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ABSTRACT: Lyotropic liquid crystals (LLC’s) have recently been employed as polymerization templates to
yield highly ordered nanostructured materials with potential applications in regulated transport, ultrafiltration,
and catalysis. With the goal of understanding the reaction mechanisms ultimately determining polymer morphology
in these highly ordered systems, this study focuses on the influence of LLC order on photoinitiation efficiency
and monomer segregation behavior. These phenomena have been elucidated through extensive examination of
the polymerization kinetics utilizing photodifferential scanning calorimetry. The polymerization kinetics in these
ordered liquids are highly dependent on phase morphology because liquid crystalline alignment has a profound
effect on monomer segregation, and photoinitiation efficiency is a function of viscosity, polarity, and the diffusional
constraints inherent in LLC phases. Through studies of the polymerization kinetics in different LLC phases using
a free radical inhibitor, the relative initiation efficiencies of a number of photoinitiators were determined. By
incorporating relative efficiency information in the analysis of propagation and termination rate parameters, the
individual contributions of monomer segregation and photoinitiation behavior to the polymerization kinetics were
differentiated. While segregation of polar monomers in the continuous phase leads to increased polymerization
rate in more ordered LLC phases, nonpolar monomers exhibit the opposite trend due to segregation in the
discontinuous region of the phases studied. Changes in photoinitiation efficiency either compound or negate the
effect of monomer segregation on the polymerization rate depending on initiator structure and polarity. The initiation
efficiency with relatively bulky, hydrophobic initiators increases substantially in more ordered systems while the
efficiency of less hydrophobic initiators decreases slightly in more ordered phases.

Introduction have also recently been templated through a similar approach
. . . .., using conventional monomers with full retention of original
Many of the techniques used to synthesize materials with order in cross-linked network8:17 By taking advantage of the

nanoscale architectural control rely on self-assembly of mol- wide ranae of known phase behaviors in different LLC svstems
ecules into ordered arrays possessing nanoscopic dimendsions, 9 P y '

One particularly versatile method offering great promise in the this methpd could enable facile cqntrol of po!ymer structure by
controllable synthesis of nanostructured polymeric materials preselecting a template phase with the desired geortfetty.
involves self-assembly of amphiphillic molecules into highly ~ Initial investigations of the polymerization kinetics in tem-
ordered lyotropic liquid crystalline (LLC) arrays. These interest- plated LLC systems have revealed that the polymerization
ing materials exhibit low viscosities characteristic of fluids while kinetics play a critical role in ultimate polymer structure and
maintaining highly complex and periodic morphology more properties. Better retention of LLC order has been linked to
typical of crystalline material3.As the concentration of sur-  higher polymerization rates, and loss of LLC morphology from
factant is varied in a typically polar solvent, a variety of LLC phase separation appears more prevalent at lower rates of
structures may be observed ranging from highly curved micellar polymerizatiorf:”*4The diffusional limitations inherent to liquid
and discontinuous cubic aggregates, which form at low con- crystals cause unique polymerization kinetics not observed in
centrations of amphiphile, to rodlike arrangements of micelles bulk or solution polymerizatio®?26 Polymerization of acryl-
in the hexagonal phase. The lamellar phase, exhibiting minimal amide, which proceeds quite slowly in isotropic solution, occurs
curvature, as well as inverted structures of the previously much more rapidly in highly organized cubic and hexagonal
mentioned phases may form at higher surfactant concentrationgohases as the monomer aligns topologically along the surfactant/
depending on the nature of the surfactant and sofent. water interfacé*1®> Monomer polarity plays a unique role in
While a lack of mechanical strength and thermal stability has the kinetics in LLC systems as polar and nonpolar monomers
previously limited the use of lyotropic liquid crystals in materials Segregate to different regions of LLC phases. While polar
applications, more robust materials possessing LLC morphology monomers, such as acrylamide and poly(ethylene glycol)
have recently been obtained using various amphiphillic, cross- dimethacrylate, become increasingly ordered and polymerize
linking monomerg—7 The novel properties of the resulting faster in more ordered LLC systems, nonpolar monomers, such
polymers have shown promise in advancing diverse applications@s hexanediol diacrylate amedecyl acrylate, polymerize more
such as size exclusion barriérsatalyst$:1°and nanocompos- slowly as LLC order increases as a result of decreased localized
ites11 Through careful synthetic design of cross-linking mono- double bond concentratidd=?
mers, feature size can be controlled to provide the necessary Just as segregation of monomers of different polarity causes
properties for a variety of applicatioA$Several LLC phases  distinct polymerization behavior, the chemical structure of the
initiator may likewise dictate how initiators localize in LLC
*To whom all correspondence is to be addressed: e-mail Systems, thereby impacting the polymerization kinetics and
allan-guymon@uiowa.edu; Ph (319)-335-5015; Fax (319)-335-6086. ultimate polymer structure. Several studies using emulsion
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Figure 1. Chemical structures of the monomers, photoinitiators, and surfactant used in this study. Shown are (a) hexanediol diacrylate (HDDA),
(b) poly(ethylene glycol)-400 dimethacrylate (PEGDMA), (c) 2-hydroxy-1-[4-(2-hydroxyethoxy)phenyl]-2-methyl-1-propanone (HEPK),{@yl2-be
2-(dimethylamino)-1-[4-(4-morpholinyl)phenyl]-1-butanone (DBMP), éed-dimethoxye-phenylacetophenone (DMPA), (f) bis(2,4,6-trimethyl-
benzoyl)phenylphosphine oxide (BAPO), and (g) dodecyltrimethylammonium bromide (DTAB).

