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ABSTRACT: The influence of photopolymerization reaction kinetics on diffraction efficiency has been investigated
on the mixtures of photocurable acrylic monomer/nematic liquid crystals subjected to photopatterning.
Photodifferential scanning calorimetry and real-time Fourier transform infrared spectroscopy experiments were
conducted as a function of concentration in order to determine the reaction kinetics of acrylic monomer/liquid
crystal mixtures. The lumped reaction rate constants for each concentration exhibited a nonlinear variation of the
reaction rate constant with conversion and concentration. To gain fundamental insight, theoretical modeling and
numerical simulation have been carried out by combining Fbituggins free energy of isotropic mixing and
Maier—Saupe free energy of nematic ordering in conjunction with the experimentally determined reaction rate
constants. The evolution of diffraction efficiency is discussed in terms of photopolymerization rates, monomer
concentrations, and also the type of diffusion such as Fick diffusion occurring in a single phase or mutual diffusion
in phase separating systems.

Introduction 368.3 nm. It was demonstrated that the RT-IR approach was
Photopolymerization techniques have been customarily ap- capa}ble of following the kinetics of photopolymerization in a
plied to coatings, electro-optical devices, contact lenses, andfraction of a second. Recently, Lee et al. employed the real-
dental restoration, among othérs! This technique has been time FTIR to investigate the photop_olymenzano_n kinetics of
extended to holographic lithography and photopatterdrig. vinyl acrylate_by probing characteristic absorption peaks of
Holographic photopolymerization operates on the basis of acrylate and vinyl group¥. They found that the acrylate groups
principles of wave interference of coherent light to realize a of vinyl acrylate react faster than conventional acrylic mono-

spatially modulated photopattern at a submicron length scale. Mers-
With appropriate polarized beam geometries, various interfer- From a theoretical prospective, Schultz et al. deduced an
ence patterns may be imprinted onto a mixture of liquid crystal analytical expression for modeling the reaction kinetics of
(LC) and photoreactive monomer as a means of fabricating photopolymerization to a first approximation, assuming termina-
electrically switchable holographic polymer dispersed liquid tion through bimolecular combinatigd:?® Subsequently, Wen
crystals (H-PDLC) and polymeric photonic crystals. In addition and McCormick* modified the above kinetic model by taking
to photocurable monomer and nonreactive nematic liquid into account the radical trapping in photopolymerization of
crystals (e.g., cyanobiphenyl derivatives), the photocurative multifunctional monomers. Under the assumption that the
mixtures contain photoinitiators and cocatalysts. Most of the trapping rate constant increased exponentially as a function of
photocurable monomers used in practice were acrylate deriva-the inverse of free volume, their model captured the experi-
tives because of their fast curing rate and chemical versatility mental trends that the active radical concentration passed through
including multiarm acrylate. a maximum while trapped radical concentration increased
The structure and electro-optical performance of the H-PDLC monotonically. Perry and co-workers further considered the
as well as photonic crystals are controlled by the competition attenuation effect by the sample thickness, showing the strong
between photopolymerization kinetics and phase separationdependence of the critical cure depth on the light intensity for
dynamicst213 The photopolymerization kinetics has been a given photoinitiator concentratigh.

CUStomarily determined by means of photodifferential Scanning In a Comprehensive photopo|ymerization kinetic model of
calorimetry (P-DSCY~*’ and real-time Fourier transform  Goodner and Bowman, the effects of mass transfer and heat
infrared spectroscopy (FTIR}:*® Decker and co-worket$ transfer were incorporated in the model, allowing variation of
applied the real-time infrared (RT-IR) technique to the inves- temperature, concentration, and light intensity through the
tigation of the photopolymerization kinetics of mono- and thickness of the thick filn?® The primary radical termination
multiacrylate monomers under continuous laser illumination at gnq inhibition were included in the termination step. It was

reported that the reaction heat generated in the thick films

* Corresponding author. E-mail: tkyu@uakron.edu. brought about an appreciably higher conversion. Furthermore,
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Figure 1. Comparison oD, = 0.01 andD,c = 2 with difference of the apparent reaction kinetic constankggjei= 1078, (b) kmoger= 7 x 1077,
and (¢)kmodel = 7 x 1075 at 35% LC composition.

