
This article was downloaded by: [University of California, San Diego]
On: 16 August 2012, At: 02:49
Publisher: Taylor & Francis
Informa Ltd Registered in England and Wales Registered Number:
1072954 Registered office: Mortimer House, 37-41 Mortimer Street,
London W1T 3JH, UK

Molecular Crystals and
Liquid Crystals Science
and Technology. Section A.
Molecular Crystals and Liquid
Crystals
Publication details, including instructions for
authors and subscription information:
http://www.tandfonline.com/loi/gmcl19

Periodic Polymer-Dispersed
Liquid Crystal Structures
R. L. Sutherland a b , L. V. Natarajan a c , V. P.
Tondiglia a c & T. J. Bunning a
a Air Force Research Laboratory, Materials
and Manufacturing Directorate, 3001 P St,
Ste 1, Wright-Patterson Air Force Base, Ohio,
45433-7750, USA
b Science Applications International Corporation,
Dayton, Ohio, USA E-mail:
c Science Applications International Corporation,
Dayton, Ohio, USA

Version of record first published: 24 Sep 2006

To cite this article: R. L. Sutherland, L. V. Natarajan, V. P. Tondiglia & T. J.
Bunning (2001): Periodic Polymer-Dispersed Liquid Crystal Structures, Molecular
Crystals and Liquid Crystals Science and Technology. Section A. Molecular Crystals
and Liquid Crystals, 358:1, 23-35

To link to this article:  http://dx.doi.org/10.1080/10587250108028268

PLEASE SCROLL DOWN FOR ARTICLE

http://www.tandfonline.com/loi/gmcl19
http://dx.doi.org/10.1080/10587250108028268


Full terms and conditions of use: http://www.tandfonline.com/page/
terms-and-conditions

This article may be used for research, teaching, and private study
purposes. Any substantial or systematic reproduction, redistribution,
reselling, loan, sub-licensing, systematic supply, or distribution in any
form to anyone is expressly forbidden.

The publisher does not give any warranty express or implied or make
any representation that the contents will be complete or accurate or
up to date. The accuracy of any instructions, formulae, and drug doses
should be independently verified with primary sources. The publisher
shall not be liable for any loss, actions, claims, proceedings, demand, or
costs or damages whatsoever or howsoever caused arising directly or
indirectly in connection with or arising out of the use of this material.

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
C

al
if

or
ni

a,
 S

an
 D

ie
go

] 
at

 0
2:

49
 1

6 
A

ug
us

t 2
01

2 

http://www.tandfonline.com/page/terms-and-conditions
http://www.tandfonline.com/page/terms-and-conditions


Md. Crysr. ond Liq. Crysf.. 2001, Vol. 358, pp. 23-35 
Reprints available directly from the publisher 
Photocopying permitted by license only 

0 2001 OPA (Overseas Publishers Association) N.V. 
Published by license under the 

Gordon and Breach Science Publishers imprint. 
F'rinted in Malaysia 

Periodic Polymer-Dispersed Liquid Crystal 
Structures 

R. L. SUTHERLAND*, L. v. NATARAJAN~, v. P. TONDIGLIA~ 
and T. J. BUNNING 

Air Force Research Laboratory, Materials and Manufacturing Directorate, 3001 P 
St, Ste 1, Wright-Patterson Air Force Bast?, Ohio 45433-7750, USA 

Periodic structures in the form of optical and subwavelength gratings are formed as altemat- 
ing slabs of polymer and polymer-dispersed liquid crystals in a pentaacrylate system. We 
analyze the physics of formation as well as the optical properties expected from these struc- 
tures. Experimental confirmation of these concepts is presented. Possible electro-optical 
applications in devices are given. 

Keywords: holographic gratings; polymer-dispersed liquid crystals 

INTRODUCTION 

Polymer-dispersed liquid crystal (PDLC) films have been the subjects 
of intensive scientific investigation and commercial development."] 
As the name implies, the PDLC is a composite, two-phase material 
wherein the host phase is a solid polymer and the dispersed phase is 
liquid crystal (LC). Both polymer and LC are normally transparent in 
their bulk forms. The dispersed LC is usually in the form of micro- 
scopic droplets. They retain anisotropic dielectric and optical proper- 
ties similar to those found in bulk form. The confined geometry of the 
droplet results in a director configuration that minimizes elastic free 
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24 R.  L. SUTHERLAND et al. 

energy consistent with anchoring conditions at the LC-polymer inter- 
face. In general, this produces an effective refractive index of the 
droplet, as seen by light incident on the film at some angle, which is 
different than that of the sunounding polymer. 

