consisting of 20% NIPAM, 1% crosslinker, surfactant, 1%  

photoinitiator, and water. The surfactant templated mixtures were poured into 12 mm 

(outside diameter) x 3 mm thick circular Teflon®-impregnated Delrin® molds while 

warm and were cooled before photocuring. Isotropic mixtures were cooled to room 

temperature while being vortex mixed aggressively and then poured into Teflon®-

impregnated Delrin® molds. Photopolymerization of both mixtures was performed using 

10 mW/cm2 of 365 nm light from an Omnicure 1500 high-pressure mercury arc UV-lamp 

for 20 min. The resulting discs were then rinsed in ethanol for at least 24 h to remove 

surfactant and unreacted monomers before being vacuum dried. It is important to note 

that some surfactants do not mix well with the NIPAM monomer or form discontinuous 

micellar mesophases, which do not permit a cohesive gel to form. When a non-viable 

sample is swollen in water, it disintegrates. If this occurred, then a second sample set was 

attempted. If the sample was again not viable for testing, it was concluded that the 

surfactant is incompatible for LLC templating of PNIPAM at that concentration. 

6.2.3: Characterization 

Previous work in LLC templating has relied heavily on SAXS to characterize 

structure before and after polymerization. SAXS is utilized as a semi-quantitative way to 

determine mesophases in LLC mixtures. As X-rays pass through a sample, they interact 
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with the electrons in the ordered molecules and scatter. An ordered sample will scatter 

photons in recognizable patterns, the peak ratios of which are used to determine  

mesophase.7 These peaks can also be used to measure characteristic distances in 

the mesophase structure (D-spacing).13,14  

SAXS was used to measure structure by collecting diffraction profiles of 

materials before and after polymerization. The SAXS instrument used was a Heccus M- 

Braun with a Kratky-type collimator, Nonius FR590 with copper target Röntgen tube 

with a Ni-filtered Cu Kα line of 0.154 nm as the radiation source and a linear PSD-50  

detector. Profiles had backgrounds subtracted and were smoothed. The instrument was 

calibrated using a silver stearate sample. 

Polarized light microscopy (PLM) is also used as a qualitative method for 

mesophase determination. When polarized light passes through an optically anisotropic 

structure, such as most LLC mesophases, a textured pattern will be visible. These patterns  

generally correlate to the various structures and can be used to aid in confirming 

the presence of mesophases. For screening samples for LLC mesophase behavior, a small 

amount of surfactant was placed upon a glass microscope slide. A glass cover slip was 

then placed upon the surfactant and gently pressed to distribute sample over slide. Water 

was pipetted onto the opposite side of the cover slip from the surfactant. Capillary action 

draws the water under the slip and across the slide. The slide is then heated gently with a 

heat gun, melting the surfactant. At the interface between the water and surfactant, 

mixing occurs. PLM is then used to observe the mesophases that occur in the 

concentration gradient between the surfactant and water. This method is useful for 
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obtaining a qualitative understanding of what mesophases may be available for a given 

surfactant and water.  

6.2.4: Swelling Studies  

Swelling studies of PNIPAM hydrogels were performed by swelling the material 

to equilibrium in deionized water for 48 h. Samples were then removed from water and 

gently patted dry before being weighed. The mass was recorded and compared to the dry 

mass of the polymer. The swelling ratio is the quotient of the mass from the swollen 

material and the dried sample.  

6.3: Results and Discussion 

Prior work has demonstrated mesophase availability in several surfactant systems. 

We believe that other similar surfactants may also exhibit mesophase behavior and that 

access to a variety of mesophases, ranges, and surfactant hydrophilicity/hydrophobicity 

may be useful for LLC templating polymer materials. To this end, a system of surfactants 

of varying head and tail lengths were screened for mesophase availability in a binary 

water system. 

The surfactants used in this work were screened to ascertain the presence and type 

of mesophases without the addition of a monomer in simple water/surfactant binary 

systems. To rapidly screen each mixture, surfactant and water were placed at opposite 

ends of a glass slide before being heated gently on the hot stage. At the interface of 

mixing between the two, a gradient of mesophases is observed (Figure 6.4). This method 
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does not result in quantitative data, but does give a qualitative sense of what phases are 

available for each water-surfactant system.  

The width of these mesophases observed by PLM can be used to predict the 

availability of a mesophase over a range of surfactant compositions. However, upon the 

addition of a monomer, some shifts in both range and type of mesophase present are 

expected.15The mesophase data generated from these screenings was also used to inform 

a surfactant without structure to be utilized as a control. The mesophases observed for 

 
 

Figure 6.4. Representative gradient mesophases of a) L10, b) L23, c) S2, and d) S20 

binary mixtures with H2O from polarized light microscopy. The arrow indicates 

increasing surfactant concentration. Observed are water or oil in water micelles (Water 

+ M), Hexagonal normal (H1), Hexagonal inverse (H2), and Lamellar (L). Bulk (B) 

indicates that the solid surfactant exhibits enough light scattering on the microscope to 

appear, but no order is apparent. 
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binary gradient systems are listed in Table 6.2. The representative micrographs presented 

in Figure 6.4 are for surfactants for which there is scarce mesophase information 

available. However, mesophase behaviors have been well documented for the cetyl- 

surfactants and S10.9,16  

 

Most polyoxyethylene alkyl ether surfactants follow the typical progression of 

micelle (M), hexagonal (H1), bicontinuous (Q) (if present), lamellar (L), and then inverse 

mesophases (i.e., H2).7 As surfactant concentration increases, surfactants S2 and S20 are 

observed to progress through a variety of hexagonal mesophases to lamellar. S2 and C10 

are the only surfactants that show a clear transition to an inverse hexagonal mesophase in 

the surfactant screen. Interestingly, L10 mixtures appear to only contain a single lamellar 

Table 6.2. Summary of mesophases observed by PLM in binary water/surfactant 

screens. 

Surfactant Hexagonal Bicontinuous Lamellar Inverse None 

L4     x 

L10   x   

L23     x 

C2 x x    

C10 x x x x  

C20 x x x   

S2 x  x x  

S10 x x x   

S20 x  x   
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mesophase. Surfactant L23 does not exhibit any mesophase behavior in the PLM screen 

micrographs, as only the bulk surfactant scatters any light. For this reason, L23 is used in 

control samples, which contain surfactant but not LLC structure.  

For templated mixtures containing monomer, photoinitiator, and crosslinker, 

small-angle X-ray scattering (SAXS) was used to examine structure both pre- and 

postpolymerization. Figure 6.5 shows SAXS profiles of pre- and postpolymerization 

systems of L10, L23, S2, and S20 at multiple surfactant concentrations. L10 is observed 

to weakly display a mixed phase of lamellar and hexagonal mesophases throughout most 

of its range before becoming inverse micellar (Figure 6.5a). The similarity of pre- and 

postpolymerization profiles for the concentrations tested indicates good retention of the 

template. Figure 6.5b shows that surfactant L23 exhibits non-LLC mesophase behavior 

throughout its range of compositions. This lack of mesophase behavior may be due to the 

combination of a very bulky head group and short 12-carbon alkyl chain, which may 

prevent organization mesophases. Samples templated with S2 are micellar at lower 

surfactant loads and then progress to lamellar mesophases at 40 and 50% surfactant 

(Figure 6.5c). Retention of templated structure is good for the lamellar mesophases. At 

60%, the material indexes to an inverse hexagonal mesophase, which retains structure 

with less fidelity than lower concentrations before transitioning to an inverse micellar 

mixture at 65%. In Figure 6.5d, it is observed that S20 also begins with micelle formation 

in lower mesophases, but then transitions to lamellar mesophases at 30 to 40% surfactant. 

From 50 to 60%, a mixture of lamellar and hexagonal inverse mesophases is observed, 

and finally micelles are observed at 65%  
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Increased swelling due to structure imparted by LLC templated hydrogels has 

been well documented. Conversely, the reduction in structure has been noted to 

correspond to a loss of these properties.17 Many monomers have been templated with 

LLCs and most have exhibited increased swelling. Increased swelling in templated 

hydrogels is a simple method of observing evidence of ordered nanostructure. Increased 

swelling, or the lack thereof, can help inform what type of structure may be present in a 

hydrogel. Increased equilibrium swelling has typically been correlated with successful 

  

  

Figure 6.5. SAXS profiles of 20% NIPAM, 1% crosslinker, 1% phototiniator, and 

water combined with a) L10, b) L23, c) S2, and d) S20 pre (—) and post (----) 

polymerization at varying surfactant concentrations. Samples were polymerized with 

10 mW/cm2 at 365 nm. 
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transfer of the LLC template to the hydrogel. Hydrogels were swollen to equilibrium in 

deionized water for 48 h. Then, mass was recorded and compared to the dry mass of the 

polymer. This measurement is reported as the swelling ratio.  

