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ABSTRACT: The ability to direct polymer structure on the nanometer scale has provided access to
enhancedmaterial properties thatmay be tailored to accommodate a growing number of advanced biological
and industrial applications. A promising method of generating nanostructure in organic polymers uses self-
assembling lyotropic liquid crystalline (LLC) mesophases as templates for polymerization. Unfortunately,
thermodynamically driven phase separation often prevents polymer morphology from being precisely
controlled. As the demand for polymers with accurately engineered properties increases, a detailed under-
standing of the phase separation process is needed to control the nanostructure and properties of LLC
templated polymers. In this study, photopolymerization kinetics are utilized to identify phase separation
events occurring during the photopolymerization of poly(ethylene glycol) diacrylate and hexanediol
diacrylate monomers templated in the normal hexagonal or lamellar LLC mesophases. Discontinuities are
found in the polymerization rate of anisotropic polymers at several double bond conversions that are not
present in the rate profiles of isotropic controls. The polymer morphology was subsequently characterized at
particular conversions using small angle X-ray scattering. Changes in polymer nanostructure occur at double
bond conversions that coincide with the observed rate discontinuities. These results demonstrate that
photopolymerization kinetics can be used as a probe to monitor the evolution of polymer nanostructure
during polymerization and optimize the conditions governing the control of polymermorphology to enhance
properties dependent on nanostructure.

Introduction

Polymers with nanometer size morphologies are generating
significant research interest due to their potential application in
areas including tissue engineering, controlled release, and size-
selective separation media.1-3 Of particular importance is the
potential to improve and tune physical properties by controlling
polymer nanostructure as properties ranging from mechanical
strength to permeability are highly dependent on local order and
size of morphological features.4 For example, polymers with
submicrometer morphologies have exhibited greater compressive
moduli, swelling, permeability, and biological interaction than their
isotropic counterparts.5-8 Furthermore, these properties have been
tuned by modifying polymer morphology while maintaining the
original polymer chemistry. These characteristics could be used to
engineer biomedical devices such as tissue scaffolds and hydrogels
with the proper mechanical, degradative, and swelling properties
needed for successful performance using well-characterized
biopolymers.9

Methods of directing polymer morphology may use templates
to segregate monomers into the desired geometry followed by
polymerization to transfer the template structure to thepolymer.10-12

One promising method of generating nanostructure in organic
polymers uses self-assembling lyotropic liquid crystals (LLCs) as
templates for polymerization.13 LLCs are typically lowmolecular
weight surfactants that can self-assemble intoavarietyof nanometer
size mesophases in the presence of a solvent such as water. The
highly ordered LLCmesophases are used to segregatemonomers
into a variety of different geometries by utilizing the inherent
water- and oil-soluble domains. In fact, the polar and nonpolar

domains of LLC templates have been used to compatibilize
otherwise immiscible hydrophobic and hydrophilic mono-
mers, allowing properties intermediate of each polymer to be
incorporated into the final polymer network.14 LLC meso-
phases are particularly well-suited for templating applications
because their morphology and characteristic length depend
primarily on the concentration, polarity, and size of surfactant
molecules, thus providing a facile method of altering polymer
nanostructure.15

The synthesis of LLC templated polymers is relatively simple
and their large-scale production is expected to be more feasible
than other templatingmethods.16 Ideally, the template can be used
to precisely control polymer morphology on the desired size
scale during polymerization.17 In practice, however, it is often
difficult to control polymer structure throughout the polymeri-
zation reaction. Thermodynamically driven phase separation
often occurs as monomer is converted to polymer and frequently
yields polymers with poorly defined nanostructures.18 Phase
separation prevents polymer morphology from being precisely
controlled and changes properties dependent on nanostructure.
A detailed understanding and investigation of the evolution of
polymer nanostructure during polymerization is required to
determine the kinetic and thermodynamic conditions needed to
precisely direct polymer nanostructure and optimize polymer
properties.19,20