at different temperatures and under different LC phasds. the reaction kinetic equation. We combined the local free energy
was revealed that the photopolymerization kinetics can be of the Flory—Huggins free energy of isotropic mixing and the
drastically influenced by temperature as well as by the types of Maier—Saupe free energy of nematic ordering. The photopo-
the LC phases. On the basis of a linear relationship assumptionlymerization kinetics of the mixture of acrylic monomer/LC was
between refractive index and conversion of double bonds, Carremonitored by means of photodifferential scanning calorimetry
et al. employed holography for investigating the photopolym- as well as by real-time Fourier transformed infrared spectros-
erization mechanisms and kinetics in the system containing copy. On the basis of our previously developed model that links
mono- and difunctional acrylamide and its derivati¢&blsing the DE evolution with the structural development of H-PDLC,
a combined theoretical and experimental approach, they ana-the simulation utilizes the experimentally measured time-
lyzed the process of hologram formation on the basis of the dependent and concentration-dependent reaction kinetic con-
temporal evolution of diffraction efficiency assuming that the stants to decipher the effect of reaction kinetics on the DE during
polymerization rate was proportional to the square root of the H-PDLC fabrication.
intensity.

In a previous paper, we reported how the composition of Experiments
monomer/LC affects the progression of diffraction efficiency  The multifunctional monomer, pentaerythritol tetraacrylate, was
(DE) during the formation of H-PDLC via pattern photopoly-  purchased from Aldrich Chemical Corp. The eutectic cyanobiphenyl
merizing mixtures of acrylic monomer/nematic (LC) in reference nematic liquid crystal (E7) was purchased from Merck Chemical
to the phase diagram of the starting mixtétét that time, we Co., having a reported nematiésotropic transition temperature of
focused on the diffusion aspect of a reactialiffusion process, 60 °C. All materials were used as received without further
i.e., H-PDLC formation. In this paper, we emphasize the reaction Purification. o N
aspect by exploring how the photopolymerization reaction The syrup for photopolymerization was prepared by mixing
kinetics quantitatively affects the progression of DE. The present tetraacrylate with initiator (Rose Bengal derivative), co-initiatdr (

- . . P o - phenylglycine), solubilizing agent\¢vinylpyrrolidone), and sur-
;/.vork C?r:n tl;lnes ?Xptlarlm?jnﬁgl reac(tjlor! kmlett'.c stuglestlhn con{yntl: factant (octanoic acid), according to a recipe reported elsevibere.
lon with theoretical moaeling and simuiation. DUrn€orelical rq syryp was mixed thoroughly for 24 h and then poured directly

modeling was developed in the framework of the Ginzburg  jn p-DSC pans for the P-DSC experiments. The individual sample
Landau model C equation, pertaining to the spatiotemporal was weighed after equilibrating at 2& isothermally in nitrogen

evolution of the conserved LC concentration order parameter environment. The photo-DSC instrument (Thermal Advantage
and nonconserved LC orientation order parameter coupled with Instruments, Q series) was operated at the UV wavelength of 360
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nm and 22 mW/crh All samples were illuminated under uniform
UV radiation for various exposure times. The reaction heat flow

vs time data were collected to establish the trends of the lumped

reaction kinetic constank) vs reaction time.

In the FTIR experiments, green laser light (operated at the
wavelength of 532 and nm 20 mW/éwwas illuminated on the
photocurable syrup film that was uniformly coated on a prism
surface. The whole chamber of the FTIR instrument (Nexus 870,
Thermo Spectra Tech) was purged with nitrogen gas circulation.