Figure 6.6 shows the swelling ratio for crosslinked PNIPAM templated with each 

surfactant at various compositions. Shading is used to indicate the type of structure the 

material was templated with: blue for no structure or isotropic, no shading for normal 

nanostructure, and orange for inverse nanostructured mesophases. For PNIPAM systems 

templated with L23, no augmented swelling is observed (Figure 6.6a). This is expected 

since there is no phase observed by SAXS or PLM. PNIPAM templated in L10 retained 

the normal mesophases that it was templated in and as such exhibited increased swelling 

to 12 times the dry mass, climbing slowly to nearly 15 times at 50% surfactant compared 

to the 6.5 times swelling ratio of the isotropic control. In the inverse mesophase, swelling 

is greatly reduced by the lack of continuous polymer structure to roughly 10 times the dry 

mass. Samples created with L4 were unable to be tested for swelling in water. The 

surfactant was determined to be incompatible with PNIPAM at all concentrations. 

Hydrogels templated with the C-series of surfactants are known to template monomer in 

normal mesophases from 30 to 60% surfactant loading; hexagonal, bicontinuous, 

lamellar, and mixed have all been observed..4,16–19 Even with only 10% surfactant loaded 

in the sample, all three systems exhibit increased swelling as compared to the isotropic 

control (Figure 6.6b). C10 and C20 swell to 12 times the dry mass and C2 to 16 times the 

dry mass. Materials templated in the normal nanostructure exhibit greatly increased 

swelling compared to isotropic controls. As concentration increases and mesophases 

shift, swelling ratios change for each surfactant. The highest swelling ratios were 
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observed in 20% C10, 30% C10 and 50% C20, which all swell around 16 times their dry 

mass. The variation in swelling between head group sizes, surfactant loads, and 

mesophases throughout the normal nanostructure range is not very large. No trend in 

mesophase, head, and tail group is observed. As the template transitions into the inverse, 

swelling of the hydrogels is reduced to similar levels as the micellar templated samples. 

In Figure 6.6c, when S2 is utilized as the template for PNIPAM, increases in swelling are 

observed beginning at 10% loading. These results are similar to the swelling observed 

with the C-series surfactants of roughly 12 times the dry mass. At 40 and 50% surfactant 

loading, when SAXS indicates that the samples are in a lamellar phase, there is a 

significant drop off in the swelling observed for the 50% sample from 17 times to less 

than ten. This suggests that the system is perhaps becoming inverse and is reinforced by 

the appearance of an inverse hexagonal mesophase at 60%. As the surfactant template 

progresses to inverse structures, swelling decreases to below isotropic levels. Samples 

templated with S20 exhibit swelling ratios only slightly higher than the isotropic control 

at 10 and 20% loading. Hydrogels templated with the middle range of S20 loading were 

unable to be tested for swelling due to incompatibility with PNIPAM. Swelling ratios 

slightly higher than the isotropic control are observed for 60 and 65% surfactant loaded 

samples.  

An interesting trend is observed for surfactants when hydrogels are templated in 

an inverse mesophase. Materials in the inverse mesophase (hexagonal or lamellar) or 

inverse micellar show a marked reduction in swelling, nearing or becoming less than the 

swelling ratios observed for isotropic samples. The reduction in swelling in the inverse 
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mesophase is attributed to a reduction in or the removal of the continuous network. 

Where there were once ‘open’ channels filled with the hydrophobic tails of surfactant  

during polymerization of a hydrophilic material, the inverse is now true. The ‘channels’ 

are now discrete and formed of hydrogel, (see Figure 6.1 for the difference between the 

normal and inverse hexagonal mesophases). A similar trend is observed in polyethylene 

  

 
Figure 6.6. Swelling ratios of hydrated 20% PNIPAM hydrogel samples at various 

surfactant concentrations. The blue shaded areas represent no structure, the unshaded 

regions represent structured mesophase, and the orange areas represent inverse 

mesophase. The isotropic sample (�) is shown as a reference for all surfactant 

families.  Shown are: a) L10 (▼), L23 (■), b) C2 (�), C10 (r), C20 (£), and c) 

S2(◆), S20 (X) surfactant template systems. Samples were cured at 10 mW/cm2 for 10 

min. 
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glycol diacrylate hydrogels, but to a lesser degree (Appendix A). The inverse nature of 

the polymer structure removes the continuous pore network associated with LLC 

templating. Thereby creating materials that act more like an isotropic material with no 

ordered structure.  The importance of an interconnected network is emphasized by the 

absence of swelling increase for PNIPAM materials polymerized in the presence of a 

non-ordered L23 surfactant. Though the surfactant is present within the prepolymer 

mixture, the lack of LLC structure prevents any ordering of the hydrogel. 

6.4: Conclusions 

The LLC templating process relies upon the surfactant compatibility and type of 

mesophase present to create nanostructured materials. By understanding how templating 

structures affect the final properties of hydrogel materials, greater control and a wider 

variety of materials can be templated. To this end, a matrix of surfactants was selected 

with alkyl chains of 12, 16, and 18 carbons and short (~2), medium (~10), and long (~20) 

polyoxyethylene (PEO) units. The surfactants were observed to show a range of LLC 

mesophases in water, which progressed in the typical micelle, hexagonal, bicontinuous, 

lamellar, and inverse phases with increasing surfactant content. Structural 

characterization of the surfactant systems revealed that retention of structure was 

generally good and that hexagonal, lamellar, and mixed mesophases were available for 

templating. L10, S2, and S20, surfactants not previously utilized as LLC templates, 

allowed good retention of structure in PNIPAM systems. Surfactant polyoxythylene (23) 

lauryl ether (L23) did not exhibit mesophase behavior at any concentration and was 

utilized for the synthesis of isotropic, surfactant loaded controls. This surfactant was ideal 

for use as a control because the lack of structure allows it to be compared to structured 
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surfactant templated systems. Swelling was observed for each surfactant through a range 

of concentrations and was correlated to the nanostructure used to template the material. 

Swelling was observed to increase markedly in hydrogels templated in a normal LLC 

mesophase up to 17 times the dry mass compared to 6.5 times for the isotropic. When the 

templated structures are inverse mesophases, swelling is reduced to near that of an 

isotropic material. The lack of a continuous polymer network within the hydrogel 

prevents swelling increases. Swelling is not increased by templating with an unorganized, 

random system of surfactant micelles or inverse mesophases. A continuous 

nanostructured material is required for increases in swelling ratio to occur. This is 

demonstrated by observing materials templated with L23, which exhibit swelling ratios 

similar to that of the isotropic controls. Lack of any structure, even at high concentrations 

of surfactant loading, permits L23 to be used as an excellent control for structured LLC 

systems. The work described here extends the knowledge of surfactants available for use 

as LLC templates. These surfactants show promise in expanding monomer compatibility 

with LLC templates, which may be utilized to apply LLCs to a greater variety of polymer 

materials.  
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7: CAPACITANCE IN NON-CONDUCTING SILICONE POLYMERS VIA 

LYOTROPIC LIQUID CRYSTAL TEMPLATED NANOSTRUCTURE 

The increasing reliance on energy storage devices and the desire for fast charging 

power solutions has led to increased examination of capacitive materials. We demonstrate 

a method of creating capacitive materials from non-conducting silicone polymers 

utilizing photopolymerization in a self-assembling nanostructured surfactant system. The 

structured silicone materials exhibit several orders of magnitude larger specific and 

volumetric capacitance as compared to chemically identical isotropic samples. The 

surfactant system allows nanostructure to be easily templated within the silicone material. 

This work shows a method for creating economical, simple, and easily scaled-up 

capacitive devices from previously unexplored nanostructured polymer materials. 

7.1: Introduction 

Increasing use of renewable energy sources is changing the way the world thinks 

about power generation. These sources, such as wind and solar, rarely output constant 

energy.1 This variability means that energy storage is required as a method of leveling 

power output, charging in times of surplus production, and discharging in low production 

periods. Additionally, the growing number of electronic devices and electric 

transportation creates an ever-increasing demand for electricity storage. 

The fast charge/discharge and high density power characteristics make capacitors 

a promising technology for energy storage. The most successful capacitors to date require 

the use of expensive metal oxides.2 Polymer electrolyte and polymer-based capacitors 

have received a great deal of attention as a possible method for creating capacitors 
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without expensive metal oxides. Techniques and materials that can be cheaply and easily 

made into capacitor devices could be of great value. 