Polymer-template phase separation is a significant problem in
many polymer templating strategies and often prevents the con-
trol of polymer nanostructure and properties.18,21 The polymer-
ization strategy and initiation method used to generate the
templated polymer will often dictate the extent to which template
structure is transferred to the polymer and overall success of
the templating process. Factors including polymerization rate,
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propagation mechanism, and local environment in which polymeri-
zation occurs must be considered when selecting a polymeri-
zation strategy.19 Rapid initiation rates have been proposed as a
method of preserving the original LLC template order by forcing
the polymer to attain sufficient conversion before phase separa-
tion can occur.22,23 Photopolymerization is a particularly attrac-
tive polymerization strategy for templated systems because the
initiation rate is inherently fast, independent of temperature, and
readily controlled through light intensity and photoinitiator
concentration.24-26 The temperature independent initiation rates
of photopolymerization allow polymerization to be performed at
the temperature at which the template is most stable and could
promote the successful transfer of template structure to the
polymer.27 In addition to the advantages photopolymerization
offers in generating LLC templated polymers, it is also used as a
tool to probe the kinetic and structural behavior during polymeri-
zation.28,29 Because light is used to generate the reactive center,
the initiation step can be controlled temporally by regulating
irradiation time, which provides a robust method of quenching
the polymerization to study the relationship between conversion
and polymer structure. Furthermore, the initiation rate can be
easily adjusted and the impact of polymerization kinetics on
polymer structure may be studied more feasibly.

Photopolymerization kinetics provide a considerable amount
of information regarding the structure ofLLC templated polymers
during polymerization. The order imposed on monomers by the
parent template significantly affects the local concentration, seg-
regation, and diffusional behavior of reactive species.19,23,30-35

Likewise, changes in the LLC mesophase resulting from phase
separation events will alter the local concentration, segregation,
and diffusional behavior of reactive species and directly impact
the polymerization kinetics. Thus, polymerization kinetics
are directly related to local order andmay be used to elucidate
changes in polymer nanostructure occurring during polymeriza-
tion. Numerous studies have utilized photopolymerization kinetics
to identify changes in polymer morphology by comparing the
polymerization rate and kinetic constants of templated systems
to those of an appropriate isotropic control.23,30,31,34-36

When abrupt changes in kinetic constants or discontinuities in
the polymerization rate are observed in the templated system and
not in the isotropic control, these kinetic differences are usually
attributed to alterations in the segregation and diffusional
behavior of reactive species resulting from changes in polymer
structure. Despite this kinetic evidence of structural changes,
polymer morphology has been exclusively characterized before
and after polymerization, providing limited insight into the
evolution of polymer structure during polymerization.

In this study, the nanostructure of LLC templated polymers is
characterized at specific conversions to better understand and
direct the evolution of polymer structure. The polymerization
rate of LLC-monomer systems that self-assemble into highly
ordered mesophases before polymerization and phase separate
during polymerization were investigated for discontinuities rel-
ative to isotropic controls. Utilizing the temporal control of
photopolymerization, the polymer structure was characterized
directly using X-ray scattering at conversions coinciding with
irregular rate behavior. These investigations not only begin to
reveal how polymer morphology evolves during polymerization
but also provide methods that may be used to systematically
establish how polymerization kinetics and LLC self-assembly
can be optimized to control polymer structure. It is hypothesized
that characterizing polymer nanostructure during polymeriza-
tion will provide valuable kinetic and thermodynamic informa-
tion describing the phase separation process. Such knowledge
may be used to direct polymer structure and thus tailor polymer
properties to accommodate a number of diverse and advanced
applications.

Experimental Section

Materials. The monomers used in this study were poly-
(ethylene glycol) diacrylate (PEGDA, Mn ∼ 258 Aldrich) and
1,6-hexanediol diacrylate (HDDA, Sartomer). The lyotropic
liquid crystalwas polyoxyethylene(10) cetyl ether (Brij 56,Aldrich).
2,2-Dimethoxy-1,2-diphenylethan-1-one (Irgacure 651, Ciba
Specialty Chemicals) was used as the photoinitiator. Ethylene
glycol diacetate (EGDAc, Aldrich) was also used as a solvent in
this study. All chemicals were used as received.

Sample Preparation. Samples containing lyotropic liquid
crystals were prepared by mixing specific concentrations of
monomer, surfactant, deionized water, and photoinitiator. Iso-
tropic samples were prepared bymixing the respectivemonomer
with ethylene glycol diacetate and photoinitiator. All samples
contained 20 wt % monomer and 0.5 wt % photoinitiator with
respect to monomer mass. Sample homogeneity was achieved
using centrifugation, heat sonication, and vortex mixing.