After subtracting the background, each infrared absorption spectrum
thus acquired under continuous irradiation was the average of 30
scang! The Rose Bengal photoinitiator possesses two absorption
peaks near 365 and 532 nm; their ratio is about approximately 2:1,

which was already accounted for in our calibrat®8mMoreover,
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In the above equationgy, and¢, stand for the volume fraction

the different wavelengths used in P-DSC and FTIR experiments of monomer and polymer, respectively, withc + ¢m + ¢p=
may be calibrated in accordance with the absorption spectrum of 1/ stands for the visibility factorA is the mutual diffusion
Rose Bengal to validate the comparison of the apparent reactionggefficient among reactive monomer, emerging polymer, and

kinetics vs time curves obtained by the above two methods.

The reflection grating fabrication process was probed by means

of a He-Ne laser (633 nm and 5 mW/&n The diffraction
efficiency (DE) of reflection gratings was monitored using a fiber-
optic spectrometer (Ocean Optics) within an operating range of
350-1000 nm and a resolution of~1.5 nm. The detailed
experimental setup for photopatterning the reflection grating and
monitoring the DE evolution may be found elsewh&re.

Models and Simulation Scheme

H-PDLC Pattern Formation. The total free energy of the
tetraacrylate/E7 systen;, may be described in terms of the

LC, while Rs represents the rotational mobility of LC directors.

k is the apparent reaction kinetic constant to be introduced latter.
Our previous experimental results showed that only two
coexisting phases (e.qg., liquid crystal-rich, liquid crystal-lean)
were observabl& which in turn validates the treatment of the
present case as a pseudo-two-phase system. The reference
system for the simulation is a multifunctional photoreactive
monomer (e.g., tetraacrylate) and nematic liquid crystal (E7).
The spatiotemporal evolution of the concentration/orientation
order parameters of monomer and/or LC have been simulated
according to eqs47 by employing a finite central difference

integral of local free energy densities and the nonlocal gradientsmethod for spatial steps and an explicit forward difference

over all volumé®

G= [(d + 0"+, Vo> +rJVsHaAV (1)

whereg andg are the local FloryHuggins free energy density
of isotropic mixing and MaierSaupe free energy density of
nematic ordering, respectively. The Fletiiuggins free energy

of isotropic mixing for the monomer/LC system is givef®a%®

gi = (¢Lc/r|_c) In dct (e ¢|_c)/rm) In(1— ¢|_c) +
X¢Lc(1 - ¢|_c) (2

whereg, ¢ represents the volume fraction of LC in the mixture
and y is the FH interaction parameter.,c and ry are the
respective degree of polymerization of LC and monomer, and
both are taken as unity at the onset of polymerization in this
study. The Maier Saupe free energy density of nematic ordering
is written as follows?>:36

g'= ri —¢clnz+ %V‘PLCZSZ ©))
LC

In eq 3,s is the orientation order parameter, definedsas
(3@og AL— 1)/2, 6 being the angle between the LC director
and the reference axig.is the partition function, and stands
for the nematic interaction parameter and takes the form
4.541T\/T, in which Ty is the nematie-isotropic transition
temperature of LC.

To mimic the spatiotemporal growth of-HPDLC structure,
G is incorporated into the time dependent Ginzbtkgndau
equations &8

0G

V'[Av(éqc)]
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method for time steps under periodic boundary conditions on a

128 x 128 grid. To ensure the stability of the simulation,

different grid sizes and time steps have been utilized.
Apparent Reaction Kinetic Constant Determination. In

eq 5,k symbolizes the apparent reaction kinetic constant in the

form of a lumped constant d, k, and1.3°

Ky

k=kt—1,2<ke”2<b“la“) 8)

where® represents the quantum efficiendy,the coefficient

of photoradical generation, amgthe absorbed intensity of light.

ko, and k; are the reaction rate constants of propagation and
termination, respectively. For classical radical polymerization,
the exponent of absorbed intensity woulde= 1/2. In bulk

or concentrated solution polymerization this relationship applies
only to the initial phase of the reactidd® As soon as
termination by trapping competes with termination by combina-
tion, the intensity exponent will increase to unity. The exponent
of unity was used here because of the steady-state assumption
adopted in the simulation. It should be pointed out that our
simulation based on the above-mentioned correlatiok &f