A common strategy for controlling and improving electrochemical properties of 

materials is to create structures within the material on small size scales. Recently silver 

honeycomb nanostructures were hybridized with poly(methyl methacrylate) to create 

conductive, semi-transparent thin films for use in sensors.3 Similarly, solid state 

membranes were created by utilizing polymerization induced phase separation.4 These 

membranes exhibited very high ion conductance and high modulus, due to the 

nanostructure created. Many studies have demonstrated that the manipulation of materials 

at the nanoscale is an effective method of improving capacitive characteristics.1,5 

Capacitive performance characteristics are largely governed by creation of nanostructures 

within or insertion of nanoparticles into a material. These nanoscale features function as a 

multitude of electric double layer capacitors.6 

A method of creating potentially relevant nanostructure within polymers employs 

self-assembling surfactant systems, known as lyotropic liquid crystals (LLCs). Combined 

with photopolymerization, this method has created ordered nanostructure hydrogel 

materials with a simple template. A mixture of surfactant and solvent may self-assemble 

into an LLC mesophase. These mesophases are concentration dependent, and as 

surfactant concentration increases, the following mesophase progression typically occurs: 

micelles, hexagonal columns, bicontinuous or sponge, lamellar, followed by inverse 

phases in the opposite order. When monomer and photoinitiator are added to these 

mesophases, they may self-assemble into the mesophase based on 

hydrophilic/hydrophobic character. Photopolymerization allows fast initiation rates, 
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which cure the monomer rapidly. The rapid curing of the templated structure allows for 

increased template fidelity as thermodynamically unfavorable structures may be 

kinetically trapped. The monomer is then photopolymerized and the surfactant system 

potentially leaving a templated structure (Figure 7.1). 

Figure 7.1. Schematic illustrating the LLC templating process. Surfactant (red 

hydrophilic heads with grey hydrophobic tails) forms a lamellar mesophase. 

Hydrophobic monomer (blue) self-assembles into the mesophase. After 

photopolymerization and surfactant removal, a templated polymer remains. 

By employing this templating method, swelling and compressive modulus have 

been modified in several monomer systems.7–10 Poly(ethylene glycol diacrylate) has 

shown increases in swelling without a corresponding decrease in compressive modulus 

despite the increase in water concentration compared to non-templated materials. The 

retained modulus is attributed to the ordered structure within the material, acting as a 

network of support channels when filled with fluid.11 The stimuli-responsive 

characteristics of poly(n-isopropyl acrylamide) (PNIPAM) are increase greatly by the 

addition of structure. PNIPAM is a thermo-responsive material, which undergoes a 

reversible volume transition upon exposure to temperatures greater than 32 ˚C. PNIPAM 

polymer chains undergo a coil-to-globule transition, which forces water from the 

hydrogel. LLC templating PNIPAM allows faster, more complete volume transition, due 

to increased transport of water from the hydrogel.8 LLC templating has also been utilized 
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as a tool for compatibilizing dual networks of hydrophilic PNIPAM self-assembled in the 

hydrophilic domain of a poly(oxyethylene) cetyl ether surfactant hexagonal mesophase 

and hydrophobic polydimethylesilicone segregated to the hydrophobic domain.9 After 

photopolymerization, the two interpenetrating networks created materials with stimuli-

responsive characteristics of PNIPAM and increased toughness from silicone. 

Additionally by monitoring dye-released into water as a function of time, coefficients of 

diffusion 4.5 times greater than non-structured materials have been observed.11 

The increased diffusion coefficients and the observed structure templated by LLC 

suggests a highly porous network with a high surface area. High rates of diffusion and 

large surface areas are desirable characteristics for the creation of capacitor materials. 

Here we report a facile method of using LLC templating and photopolymerization to 

create nanostructured silicone materials which exhibit capacitance. Silicone materials 

were photopolymerized in an LLC template. Structure retention was analyzed using small 

angle X-ray scattering, and capacitance was measure using cyclic voltammetry.  

7.2: Experimental 

7.2.1: Materials 

Silicone diacrylate 1500 MW (Di-1508, Siltech) was used as the monomer and 

2,2-Dimethoxy-2-phenylacetophenone (DMPA, Ciba) as the photoinitiator. 

Poly(oxyethylene)-20 steryl ether (Brij S20, Sigma-Aldrich) was used as the anhydrous 

templating surfactant. LLC templated samples were rinsed with deionized water. 

Isotropic materials were formed by using ethanol to form a solution polymerization. All 

materials were used as received. Carbon fiber cloth was utilized as the electrode for 

cyclic voltammetry experiments. 
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7.2.2: Polymer Templating  

LLC templated electrode materials were prepared by heating and vortex mixing 

Di-1508 silicone diacrylate (ρ=1.1 g/cm3) with DMPA photoinitiator and 50% Brij S20 

surfactant (ρ=0.964 g/cm3). Isotropic mixtures were prepared with ethanol as a 

replacement for the surfactant, creating a solution polymerization. Samples were created 

by dabbing a small amount of prepolymer mixture onto carbon cloth. A mold consisting 

of 50 µm mylar film with a 6 mm hole was placed around the prepolymer. A Rain-X® 

treated microscope slide was then used to press the mixture onto the carbon cloth (ELAT, 

E-TEK), filling the mold. The slide and mylar film were then removed and the material 

was photopolymerized using 10 mW/cm2 at 365 nm light from an Omnicure 1500 high-

pressure mercury arc UV lamp for 10 min. The resulting polymer, now adhered to the 

electrode, was then rinsed in deionized water for 24 h to remove surfactant and unreacted 

monomers before being air dried. This method removes over 95% of surfactant.5,6,8 

7.2.3: Structure Characterization 

Small angle X-ray scattering (SAXS) was used to quantify the structure before 

and after polymerization of the template silicone materials. By measuring the angles at 

which X-rays are scattered upon passing through an ordered sample, the structure of the 

sample may be determined. SAXS was performed using a Nonius FR590 with a 

wavelength of 0.154 nm as the radiation source, a Heccus M-Braun Kratky-type 

collimator camera body, and a linear PSD-50 detector. Scattering was examined before 

and after polymerization on samples placed between mylar windows. From the resulting 

position versus intensity profile, a background profile was subtracted. This profile is then 
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Lorentz corrected, desmeared, and the resulting peaks analyzed to determine mesophase 

presence and retention. 

7.2.4: Electrochemical Characterization  

Capacitance was determined using cyclic voltammetry. A 1 mM aqueous solution 

of NaNO3 was prepared and degassed using N2. A three-electrode setup was used with a 

platinum mesh electrode as the counter electrode. The reference electrode (RE) was a 

saturated calomel electrode (SCE). The working electrode (WE) consisted of the polymer 

samples pressed onto carbon cloth. 

Figure 7.2. Experimental setup for the three-electrode system. A Teflon® stand was 

used to position three carbon cloth working electrodes (WE), a calomel reference 

electrode (RE), and the platinum counter electrode (CE). 

Figure 7.2. Experimental setup for the three-electrode system. A Teflon® stand 

was used to position three carbon cloth working electrodes (WE), a calomel reference 

electrode (RE), and the platinum counter electrode (CE). 

Cyclic voltammetry was performed (CH instruments 760B potentiostat) at scan 

rates of 5, 10, 25, 50, 75, 150, and 200 mV/s, in random order from an initial 0.5 V to a 
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high of 1.3 V and a low of -0.4 V. Films equilibrated in the NaNO3 solution for a 

minimum of 24 h before testing. All measurements were performed in triplicate. The 

current envelope width from the resulting voltammogram was measured as the difference 

between the two roughly linear portions of the voltammogram and was used to calculate 

the capacitance for samples at each scan rate using Equation 3.5. 

7.3: Results 

The creation of ordered structure polymer materials has been demonstrated to 

induce changes in material transport properties. Changes in structure on the nanoscale 

may be expected to induce changes on the electrochemical properties of a material 

especially those properties that are strongly dependent upon ion diffusion. To examine 

the structure, small-angle X-ray scattering (SAXS) profiles were completed for samples 

of Di-1508 templated with Brij S20 pre- and postpolymerization (Figure 7.3). Before 

polymerization, mixtures exhibit characteristic lamellar peaks of ratio 1:2:3:4:5.12 The 

same lamellar structure is well retained postpolymerization as evidenced by the nearly 

identical peak positions. The lamellar structures appear to extend to larger size scales as 

was noted by the layered appearance of cooled drops of the mixture shown in the inset 

image.  The formation of a binary monomer/surfactant LLC without the presence of a 

tertiary solvent (e.g. water) component may give rise to greater flexibility in LLC 

formulation. The creation of structured silicone material may have a large impact on the 

electrochemical properties due to the expected large amount of specific surface area from 

a templated nanostructure 
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Figure 7.3. Small-angle X-ray scattering profiles of Di-1508 templated with Brij S20, 

(—) prepolymerization and (■) after polymerization with 10 mW/cm2 365 nm light. 