Kinetics. Photopolymerization kinetics were studied using a
Perkin-Elmer differential scanning calorimeter (photo-DSC)
equipped with a medium-pressure UV arc lamp (Ace Glass) to
initiate polymerization. The emission spectrum was controlled
using a 365 nm band-pass filter, and light intensity was adjusted
with neutral density filters and by varying the distance of the
sample from the lamp. Approximately 4 mg of sample was
placed into crimped aluminum pans and covered with a thin
transparent fluorinated ethylene propylene copolymer (Teflon
FEP, DuPont) film to minimize heat loss resulting from water
evaporation. Samples were heated above their clearing tempera-
ture to promote uniform thickness and thermal contact. Oxygen
inhibition was suppressed by purging samples with nitrogen for
8 min prior to polymerization. Heat flow, Q, was monitored in
real-time, t, by maintaining a constant sample temperature of
30 �C and used to calculate the normalized polymerization rate,
Rp, using eq 1

Rp ¼ R
_

p

½M� ¼
QðtÞ 3MW

n 3ΔHp 3m
ð1Þ

where R
_

p is the extensive polymerization rate, [M] is the mono-
mer concentration, MW is the monomer molecular weight, n is
the monomer functionality, ΔHp is the enthalpy of polymeriza-
tion, and m is the monomer mass.37 Double bond conversion,
p, was calculated by integrating the normalized polymerization
rate with respect to time.

Characterization

The optical anisotropy of LLC samples was characterized
before and after polymerization using a polarized light micro-
scope (PLM, Nikon, Eclipse E600W Pol) equipped with a hot
stage (Instec, Boulder,CO). PLMimageswere obtainedbyplacing
samples sandwiched between a glassmicroscope slide and coverslip
on the microscope stage, heating above their clearing point,
and allowing them to cool slowly at room temperature. Samples
were photopolymerized with the UV light source described
above. Optical textures were examined for birefringent patterns
characteristic of the ordered phases formed in the LLC samples.
PLM images obtained before and after photopolymerizationwere
compared todetermine the extent of phase disruption that occurred
as monomers polymerized into a cross-linked network.

Polymer nanostructure was characterized with aNonius FR590
small angle X-ray scattering (SAXS) apparatus using a standard
copper target R€ontgen tube with a Ni-filtered Cu KR line of
1.54 Å as the radiation source, a collimation system of theKratky
type, and aPSD50Mposition sensitive linear detector (HecusM.
Braun, Graz). Phases were indexed by calculating the d-spacing
ratios of scattering peaks. The scattering vector, q, was calculated
from the angle of the scattered radiation and theX-raywavelength.
SAXS profiles were desmeared to correct for beam-height effects
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using a direct transform method described elsewhere.38

Desmeared profiles were background corrected and normalized
to the invariant, J, calculated using eq 2

J ¼
Z ¥

0

IðqÞq2 dq ð2Þ

where I(q) is the desmeared intensity.39 The invariant repre-
sents the scattering power of the sample, is independent of
sample morphology, and is used to correct for differences in
scattering volume, electron densities, and fluctuations in beam
intensity.40 In other words, normalizing the scattering profiles
to the invariant allows polymer structure to be compared
without having to measure absolute intensities. Additionally,
the Lorentz correctionwas applied to correct for the differences in
time that individual reciprocal lattice points spend in a diffracting
position.41

Results and Discussion

An encouraging method of generating nanostructure in poly-
mers uses LLC mesophases as templates for polymerization.
However, thermodynamically driven phase separation typically
prevents polymer nanostructure from being precisely controlled.
A detailed description regarding the evolution of polymer mor-
phology during polymerization is needed to optimize the thermo-
dynamic and kinetic conditions necessary to accurately direct
polymer nanostructure. Numerous studies have utilized photo-
polymerization kinetics to study polymer morphology during
polymerization.19,27,30,32,33,36 Discontinuities in polymerization
rate and kinetic constants are often observed during the poly-
merization of LLC templated monomers and have been suggested
to result from changes in local order.However, because the struc-
ture of LLC templated systems is usually characterized before and
after the polymerization reaction, there is little direct evidence
supporting that such kinetic behavior is due to changes in poly-
mer structure. Herein, photopolymerization kinetics are utilized
to identify changes in polymer structure occurring during poly-
merization to understand and control polymer-template phase
separation. A complete description of the kinetic and thermo-
dynamic factorsgoverning the structureofLLCtemplatedpolymers
could lead to the synthesis of polymers with precisely engineered
physical properties.

To illustrate the effect of local order on photopolymerization
kinetics, the polymerization rate of LLC-monomer samples
containing 20 wt % poly(ethylene glycol) diacrylate (PEGDA)
or 20 wt % 1,6-hexanediol diacrylate (HDDA) and varying con-
centrations of the surfactant Brij 56 in water were investigated.
The impact of liquid crystalline order on polymerization kinetics
is evident from the rate profiles for PEGDA polymerized in the
isotropic, normal hexagonal, and lamellarmesophases (Figure 1a).
The polymerization of PEGDA is fastest in the normal hexagonal
mesophase formed at 40 wt% surfactant with the maximum rate
being approximately a factor of 3 greater than that observed for
the isotropic polymerization of PEGDA in EGDAc. As the con-
centration of surfactant increases to 50 wt %, the maximum
polymerization rate of PEGDA is less than half of that observed
at 40 wt % surfactant even though both samples have a normal
hexagonal morphology before polymerization. Also, the max-
imum polymerization rate for PEGDA templated in the lamellar
LLC mesophases formed at 60 and 70 wt% surfactant is greater
than the maximum polymerization rate of PEGDA in solvent.
Similar trends are observed in the rate profiles of HDDA
polymerized in the isotropic, normal hexagonal, and lamellar
phases (Figure 1b). The polymerization rate of HDDA is greatest
in the normal hexagonal phase formed at 30 wt% surfactant and
decreases with increasing surfactant concentration. For both

