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Liquid Crystal/Polymer Composites: Kinetic
Study of the Grating Formation in Holographic
Polymer-Dispersed Liquid Crystals

ANDREAS REDLER, ANDREAS HOISCHEN, AND
HEINZ KITZEROW

Faculty of Science, Department of Chemistry, University of Paderborn,
Warburger Stralle, Paderborn, Germany

Holographic polymer-dispersed liquid crystals are promising materials for switch-
able holograms, optical data storage, tunable beam deflectors and various diffractive
optical elements, which can be addressed by electric fields. The present paper
describes investigations on the grating formation in a model system. The results
of holographic and calorimetric experiments are in good agreement with a
reaction-diffusion model.

Keywords Diffractive optical elements; holographic storage; polymer-dispersed
liquid crystals; reaction-diffusion model

1. Introduction

Classical materials for the recording of holograms or holographic data storage are
based on photosensitive inorganic compounds, such as silver bromide [1] or lithium
niobate [2]. However, promising organic materials for these purposes have been
developed during the last decades, for example reactive polymers for photographic
films [3] or polymers combining photoconducting and electrooptic properties for
photorefractive applications [4]. Copolymers or organic composites are particularly
versatile with respect to the opportunities of molecular and structural design and the
functional properties resulting thereof. The holographic formation of polymer-
dispersed liquid crystals (PDLC) [5] provides the unique opportunity of fabricating
holograms and diffractive optical elements whose diffraction efficiency can be modi-
fied by applying electric or magnetic fields [6]. Holographic polymer-dispersed liquid
crystals (HPDLC) can be made either from photo-reactive mixtures by polymeriza-
tion-induced phase separation [7] or from thermoplastic polymer composites by ther-
mally induced phase separation [8]. In spite of the broad range of possible
applications, comparisons of systematic experimental studies with theoretical models
are scarce.
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Typically, HPDLC samples are fabricated from a homogeneous mixture, which
contains at least a non-reactive liquid crystal, a reactive monomer, and a photosen-
sitive initiator. Eventually, sensitizing or plasticizing agents are added. Exposure of
the sample to a holographic interference pattern leads to photo-polymerization in
the positions of high radiation intensity, followed by diffusion of the monomer to
these positions. Continued exposure leads to a phase separation of two phases where
the concentrations of the polymer or the residual liquid crystal are enhanced,
respectively. For irradiation with uniform intensity, the PDLC formation can be
described by appropriate reaction-diffusion models [9]. In addition, models assuming
a spatially periodic variation of the intensity have been developed [10-12]. However,
the application of these models to specific materials is often based on assumptions
about the reaction speed or the diffusion constants. Only recently, the results of kin-
etic measurements were incorporated in fundamental considerations [12]. In the
present paper, we describe both photo-calorimetric and holographic studies of a
model system, which is easy to handle. Measurements on the development of the
diffraction efficiency are in good agreement with simulations based on a
reaction-diffusion model.

2. Experimental Methods

Holographic photopolymerization was utilized to create one-dimensional gratings in
a polymer-dispersed liquid crystal (PDLC) system containing 49 wt.% of the mono-
mer trimethylolpropane triacrylate (TMPTA), 50 wt.% of the liquid crystal E7 and
1% of the photoinitiator Irgacure 784. The wide temperature range nematic mixture
E7 (Merck, Darmstadt, Germany) consists of 51% 4-cyano-4'-pentylbiphenyl (5CB),
25% 4-cyano-4'-heptylbiphenyl (7CB), 16% 4-cyano-4'-octyloxybiphenyl (80OCB),
and 8% 4-cyano-4’-pentylterphenyl (5CT). The mixture of the liquid crystal, the
monomer TMPTA and the initiator was dissolved in dichloromethane. In order to
get homogeneous samples, the solution was mixed in an ultrasonic bath. After evap-
oration of the solvent, the composition was used to fill the respective test cell (E.H.C.
Japan, cell gap d =50 pum). The cells were exposed to the interference pattern of two
laser beams to induce one-dimensional gratings.

The phase gratings (transmission holograms) were produced by splitting the col-
limated laser beam from a frequency doubled Nd:Y VO, laser (532 nm) and focusing
the resulting two beams on the sample (Fig. 1). The two laser beams have a power of
about 0.85 mW each and are focused on a sample area of 0.2—0.56 cm?, which yields
an average intensity between 8.5 and 3 mW /cm?®. During exposure, the sample was
also illuminated by a HeNe laser beam (633 nm) to monitor the diffraction efficiency
during the grating formation. Figure 2 shows the resulting diffraction pattern of the
induced one-dimensional grating.