Inset image shows patterning of cooled prepolymer mixture. Inset SAXS profile is 

zoomed scale of higher order peaks. D-spacing measurements of the primary peak 

indicate that the lamellar features are roughly 12 nm. 

As is expected from a highly insulating polymer, isotropic silicone exhibits almost 

no observable difference from the bare electrode controls (Figure 7.4). An envelope of 

current between the two flat portions of the scan (typically 0.5 - 0.75 V) is observed for 

nanostructured silicone materials in the voltammogram, which becomes larger as voltage 

scan rate is increased. Intermediate scan rates are left out of figure for clarity. 

Determining the capacitance from the slope of current versus scan rate at low scan rates 

(5-20 mV/s) leads  
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Figure 7.4. Voltammograms of (a) isotropic and (b) templated silicones at various scan 

rates. A comparison (c) of voltammograms at 50 mV/s of a bare electrode (blue), 

templated silicone (purple), and isotropic silicone (green) at 50 mV/s scan rate. 
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to a specific capacitance of approximately 0.27 F/g and 0.60 F/cm3 (see appendix B for 

example). Isotropic materials exhibit specific capacitances of 0.007 F/g and 0.0059 

F/cm3.  

When the nanostructured silicone materials are compared to state-of-the-art 

carbon nanomaterials (30-70 F/g), the specific capacitances are low.3 However, the 

silicone materials characterized here are analyzed in a neutral ionic solution, whereas 

carbon nanomaterials are used in highly acidic or basic solutions. The ability to exhibit 

capacitance under mild conditions is potentially useful in commercial applications. The 

templated material is assumed to be much less dense due to nanostructure. This lower 

density allows templated materials to exhibit roughly two orders of magnitude greater 

capacitance by volume compared to isotropic materials.  

Figure 7.5 shows the typical progression of higher capacitance at low scan rates, 

due to the shortened time window for charge saturation. Lower scan rates allow charge to 

build in the capacitor, whereas at higher scan rates the device does not have sufficient 

time to do so. The ordered nanostructure created by LLC templating permits the transfer 

and collection of charge within an insulating polymer substrate. Capacitance was also 

observed in two other systems LLC templated to create nanostructure networks. N-

isopropyl acrylamide and PEGDA were templated with LLCs (Appendix B). Increases in 

capacitance as  

compared to isotropic materials indicate that the method can be extended to other non-

conductive polymers.  
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Figure 7.5. Capacitance observed as a function of scan rate for (•) templated silicone 

diacrylate and (◻) isotropic silicone. Templated samples were synthesized with 50% 

Brij S20, 1% DMPA. Isotropic materials were mixed with ethanol. 

7.4: Conclusions 

A method of creating nanostructured capacitive materials from silicone 

diacrylates utilizing LLCs and photopolymerization is described. Anhydrous systems 

with lamellar order are created using Brij S20 and silicone diacrylate monomer. 

Structured silicone materials are observed to have specific capacitance on the order of 

0.27 F/g and 0.54 F/cm3, whereas isotropic samples exhibit substantially less capacitance. 

The advantage of these systems is that the electrochemical behavior is observed in mild 

conditions where carbon materials are measured in highly basic or acidic solutions. These 

materials are also easily synthesized, flexible, conformable, and inexpensive. LLC 

templating polymers allows the creation of many features desirable in capacitive 
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materials, such as large surface areas and compact void spaces. Additionally, the 

scalability and variety in monomer starting materials afforded by photopolymerization 

could allow a wide variety of electrochemical devices to be created using this simple 

method. Creating polymeric capacitors with LLC templated nanostructure may be a 

powerful method for the creation of inexpensive, easily fabricated power storage devices. 
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8: INCREASED ELONGATION OF URETHANE DIACRYLATE FILMS VIA 

RAFT MEDIATED PHOTOPOLYMERIZATION 

Photopolymerization is attractive due to fast polymerization rates, spatial control, 

and the ability to use low-volatility resins. However, the use of photopolymer materials in 

commercial applications has typically been limited to thin film coatings and materials for 

which toughness is not an important design consideration. Increased toughness and 

elongation of polymer materials could be realized through increased homogeneity in 

polymer networks using chain-transfer agents. We demonstrate the effects on the 

thermomechanical properties of photocured urethane acrylate films by controlling 

network formation with a reversible-addition fragmentation chain-transfer (RAFT) agent. 

Urethane diacrylate oligomer mixtures are polymerized in the presence of a 

trithiocarbonate RAFT agent, and thermomechanical properties and reaction kinetics are 

compared between concentrations of RAFT varying from 0-5 times that of photoinitiator. 

These films exhibit enhanced elastic properties when polymer propagation is controlled 

using a RAFT agent to control crosslink density. Adding RAFT slows the rate of 

polymerization and reduces the conversion. By modifying the reaction kinetics, 

controlled network growth can occur by chain-transfer of the propagating radical around 

the RAFT equilibrium bond. This mediation creates networks with lower crosslink 

density, permitting increased elongation materials to form with lower Young’s modulus 

and higher toughness. RAFT modified materials show toughness up to three times that of 

controls. Additionally, curing using a high intensity belt lamp system shows that high 

conversion can be reached even for samples with high RAFT agent content. Adding 

RAFT agents to photopolymer systems shows promise in facilitating modification of 
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network formation and final material properties within these increasingly important 

systems. 

8.1: Introduction 

Photopolymerization techniques are increasingly being utilized in production 

methods, such as additive manufacturing and thin films, where fast polymerizations and 

low volatility starting products are valued.1 Monomers with acrylate functionality are 

popular in photopolymerization due to their extremely fast polymerization rates and 

flexible synthesis. However, due to this rapid polymerization, acrylate-based materials are 

brittle and may have excessive shrinkage stress which may affect material toughness and 

durability.2–5 Toughness is a measurement of the amount of energy a material can absorb 

before breaking. It is commonly calculated as the area under a stress/strain curve.6 In 

traditional photopolymer applications, such as thin films or coatings, these shortcomings 

may be safely ignored or easily mitigated by modifying the monomer formulation or 

processing conditions. However, in coatings and larger scale materials the large amount 

of polymerized material may induce sufficient shrinkage stress to cause short or long-

term material failure. Therefore, increased control of toughness and elongation in 

photopolymerized materials could allow expanded application of photopolymerization in 

more industries and products. 
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Figure 8.1. Cartoon illustrating a) a homogeneous network with few areas of low 

crosslink density and b) an inhomogeneous network with many low-density areas. 

In a typical photopolymerization, the rapid rate of polymerization causes an 

increase in microgellation, an abundance of areas of high crosslinking which form due to 

high rates of localized polymerization. Microgels are known to cause stresses within a 

polymer network which may reduce the network homogeneity and toughness.7,8 By 

modifying the microgellation behavior more homogeneous networks may be permitted to 

form. Networks that are more homogeneous have fewer weak points and stress risers, 

resulting in tougher materials, rather than producing traditionally brittle acrylate 

materials.2 Figure 8.1 illustrates the concept behind homogeneous networks, the 

heterogeneous network (a) depicted has larger gaps and a greater variation of network 

density that could lead to an overall weaker system. In contrast the uniformity of the 

homogeneous network (b) should allow for a more robust system. 

A recent review outlines many strategies for increasing the toughness of 

photopolymers by controlling network formation to decrease crosslinking 

inhomogeneities.2 Thiol-ene/yne polymerization accomplish this by a step-growth 
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reaction which allows for 1:1 reaction of the thiol and the -ene/yne moiety, allowing for 

low stress, high homogeneity networks to form.9 Addition fragmentation chain transfer 

(AFCT) agents such as β-allyl sulfones are utilized to regulate polymerization 

propagation through the fragmentation and subsequent radical transfer of the AFCT 

agent.10 Atom transfer radical polymerization (ATRP) creates a living radical which 

permits the controlled radical propagation through a reversibly activated/deactivated 

radical, usually through a transition metal. A common goal of these methods is to control 

network propagation through various mechanisms. Through this control, more 

homogeneous networks may be formed in photopolymer systems, by creating 

monodispersed chains between cross-links, increasing homogeneity of the network. 