PEGDAandHDDAmonomers, the polymerization rate is faster
at lower surfactant concentrationwithin a givenLLCmesophase.
This behavior is likely due to a decrease in local monomer concen-
trationathigher surfactant concentrations.This kinetic behaviorhas
been reported for similar LLC-monomer systems and is discussed
in greater detail elsewhere.23,32,33

It is clear from the rate profiles in Figure 1 that LLC order has
a significant impact on polymerization kinetics. Interestingly,
rate profiles of anisotropic samples show kinetic behavior that is
much different from their isotropic counterparts. For example, a
deceleration in polymerization rate is observed at low double
bond conversion for both PEGDA and HDDA samples tem-
plated with 50 wt % surfactant. This behavior differs from
traditional isotropic photopolymerization kinetics of diacrylate
monomers inwhich thepolymerizationrate is relatively continuous.42

These differences in polymerization rate appear to be due to the
segregation of acrylate functional groups as directed by the LLC
template. It has often been suggested that rate discontinuities in
LLC systems result from phase separation events that alter the
local concentration, segregation, and diffusional behavior of
monomers. However, because polymer structure is typically
characterized before and after polymerization, little structural
data are available to support this hypothesis. The morphology
of each system in Figure 1 was characterized before and after
polymerization using PLM and SAXS to determine if a signifi-
cant change in polymer structure is occurring during polymeri-
zation. With phase separation occurring during polymerization,
the conversion at which polymer nanostructure changes may be
identified by studying the systems photopolymerization kinetics,

Figure 1. (a) Polymerization rate as a function of time for 20 wt %
PEGDA in EGDAc (isotropic, b), and with 40 wt % (normal hex-
agonal ,3), 50 wt% (normal hexagonal,0), 60 wt% (lamellar,]), and
70 wt % (lamellar, 2) Brij 56 in water. (b) Polymerization rate as a
function of time for 20wt%HDDA inEGDAc (isotropic,O), andwith
30wt%(normal hexagonal,3), 40wt%(normal hexagonal,9), 50wt%
(lamellar, ]), and 60 wt % (lamellar, 2) Brij 56 in water. Polymeriza-
tion was initiated with 0.5 wt % Irgacure 651 at a light intensity of
3.27 mW/cm2.
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thus providing insight into the evolution of polymer nanostruc-
ture. Because faster polymerization kinetics can increase the
degree of structure retained, polymerization was initiated using
a low light intensity. Reducing the light intensity facilitated phase
separation events and increased the sensitivity of the photo-DSC,
allowing discontinuities in heat flow due to changes in local order
to be identified.23,31,36

To demonstrate how photopolymerization kinetics can be
utilized to identify changes in polymer morphology, two systems
with significantly different morphologies before and after poly-
merization were chosen for detailed kinetic and structural char-
acterization studies. Figure 2 shows the PLM images before
and after polymerization for 20 wt % PEGDA with 50 wt %
surfactant in water and 20 wt%HDDAwith 50 wt% surfactant
in water, referred to hereafter as PEGDA-50 and HDDA-50,
respectively. These two systems were chosen for detailed analysis
because each was found to markedly phase separate during poly-
merization. It is expected that a larger change in polymer structure
will have a greater impact on photopolymerization kinetics, thus
providing straightforward insight into the evolution of polymer
structure.33,35 A high birefringence and fan-like optical texture is
observed before polymerization of PEGDA-50 (Figure 2a) and is
indicative of a highly ordered hexagonal morphology.43 How-
ever, after photopolymerization the birefringence decreases and
the fan-like optical texture is less defined (Figure 2b), suggesting
that the original hexagonal structure has not been retained during
polymerization. Similarly, the Maltese cross optical texture and
high birefringence of the HDDA-50 sample before polymeriza-
tion (Figure 2c) indicates a well-defined lamellar morphology.
Yet after polymerization, the original lamellar morphology is
lost and a nearly isotropic polymer is obtained, indicated by
the decrease in birefringence and ill-defined optical texture
(Figure 2d).