1,12 failed to account for the experimental sinusoidal concentra-
tion profiles developed at the initial stage of the grating
formation2%3the correlation ok = 1, was needed to capture
this sinusoidal variation. The apparent reaction kinetic constant
may be extrapolated from P-DSC experiment via the analysis
of the heat flow vs time curve on the basis of the following
equation#

do

. 1 dH
=@ ok=

AH° dt

9)

wherea represents the conversion of acrylic monomed®y,
stands for the heat of polymerization of acrylic monomers, and
dH/dt is the differential heat flow from P-DSC. A literature value
of AH°, = 86.1 kJ/mol was used as the heat generated during
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the photoreaction of acrylic double bondsThe G=C double 12
bond conversio may be obtained by integrating the area under 10 ]
the heat flow vs time curve normalized by a reference literature
value of the 100% conversion. The apparent reaction kinetic
constant may be determined in accordance with eqs 9 and 10.
Correspondingly, plotting th& determined at different times
renders the apparent reaction kinetic constant vs time curves.
The apparent reaction kinetic constant may also be extrapo-

Heat Flow (W/g)
> o

N

lated from the FTIR experiment by monitoring the evolution \ \\30 \ e 180
of the characteristic absorbance of certain functional groups such
as acrylate band at 1635 cf The conversion of the acrylate 2
group can be calculated according*o ExoUp 0 60 120 180
Reaction Time (s)
_ Ao~ A Figure 2. Photo-DSC traces of 100% tetraacrylate system irradiated
= (10)
A, for 5, 10, 30, 60, and 180 s.

whereAq and A, represent the absorbance at time zero and at apparent reaction kinetic constarksosel were all chosen, in
timet, respectively. The acrylic double bond conversion vs time this particular simulation, as fixed values that were neither time-
curve was drawn from the decaying acrylic group absorption dependent nor concentration-dependent for the sake of com-
peak divided by the initial absorbance peak for various times. parison. In practicelmogel Value could be varied by changing
To obtain the differential conversion rateddt, the conversion  the writing beam intensities.
vs time curve was curve-fitted by means of Taylor expansion.  In the case of high intensity of irradiatiokyogel= 7 x 107°)
After that, the differential conversion rate at a specific time may in Figure 1, no identifiable structures are discerned in both the
be calculated by taking the first derivative of the fitted Taylor concentration and orientation fields, which may be attributed
expansion at each specific time. In a similar manner, the time- to the fact that the reaction kinetics is so fast that the LC
dependent apparent reaction kinetic constant may be obtainednolecules would not have sufficient time to diffuse away into
in accordance with eq 9. the low-intensity region before being entrapped by the chemical
Diffraction Efficiency Evolution. H-PDLC is composed of ~ cross-linked networks. Although the translational motions of
LC-rich and LC-lean striations. Once the compositions of liquid LC molecules may be greatly hindered due to the chemical
crystal and monomer in LC-rich and LC-lean stripes are junctions, these LC mesogens can still undergo local motions.

determined, the s-polarized diffraction efficiengyf an ideal, In the other extreme case of the low intensity of irradiation
unslanted H-PDLC film may be evaluated in accordance with (Kmoder= 10"9), only a classic “Swiss cheese” PDLC morphol-
the following equatior®38-41 ogy forms without any holographic stripes. The scattering halos

in the corresponding Fourier transformed patterns arise from

An ()I the interparticle interference and reveal no diffraction patterns

n=0,ta ”ﬁ(l cos@) (=s.p) (11) corresponding to the stratified structures, which manifest

themselves that the patterns formed under the very weak

whered, is a correction parameter depending upon the ratio of interference irradiation closely resemble to the PDLC structures
diffraction and scattering from the structural inhomogeneity. ~ formed under the uniform irradiation.