However, one shortcoming of these strategies is that they often require either custom 

monomer chemistries or are only applicable to a limited set of materials. Therefore, a 

method for controlling network formation that is extensible to a wide variety of 

chemistries is very desirable. 

Reversible addition fragmentation chain transfer (RAFT) is another method by 

which network propagation can be controlled. Adding RAFT agents to a 

photopolymerization may provide a more widely applicable method. RAFT is commonly 

used in grafting techniques or in functionalization of surfaces or particles for the 

controlled growth and narrow molecular weight-distribution it creates. These highly 

controlled polymerization make RAFT attractive for applications requiring low-dispersity 

linear materials, or for creating branched polymers, which benefit from regulated growth 

from a polymer backbone.11–14 A common RAFT chemistry is based upon 

trithiocarbonates, which control radical polymerization by capturing a radical on the 
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carbon in the thiocarbonate, regulating propagation of the polymer chain. As the radical 

transfers to a polymer chain, a double bond reforms between the sulfur and carbon 

(Figure 8.2). This interruption of the typical continuous radical polymerization 

mechanism allows polymer chains to grow in a controlled manner leading to more 

uniform chain growth and molecular weight (MW) distribution.15 In a crosslinked 

material, this control  may be due to reduced crosslinking heterogeneities allowing more 

homogeneous, less stressed networks to form.3   

Figure 8.2. A simplified mechanism of the RAFT equilibrium reaction. 

Some work has utilized RAFT agents to modify properties in photopolymerized 

materials. Leung and Bowman examined the reduction in shrinkage stress by adding a 

trithiocarbonate RAFT agent to methacrylate dental materials.16 Utilizing a RAFT agent 

in formulations allowed reduction in shrinkage stress in dental materials through network 

rearrangement. In addition, delays in gelation and a slower polymerization rate were also 

observed. Henkel and Vana examined the changes that RAFT-addition induces in loosely 

crosslinked butyl- and ethyl- acrylate networks. Due to the RAFT agent modifying the 

propagation reaction, increases in surface tackiness and elongation at break were 

observed.17,18 The increased tackiness was attributed to a reduction in the formation of 

hard microgel domains on the surface of the acrylate formulations with increasing RAFT 

concentration. Additionally, butyl acrylate systems polymerized with RAFT agents, 

exhibit rate retardation and delayed gel point. 
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Urethane oligomer diacrylates are commonly used in photopolymer formulations 

due to their inherent toughness, which is attributed to the strong hydrogen bonds that 

occur between the urethane moieties within the oligomer chains.19 Uses for these 

materials include paints, rubberized coatings, adhesives, and additive manufacturing 

processes such as 3D stereolithography. This work seeks to examine the impact RAFT 

agents have on relative reaction kinetics and thermomechanical properties of 

polyurethane diacrylate materials. Systems of urethane diacrylate were photopolymerized 

with a RAFT chain-transfer agent incorporated at varying concentrations. The effects of 

RAFT addition on the rate and conversion of the photopolymerization will be observed 

by Fourier transform infrared spectroscopy (FTIR). The effects on reaction kinetics and 

material properties of curing under a high-intensity UV-belt lamp system will also be 

examined. During photopolymerization the number of radicals generated is primarily a 

function of light intensity. By increasing light intensity observations of how larger radical 

concentrations interact with RAFT agents, to change material properties. Finally, 

temperature of glass transition (Tg), modulus, crosslink density, and stress-strain as a 

function of RAFT concentration will be investigated using dynamic mechanical analysis 

(DMA). The use of RAFT agents may be a facile method for modifying elastic network 

formation in a wide variety of materials 

8.2: Experimental 

8.2.1: Materials 

CN-9002 (Sartomer), an aliphatic urethane diacrylate, was chosen as the model 

oligomer with 2,2-Dimethoxy-2-phenylacetophenone (DMPA, Ciba) was used as a 

photoinitiator (PI). Both were used as received. The RAFT agent, cyanomethyl dodecyl 
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trithiocarbonate, was prepared using the procedure outlined previously by Aoyagi and 

Endo.20 The molar ratios of RAFT:PI are used to describe samples. PI concentration is 1 

wt% with respect to the urethane diacrylate oligomer. Samples are also described by the 

RAFT:acrylate molar ratio. 

8.2.2: Methods 

Samples for tensile and thermomechanical testing were prepared by placing 

samples between two microscope slides with a 220-micron spacer. The samples were 

then gently heated using a heat gun to reduce monomer viscosity, ensuring uniformity of 

the sample. The materials were cured under a 20 mW/cm2 medium pressure mercury 

Omnicure 1500 lamp with collimating head for 30 min. 

Polymerization kinetics of various formulations of RAFT agent and photoinitiator 

were measured by observing the double bond conversion and relative reaction rates using 

a Thermo-Nicolet Nexus 670 FTIR. Conversion was calculated using the relative C=O 

peak height of the acrylate group at 810 cm-1. 

A UV-belt lamp (Fusion Systems, LC-6B) was utilized to exam effects of high 

intensity light on the reaction kinetics and mechanical properties. Samples were 

photopolymerized using a medium pressure mercury bulb with intensity of 1500 mW/cm2 

at a belt speed of 3 in/min. Conversion was monitored between passes under the belt 

lamp, by comparing peak height ratios of the 810 cm-1 acrylate peak to the non-reacting 

3400 cm-1 region. Dose rate was calculated based on 10 sec of light exposure for each 

pass.  

Dynamic mechanical analysis experiments were performed with a TA Instruments 

Q800 dynamic mechanical analyzer (DMA) in tensile mode. Temperature sweeps were 
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performed from -100 to 50 ˚C at a heating rate of 3 ˚C/min to determine the Tg of the 

cured urethane films by recording Tan(δ) versus temperature. Stress and strain of films 

were evaluated at 30 ˚C with a force rate of 1.0 N/min. Young’s modulus was determined 

by taking the initial slope of the linear portion of the stress/strain data.  

8.3: Results 

The addition of RAFT agents to photopolymer systems may allow modification of 

crosslink and network formation via the reversible chain-transfer mechanism. The chain-

transfer will affect the kinetics of the polymerization reaction. With only small 

modifications to processing conditions and formulation, the modified reaction kinetics 

may allow materials with increased toughness. To this end, the polymerization kinetics 

and thermomechanical properties of films modified with varying concentrations of RAFT 

agent were examined. Additionally, formulations were polymerized at high and low light 

intensities to investigate the effects on increased radical concentration on polymerization 

kinetics.  

The equilibrium step in the RAFT mechanism creates monodisperse molecular 

weights between crosslinks. However, this additional reversible chain transfer chain 

propagation reaction results in a slowing of polymerization propagation due to the 

additional reversible transfer of radical from RAFT agent back to propagating chain. To 

determine the effect of RAFT on the polymerization rate on urethane diacrylate systems, 

double bond conversion was measured using real-time FTIR (Figure 8.3). 
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Figure 8.3. Conversion of urethane diacrylate films polymerized with (l) 0, (■) 1.5:1, 

(*) 2.5:1, and (x) 5:1 RAFT:PI molar ratio of cyanomethyl trithiocarbonate RAFT 

agent to DMPA photoinitiator. Polymerization was carried out with 10 mW/cm2 at 365 

nm light. Conversion was measured by comparing the peak height at 810cm-1 using 

FTIR. 

 Samples containing no RAFT exhibit a typical rapid photopolymerization 

behavior, with conversion approaching completion less than one min after light exposure. 

The decrease in slope of the conversion profile of formulations containing RAFT:PI 

concentrations of 1.5:1 indicate that polymerization rate is reduced with complete 

conversion now not reached around 10 min. Increases in RAFT concentration to 2.5:1 

RAFT:PI induce a substantial decrease in conversion to roughly 80% after 40 min. 

Further increases in RAFT:PI ratio to 5:1 result in a relatively low rate of polymerization 
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and an apparent final conversion of approximately 50%. The amount of RAFT agent 

added is sufficient to nearly overwhelm the propagation of radicals and slows the reaction 

dramatically. Reductions in propagation rate are attributed to the significantly higher 

number of RAFT agent molecules which form reversible equilibrium products. 

Compared to formulations without RAFT this results in a lower rate of propagation.  