To corroborate PLM results, the morphology of PEGDA-50
and HDDA-50 samples were characterized before and after
polymerization using SAXS. Figure 3a shows the SAXS profile

of PEGDA-50 before and after polymerization. The d-spacing
ratios calculated from the SAXS profile of PEGDA-50 before
polymerization is indicative of a highly ordered normal hexago-
nal morphology.39 After polymerization, the scattering intensity
decreases and the positions of the scattering peaks change, con-
firming that the structure of the PEGDA-50 polymer has been
significantly disrupted during polymerization. A decrease in
scattering intensity indicates a less ordered polymer due to the
increased contribution of isotropic scatter to the invariant.44,45 A
similar analysis of SAXSprofiles before and after polymerization
for HDDA-50 (Figure 3b) supports that the original lamellar
morphology is not retained during polymerization. The degree of
phase separation is further illustrated by comparing the diffrac-
tion profile of a 5:3 weight ratio Brij 56-water solution shown in
Figure 3a,b to the SAXS profile for the fully cured PEGDA-50
and HDDA-50 polymers. The Brij 56-water solution contains
the same ratio of surfactant to water that would be present if the
surfactant-water template completely phase separated from,
and did not interact with, the PEGDA-50 or HDDA-50 poly-
mers. The similar intensities andpositions of the diffraction peaks
of these SAXS profiles suggests that each polymer has phase
separated to a large degree during polymerization and the result-
ing polymer structure is ill-defined and poorly ordered.

It is evident from PLM and SAXS data that the PEGDA-50
andHDDA-50 samples phase separate during polymerization.
Utilizing photopolymerization kinetics, the critical conver-
sion(s) at which the parent LLC template ceases to be thermo-
dynamically stable may be identified. This was done by
comparing the rate profiles of the PEGDA-50 and HDDA-
50 samples to the rate profiles for the isotropic polymerization
of the respective monomer in EGDAc to identify rate disconti-
nuities that could signal the onset of phase separation. The
sensitivity of the photo-DSC to changes in heat flow was
increased by lowering the light intensity relative to kinetic
studies presented in Figure 1. Discontinuities found in the rate
profiles of LLC templated polymers and not in the rate profiles of

Figure 2. Polarized light micrographs of LLC templated samples before and after photopolymerization at 10�magnification. Shown are samples of
20 wt% PEGDAwith 50 wt%Brij 56 in water (a) before and (b) after polymerization and a sample of 20 wt%HDDAwith 50 wt%Brij 56 in water
(c) before and (d) after polymerization. Polymerization was initiated with 0.5 wt % Irgacure 651 at a light intensity of 0.5 mW/cm2.
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isotropic controls are hypothesized to result from changes in
monomer concentration, segregation, and diffusional behavior
brought about by phase separation.23,31,35,36 To test this hypoth-
esis, the polymer morphology was characterized at double bond
conversions near rate discontinuities to determine if such kinetic
behavior coincides with changes in polymer structure. Polymers
of specific double bond conversions were acquired by irradiat-
ing a sample in an aluminum DSC pan for an appropriate time
and then closing the light shutter. Heat flow was monitored with
photo-DSC and used to calculate double bond conversion. After
the light shutter was closed, a steady baseline heat flow was
established, the sample was removed from the DSC pan, placed
into a lead sample holder, covered with X-ray transparent film
(Mylar, DuPont), sealed with rubber O-rings, and the nanostruc-
ture was analyzed using SAXS. For clarity, the kinetic and
structural analysis for PEGDA-50 and HDDA-50 samples will
be presented separately.

Nanostructure Evolution ofHexagonal Templated PEGDA
(PEGDA-50). To demonstrate how photopolymerization
kinetics can be utilized to monitor the evolution of polymer
nanostructure, thepolymerization rateof anisotropicPEGDA-
50 was compared to the polymerization rate of isotropic
PEGDA in EGDAc to identify any rate discontinuities that
could result from phase separation. Figure 4a shows the
polymerization rate as a function of double bond conversion
for PEGDA-50 and PEGDA in EGDAc. There are several
differences between the rate profiles of the hexagonal tem-
plated PEGDA-50 sample and the isotropic PEGDA

control. Specifically, polymerization rate discontinuities
are observed in the first 10% conversion and between 40 and
55% conversion for the PEGDA-50 sample. The derivative
of polymerization rate with respect to conversion, dRp/dp,
was calculated to reveal rate fluctuations that are not directly
visible from the undifferentiated rate profile and is analo-
gous to data analysis techniques used inAuger electron spec-
troscopy and X-ray photoelectron spectroscopy.46 The rate
derivative for the isotropic PEGDA control (Figure 4b) is
rather smooth, indicating that there are no significant devia-
tions in polymerization rate.However, there are several abrupt
changes in the polymerization rate of PEGDA-50, illustrated
by peaks in the rate derivative at 10, 45, and 55%double bond
conversion.