is the wavelength of the probe beam ahglthe Bragg angle. At an intermediate intensity rang&oger = 7 x 107), the
Anj(t) represents the refractive index modulation. For s- emergence of the H-PDLC grating may be witnessed in the
polarizatior?40 concentration field. The corresponding diffraction spots from
these fringe patterns are evident in the Fourier transformed
Angt) = nayy(l)(t) - (1)(0) (12) patterns while suppressing the undesired scattering halo. Ap-
parently, the optimum condition to fabricate H-PDLC would
In the case of p-polarization be at the intermediate intensity rangé? It may be inferred
that the H-PDLC morphology may be controlled by the apparent
Any(t) = n(l) ) (1) cos(Dy) + [n(l) (1) — n;li (D] sin® O irr?;cr:i:itri]elgnetic constant via its dependence on interference beam

In practice, there is no exact way of determining how the
wheren(},, n{), andn{}, are the refractive index components apparent reaction kinetic constants at a given experimental
derived from the dielectric tensor. The details of the DE condition vary locally in a manner dependent on conversion
calculation may be found in an earlier pager. and concentration. In this work, we determine the reaction rate
constants as a function of conversion. Since the local concentra-
tion fluctuation evolves with the progression of the reaction,

As shown in Figure 1, the theoretical simulation provides the local reaction rate constants may be estimated through the
guidance to the experiments on how the apparent reaction kineticlocal monomer or polymer concentration.
constant could affect the morphologies formed during H-PDLC  P-DSC experiments were conducted to measure the apparent
fabrication via holographic lithography. The simulation based reaction kinetic constants. Figure 2 depicts the evolution of the
on model parameters offers qualitative but quick predictions of reaction heat generated under 5, 10, 30, 60, and 180 s of
morphologies and electro-optical properties of the H-PDLC. irradiation of the pure tetraacrylate sample. As can be seen in
Figure 1 depicts various distinctive morphologies of the LC Figure 2, the P-DSC curve shoots up to the maximum heat flow
domains simulated during the formation of H-PDLC under within a few seconds due to the onset of autoacceleration. After
different model parameters of apparent reaction kinetic con- reaching the peak value, it decays rapidly with the progression
stants, according to eqs—4. These model parameters for of the termination reaction. The amount of heat generated

Results and Discussion
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Figure 3. FTIR spectra of tetraacrylate before photopolymerization < 0o
showing the absorbance at 1635 ¢nassigned to the €C bond —~ 0014
stretching of tetraacrylate. e
§ 0012 (b)
depends on the entire integrated area under the curve. It is g 50% LC
noticed that when the illumination was turned off, all the DSC © 0.01
curves level off within a minute, indicating some traces of the S 0.008
; P > . £ 35% LC
dark reaction. This finding is in line with the observation g
reported by Lee et al. for the photopolymerization of the vinyl g 0.008 5% LC
1 o
acrylate systerd! § o0
To cross-check the trend of the P-DSC results, FTIR =
experiments were conducted in the neat tetraacrylate sample. §°-°°2
Figure 3 illustrates the FTIR spectrum of the tetraacrylate at g

time zero in which 1635 cmi may be assigned to the=€C 20 40 60 80 100

double bond stretching of the acrylate group. The depletion of Reaction Time (s}

absorption peak at 1635 crhwas monitored as a function of  Figure 4. (a) Apparent reaction kinetic constant vs time calculated
radiation time during the progression of photopolymerization. from the conversion of P-DSC experiments (open symbols) and of real-

. . time FTIR (solid symbols) based on the change in the absorbance at
As in the case Of,P'DSC' the autoaccelaration probably ogcurs,l635 cm! normalized by its initial value at time zero. (b) Apparent
but the average time for 30 scans was not fast enough to discerneaction kinetic constant vs time measured by P-DSC experiments in

the autoaccelaration process in the FTIR run; therefore, the initial 5% LC/monomer sample (open circles), 35% LC/monomer sample
rise in the absorbance might have been missed. Instead, thdopen triangles), and 50% LC/monomer sample (open squares).
absorbance declines rapidly from its maximum value within a

few seconds, and eventually it levels off at longer times, kinetic constants as a function of LC concentration suggests
displaying a similar trend of the P-DSC experiments, except that in the tetraacrylate/LC mixture the LC molecules lubricate
for the autoacceleration part. the viscous tetraacrylate component (¥6-1071° cn¥/s),