Given the difference in reaction kinetics and conversion via RAFT-addition, it is 

reasonable to expect network formation of the films will also be different leading to 

different mechanical properties. To this end, the thermomechanical properties of the 

materials were examined via temperature sweeps with dynamic mechanical analysis 

(Figure 8.4). Rubbery modulus, glassy modulus, and Tg were observed for each 

formulation. Figure 8.4a shows Tan(δ) with respect to temperature for each RAFT 

composition. Interestingly, when RAFT agent is included in the formulation, Tg shifts 

roughly 4 ˚C higher, independent of RAFT concentration (Table 8.1).  

 The increase in Tg indicates that the RAFT agent is not having a plasticizing 

effect on the material, but appears to be affecting network morphology to some degree. In 

Figure 8.4b, the rubbery and glassy moduli are observed to follow similar trends as 

RAFT:PI ratio is increased. The rubbery modulus decreases and glassy modulus increases 

with RAFT concentration with the exception of the 5:1 RAFT:PI sample which exhibits 

more rubbery behavior due to lower conversion. Such changes in rubbery and glassy 

modulus are also consistent with reduced crosslink density in the networks and with  
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Figure 8.4. Tan(δ) a) and storage modulus b) profiles with respect to temperature for 

(l) 0, (■) 1.5:1, (*) 2.5:1, and (x) 5:1 RAFT:PI formulations. All samples were 

polymerized with 1% DMPA at 20 mW/cm2 for 20 min. 

composite theory21. If microgels act as hard composite particles within a polymer 

network, the reduction of such particles would be expected to reduce the overall modulus 

of a material and increase the elongation.22  
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This evidence of decreased rubbery modulus and shifting Tg suggest that the 

presence of a RAFT agent during photopolymerization decreases the crosslink density of 

the urethane materials. Differences in crosslink density with RAFT agents would be 

expected to influence mechanical properties of the urethane films, such as strain at break 

and Young’s modulus. To determine the effect on these thermo-mechanical properties, 

stress-strain behavior was observed using dynamic mechanical analysis in tensile mode 

(Figure 8.5). 

 

Figure 8.5. Stress-strain behavior at 30 ˚C of urethane diacrylate formulations (l) 0, 

(■) 1.5:1, (*) 2.5:1, and (x) 5:1 RAFT:PI. All samples were photopolymerized using 

1% DMPA at 20 mW/cm2 for 30 min. 
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 Addition of 1.5:1 RAFT to the films reduces ultimate stress and modulus, but 

increases strain at break. Upon increasing the RAFT concentration to 2.5:1, ultimate 

stress remains roughly the same as the control without any RAFT control while strain 

roughly doubles. Films containing 5:1 RAFT exhibit a reduction in stress, but further 

increase elongation with a strain at break of approximately 80% (Table 8.1). The increase 

in strain for all RAFT films is accompanied by a reduction of tensile modulus for the 

materials. The reduced Young’s modulus of RAFT samples is further evidence of 

reduced crosslink density as, crosslink density is proportional to Young’s modulus per 

Flory elastic theory.23 This behavior further indicates that higher RAFT concentrations 

increase of network homogeneity by chain-transfer and increases the toughness of the 

films. Films containing 5:1 RAFT exhibit the largest increase in elongation, but 

toughness is limited by the significant decrease in ultimate stress and modulus. 

Interestingly, the addition of relatively small amounts of a simple chain-transfer agent 

allows significantly more elongation in these materials. 

Most industrial photocuring processes utilize high-intensity UV-lamps to cure 

materials. Additionally, given the slower rate and lower conversion for RAFT- containing 

materials, increasing the dose rate of UV radiation using industrial cure lamps could 

reduce the overall cure time and increase ultimate double bond conversion. To examine 

the effects of high light intensity (1500 mW/cm2) on conversion as a function of dose 

based on number of passes was observed for each formulation, materials were cured 

using a belt lamp system (Figure 8.6).  

Upon polymerization of RAFT-containing materials with high-intensity light, 

conversion of acrylate bonds is observed to reach near completion for all formulations  
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Figure 8.6. Conversion (%) of urethane diacrylate films polymerized with (l) 0, (■) 

1.5:1, (*) 2.5:1, and (x) 5:1 RAFT:PI molar ratio of cyanomethyl trithiocarbonate RAFT 

agent to DMPA photoinitiator at 1500mW/cm2 in stages on a belt lamp system operating 

at 3 ft/min.  

tested, although more time is required for the high RAFT concentration materials as 

would be expected. The 1.5:1 RAFT formulation reaches complete conversion after 50 

J/cm2 or three passes under the belt lamp. Formulations containing 2.5:1 and 5:1 RAFT 

require approximately 125 J/cm2 to reach full conversion. The increased conversion is 

likely due to the greater number of radicals formed by the initiator. The additional 

radicals may allow a greater number of active centers in the polymerization to proceed 

unchecked by the RAFT agent, resulting in more complete polymerization. Even with 

higher intensity light, the relative rates of polymerization still decrease upon the addition 
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of RAFT agents. However, the higher radiation dose rate of the belt lamp results in a 

much faster overall polymerization time with more complete conversion of the double 

bonds while mitigating the rate retardation associated with the RAFT mechanism.  

The faster, more complete polymerization of RAFT films cured under high-

intensity light may also influence the material properties. Stress-strain data was examined 

for samples cured under a high-intensity belt lamp using a DMA in tensile mode (Figure 

8.7). Samples containing 1.5:1 RAFT increase in elongation, i.e strain at break and 

decrease slightly in ultimate stress compared to the 0 RAFT:PI control. Likewise, for 

2.5:1 RAFT:PI samples ultimate stress showed further decreases and elongation 

increased Interestingly at 5:1 RAFT concentrations, the elongation doubles, with a 

decrease in ultimate stress observed. This shift is attributed to the high ratio of RAFT to 

acrylate. The abundance of RAFT modifies the rate at which the reaction propagates to 

such a degree that a loosely crosslinked network of oligomer chains forms, rather than a 

traditional crosslinked network. The 2.5:1 RAFT concentration appears to be a cut-off for 

the creation of traditional network structures, with further RAFT addition preventing 

sufficient crosslink density, resulting in the high flexibility properties of the 5:1 RAFT 

samples.  

Interestingly, when Young’s modulus of samples is compared between curing 

conditions, higher intensity light results in reduced modulus for RAFT containing 

formulations (Figure 8.8 and Table 8.1). 
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Figure 8.7. Stress-strain behavior at 30 ˚C of urethane diacrylate formulations with (l) 

0, (■) 1.5:1, (*) 2.5:1, and (x) 5:1 RAFT:PI ratios of raft. All samples were 

photopolymerized using 1% DMPA at 1500mW/cm2 in stages on a belt lamp system 

operating at 3 ft/min. 

This decrease indicates a reduced crosslink density while still converting a high 

degree of acrylate bonds. The increased number of radicals from the high-intensity light 

combined with the chain-transfer rearrangement of RAFT results in a reduction of 

crosslinks in the network, increasing elongation and decreasing modulus.  
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Figure 8.8. Young’s modulus as a function of RAFT:Acrylate molar ratio for urethane 

diacrylate materials polymerized at 20 mW/cm2 (¨) and 1500 mW/cm2 (l).  

Material compositions based on RAFT:acrylate ratios are compared to Young’s 

modulus to clarify the effects of the a high RAFT to double bond ratio. The low number 

of double bonds compared to moles of RAFT illustrates just how often a radical is likely 

to react with a RAFT agent. The reduction in modulus between 20 mW/cm2 and 1500 

mW/cm2 increases with RAFT agent concentration, from a roughly constant 20% 

reduction for the lower two concentrations to 35% and then 50% for 0.125:1 and 0.25:1, 

respectively. This proportional reduction modulus is evidence of the controllable network 

propagation allowed by RAFT addition and of how this technique can be used to control 

properties in photopolymer materials. Rubbery elastic theory for polymers predicts a  
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Table 8.1. Summary of thermomechanical data for RAFT-modified urethane films. 

RAFT:PI Tg (˚C) Ultimate 
Stress (%) 

Toughness 
(MPa) 

Young's 
Modulus 20 

mW/cm2 
(MPa) 

Young's 
Modulus 

1500 
mW/cm2 
(MPa) 

0 -34.2 ± 1.0 29.6 ± 2.3 0.07 ± 0.1 0.0306 ± 
0.0003 

0.0239 ± 
0.0003 

1.5:1 -32 ± 2 36.4 ± 2.2 0.1 ± 0.01 0.0205 ± 
0.0003 

0.0104 ± 
0.0002 

2.5:1 -29.5 ± 0.5 68.6 ± 10.3 0.27 ± 0.07 0.0163 ± 
0.0002 

0.0104 ± 
0.0001 

5:1 -34.4 ± 0.3 81.7 ± 17.1 0.26 ± 0.12 0.01185 ± 
0.00003 

0.0052 ± 
0.0003 

reduced crosslink density for the observed lower tensile modulus (Young’s).24 

The RAFT controlled polymerization reaction allows long loosely crosslinked oligomeric 

chains to form rather than a network of high crosslink density increasing elongation of 

the photopolymer system.  