Polymer nanostructures for double bond conversions
preceding and following these rate discontinuities were char-
acterized directly using SAXS to determine if rate fluctua-
tions correspond to disruptions in polymer structure. Figure 5
summarizes the SAXS profiles obtained at conversions near
the rate fluctuations shown in Figure 4b. A plateau in the poly-
merization rate was found in the rate profile of PEGDA-50
during the first 10% conversion and was not found in the
rate profile for the isotropic PEGDA control. The SAXS
profile at 15% conversion (Figure 5a) shows a decrease
in intensity and shifts in the scattering peaks relative to
the scattering profile obtained before polymerization, indi-
cating that the original normal hexagonal morphology is
significantly disrupted within the first 15% conversion.

Figure 3. (a) SAXS profile of 20 wt%PEGDAwith 50 wt%Brij 56 in
water (normal hexagonal) before polymerization (i) and after poly-
merization (ii) as well as Brij 56-water mixture (iii) containing the same
surfactant to water ratio. (b) SAXS profile for a 20 wt % HDDA with
50 wt % Brij 56 in water (lamellar) before polymerization (i) and after
polymerization (ii) as well as Brij 56-water mixture (iii) containing
the same surfactant to water ratio. Polymerization was initiated with
0.5 wt % Irgacure 651 at a light intensity of 0.5 mW/cm2.

Figure 4. (a) Polymerization rate as a function of conversion of 20 wt%
PEGDA in EGDAc (isotropic, b) and with 50 wt % Brij 56 in water
(normal hexagonal, 3). (b) First derivative of polymerization rate
shown in (a) with respect to conversion as a function of conversion
of 20 wt % PEGDA in EGDAc (isotropic, b) and with 50 wt % Brij
56 in water (normal hexagonal, 3). The inset shows the rate derivative
between 40 and 60% conversion. Polymerization was initiated with
0.5 wt % Irgacure 651 at a light intensity of 0.5 mW/cm2.
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Interestingly, this large disruption in PEGDA-50 polymer
structure coincides with the rate plateau seen in Figure 4
during the first 10% conversion.

The rate derivative in Figure 4b decreases monotonically
between 10 and 40% conversion for both the isotropic and
anisotropic PEGDA samples. This indicates that the segre-
gation behavior of double bonds has not been altered signif-
icantly between 10 and 40% conversion. Moreover, the
absence of rate discontinuities suggests that no large changes
in polymer structure have occurred. The scattering peaks in
the SAXS profiles for PEGDA-50 at 15 and 40% conversion
are very similar in position and intensity (Figure 5a,b), sup-
porting that polymer morphology has not changed signifi-
cantly between these conversions. On the other hand, the
scattering profile at 50% conversion (Figure 5b) is much dif-
ferent from the profile observed at 40%conversion. Namely,

the relative intensity of the secondary scattering peak at 50%
conversion is much lower and the positions of the secondary
and tertiary scattering peaks have shifted, indicating that a
significant change in polymer morphology has occurred
between 40 and 50% conversion. Furthermore, this change
in polymer structure coincides with the rate discontinuity
between 40 and 50% conversion shown in the inset of
Figure 4b.

The structure of the PEGDA-50 polymer appears to evolve
in a discrete manner with two significant phase separation
events occurring during the first 50% conversion. Further-
more, disruptions in polymer structure appear to give rise to
fluctuations in the polymerization rate. The inset of Figure 4b
shows an additional rate fluctuation observed between 50 and
55% conversion. Comparison of the SAXS profiles at 50 and
55% conversion (Figure 5b,c) reveals a less defined tertiary
scattering peak and a small decrease in intensity for the
primary and secondary scattering peaks at 55% conversion.
Thus, the rate fluctuation seen between 50 and 55%conversion
coincides with a change in polymer morphology. The SAXS
profile for PEGDA-50 at 70% conversion (Figure 5c) indi-
cates that the structure continues to change. In fact, the
scattering intensity increases and the tertiary scattering peak
is more defined at 70% conversion compared to the SAXS
profile at 55% conversion. Similar trends are observed
during the final 10%double bond conversion. The scattering
peaks for the fully cured PEGDA-50 polymer (Figure 3a) are
well-defined and show an increase in scattering intensity
relative to the SAXS profile at 70% conversion. It is unlikely
that the PEGDA polymer is becomingmore ordered at higher
conversions because the network is highly cross-linked and
structural rearrangement would require the breaking of
covalent bonds.23,32 Therefore, the increase in scattering
intensity observed at 80% conversion is likely due to the
self-assembly of surfactant and water into an ordered meso-
phase as a result of phase separation from the polymer
network.