In order to characterize the physical and chemical properties of the components,
the refractive indices and the polymerization rates were measured in separate experi-
ments. Table 1 contains the ordinary (n,) and the extraordinary (n.) refractive indi-
ces of E7 as well as the refractive indices of the monomer TMPTA and the respective
polymer, which is formed in a radical reaction. These refractive indices were mea-
sured by means of a Leitz-Jelley-refractometer.

The photoreaction of both the pure monomer and the liquid crystal/monomer
mixture was investigated by means of a modified apparatus made for differential
scanning calorimetry (DSC). For these photo-DSC measurements, a DSC-2
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Figure 1. Holographic setup. The interference of two beams creates a one-dimensional grat-
ing, which in turn causes diffraction of the central incident beam. (Figure appears in color
online.)

Figure 2. Diffraction pattern showing the Oth (center) and two 1st order diffraction spots.
(Figure appears in color online.)

apparatus from Perkin-Elmer was equipped with an illumination unit (Fig. 3) and
computer control, which provides access to measuring the heat of the photoreaction
under similar conditions as in the laser experiment. More precisely, the sample was
illuminated by green LEDs at a wavelength of 550 nm with an intensity of about
2mW /cm?. Further details are given in Ref. [13].

Table 1. Ordinary (n,) and the extraordinary (n.) refractive indices of the liquid
crystal E7 and refractive indices of the TMPTA monomer as well as its
corresponding polymer (4= 633 nm)

Liquid crystal E7 TMPTA

Ny ne N(monomer) N(polymer)

1.52531 1.75505 1.474 1.51389
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Figure 3. Photograph of the modified head of the photo-DSC, which makes it possible to
measure the heat of photochemical reactions. The vertical tube to the left contains the light
source and a computer controlled optical shutter for irradiation of the sample. The glove
box is needed to investigate radical reactions in an oxygen-free environment. (Figure appears
in color online.)

3. Results and Discussion
3.1. Experimental Results

The intensity I; of the 1st order diffraction spot was measured in order to determine
the diffraction efficiency n=1,/I, (Fig. 4), where I is the intensity of the incident
light.

Figure 5(a) represents the evolution of the diffraction efficiency of a grating,
which was written with 8.5 mW /cm? at room temperature. In this case, the diffraction

0.08

0.06

= 0.04

0.02

0 2 4 6 8 10
t(s)

o

Figure 4. Diffraction efficiency versus time for the sample containing 49% TMPTA, 50% E7
and 1% Irgacure 784 at different irradiation intensities Io. a) Iy =8.5mW/ cm?, b) [j=3mW /
cm?. (Figure appears in color online.)
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Figure 5. Polymerization rate R versus time for the pure monomers, cured at Tpo, =313 K.
(m) Tri-functional monomer TMPTA. (a)Hexa-functional monomer Ebecryl 1290. (Figure
appears in color online.)

efficiency shows a maximum, followed by a small decline to a saturation value.
This unwanted decrease of the diffraction efficiency during the grating formation
was also observed by other authors [14]. By varying the parameters of the
irradiation, we found that the decrease of 5 can be avoided if smaller intensities
are used. For this purpose, the beam diameter was widened to 10 mm, so that the
writing process of the grating was performed with an intensity of 3mW /cm?. The
beam expansion results in a higher saturation value of the diffraction efficiency
(Fig. 4(b)). The larger irradiance in Figure 4(a) implies that higher rates of reaction
results in coalescence of the liquid crystal molecules to sizes large enough for random
scattering [15,16].

The kinetics of the photo-polymerization reaction was studied using the
photo-DSC equipment described above. Measurements of the heat of reaction versus
time at constant temperature yield the time dependence of the polymerization rate.
The squares in Figure 5 show the reaction rate of the pure monomer TMPTA versus
time. After starting the irradiation, the reaction rate increases due to the increasing
concentration of radicals. Later, the reaction rate decreases again, which can be
attributed to the decreasing concentration and decreasing mobility of monomer
molecules. Since the influence of the functionality, i.e., the number of photoreactive
groups per monomer molecule was studied by other authors [10,17], we present the
data for a hexa-functional compound, the urethane-based hexa-acrylate Ebecryl
1290 from the company UCB, for comparison (triangles in Fig. 5). Surprisingly,
the maximum reaction speed of the hexa-functional compound Ebecryl 1290 is lower
than the reaction speed of the tri-functional monomer TMPTA. Presumably, this
result is caused by the higher viscosity of Ebecryl 1290.

However, this situation is reversed in the mixtures containing the liquid crystal
and the respective monomer in a 1:1 ratio (Fig. 6). Here, the viscosities are more
similar and mixtures containing a hexa-functional monomer polymerize faster than
mixtures containing the tri-functional monomer TMPTA (Fig. 6(a)). The final
degree of conversion of the tri-functional monomer is larger than that of the
hexa-functional monomer, though (Fig. 6(b)). The quantitative values for the
TMPTA/E7 mixture shown in Figure 6 are used to calculate the grating formation
in this HPDLC mixture.
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Figure 6. (a) Polymerization rate R and (b) degree of conversion p versus time for mixtures of
the respective monomer (50%) and the liquid crystal E7 (50%). (m) Tri-functional monomer
TMPTA. (a) Hexa-functional monomer Ebecryl 1290. (Figure appears in color online.)