polymerization have shown distinctly different kinetics and Experimental Section
polymer molecular weight evolution when using photoinitiators Materials. The photoinitiators compared in the study were

pf dl.fferent32|03c3)lar|ty?8 314Stud|es of photpchemlcal react;gns 2-hydroxy-1-[4-(2-hydroxyethoxy)phenyl]-2-methyl-1-propanone
in micelles?**vesicles* and thermotropic liquid crystats (HEPK, Ciba Specialty Chemicals), 2-benzyl-2-(dimethylamino)-
have demonstrated a strong relationship between radical forma-1-[4-(4-morpholinyl)phenyl]-1-butanone (DBMP, Ciba Specialty
tion and decay on solvent order. For example, in thermotropic Chemicals), bis(2,4,6-trimethylbenzoyl)phenylphosphine oxide
liquid crystals photodecomposition of alkylphenones results in (BAPO, Ciba Specialty Chemicals), anda-dimethoxye-phen-
higher degrees of cyclic product formation in isotropic solution Ylacetophenone (DMPA, Ciba Specialty Chemicals). The polym-
relative to that in the smectic phase due to a less rigid and lesse'ization kinetics with each initiator were compared using the
structured environmet. The occurrence of in-cage recombina- Ydrophobic hexanediol diacrylate (HDDA, Polysciences) and the

. . . . . . water-soluble poly(ethylene glycol)-400 dimethacrylate (PEGDMA,
tion of radical pairs from photolysis of dlb_enzyl k_etones is also Polysciences)? I\)/I/E)Iec)(ﬂar v%e),-/ighz was determinyed o(f polymers
dependent on the phase type of the reaction environment as We'%ynthesized witm-decyl acrylate (Polysciences). This monomer

as local viscosity® Such recombination reactions could sig- was chosen for the study because it exhibits similar kinetic behavior
nificantly impact photopolymerization in ordered LLC systems to HDDA while forming linear polymer. Hydroquinone (Aldrich)
by lowering the rate of initiation and overall rate of polymer- was utilized to inhibit polymerization in the comparison of initiation
ization. efficiency. Liquid crystalline samples were synthesized using

Initi il ol . leinth | o varying concentrations of the cationic surfactant dodecyltrimeth-
nitiator structure will play a unique role in the polymerization ylammonium bromide (DTAB, Aldrich) and deionized water.

behavior in LLC media because of the confined geometry and Samples were mixed, centrifuged, and sonicated repeatedly until
polarity considerations in the highly ordered surfactant phases. homogeneous gels were obtained. Figure 1 shows the chemical
The goal of this study is to elucidate the relationship between structures of the materials used in this study.

photoinitiator structure and polymerization kinetics in LLC Methods. Lyotropic liquid crystal morphology and phase
systems. The influence of LLC order on initiation efficiency boundaries were characterized with a polarized light microscope
and monomer segregation will be studied to gain a more (Nikon, Eclipse EG00W Pol) equipped with a hot stage (Instec,
complete understanding of the complex dynamics governing Boulder, CO) by examining the optical texture of each sample. For
polymer structure. The rate of polymerization of two cross- Ccorroboration of microscopy data, phase identities were identified
linking monomers will be compared using several common with small-angle X-ray scattering by measuring ratiod spacing.

hotoiniti f diff lari d mobility i . LLC These measurements were conducted utilizing a Nonius FR590
photoinitiators of different polarity and mobility in various X-ray apparatus with a standard copper targattgen tube as the

phases. Individual contributions of monomer and photoinitiator radiation source with a Cud€line of 1.54 A, a collimation system
effects to the polymerization behavior will be evaluated by of the Kratky type, and a PSD 50M position sensitive linear detector
comparing rate constants of propagation and termination under(Hecus M. Braun, Graz).

various reaction conditions and incorporating relative initiation Polymerization rate data were acquired with a Perkin-Elmer
efficiency information obtained with a free radical inhibitor. differential scanning calorimeter. The emission spectrum from a
Since initiator efficiency is directly related to the molecular medium-pressure UV arc lamp (Ace Glass) was used to initiate
weight in linear polymer systems, further understanding of polymerizati'ons. Light intensity was controlled with optical filters
initiation efficiency will be obtained by studying the polymer and by varying the distance of the sample from the lamp. For the

: . : majority of the kinetics experiments full spectrum, 60 m\WAdight
modle.cgl.a r weight evolutlog asa fugctlon 0de bOthfLIr‘]C pt:asef was used. However, the experiments to determine kinetic constants
an |r_1|t_|_ator _structure. A etter_ understanding o t € role Ol \yere conducted with 365 nm light with intensity of 1.6 mWZm
photoinitiator in these morphologically complex reaction systems gyor caused by water evaporation was minimized by covering the

could enable the future design and selection of initiators for ~5 mg samples with thin transparent films of FEP (Dupont
better structural control. fluorinated copolymer). Samples were purged with nitrogen f(&gv
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min prior to polymerization to prevent oxygen inhibition. Isothermal () 0.030
reaction conditions were maintained during polymerization using s
a refrigerated circulating chiller. The polymerization reg, was £ 0.025
determined as a function of time from the heat fla@) @ccording 1
toeq 1l £ 0.020
3
_ QMgMW @ g 00151
AHM £ 0,010 1
5
where [My] is the initial monomer concentration, MW is the 2 6005 1
monomer molecular weighyH is the enthalpy of polymerization -2
of the monomer, an! is the sample mass. Maximum rates were 0.000 & , i .
taken from the peak in the rate profiles obtained, and double-bond 0.0 0.2 04 06 0.8
conversion was calculated by integrating the heat flow proffles. .
For these studies the theoretical values of 20.6 and 13.1 kcal/mol Double Bond Conversion