Figure 4a shows the comparison of the apparent reaction expedit_ing the_diffusion of monomers/reacting chains, thereby
kinetic constant vs time curves for various blends as obtained Promoting chain propagation during the course of photopolym-
by the P-DSC and FTIR techniques. To decipher the difference €"zation.
in the wavelength of the incident light utilized in the P-DSC It should be noted that polymerization induced phase separa-
and FTIR experiments, the reaction kinetic constants from tion may be dominant in tetraacrylate/LC that occurs in 35%
P-DSC experiments have been normalized on the basis of theand 50% LC concentrations. When the average size of the phase
absorbance at 365 and 532 nm of the Rose Bengal photoini-separated domains reach the length scale comparable to or larger
tiator3! After the normalization, both the reaction kinetic than the wavelength of the radiation, it attenuates the incident
constants measured from the P-DSC thermograms and FTIRIR beams by virtue of the fact that sample becomes turbid, and
spectra display a comparable trend having reasonably closethus the BeerLambert law may no longer be satisfied. This in
values (within 10%). The apparent reaction kinetic constant thus turn suggests that FTIR encounters some limitations in the
determined from the two methods, although not perfect, turns measurement of the apparent kinetic constants, especially for
out to be in reasonably good agreement. the phase-separating tetraacrylate/LC system.

Since the reaction kinetic constant varies with reaction time, ~On the basis of the P-DSC and FTIR observations, it is
it is important to correlate it to the local concentration that also ©bvious that the apparent reaction kinetic constant should be
changes with reaction time. In other words, the local reaction treated as both time and concentration dependent. Consequently,
kinetic constants may be evaluated through the local concentra-it is imperative to reexamine the simulated results of the time-
tions evolving with the progression of the reaction. Figure 4b independent apparent kinetic constant by comparing the trends
exhibits the experimentally determined apparent kinetic con- Of the temporal evolution diffraction efficiency during the
stants for 5%, 35%, and 50% LC concentrations from the P-DSC H-PDLC formation for the time-independent apparent kinetic
experiments. The time-dependent apparent kinetic constants inconstants vs the aforementioned time- and concentration-
5%, 35%, and 50% LC concentrations show the similar trend dependent variable.
of the photo reaction to that of the pure tetraacrylate sample in  To correlate the morphology development of the H-PDLC
Figure 3a. It may be noticed from Figure 4b that the maximum to the diffraction efficiency, a theoretical model based on the
peak of reaction kinetic constants increases as a function of LC coupled wave theory was proposed in an earlier public&fion.
concentration, which is certainly counterintuitive. However, this To make the comparison on the same scale between the time-
observed trend may be explicable in terms of mobility enhance- independent model apparent reaction kinetic constant and the
ment due to the LC. That is to say, the increase of reaction time- and concentration-dependent ones, the dimensionless

(=]
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model apparent reaction kinetic constant may be renormalized
to the real unit via the relationship

kmodel = (Icz/Dre)k (14)

wherek signifies the apparent reaction kinetic constant in the
unit of s and Dy the reference diffusion coefficient, is the
characteristic length of the system. In our reference system
(tetraacrylate and E7), the characteristic length is roughty 30
50 nm and the reference diffusion coefficientid0~8 cn/s.

For the model parameter used in the simulation in Figure 2
(Kmodet = 7 x 1077), the renormalized is around 0.001 &, yd
which falls within the range of experimentally determined
reaction kinetic constants in Figure 4b, suggesting that our
simulation should be quite reasonable.

In the pastkmogeiWas treated as a constant parameter; i.e., it
is neither time nor space dependent. However, as demonstrated
in Figure 4, the experimentally determined apparent reaction
kinetic constantkex(t,¢) shows a strong dependency on
concentration and also changes with reaction time and therefore
with conversion. Although FTIR imaging instrument has become
available for characterizing the local concentration of phase
separated polymer domains directly, such an instrument is not
fast enough to determine the local reaction kinetic constant of
fast photopolymerization.