3.2. Reaction-Diffusion Model

The interference of two coherent laser beams leads to a non-uniform irradiance
distribution. The rate of polymerization increases with increasing exposure intensity,
i.e., in the bright regions more monomers per second disappear due to chemical reac-
tion than in the dark regions. Thus, the position-dependent rate of polymerization
leads to monomer concentration gradients and thus induces diffusion of monomers
from the dark to the bright regions. The spatial variation of the concentrations of
monomer, polymer and liquid crystal correspond to a spatial refractive index modu-
lation, i.e., a phase grating.

A one-dimensional standard diffusion equation for the monomer concentration
u(x, t) can be written assuming that the monomers diffuse freely:

aug;’t):aax{D(x,t) aua();’t)} — F(x,t) u(x,t), (1)

In Eq. (1), the quantity F (x, ?) is the polymerization rate and D (x, ?) is the diffusion
coefficient. The latter is not constant because of the change in polymer concentration
and in the mobility of monomers.

The spatial distribution of the interference of two plane waves is given by

I(x,t) =Ip [l + V(¢) - cos(k - x)], (2)

In Eq. (2), I, is the average irradiance, V is the fringe visibility, and k is given by
k=2rn/A, with A being the lattice constant. Assuming that the polymerization rate
is proportional to the exposure irradiance, one can write

F(x,t)=Fy[1+ V(t)- cos(k - x)]. (3)

For our numerical calculations, we applied a method which was developed by Zhao
and Mouroulis [18] and extended by other authors [19,20]. Because of the periodic
character of the monomer concentration, the solutions of Eq. (1) can be expanded
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in a Fourier series. After substituting the quantity F (x, ¢) in Eq. (1) by a Fourier series
and separating the different harmonics, a coupled set of differential equations is
obtained [18]. Considering only the amplitudes u{r) of the leading Fourier terms
(1=0, 1, 2, 3) of the monomer concentration yields four coupled differential equations:

du;ir) = —up(r) — % Vuy (1), (4)
dud11(:‘f) __ Vuo(‘[) _ [1 +R exp(—o(’l,‘) cosh(oc VT)] u](’E)
— B V — R exp(—at) sinh(a V‘C):| ur (1), (5)

du;if) _ B V — R exp(—at) sinh(« Vr)} ui ()

— [ +4R exp(—ar) cosh(x V)] ux(7)

- B V — 3R exp(—art) sinh(a Vr)} us(t), (6)
du;ir) = _ B V — R exp(—art) sinh(a Vr)] us (1)

— [1 +9R exp(—at) cosh(o V7)) us(7), (7)

Where the parameter R= DakZ/F() describes the ratio of the diffusion rate Dk’ and
polymerization rate F,, with D, being the initial diffusion coefficient, and the quantity
T=Fyt is a reduced time. The concentration of polymerized monomers after an
exposure time ¢ is

t

N(x,8) = / Flx, £ u(x, ) de. (8)

0

In our simulation, Egs. (4)—(8) are solved numerically using Mathcad [21] in order to
determine the position- and time-dependent concentrations of polymer and monomer.
The distribution of the liquid crystal concentration @, ¢ is controlled by local mass
conservation and can be expressed as

(DLC(X7 t) =1 714()(, t) 7N(X7 t)' (9)
The refractive index profile is given by [10]
n (x> t) = <nLC> q)LC(xa t) + np N(X, t) + u(x, [)7 (10)

where n,, and 7, are, the monomer and polymer refractive indices, respectively. The
average refractive index <nj c>is given by

<npe>=[(2nd +n2)/3])"2. (11)
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1.5424
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Figure 7. Evolution of the spatial distribution of the refractive index during the polymeriza-
tion process.

Figure 7 shows the spatial and temporal behavior of the refractive index, which was
obtained by solving the differential Eqgs. (4)—(8) and inserting the numerical results
in Eq. (10).

The diffraction properties of the induced grating can be described by the diffrac-
tion efficiency, which is defined as the ratio of the 1st order diffracted light intensity
and the incident intensity # = I;/I,. The details of the diffraction pattern depend on
the parameter

Q=2nid/nA (12)

(which was first introduced in order to describe the optical diffraction induced by
sound waves [22]. This parameter changes with the sample thickness d. A grating
can be regarded as a volume grating when the condition Q >> 1 holds. Kogelnik’s
coupled wave theory [23] gives good results for values of Q>10. Small values
(Q << 1) correspond to the thin gratings that are described by the diffraction theory
developed by Raman and Nath [22]. For our experiments, the lattice constant
A=4pum and the wavelength 2=0.633 um result in a value of Q~8, which is at
the borderline between the two regimes described in Refs. [22,23].