were used as the heat evolved per reacted acrylate and methacrylate
double bond, respectivefy.The relative standard error for these
kinetic experiments was calculated by dividing the standard
deviation of the maximum polymerization rate from five identical
experiments by the average. While the error varied significantly
from sample to sample, the relative standard error for the vast
majority of samples was less than 10%. Apparent rate parameters
for k. and k, were measured through a series of after-effect
experiments. The steady-state polymerization rate was utilized to
determine the lumped kinetic constakik,*? as a function of time.

By closing the light shutter at various time intervals during the
polymerization, the initiation step was eliminated and the exotherm
decay was analyzed according to eq 2
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Figure 2. Polymerization profiles of 20% PEGDMA initiated with

. N . . - (a) 0.2 wt % HEPK and (b) 0.2 wt % DBMP. Shown are polymeriza-
whereR, is the polymerization rate at time Ry is the initial rate tions in 40% discontinuous cubiaj, 60% hexagonal(), and 70%

of polymerization, and [M] is the monomer concentration at time  |ameliar @) DTAB in water.

t. The term Rit/k,[M], obtained from plotting 1R, with respect to . ) .

time of the dark reaction, was combined with the lumped kinetic initiator photolysis may therefore be highly dependent on LLC

constant from the steady-state reaction to decouple apparentmnorphology.

propagation and termination kinetic parameters. This method of Itis well known that different photoinitiators, due to varying

determining individual rate parameters is described in detail absorbance characteristics, yield different rates of polymerization

elsewheré? _ _ _ in isotropic bulk polymerizations. In LLC systems local varia-
A gel permeation chromatography system with a PLgel Mixed tjons in morphology, viscosity, and composition introduce more

Dh 300 x 7.5 lmm C°|”|m” lfrom .Pr?ly”;]er 'F]‘"?‘bs was used to ,complex photoinitiation dynamics. To understand how these

characterize polymer molecular weight. The Shimadzu instrumental ¢ . may influence the polymerization in LLC systems, the

setup included a differential refractomeric detector, RID-10A, a | izati t ith t to LLC ord h b
solvent delivery pump, LC-10ATVP, and a system controller SCL- polymerizalion rate with respect 1o order has been

10AVP. Polymer samples with concentration-af.0 mg/cni were compared using several commartleavage photoinitiators. A
eluted at 1 criimin in tetrahydrofuran (THF). A universal calibra- ~ Wide variety of liquid crystalline phases, ranging from discon-
tion curve was constructed using eight narrow range polystyrene tinuous cubic, hexagonal, to lamellar form as the concentration
standards with molecular weights ranging fronx4.0°to 1 x 10° of DTAB, a cationic surfactant, is varied in water, making it an
g/mol. ideal system for the study. To demonstrate the effect of liquid
crystalline order on the polymerization kinetics, Figure 2 shows
polymerization profiles of PEGDMA with two initiators in the
The polymerization kinetics in lyotropic liquid crystalline phases that form as DTAB concentration is varied in water.
media are highly dependent on the degree of order in the reactionFor polymerizations initiated with the relatively water-soluble
medium. Changes in polymerization rate observed in differently HEPK, as shown in Figure 2a, the polymerization rate is lowest
ordered LLC systems have been attributed to monomer segregain the discontinuous cubic phase. In the hexagonal phase, at
tion and ordering phenomena. For example, nonpolar monomershigher concentrations of surfactant, the rate and conversion both
become highly locally concentrated in the lypophillic domains increase. When the surfactant concentration is increased to 70
of the cubic phase and consequently polymerize more rapidly wt %, the degree of order in the system further increases to
than in the hexagonal and lamellar phase, where localized doubleform the lamellar phase in which the highest polymerization
bond concentrations are low&¥2’ Polar monomers exhibit  rate is observed. By simply changing the order of the liquid
significantly different behavior, with more rapid polymerization crystalline system, a 40% increase in rate occurs in polymeriza-
observed in lamellar and hexagonal phases due to higher degreesons initiated with HEPK. Similar rate enhancements observed
of monomer ordering*15The interaction of photoinitiator with  in continuous phase polymerization have previously been
the surfactant aggregates could similarly impact the polymer- attributed to an increase in monomer ordering from association
ization kinetics. Since medium polarity, viscosity, and order are of the polar monomer with surfactant aggregdfes.
known to affect the photochemical reactions of a number of  To understand whether changes in photoinitiation behavior
compoundg833-36.38.39%the formation of free radical pairs from  may also contribute to the enhanced rate observed in the a7

Results and Discussion
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Figure 3. Relative maximum rate of polymerization of 20% PEGDMA  Figure 4. Relative peak polymerization rate of 10% HDDA initiated

initiated with 0.2 wt % HEPK ¥), DMPA(A), BAPO (), and DBMP ~ With 0.1 wt % HEPK ), DMPA (M), DBMP (O), and BAPO 4) in
(®) in the LLC phases of DTAB/water with respect to DTAB the LLC phases of DTAB/water as a function of DTAB concentration.