An alternative approach is to make use of the results in Figure
4 that exhibits the variation of the global reaction kinetic
constant with reaction time (analogous to conversion) for various
concentrations. All P-DSC curves in Figure 4 were further
deduced on a surface plot &{t,¢) based on the Taylor
expansion. By matching with the surface profiles of the local
concentration field of the simulation, the dependenck o t
and ¢ may be determined. Evidently, the more experimental
P-DSC curves are available, the better the precision would be
in constructing the surface plot &ft,¢). With the progression
of the reaction, the local concentrations are practically tractable
in the simulation, and thus the local reaction rate constant may 0
be evaluated through this experimental surface pldtasfd¢.

Despite its very rough approximation, the present approach is _. . . .
- L Figure 5. Comparison between the s-polarized DE evolution based
still more realistic than the constakvalue employed befor€. on the experimental determined apparent kinetic coeffidietand

In the previous paper8;*°three types of reactiondiffusion that based on the constant model paramiaigyein 35% (a), 50% (b),
were explained for the H-PDLC formation in relation to the and 5% (c) LC concentration samples.

different regions of the starting phase diagram. Under those
circumstances, simulations were carried out on the basisi of aNo phase separation and thus no p-polarized DE was observed
constant model parameter of reaction kinetics. It is of practical in these 5% LC samples. To keep the consistency in the
importance to examine whether the constant model parametercomparison, we now focus our attention on the s-polarized DE
is an oversimplification or close to the reality. Figure8a  that persists in all 5%, 35%, and 50% LC samples. It may be
displays the comparison between the temporal evolution of the inferred that the s-polarized DE comes from $heomponents
simulated diffraction efficiencies using a constakiidiel = 7 of _ refractive index contrast of the LC-rich and LC-lean
x 1077) and the apparent reaction kinetic constani(t,¢) for stripes?240
three compositions of 50%, 35%, and 5% liquid crystals. Each  To make our simulated results more practical, the simulation
composition of monomer corresponds to a distinct diffusion time steps were converted back to the real time unit in
mechanism of H-PDLC fabrication governed by the established accordance with the following relationship:
phase diagrarf? At the 5% LC concentration, the system always
remains in the single-phase region during the course of t' = (D, /It (15)
photopolymerization, and thus the diffusion in that region is
merely a transport-controlled phenomenon. At the 35% LC wheret' stand for the simulation time steps arithe real time.
concentration, the system is thrust into the metastable regionin Figure 5b is shown the s-polarized DE evolution in the 35%
upon photoreaction, and the diffusion in that region is mainly LC concentration sample based on thede, Which initially
driven by thermodynamic driving force via nucleation and shows no significant increase and stays at a low value (less
growth. In the case of 50% liquid crystals, the system enters than 1%) unti7 s later. Subsequently, the s-polarized DE value
the unstable region upon photoreaction, and the phase separatiomcreases significantly (more than 25%) within 20 s. The
in that region proceeds via spinodal decomposition. induction period of the s-polarized DE corresponds to the stage
As demonstrated earlier, the 5% LC concentration gives rise in which the LC molecules begin to diffuse from low-intensity
to an isotropic grating without undergoing nematic ordefthg. regions to high-intensity regions. With the progression of the
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photopatterning, the LC-rich and the LC-lean stripes are formed 0.08
in the cured tetraacrylate/LC mixture. Concurrently, phase @
separation takes place within these preformed LC-rich stripes,
revealing numerous heterogeneous LC droplets structures. The
interdomain interference arising from the heterogeneous droplet
structures causes the scattering of light. The overall s-polarized
DE is a consequence of the contributions arising from both
scattering and diffraction of these LC stripes.