For the volume grating, the diffraction efficiency #, can be calculated using the
coupled wave theory expression for a sinusoidal grating [23,24]:

rllzsin2<n5nd), (13)

A cost

where Jn is the amplitude of the refractive index modulation, d is the grating thick-
ness, A is the wavelength of the incident beam, and 0 is the angle of light incidence. In
the Raman-Nath regime, the diffraction efficiency can be calculated by [23]

_of2mond\ _[& (-1 (mona\*
"2J1( 2 ){;r! r(r+2)'( ) > } (14)
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Figure 8. Theoretical diffraction efficiencies #, of a thick grating [Eq. (12)] and #, of a thin
grating [Eq. (13)]. (a) #; and 5, plotted as a function of the parameter £{=(n-d-dn)/A. (b)
1y and 5, plotted as a function of the refractive index modulation on. The vertical line indicates
the saturation value of the diffraction efficiency, calculated for our experimental parameters.
(Figure appears in color online.)

where J; is the Bessel function of the 1st order and I" is the Gamma function. The
diffraction efficiencies given by Egs. (13) and (14) can be described as a function
of ¢=(mn-d-on)/. In Figure 8, the quantities #; and #, given by Eq. (13) and Eq.
(14) are plotted as a function of ¢ (Fig. 8(a)) and of on (Fig. 8(b)), respectively.
Figure 8(a) shows the general shape of the functions #,(£) and #,(¢) given by Egs.
(13) and (14), although the respective expressions are valid only in the limit of small
values of ¢. The maximum value of ¢ corresponding to our experiments is indicated
by a vertical line (&, & 0.3). Figure 8(b) shows more clearly the appreciable differ-
ences between 1, and 7, in the relevant interval of on values. For the parameters
studied experimentally, the approximation & <1 is clearly valid.

0.10

0.08}

0.06

0.04

0.02

0 2 4 6 8 10
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Figure 9. Development of the diffraction efficiency #: Comparison of the experimental results

and the simulations. (o) Experimental values for the sample containing 49% TMPTA, 50% E7

and 1% Irgacure 784 [as represented in Fig. 4(b)]. Solid line: Theoretical values 7, expected for

a thick grating. Dotted line: Theoretical values 7, expected for a thin grating. (Figure appears

in color online.)
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Figure 9 shows the simulated diffraction efficiencies, which were obtained from
Egs. (13) and (14) after inserting the numerical solutions of the coupled differential
Egs. (4)—(7) in the Egs. (8)-(10) with the assumption of D,=5- loflzcmz/s. As
expected, the saturation value of the diffraction efficiency #; for an ideal volume
grating (solid line) is slightly larger than the value 5, of an ideal thin grating (dotted
line). However, the expected influence of the sample thickness on this saturation
value is not dramatic. For comparison, the experimental data points given in
Figure 4(b) are also presented in Figure 9. The initial development of the grating
is obviously very well described by inserting the experimental polymerization rates
in the model developed by Zhao and Mouroulis [18-20]. As expected for Q =8,
the saturation values of the diffraction efficiency observed experimentally are
between the two theoretical values expected for a thin grating [22] and a volume grat-
ing [23], respectively.

4. Conclusions and Perspectives

In conclusion, the present study shows that one can simulate the development of the
diffraction efficiency #(t) during the formation of a one-dimensional HPDLC grating
from experimental data of the refractive indices of the individual HPDLC compo-
nents (Table 1) and the polymerization rates in the HPDLC mixtures (Fig. 6). The
theoretical #(t) curves calculated using an estimated value of the diffusion constant
fit the experimental diffraction data very well.

However, our photo-DSC measurements (Figs. 5 and 6) indicate that photo-
calorimetric data can be used only if they are obtained from a mixture having the
same composition as the initial HPDLC sample. In addition to the number of
reactive groups of the monomer [16], the viscosity has a crucial influence on the poly-
merization rate. It should be emphasized that the pure hexa-functional monomer
shows a lower reaction rate than the tri-functional monomer (Fig. 5). This counter-
intuitive finding can be attributed to the high viscosity of the hexafunctional mono-
mer. Only if the respective monomer is diluted by the liquid crystal, the situation is
reversed (Fig. 6). This example demonstrates that the simulation of complex reaction
diffusion systems — like HPDLC - requires experimental data, which have been
measured under conditions which are very similar to the HPDLC experiment to
be simulated.

To complete this study, it is therefore desirable to measure also the diffusion
constants of the components in an HPDLC mixture. Such measurements are
currently under consideration.
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