concentration.
To determine whether the photoinitiator plays a similar role
ordered LLC phases, the polymerization rate was also monitoredin the kinetics when monomer is sequestered within the
in the same liquid crystalline system with the more bulky, discontinuous phase, the polymerization rate of HDDA with
relatively hydrophobic photoinitiator, DBMP. As shown in respect to LLC order was similarly examined using initiators
Figure 2b, the general trend of increasing rate with increasing of different size and hydrophobicity. Comparing the trend in
LLC order is also observed with this initiator, although the polymerization rate as a function of LLC order with the same
magnitude of increase in this case is much greater. Again, initiators used to study PEGDMA could indicate whether the
polymerization is slowest in the discontinuous cubic phase, but effect of initiator on the polymerization rate in LLC systems is
with this initiator the rate nearly doubles in the hexagonal phase. similar to monomers of different polarity and aid in differentiat-
The most remarkable difference with DBMP is the dramatic ing the effects of monomer polarity and photoinitiator charac-
rate increase observed in the lamellar phase. In contrast toteristics on the polymerization kinetics in these complex systems.
HEPK, for which the rate increases by half between the The relative maximum rate of polymerization of HDDA with
discontinuous cubic and lamellar phases, more than a 4-fold several photoinitiators in the LLC phases of DTAB and water
rise in rate occurs with the hydrophobic DBMP. From these is shown in Figure 4. The absolute rate of polymerization at
results it is apparent that distinct photoinitiation behavior, not each concentration of surfactant is divided by the rate in the
just monomer segregation, contributes to the changes in po-discontinuous cubic phase at 40 wt % DTAB to allow facile
lymerization rate in different phases. comparison of the trends in rate behavior. As seen with
To gain a broader understanding of the effect of photoinitiator PEGDMA, distinct discontinuous cubic, hexagonal, and lamellar
on polymerization in ordered surfactant systems, the polymer- phases are observed with HDDA at varying concentrations of
ization kinetics were similarly examined using two other DTAB and water although phase boundaries are slightly shifted.
commono-cleavage initiators, DMPA and BAPO. Initiators ~ With all of the initiators in the study, the transition from the
used in the study were selected in order to provide understandingcubic to the hexagonal phase results in a lower rate of
of the effect of radical size and polarity on the polymerization polymerization. However, as surfactant concentration is further
kinetics. Figure 3 shows the maximum rate of polymerization increased to induce transition from the hexagonal to a lamellar
with these initiators in addition to HEPK and DBMP. As phase, great differences in this trend are seen with the different
mentioned previously, polymerization with PEGDMA in the initiators. As shown in Figure 4, the rate continually decreases
LLC phases of the DTAB/water system in general exhibits the with DMPA and HEPK as surfactant concentration increases,
trend of increasing rate with increasing LLC order. However, with greater rate decreases in the HEPK systems. With the
the influence of the photoinitiator manifests itself by the relatively bulky and hydrophobic BAPO the rate initially
magnitude of increase observed with each initiator as the decreases with the transition to the hexagonal phase but remains
composition and order of the reaction environment are changed.relatively constant with increasing surfactant concentration. With
The smallest dependence of polymerization rate on LLC order DBMP, which is also very hydrophobic, the trend in polymer-
is observed with the most hydrophilic initiator, HEPK. With ization rate with respect to LLC order contrasts markedly with
DMPA, a less polar initiator of approximately the same the other initiators. After dropping by half between the cubic
molecular weight, the rate increases by almost 70% betweenand hexagonal phase, the rate nearly doubles at higher concen-
the discontinuous cubic and the lamellar phase. The rate oftrations of surfactant with the transition to a lamellar morphol-
polymerization with BAPO exhibits an even greater dependence ogy.
on LLC order. The highest dependence of rate on order is

. ; e To understand the factors driving the change in polymeriza-
observed with the bulky, highly hydrophobic initiator, DMPB,

- g ) > tion rate with each initiator, we first consider the equation
with which the rate increases 400% over the same composmonCommonly used to describe the rate of free radical polymeri-
range. With each initiator the greatest increase in raté 0CCUrS;qion \which assumes steady-state conditions and bimolecular
above 60 wt % surfactant with the transition to lamellar termination

morphology. Although the photoinitiator is added to these

systems in concentrations of 1 wt % relative to monomer (0.2 R \12

wt % of total sample), changes in photoinitiator structure appear R = kp[M] (_) (3)

to significantly impact the polymerization behavior. 2k CDV
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where [M] is the momonomer concentratidg,andk; are rate ™
coefficients of propagation and termination, respectively, and E
R is the rate of initiatiorf® To determine the cause of the distinct = Ll
polymerization behavior observed with different initiators, g o
primary consideration should be given to the factors influencing £ |e
R, which is given by E 0600
s
R = 2¢el [I] (4) So4{ O @
2 o H
where ¢ is the initiation efficiency, is the molar extinction & 024 o * .
coefficient, lg is the light intensity, and [1] is the photoinitiator < e ;
concentration. Differences in extinction coefficients of the 0.0 : " : ' '
0.0 0.2 0.4 0.6 0.8 1.0