SAXS profiles at specific double bond conversions sup-
port that phase separation events occur in a stepwise manner
for the PEGDA-50 polymer. For example, polymer structure
changes significantlywithin the first 15%conversion, is similar
between 15 and 40% conversion, is disrupted between 40 and
50% conversion, and is further altered between 50 and
55% conversion. Interestingly, significant disruptions in
PEGDA-50 polymer nanostructure coincide with fluctua-
tions in the polymerization rate shown in Figure 4b. Com-
parison of the SAXS profiles shown in Figure 5 reveal
changes in the position and intensity of scattering peaks
at conversions preceding and following rate discontinuities,
supporting that disruption in polymer structure occurs in
conjunction with rate discontinuities.

Nanostructure Evolution of Lamellar Templated HDDA
(HDDA-50). The structural evolution of the HDDA-50
polymer was investigated to determine if photopolymeri-
zation kinetics could be used to identify disruptions in
polymer structure during polymerization in a systemhaving
order and monomer segregation behavior different from
those of the PEGDA-50 sample. The PLM images and
SAXS profiles for HDDA-50 before and after polymeriza-
tion indicate that the original lamellar morphology is lost
during polymerization. Critical double bond conversions
that may signal the onset of phase separation were identi-
fied by comparing the polymerization rate of the HDDA-50
sample to the isotropic polymerization rate of HDDA in
solvent. Specifically, the HDDA-50 polymerization rate
profile was analyzed for discontinuities not present in the
rate profile of the isotropic HDDA control. Figure 6a,b

Figure 5. (a) SAXS profile for a 20 wt%PEGDAwith 50wt%Brij 56
in water (PEGDA-50, normal hexagonal) before polymerization (i) and
at 15% conversion (ii), (b) 40% (iii) and 50% conversion (iv), and (c)
55% (v) and 70% conversion (vi). The insets show higher order
scattering peaks. Polymerization was initiated with 0.5 wt % Irgacure
651 at a light intensity of 0.5 mW/cm2.
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show the polymerization rate as a function of double bond
conversion and the rate derivative with respect to conver-
sion for the HDDA-50 sample and isotropic HDDA con-
trol. Although the polymerization rate of HDDA-50 is
similar to that of HDDA dissolved in EGDAc, there are
several differences in the polymerization behavior of these
systems. Two subtle rate discontinuities were found in the
rate profile of the anisotropic HDDA-50 sample that are not
present in the isotropic rate profile of HDDA in EGDAc.
Specifically, a deceleration in polymerization rate is ob-
served at very low conversions in the HDDA-50 sample,
which is reflected as an initial rise and subsequent fall in
the rate derivative shown in Figure 6b. It is unlikely that
this shoulder is due to oxygen inhibition because samples
were purged with nitrogen before polymerization and this
behavior is not observed in the rate profile of the isotropic
HDDA control.

The morphology of the partially polymerized HDDA-50
sample was characterized using SAXS at approximately
10% conversion that corresponds to the rate deceleration
shown in the inset of Figure 6a. Figure 7a shows the SAXS
profile for the HDDA-50 sample before polymerization and
at 10%double bond conversion. It is evident from the SAXS
profile for HDDA-50 at this conversion that the polymer
structure is significantly disrupted early in the polymeriza-
tion, indicated by a decrease in intensity and shifts in the
diffraction peaks relative to the SAXS profile obtained
before polymerization. Hence, the plateau in polymerization

rate for HDDA-50 at low double bond conversion is
accompanied by a significant change in polymer structure.
The rate derivative for HDDA-50 and isotropic HDDA
control (Figure 6b) is rather smooth between 10 and 55%
conversion and no large changes in polymerization rate are
observed. A smooth rate derivative was also seen for the
PEGDA-50 and isotropic PEGDA control between 15 and
40% conversion (Figure 4b). In addition, the structure of
the PEGDA-50 polymer was found to be very similar at 15
and 40% conversion, which suggests that no large change
in structure has occurred between 10 and 55% conver-
sion for the HDDA-50 sample. Comparison of the SAXS
profile for HDDA-50 at 55% conversion (Figure 7b) to the
SAXS profile at 10% conversion (Figure 7a) indicates that
polymer structure has not changed significantly between
these conversions. Specifically, the scattering intensities are
similar and the positions of the diffraction peaks have not
changed. Thus, the order of the HDDA-50 polymer has not
been altered significantly between 10 and 55% conversion.