8.4: Conclusions 

This work utilizes addition of RAFT agents in small amounts to control the 

elongation and toughness of urethane acrylate materials. The addition of the RAFT agent 

allows reversible chain-transfer during polymerization, slowing the reaction and creating 

a more elastic network by reducing crosslink density. The reversible chain transfer leads 

to increased network rearrangement, creating materials with increased elongation and 

lower modulus. RAFT modified systems containing 1.5:1 and 2.5:1 RAFT:PI molar 

ratios exhibit ultimate stress and strain values higher than the control, leading to 
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increased toughness albeit with a lower modulus. Materials with 5:1 RAFT:PI molar 

ratios exhibit greatly increased elongation, but with slow polymerization kinetics. By 

increasing radical concentrations, high-intensity lamps allow polymerization to proceed 

to high conversion at much lower polymerization times. The addition of RAFT agent to 

photopolymers allows control propagation of polymer chains via a reversible chain 

transfer mechanism. The modulus of polymers is reduced with increasing RAFT agent, 

indicating that crosslink density is decreasing. The technique allows increases in 

elongation through control of the polymer propagation with a RAFT agent. The ability of 

the RAFT chemistry to interact with a wide variety of monomers permits greater 

flexibility in the use of these agents as toughness modifiers in photopolymer systems.  
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9: CONCLUSIONS AND RECOMMENDATIONS 

Controlling structure of polymeric materials at the nano- and microscale levels 

allows the manipulation of stimuli-responsive, swelling, elongation, and electrochemical 

properties, creating opportunities for a wide variety of applications. The ability to control 

this structure through understanding fundamental processes during polymerization 

permits polymer properties to be tailored. In this work, photopolymer material structure is 

modified by lyotropic liquid crystal (LLC) templating and reversible addition 

fragmentation chain transfer (RAFT). 

Imparting structure to stimuli-responsive materials using LLC templates has 

induced increases in the kinetics and magnitude of stimuli-responsive transitions. The 

enhancement of thermoresponsive water expulsive properties is enabled by templating 

nanostructure within poly(n-isopropyl acrylamide)-co-sodium acrylate (PNIPAM-co-SA) 

hydrogels. Materials were templated in a bicontinuous mesophase, which exhibits 

efficient transport of water through interconnected pores and high degrees of swelling. 

LLC templated polymers are characterized by large dynamic ranges of thermoresponsive 

volume transition, up to eight times larger than their chemically identical isotropic 

counterparts. Isotropic materials exhibit increased swelling with higher SA loading, but 

do not display the large volumetric response after application of thermal energy. 

As SA loading increases for templated materials, the observed LLC mesophase 

shifts from bicontinuous to hexagonal after polymerization. The structures become less 

complex and no longer retain the original template. This reduction in structure retention 

results in a decrease in the dynamic range of volumetric response. In LLC templated 
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materials loaded with 2% SA, dynamic ranges of 36 times dry mass are observed. With 

load levels of 4% SA, the range decreases to 32 times the dry mass. 

Thermoresponse was reversible for all samples tested. Samples were swollen and 

deswollen to the same levels repeatedly over 24 h cycles. This reversibility shows 

promise for many applications seeking to use responsive hydrogels as actuators, switches, 

or valves. The addition of structure to PNIPAM-co-SA hydrogels allows high degrees of 

swelling with retention of the stimuli-responsive volume transition. This combination of 

characteristics creates materials that are capable of expelling very large amounts of water 

when exposed to elevated temperatures (50 ˚C). 

These materials were also examined for use as forward osmosis (FO) draw agents. 

Flux of water through a semi-permeable membrane was shown to be greater for LLC 

templated materials and those containing superabsorbent SA. Flux increases for 

templated materials due to the interconnectivity of pore structures, allowing more 

effective transport of water through the hydrogel. Osmotic pressure was characterized for 

copolymer materials as a measure of their suitability for purifying salt water or other 

contaminated effluents. It was determined that the LLC templated structure did not 

change the osmotic pressure significantly, as the structure and not the chemistry is 

influenced by LLC templating. In conclusion, the increase in dynamic range and the 

much lower ratio level of water release at elevated temperatures indicate that there is 

promise for utilizing LLC templated materials as FO draw agents. 

Polyoxyethylene alkyl ether surfactants have long been known to form LLC 

mesophases when mixed with water. As such, the materials are a logical choice for LLC 

templating processes. However, their availability in a wide range of head and tail lengths 
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has not been fully characterized or explored as a potential tool for expanding monomer 

compatibility or available mesophases. A system of nine polyoxyethylene alkyl ether 

surfactants was screened for mesophase behavior when mixed with water. Of those nine, 

eight were observed to form LLC mesophases. The surfactants exhibited a wide range of 

mesophase behaviors over the tested concentration ranges, suggesting that additional 

tailoring of surfactant and concentration may allow further control over polymer 

structure. 

The non-ionic surfactants were then used as templates for NIPAM hydrogels. The 

differences in swelling between isotropic, isotropic surfactant templated, normal 

nanostructured, and inverse nanostructured templates were observed. In general, 

imparting nanostructure to hydrogels results in swelling increases of roughly three times 

that of the isotropic system. A polymer templated with surfactant that does not 

demonstrate LLC mesophase behavior swells to statistically the same ratio as an isotropic 

sample. Interestingly, LLC templating in the inverse mesophases does not increase the 

swelling of hydrogels. The discontinuous nature of inverse structure does not confer the 

interconnected system of nanostructured pores when templating a hydrophilic monomer. 

Creating nanostructured polymers for electrochemical devices is another potential 

application for LLC templating. Increasing the internal surface area of capacitive 

materials in a controllable, consistent manner is a potential means to improve capacitor 

technology. LLC templating combined with photopolymerization is a method by which 

the structure of new and non-traditional capacitors can be explored. By LLC templating 

silicone diacrylates, it is possible to create capacitors from non-conductive materials. 

Specific capacitances for materials templated in the lamellar LLC mesophase are 0.27 F/g 
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and 0.60 F/cm3, while isotropic materials are two orders of magnitude less capacitive 

with capacitances of 0.007 F/g and 0.0059 F/cm3. The large amount of surface area 

generated by the templating process acts as a number of electric double layer capacitors. 

The nanostructured capacitances are not comparable to state of the art metal oxide or 

carbon composite capacitors. However, the ease of fabrication combined with the gentle 

electrolyte medium required for capacitance to occur could make these materials a 

valuable method for creating ordered nanostructure for electrochemical devices. 

In Chapter 8, the modification of polymer propagation by RAFT agents is shown 

to affect the thermomechanical properties of a material. Through the reversible chain 

transfer mechanism of RAFT, the modified polymer network reduces material modulus 

and increases elongation and thus, toughness, to over three times that of control samples. 

These changes are attributed to lower crosslink density as evidenced by the reduction in 

modulus. Due to the exceedingly large number of RAFT molecules compared to 

functional acrylates, increases in molecular weight of chains between crosslinks are 

suspected. By increasing radical concentration during polymerization with high intensity 

light, RAFT-modified materials reach near total conversion. By adding small amounts of 

RAFT agent, polymer toughness can be augmented. This simple addition could allow the 

increased application of photopolymer materials. 

Using the fundamentals explored in this work, control of material structure can be 

extended to different material classes. The exploration of new materials and applications 

will offer challenges to explore with LLC templating and photopolymerization 

fundamentals. Through this expansion, a greater body of understanding and control will 

be realized for structuring processes. 
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Previous LLC templating endeavors have focused on hydrophilic, soft 

photopolymer materials. Many photopolymer materials that are hydrophobic or are high 

modulus with low elongation exist. Expanding the use of LLC templating to more 

durable materials could have interesting applications in the energy storage, catalyst, and 

composite fields. Successful LLC templating of hydrophobic materials requires the use of 

inverse mesophases. As was shown in Chapter 6, polymerization in the discontinuous 

domain of an LLC material does not allow the same benefits in material properties as 

templating in the continuous domain. It follows that this will hold true for hydrophobic 

materials as well. Templating in the inverse mesophase generally requires higher 

surfactant loads than in normal mesophases.  