different initiators, while highly influential in the absolute rate
of polymerization, do not explain the different trends in rate Weight Percent Inhibitor
with respect to surfactant concentration. Since the light intensity Figure 5. Relative polymerization rate of neat HDDA initiated with
was not varied within a sample in the kinetic studies, the 0.5 wt % HEPK (unfilled circles), 1 wt % HEPK (gray circles), and 2
different trends in polymerization rate are most likely tied to wt % HEPK (black circles) with respect to hydrogquinone concentration.
the initiation efficiency,p, defined as the fraction of radicals
formed from photolysis, which are successful in initiating cantly for all initiator concentrations, this experiment confirms
polymerizatiorf:#2Upon decomposition of initiator, the radicals that the largest decrease occurs with low concentrations of
formed may undergo many types of reactions within the solvent initiator. This behavior is expected since a larger number of
cage including recombination or reactions forming species that free radicals are formed at higher initiator concentrations,
cannot initiate polymerization. The lowering of the initiator requiring a higher concentration of free radical scavenger to
efficiency by these “in cage” reactions is known as the cage have a similar effect on the polymerization rate.
effect and is known to be prevalent in photoinitiated polymer- ~ The inhibitor method can be applied to understand how LLC
izations?? Initiation efficiency is known to depend on a number order influences the efficiency of different initiators. Differences
of factors such as monomer and initiator selection as well as in initiation efficiency could explain the distinct trends in
medium viscosity, pH, and polarif}:294244 Several studies  polymerization rate observed with the initiators mentioned
have also demonstrated a significant dependence of initiation previously. To determine how LLC order affects the photoini-
efficiency on solvent orderingp.34.36 tiation efficiency of the relatively hydrophilic HEPK, the rates
Inhibition Experiments. One common method for evaluating  of polymerization of PEGDMA in discontinuous cubic, hex-
photoinitiation efficiency utilizes free radical inhibitors. At agonal, and lamellar phases of DTAB and water were examined
sufficient concentrations of inhibitor, where polymerization rate with increasing inhibitor concentrations. The relative maximum
is considerably reduced, bimolecular termination is negligible, polymerization rate of PEGDMA initiated with HEPK in each
and the rate of polymerization becomes dependent on the firstphase is plotted with respect to hydroquinone concentration in

power of the initiation rate given by Figure 6a. The consistency of data points in the inhibition study
shows that efficiency changes are minimal with HEPK. The

_ kp[M]Ri more rapid decrease in polymerization rate observed in the

B k,[Z] ®) hexagonal and lamellar phases corresponding to 55 and 70 wt

% DTAB indicates that the initiation rate is lowest in these
where k, is the rate constant for inhibition and [Z] is the Phases. In the discontinuous cubic phase formed with 40 wt %
concentration of inhibitof® Under such conditions, bimolecular ~ surfactant, higher concentrations of inhibitor are required to
termination is negligible, and the overall polymerization rate is reduce the rate, indicating a slightly higher initiation efficiency
directly proportional to the rate of initiation. By monitoring the N this phase with HEPK.
effect of inhibitor concentration on the polymerization rate, the A contrasting trend occurs when polymerization is initiated
relative initiation efficiency may be compared in different LLC ~with DBMP, a more hydrophobic and bulky molecule. In this
phases. case the data points are much more widely spaced as shown in

To verify the effectiveness of this method, a control experi- Figure 6b, indicating a substantial increase in efficiency between
ment was conducted in which the rate of polymerization of neat the cubic and lamellar phase. Initiation efficiency is lowest with
HDDA was determined with respect to inhibitor concentration this hydrophobic initiator in the discontinuous cubic and
using different concentrations of photoinitiator. In Figure 5 the hexagonal phases evidenced by the 70% drop in rate at 3 wt %
relative maximum rate of polymerization of neat HDDA is hydroquinone. The relatively small decrease in rate in the
plotted with respect to hydroquinone concentration. To allow lamellar phase is indicative of much higher initiation efficiency.
direct comparison of the effect of inhibitor on the polymeriza- Clearly photoinitiation efficiency is dependent on LLC com-
tion, the relative decrease in rate of polymerization was position and corresponding morphology, and different photo-
determined using three concentrations of the photoinitiator, initiators may exhibit a very distinct dependence on this order.
HEPK. The relative maximum rate at each concentration of  To understand whether similar changes in initiation efficiency
inhibitor was calculated by dividing by the maximum polym- occur with HDDA, the relative effect of inhibitor on the
erization rate determined without inhibitor. In this study the polymerization rate of this monomer in different LLC phases
relative maximum rate is consistent with the relative rate at other was also studied using DBMP and HEPK. The relative
conversions and can therefore be used to represent the generahaximum rate of polymerization is plotted with respect to
trend in polymerization rate. With 0.5 wt % HEPK, a 90% hydroquinone concentration in discontinuous cubic, hexagonal,
decrease in rate occurs upon adding 0.4 wt % hydroquinone.and lamellar phases using these two initiators in Figure 7. For
When 1 wt % initiator is used, a similar decrease in rate requires polymerization initiated with HEPK, as shown in Figure 7a,
twice as much hydroquinone. While the rate decreases signifi- the rate drops most quickly in the lamellar phase with increag'Bq/
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Figure 6. Relative polymerization rate of 20% PEGDMA initiated  Figure 7. Relative polymerization rate of 10% HDDA initiated with
with (a) 0.2 wt % HEPK and (b) 0.2 wt % DBMP in different LLC  (a) 0.1 wt % HEPK and (b) 0.1 wt % DBMP in different LLC phases
phases plotted as a function of hydroquinone concentration. Shown plotted as a function of hydroquinone concentration. Shown are
are polymerizations in 40% discontinuous cul®#g,(55% hexagonal polymerizations in 40% discontinuous cub®)( 55% hexagonald),