In Figure 5a, the s-polarized DE in the 50% LC sample based
on theknogel Value rises to 34% within the initial period of 4
s and thereafter levels off. The small magnitude of the
s-polarized DE in the 50% LC sample is may be attributed to
the strong scattering from the phase-separated structures. (] . . : .
Comparing the simulated DE based kfvgel and Kexg(t,¢p) in 0 10 20 30 40 50
Figure 5a,b, the growth trends are similar for both the 50% and
the 35% LC samples. The negligible difference of the s-polarized 0.25
DE betweerkmodel andKex(t,¢) in the 50% LC sample implies (b)
that the dynamics of phase separation via spinodal decomposi-
tion is dominant over the reaction kinetic in the unstable region;
therefore, the values of theodel andkex(t,¢) make little or no
effect on the DE. On the same token, the influence of reaction
kinetic on the simulated DE may be insignificant in the 5% LC
sample although the mechanism of phase separation is different
for the two concentrations. It is reasonable to conclude that the
reaction kinetic values may be important especially when the
reaction kinetics is dominant over the phase separation kinetics.

In support of the above hypothesis, the comparison of DE
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evolution between the simulation wikkogelandkex(t,¢) values (i 10 20 30 40 50
has been made for the 5% LC sample. As demonstrated in Reaction Time (s)
Figure 5c, the DE evolution in 5% LC sample basedk@pyel Figure 6. (a) Simulated s-polarized DE progression in 5% LC

shows a gradual growth of DE until 14 s, and after that, DE concentration sample in comparison with (b) s-polarized DE progression
saturates out at the limiting value of 15%. However, in the case in 5% LC concentration sample determined experimentally from P-DSC.
of the experimentally determinddy(t,¢), the DE evolution in

5% LC sample initially increases and reaches the maximum the DE results of the 5% LC composition. It is promising to
within 6 s, and subsequently it decays monotonically to a value See the consistent trend of the evolution of the DE efficiency
of 1% and levels off, resembling the evolution of experimental Of the experiment and theoretical simulation, although one
apparent kinetic constant in Figure 4b. The DE evolution cannot completely rule out other effects such as incomplete
predictions based Orkmogel and kexft,) are significantly reaction, reaction heat liberation, and light attenuation through
different. This drastic difference manifests that the constast film thickness.

may be an oversimplification for this type of Fick diffusion

process which is valid only in the single component system or Conclusions

in the miscible system. The apparent reaction kinetic constants of photocurable

From Figure 5, it may be inferred that the nature of the type monomer (tetraacrylate) were measured via P-DSC and FTIR.
of diffusion plays an important role in determining the influence Good agreement was found between the apparent reaction
of reaction kinetic on diffusion. The Fick diffusion is a simple kinetic constants from P-DSC and FTIR measurements. Further
transport phenomenon that is driven by spatial concentration P-DSC experiments in samples of different ratios of tetraacry-
variation created by pattern photopolymerization. However, such |ate/LC revealed that apparent kinetic constant is not only time-
Fick diffusion is valid only in the non-phase-separating system. dependent but also concentration-dependent. Incorporating the
On the contrary, the mutual diffusion via nucleation and growth experimentally determined timeoncentration-dependent reac-
or spinodal decomposition is driven by thermodynamic driving tion kinetic constant into the simulation of diffraction efficiency
force for segregation subjected to photopolymerization which progression during H-PDLC formation, we are able to elucidate
dominates over the reaction kinetics. Hence, the influence of most experimental trends observed in the diffraction efficiency
local reaction kinetic rate constamfaodel OF Kexpft,¢), even if it measurement in the 35% and 50% LC samples, especially 5%
exerts some influence on the DE progression, can no longer bel. C sample whose DE evolution is quite different from those
discerned here due to the dominance by the phase separationf the 35% and 50% LC samples. It may be inferred from our
process. simulation that the reaction kinetics on H-PDLC formation and

To further examine the validity of simulated DE result in the progression of DE are affected profoundly by the types of
the 95% monomer composition, the simulated DE evolution in diffusion such as the Fick diffusion, but to a lesser extent by
the 5% LC sample based on the experimentally determined the mutual diffusion driven by thermodynamic force of phase
apparent reaction kinetic constant is compared with the experi- separation via nucleation and growth or spinodal decomposition.
mentally determined DE trends of the 5% LC sample in Figure
6a,b. The details of the DE experiments were disclosed Acknowledgment. Support from the National Science
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