The polymerization kinetics and SAXS profiles for the
PEGDA-50 and HDDA-50 systems show that rate fluctua-
tions coincide with disruptions in polymer structure. From
the results presented thus far, rate fluctuations appear to
accompany significant changes in polymer structure. The
subtle rate acceleration between 55 and 65% conversion
shown in the inset of Figure 6b provides insight into the use-
fulness of photopolymerization kinetics in detecting small
changes in polymer structure. The intensity of the tertiary
scattering peak for HDDA-50 at 65% conversion (Figure 7b)
is greater than at 55% conversion. Additionally, the positions
of the tertiary peaks at 55 and 65% conversion are different,
implying that the HDDA-50 polymer structure has been

Figure 6. (a) Polymerization rate as a functionof conversion for 20wt%
HDDA in EGDAc (isotropic, 3) and with 50 wt % Brij 56 in water
(lamellar,b). The inset shows rate behavior at low conversion. (b) First
derivative of the polymerization rate shown in (a) with respect to
conversion as a function of conversion for 20 wt%HDDA in EGDAc
(isotropic,3) and with 50 wt%Brij 56 in water (lamellar,b). The inset
shows the rate derivative between 50 and 70% conversion. Polymeri-
zation was initiated with 0.5 wt % Irgacure 651 at a light intensity of
0.5 mW/cm2.

Figure 7. (a) SAXS profile for 20 wt % HDDA with 50 wt % Brij 56
in water (lamellar) before polymerization (i) and at 10% conversion
(ii) and (b) at 55% conversion (iii) and at 65% conversion (iv). The
insets show higher order scattering peaks. All polymerization were
initiated with 0.5 wt% Irgacure 651 at a light intensity of 0.5 mW/cm2.
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disrupted between these conversions. The increase in inten-
sity at 65% conversion is probably due to the self-assembly
of surfactant andwater into an orderedmesophase as a result
of phase separation from the HDDA polymer.23,32 Polymer
structure continues to change during the final 15% conver-
sion. The intensity of the primary and secondary scatter-
ing peaks is greater for the fully cured HDDA-50 polymer
(Figure 3b) compared to the SAXS profile at 65% conver-
sion. Although the polymer is not completely phase sepa-
rated, the morphology has changed significantly throughout
polymerization and the final structure of the HDDA-50
polymer is much different from the initial order of the parent
LLC template.

The SAXS profiles of HDDA-50 at discrete double bond
conversions support that disruptions in polymer structure
coincide with fluctuations in polymerization rate. Specifi-
cally, a fluctuation in the polymerization rate was observed
within the first 10% conversion and is accompanied by a
significant change in polymer structure; no rate discontinu-
ities or changes in polymer morphology are observed be-
tween 10%and 55%conversion; and adisruption in polymer
structure coincideswith the subtle rate discontinuity between
55 and65%conversion. Polymermorphology does not appear
to change substantially during the final 15% conversion
with only slight decreases in order. These results demonstrate
that photopolymerization kinetics are useful in monitoring
the structural evolution of LLC templated polymers during
polymerization and discontinuities in polymerization rate are
primarily due to changes in polymer nanostructure.

Conclusions

Phase separation events of polymers templated in LLC meso-
phases were identified during polymerization by studying pho-
topolymerization kinetics and characterizing polymer structure
at specific conversions using SAXS. Several fluctuations were
found in the polymerization rate of normal hexagonal tem-
plated PEGDA and lamellar templated HDDA monomers
that were not present in the rate profiles of isotropic controls.
A deceleration in polymerization rate was observed at low
double bond conversions while rate accelerations are found
at intermediate conversions during photopolymerization of the
LLC templated mixtures. The nanostructure of anisotropic poly-
mers was characterized using SAXS at conversions immediately
preceding and following the observed rate discontinuities. SAXS
data indicate that polymer structure is significantly different
at conversions immediately following a rate fluctuation. These
results support that polymerization rate discontinuities in LLC
templated polymers result from phase separation events. Ad-
ditionally, polymer structure was found to be very similar
between conversions in which no rate discontinuities were pre-
sent. Large changes in phase morphology appear to occur in
conjunctionwith rate decelerations observed at low conversions.
Additional changes in local order appear to coincide with rate
accelerations found at intermediate conversions in the systems
studied. These results show that photopolymerization kinetics
can be used to identify changes in polymer nanostructure
occurring during polymerization in LLC templates. This
knowledge can be used to determine how LLC self-assembly
and photopolymerization kinetics can be optimized to control
polymer structure on the nanometer scale.
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