(O), and 70% lamellar£) DTAB in water. and 70% lamellar£) DTAB in water.

inhibitor and least in the cubic phase, with intermediate behavior ~ After-Effects Experiments. To gain a more complete
exhibited in the hexagonal phase. These results are consistentinderstanding of all the factors controlling the rate in these
with those from the PEGDMA study, providing further evidence systems and to obtain quantitative information about the
that initiation efficiency with HEPK decreases at higher initiation efficiency in different LLC phases, after-effects
concentrations of surfactant. It should be noted that this decreaseexperiments were performed to determine apparent rate param-
in efficiency is very small, and relative to DPMP the efficiency eters of propagatiork,, and terminationk;. The apparent rate
of HEPK appears nearly independent of LLC order. parameters for the polymerization of PEGDMA initiated with
As shown in Figure 7b, the initiation efficiency with DBMP ~ HEPK in the 40 and 70 wt % DTAB compositions, correspond-
changes much more rapidly as LLC composition and morphol- ing to discontinuous cubic and lamellar morphology, are plotted
ogy are varied. The efficiency with this hydrophobic initiator with respect to double bond conversion in Figure 8. In this
is highest in the lamellar phase and decreases considerably irexperiment appareiit, andk; values were calculated from the
the more water-rich hexagonal and cubic phases. The relativesteady-state polymerization rate and dark reaction exotherm
efficiency of DBMP in the polymerization of HDDA is similar ~ decay using an initiation efficiency®, of 0.6 in both cubic
to that measured with PEGDMA, confirming that changes in and lamellar phased.Using the same values is consistent with
LLC morphology are the probable cause of the significant the relatively similar initiation efficiency observed with HEPK
change in initiation efficiency. When this hydrophobic initiator in these phases from the inhibition experiments. While apparent
is dispersed within the highly curved lypophillic cores of the ky values in the cubic and lamellar phases are quite similar,
discontinuous cubic and hexagonal phase, the escape rate ohpparent termination rate constants are significantly lower in
radicals formed upon photolysis may be rather low, resulting the lamellar system. This large decrease in the magnitude of
in a low number of radicals available to initiate polymerization. the apparent termination rate constant is responsible for the
The larger size scale of the hydrophobic domains in the lamellar increased rate observed in the lamellar phase. Such a decrease
phase provides a less restricted environment for the relatively in k. has similarly been attributed to a significant rate increase
immobile, hydrophobic initiator fragments, allowing a greater in thermotropic LC phase®.As other studies have shown that
escape rate of radicals from the solvent cage and a significantlypoly(ethylene glycol) aggregates readily with cationic surfac-
higher initiating radical concentration. As a result, initiation and tants, this lowering of the appardgtcould result not only from
polymerization occur more rapidly in the lamellar phase with increased medium viscosity during polymerization but also from
DBMP. The smaller, more mobile, and more hydrophilic radicals close association of the polar monomer with surfactant at the
formed from the photolytic decomposition of HEPK are less interface®
hindered by the cubic and hexagonal structures, and initiation ~ Since a change in photoinitiator, a component with very low
efficiency is therefore not significantly different in the lamellar concentration in these samples, would have a negligible effect
phase. on monomer organization and LLC order, it should be expe&tsq/
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10000

The resulting apparerk; values in the lamellar sample are
slightly lower than those of the cubic sample, while apparent
kp values are up to an order of magnitude higher in the lamellar
phase. The change of photoinitiator is unlikely to have such an
impact on the trend in apparektandk; between these samples.
The 5-fold increase in the polymerization rate that occurs with
DBMP between the cubic and lamellar phase results at least in
part from increased initiation efficiency as indicated from the
inhibitor experiments in the lamellar phase and not from an
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apparent increase i, only, as these values would indicate.

The inhibition experiments show that initiation efficiency with
DBMP changes substantially in the different LLC phases.
Potentially erroneous values of apparknandk; result in this

Fi 8. A t terminationk) and fiork() rat case when changes in efficiency are not considered. To
igure o. pparent terminationk) ana propagation rate param- . . . . P .
eters of 20% PEGDMA initiated with 0.2 wt % HEPK in LLC phases accurately model the polymerization kinetics for initiation with

of DTAB/water, shown as a function of double bond conversion. Given DBMP, the changes in photoinitiation efficiency were accounted
arek; for 70% DTAB-lamellar (J), k for 40% DTAB-cubic &), k, for for by adjusting the efficiency parameter to match the kinetics

70% DTAB-lamellar ©), andk, for 40% DTAB-cubic @). Theserate  data obtained with HEPK, with which there is no change in
parameters were calculated widh = 0.6 in both cubic and lamellar

phases.

(a)

k, or k, (L/mol/sec)

(b)

k, or k, (L/mol/sec)

1000

100 -

0.1

0.0

10000

0.1

0.2 0.3 0.4 0.5

Double Bond Conversion

0.6

1000 -

100 1

10 A

1

[ ]
o

0.