Silicone surfactants may offer an attractive method of templating hydrophobic 

monomers in a continuous (inverse) mesophase. Surfactants have been demonstrated 

which exhibit hexagonal, lamellar, and even bicontinuous mesophases.1 Additionally, the 

flexible silicone tail allows fluidity of mixtures to be maintained at the high surfactant 

concentrations required to form LLC mesophases. Templating polymer pre-ceramics is a 

possible application of silicone surfactants. Pre-ceramic polymers typically consist of a 

silicone backbone monomer polymerized using either free radical acrylate-based or thiol-

ene polymerizations.2,3 After polymerization, the materials are sintered at high 

temperatures to convert the silicone polymer into a ceramic material. 

Photopolymerization of silicone monomers has been used with success in 3D printing 

complex ceramic materials. Silicone surfactants could permit LLC templating of a wide 

variety of pre-ceramic silicone monomers. Combining pre-ceramic monomers with LLC 

templated materials could allow for nanostructured ceramics to be created. Such materials 
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could find applications in high performance catalysts and electronics due to high surface 

area and diffusion. Additionally, nanostructured ceramics could find application in the 

creation of insulating materials due to low density and low thermal conductivity.4 

The large amount of stimuli-response volume transition observed previously for 

templated copolymers of PNIPAM and SA indicates that imparting structure may still 

have an important role to play in FO research. Since the templated nanostructure does not 

appear to greatly affect osmotic pressure, future LLC templating FO research should 

focus on utilizing materials with extremely high osmotic pressures. Work should improve 

stimuli-response of high osmotic pressure materials through surfactant templated 

nanostructure and copolymerization. The combination of these traits may result in 

crosslinked FO draw agents for use in many water purification and stream concentration 

applications. 

Polymerizable ionic liquids (PIL) or molten salts are materials which have very 

low volatility due to the high molecular affinity of their ionic character. These materials 

have been examined for use in FO applications due to their high osmotic pressures. Work 

on ‘smart’ PILs has been carried out with tributyl-4-vinylbenzylphosphonium (TVBP)-

based IL monomers and poly(propylene glycol) diacrylate (PPG) and poly(ethylene 

glycol) diacrylate (PEG) as crosslinkers.5 These materials were demonstrated to induce 

flux against brackish salt water and upon application of warm temperatures release water. 

However, deswelling rates were low. Improvements to both swelling ratios and response 

kinetics could be realized with LLC templating techniques. 

Mixtures of a PIL, surfactant, and water have been reported to display LLC 

mesophases of the columnar, bicontinuous, and lamellar types.6,7 The synthesis of 
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nanostructured PILs using these materials should be straightforward, only requiring the 

addition of a photoinitiator and perhaps modification of the reactive bond of the PIL. 

Additionally, ionic liquids dissolved in supercritical CO2 (sCO2) have been observed to 

self-assemble into micro- and nanostructures. The combination of a polymerizable ionic 

liquid and a photoinitiator into sCO2 could allow for a new avenue of ‘solventless’ LLC 

templating. After polymerization, the system is depressurized, leaving only the templated 

PIL behind.  

As was demonstrated in Chapter 7, the nanostructure imparted by LLC templating 

shows promise for utilization in electrochemical devices. The ordered nanostructure 

within LLC templated polymer lends itself well to applications where high permeability 

is desirable. Battery separators are one such application. Separators function within 

batteries or fuel cells as a type of membrane. The separator must allow the efficient 

transport of charge and separate the conductive components of the device physically.8 

High temperature stability and a large resistance to voltage breakdown are additional 

requirements. Polyethylene is a common separator material due to its low cost and ease 

of pore fabrication in the films. The use of LLC templating could be extended to other 

photopolymerized films, especially silicone materials, where high electrical impedance 

and resistance to voltage breakdown make them an attractive separator.9 

Continuing work on capacitive materials could focus on creating LLC structured 

carbon composites. The high porosity of carbon nanomaterials can be combined with 

LLC templating to create composites with ordered carbon particles intercalated within the 

templated polymer. Pseudocapacitance exhibited by a polymer material may be combined 



www.manaraa.com

 
 

169 

with carbon nanomaterials, allowing for improvement in the very promising use of 

carbon nanomaterials as capacitors.10 

Chapter 8 details the modifications in elongation and toughness that occur during 

photopolymerization in the presence of a RAFT agent. However, only a low-modulus 

elastomer was modified. Another direction would modify the network formation of a 

high-modulus or glassy polymer. If the network can be homogenized to permit increased 

elongation and toughness, a new avenue to toughen photocured materials can be 

developed. This may be especially useful in high functionality urethane-acrylate systems 

used for many 3D printing applications. RAFT techniques may create additional 

improvements to 3D printing, such as better interlayer adhesion. RAFT agents can induce 

longer radical lifetimes and increase the conversion percentage at which gelation 

occurs.11 Combining these changes could allow for higher rates of monomer and reactive 

center migration between printed layers, thus improving the mechanical properties of the 

print-as-a-whole.  

Due to their thiol or xanthate base, RAFT agents are often heavily pigmented. For 

colored or opaque systems, this is typically not an issue. In transparent photopolymer 

systems, this natural pigmentation could present a complication. Exploration of non-

colored RAFT agents, such as 2-(dodecylthiocarbonothioylthio)-2-methylpropionic acid 

pentafluorophenyl ester, would eliminate this concern.  

In conclusion, the work here demonstrates the power of manipulating and 

understanding polymer structure on different size scales. Changes in polymer properties, 

including toughness, stimuli-response, and capacitance, are all modified by imparting 

different structure to prepolymer mixtures combined with photopolymerization. LLC 
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templating, with proper consideration of monomer and surfactant compatibility, can be 

extended to a much greater range of monomers and systems. Similarly, the simple 

addition of only a few weight percent of RAFT agent can be easily applied to many 

systems in which greater control of network homogeneity is desired. Due to the flexibility 

of these techniques, applications utilizing structural modifications of polymers is virtually 

unlimited.  
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APPENDIX 

A: Swelling Ratio of PEGDA Hydrogels with Various Polyoxyethylene Alkyl Ether 

Surfactants. 

 

Figure A.1. Swelling ratios of hydrated 40% polyethylene glycol diacrylate hydrogel 

samples at various surfactant concentrations. The isotropic sample (�) is shown as a 

reference. Shown are: L4 (t) L10 (u), L23 (▼). Samples were cured at 10 mW/cm2 

for 10 min with 1% weight DMPA photoinitiator. 
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Figure A.2. Swelling ratios of hydrated 40% polyethylene glycol diacrylate hydrogel 

samples at various surfactant concentrations. The isotropic sample (�) is shown as a 

reference. Shown are: C2 (¢), C10 (�), and C20 (¿). Samples were cured at 10 

mW/cm2 for 10 min with 1% weight DMPA photoinitiator. 
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Figure A.3 Swelling ratios of hydrated 40% polyethylene glycol diacrylate hydrogel 

samples at various surfactant concentrations. The isotropic sample (�) is shown as a 

reference.  Shown are: S2 (¢), S10 (�), and S20 (¿). Samples were cured at 10 

mW/cm2 for 10 min with 1% weight DMPA photoinitiator. 
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B: Capacitance Observed in LLC Templated Films 

  

Figure B.1. Analysis of current versus voltage scan rate in silicone films. The slope is 

equal to capacitance (F). A linear curve was fit to the lower three scan rates of a) 

isotropic silicone and b) templated silicone. 

 

  

Figure B.3. Voltammograms of (a) isotropic and (b) templated PEGDA at various scan 

rates. Note the difference in scale bars on the y-axis. 
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Figure B.4. Analysis of current versus voltage scan rate in silicone films. The slope is 

equal to capacitance (F). A linear curve was fit to the lower three scan rates of a) 

isotropic PEGDA and b) templated PEGDA. 
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Figure B.5. Capacitance observed as a function of scan rate for (•) templated PEGDA 

and (◻) isotropic PEGDA. Samples of 40% PEGDA were templated with Brij C10, 

with 1% DMPA photoinitiator. 
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Figure B.6. Voltammograms of (a) isotropic and (b) templated PNIPAM at 

various scan rates. Note the difference in scale bars on the y-axis. 

 

  

Figure B.7. Analysis of current versus voltage scan rate in silicone films. The slope is 

equal to capacitance (F). A linear curve was fit to the lower three scan rates of a) 

isotropic PNIPAM and b) templated PNIPAM. 
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Figure B.8. Capacitance observed as a function of scan rate for (•) templated PNIPAM 

and (◻) isotropic PNIPAM. Samples of 20% PNIPAM were templated with Brij C2, 

1% DMPA photoinitiator and 1% MBA as a crosslinker. 
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