8 o e

0.0

0.1

0.2 0.3 0.4 0.5

Double Bond Conversion

0.6

efficiency from the cubic to the lamellar phase. Accordingly,
apparentk, and k; values were recalculated using a lower
efficiency of 0.2 in the cubic phase and an efficiency of 0.6 in
the lamellar phase. The resulting apparent rate constants of
propagation and termination are plotted as a function of double
bond conversion in Figure 9b. The more accurate inclusion of
a lower efficiency in the cubic phase shifts appargand k;

to higher magnitudes such that the appadentalues in the
lamellar phase are an order of magnitude lower than that of the
cubic phase, and appardgtvalues are of the same magnitude

in the cubic and lamellar phase. This decrease in the apparent
termination rate parameter from the lamellar phase polymeri-
zation is consistent with the results from HEPK and with
previous kinetic studies of this systéfhBy using efficiency

as an adjustable parameter to model the kinetics, similar kinetic
behavior are observed with two different initiating systems.
From this model it may be concluded that a decreased apparent
rate parameter for termination accounts for the increase in rate
observed with both initiators. Significant increase in initiation
efficiency also contributes to the more dramatic rate increase
observed with DBMP between the cubic and lamellar phase.

After-effects experiments were also performed using HDDA
and the same two initiators. Since the initiation efficiency with
HEPK changes very little between the cubic, hexagonal, and
lamellar phases with HDDA, the trend in apparégptand k;
calculated using constant initiation efficiency provides a reason-
able representation of the monomer ordering and segregation
phenomena governing the rate in this system. If deviations from
this trend occur with other initiators, changes in initiation

Figure 9. Apparent terminationkf) and propagationkf) rate param-
eters of 20% PEGDMA initiated with 0.2 wt % DBMP in LLC phases
of DTAB/water, shown as a function of double bond conversion. Given

efficiency are the likely cause. This method can thus be used
to understand the degree to which changes in monomer
arek for 70% DTAB-lamellar (), k for 40% DTAB-cubic @), k, organization and segregation and initiation efficiency each
for 709% DTAB-lamellar ©), andk, for 40% DTAB-cubic ®). In (a) influence the polymerization kinetics in these ordered surfactant
® = 0.6 in both cubic and lamellar phases. Plot (b) accounts for changesSystems. A plot of the apparent rate parameters of propagation
in photoinitiation efficiency with® = 0.2 in the cubic phase anbl = and termination as a function of double bond conversion for
0.6 in the lamellar phase. HDDA initiated with HEPK in samples containing 50 and 80
that the relative values of appardgtandk; would be similar wt % DTAB is shown in Figure 10. To calculate apparépt

to that observed with HEPK between the cubic and lamellar andk; from the DSC experiments, efficiency values of 0.6 were
phase. In Figure 9 the apparent rate parameters of propagatiorused in both lamellar and hexagonal phases. In going from the
and termination of PEGDMA initiated with DBMP are plotted rapidly polymerizing hexagonal phase to the lamellar phase,
with respect to double bond conversion for 40 and 70 wt % which polymerizes half as fast, apparénandk; both decrease
DTAB. Figure 9a shows the apparent rate parameters calculatedby an order of magnitude over the full range of conversion. A
using an initiation efficiency of 0.6 in both cubic and lamellar decrease in apparefk} alone would cause a decrease in the
phases as was done previously with HEPK. If the efficiency is rate. While a decrease in apparéntvould actually cause an
assumed constant in both phases, the resulting trend in apparerincrease in rate, the overall rate varies proportionally gjth

k, andk; is significantly different than that observed with HEPK. k2. Therefore, an equivalent decrease in both appégeatd CDV
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Figure 10. Apparent termination k) and propagation k) rate
parameters of 10% HDDA initiated with 0.1 wt % HEPK in LLC phases (b) 10000
of DTAB/water, shown as a function of double bond conversion. Given n =R e E
arek; for 80% DTAB-lamellar ), k; for 50% DTAB-hexagonall), .

k, for 80% DTAB-lamellar ©), andk, for 50% DTAB-hexagonal@®). 1000 1

These rate parameters were calculated @it 0.6 in both hexagonal = B
and lamellar phases.

Double Bond Conversion

. : 100 4
k: would yield an overall decrease in rate. In the hexagonal phase

the nonpolar monomer is segregated within the cylindrical
aggregates, and high localized double bond concentration causes
such elevated apparekg andk; values along with the higher
polymerization rate. In the lamellar phase local double bond
concentrations are substantially lower as the monomer becomes 1
more diffusely distributed in the system, yielding a lower rate

of polymerizationt3.27 Double Bond Conversion

When thea-amino ketone DBMP is used to initiate polym- F'agg:ﬁetlelr-s prgo’/‘jnéljtgr’&“'i?]ﬁitgg dmwi?r?% ff\i’g%%ag%’:wké) irl;alt_?_ c
.er'lga'uon of HDDA in the same systgm, the polymerization rate rpzhases of DTAB/water, shown as a function of double bond conversion.
initially decreases between the cubic and lamellar phase formedgiven arek for 80% DTAB-lamellar (), k for 50% DTAB-hexagonal
at 50 wt % surfactant. Further increases in the surfactant (M), k, for 80% DTAB-lamellar ), andk, for 50% DTAB-hexagonal
concentration then result in increased rate of polymerization (®). In (a) ® = 0.6 in both hexagonal and lamellar phases. Plot (b)
within the hexagonal and lamellar phase. As described with ?Ccou'gt.s fok: Cha”ggs_'”opg‘qto'ﬁ'“?t'on”eﬁ'c'r‘fncy with= 0.06 in
PEGDMA above, the apparent rate constants of propagationt e cubic phase an® = 0.6 In the lameflar phase.
and termination were calculated for this system initially using ultimately causes an increased rate of polymerization. Clearly
¢ = 0.6 in both hexagonal and lamellar phases, as depicted inboth monomer and photoinitiation effects vary considerably as
Figure 11a. In this scenario apparent rate constants of termina-LLC order is modulated, and both factors must be considered
tion are nearly identical over the full range of conversion in for a complete understanding of the complex polymerization
the hexagonal and lamellar phase, and the increase in ratekinetics in these ordered reaction environments.
appears to result purely from an approximately 5-fold increase  Molecular Weight Influence. Changes in initiation efficiency
in the magnitude of the apparent propagation rate parameter.not only impact polymerization kinetics but may also signifi-
Not accounting for changes in initiation efficiency between the cantly influence the resulting polymer molecular weight when
hexagonal and the lamellar phase likely causes such unusuallypolymerizing non-cross-linking monomers. To obtain further
large increase in the apparent propagation rate parameter. Tanformation about the influence of LLC ordering on initiation,
more accurately model the kinetics with DBMP, the efficiency GPC experiments were conducted on samples polymerized using
parameter was again adjusted to match kinetic behavior observediarying concentrations of surfactant and with three different
in the HEPK initiating system. The adjusted appatgrandk; initiators. n-Decyl acrylate was chosen for this study because
values for the polymerization of HDDA initiated with DBMP it is a non-cross-linking monomer that exhibits polymerization
in the hexagonal and lamellar phases of DTAB/water are plotted kinetics similar to that of HDDA in the DTAB/water systeth.
as a function of double bond conversion in Figure 11b. Upon Figure 12a shows the weight-average molecular weight of poly-
adjusting the initiation efficiency t¢ = 0.06 in the hexagonal  (n-decyl acrylate) with respect to surfactant concentration for
phase ang = 0.6 in the lamellar phase, the calculated apparent the initiators, HEPK, DMPA, and DBMP. A significant differ-
ko, and k; values are similar to that in the baseline study with ence in molecular weight occurs with the different initiators.
HEPK. This type of kinetic analysis, involving comparison of Relatively high molecular weights ranging fromx910° g/mol
apparent rate constants from different initiators, provides to an excess of 1x 1(° g/mol result with HEPK. Lower
significant information about the factors driving the polymer- molecular weights result with DMPA and DBMP ranging from
ization kinetics in these systems. The decrease in magnitude of7 x 1(° to 8.5 x 10° g/mol. These substantial differences in
apparent termination and propagation rate parameters in themolecular weight result primarily from the different UV
lamellar phase, which results from a decrease in localized doubleabsorbance characteristics of each initiator. HEPK has a lower
bond concentration, would expectedly cause a decrease in theextinction coefficient at 365 nm, resulting in the formation of
polymerization rate. However, this analysis shows that the fewer propagating radicals and longer polymer chains. DBMP
increase in initiation efficiency, which occurs between the and DMPA have a similar extinction coefficient at 365 nm and,
hexagonal and lamellar phase, is a competing effect, which as a result, yield polymers of similar molecular weight. gBV
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(a) Discontinuous Cubic a polar dimethacrylate and a nonpolar diacrylate monomer. By
Llet6 T— = = comparing the rate of polymerization in various liquid crystalline
o — = Lamellar phases, the effects of monomer segregation and initiator
1.0e+6 A o Hexagonal efficiency have been elucidated. Polar and nonpolar monomers
= = ° L exhibit the opposite dependence of rate on LLC order as a result
9.0e+5 = e e — of their segregation in different domains within the LLC phases.
s A B = By studying the effect of a free radical inhibitor on the
8.0¢+5 1 = = o . polymerization kinetics using several commaencleavage
= A A =N photoinitiators, the initiation efficiency was found to vary
70645 | = = . E A substantially as a function of liquid crystalline order. The
= = efficiency depends on the size and polarity of the initiating
60045 = = fragments. Initiators forming large radical fragments exhibit

higher efficiency in a lamellar phase relative to the cubic phase.
The efficiency with smaller initiating molecules changes only
slightly between these same phases because the mobility is

30 40 50 60 70 80 90
Weight Percent Surfactant

(b) Discontinuous Cubic _re_lgtively ungffe_cted_ by LLC topology. The irr_lporta!m_:e of
1.04 \L _ __ initiator polarity is evidenced by the higher relative efficiency
1.02 1 = — m [ of hydrophobic initiators in phases with greater surfactant
1.00 4 ® —  Hexagonal —| concentrations and low water content. Relatively hydrophilic
0.98 A = = Lamellar initiators show the _opp_osne_depeno_lence on surfactant concentra-

5 0.96 1 = = tion. The polymerization kinetics in LLC systems have been

2 0.94 1 = = modeled by incorporating an adjustable initiation efficiency

B 0921 Ela = hd parameter to determine apparent rate parameters of propagation

© 090 1 SN = o and termination in different LLC phases. This has led to a better
0.88 = e ﬁ = understanding of the underlying causes of the interesting
0.86 1 = = A polymerization behavior in these highly ordered systems. As
0.84 1 = — surfactant concentration is increased to induce higher degrees
0.82 — ——— - of ordering, initiation efficiency and monomer segregation

30 40 30 60 70 80 90 effects may combine to cause substantial increases in the
Weight Percent DTAB polymerization rate, or in other instances these effects may

Figure 12. Absolute weight-average molecular weight (a) and relative €ffectively cancel one another in such a way that polymerization

weight-average molecular weight (b) efdecyl acrylate initiated with rate changes very little with respect to LLC order.
HEPK (@), DMPA (M), and DBMP @) as a function of surfactant
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