An important class of PDLC systems proceed to their final state 
by a process known as polymerization-induced phase separation 
(PIPS). The system begins as a homogeneous fluid mixture of poly- 
merizable monomer, LC, and other ingredients. As the systems cures, 
phase-separated LC droplets form in the solid polymer. Two very dif- 
ferent types of polymer reaction employed in fabricating PDLCs are 
free-radical and step-growth polymerization. Free-radical reactions 
form extremely high molecular weight polymer very early in the reac- 
tion, whereas in step-growth reactions the molecular weight grows 
slowly, achieving high molecular weight only near the end of the re- 
action. Consequently, the dynamics of phase separation and end-point 
morphology of the two-phase system are very different for these two 
reaction mechanisms. One significant difference can be droplet size. 
Droplets of size -0.1-10 pm will scatter light significantly if the ef- 
fective index of the droplet is different than that of the polymer matrix. 
Such films of typical thickness -5-20 p are milky white in appear- 
ance and opaque. PDLC films with droplets of size <0.1 pm produce 
only weak scattering and are optically clear. 

A conventional PDLC film formed in a photo-PIPS process con- 
sists of a mixture containing a photoinitiator dye that is irradiated uni- 
formly with incoherent light. Droplet nucleation is a stochastic proc- 
ess, and the phase-separated LC is uniformly dispersed throughout the 
polymer matrix. On the other hand, if the incident light has a spatial 
pattern, the resulting PDLC may be similarly patterned. A very 
unique formation of LC droplets is possible if the light is coherent and 
forms an interference pattern (i.e., a hologram). In a free-radical sys- 
tem with droplets small compared to an optical wavelength, it is possi- 
ble to form a high quality hologram.[21 Droplet formation is no longer 
isotropic, and some unique structures can be built, The simplest of 
these is a structure consisting of periodic planar PDLC layers inter- 
spersed by solid polymer layers. The focus of this paper is on these 
types of structures. 

The earliest reported work on the formation of holograms in 
PDLCs employed a commercial photopolymer manufactured by Nor- 
land.PA These systems actually employ a combination of step-growth 
and free-radical polymerization, and droplet diameters were typically 
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PERIODIC PDLC STRUCTURES 25 

21 pm. Since then several authors have reported on the optical and 
electro-optical properties of these  film^."-*^ In 1993 we described a 
different system employing a pentaacrylate monomer.[91 We have 
demonstrated by optical diffraction measurements and scanning elec- 
tron microscopy that this system allows formation of distinct PDLC 
layers with droplet diameter <0.1 pm, in some cases as small as 0.02 
pm. PDLC layers are often only one droplet thick. Thus, it is now 
possible to consider holographic PDLC gratings with grating period A 
covering the range from A>>h to A<<h, where h is an optical wave- 
length. 

In this paper we discuss the formation of periodic PDLC struc- 
tures in a pentaacrylate system with this range of grating period. We 
describe the theoretical formation of holographic gratings by aniso- 
tropic phase separation and the expected optical and electro-optical 
behavior of such structures. We then present some experimental data 
verifying these predictions, and provide some concepts for applying 
these results to devices. 

THEORY 

Consider a homogeneous mixture of monomer, LC, and other minor 
ingredients including photoinitiator and co-initiator. Such a mixture is 
irradiated at r-0 by a spatially sinusoidal intensity pattern as illustrated 
schematically in Figure 1. Since the rate of polymerization for a free- 
radical reaction is proportional to the square root of intensity, polymer 
chains will rapidly form in the regions of high intensity. As monomer 
is consumed to form the growing chains, a change in the chemical po- 
tential results. Monomer diffises from the dark regions to the light 
regions. A gradient in the LC chemical potential is in the opposite di- 
rection, causing LC to diffuse to the dark regions. This occurs during 
a diffusion time fd. Thus, polymer and cross-link density grow quickly 
in the bright regions, and LC collects in the dark regions. 

Eventually the growing polymer network bridges the dark regions, 
and a gel network is established. This occurs in a time tg as indicated 
schematically in Figure 1. The system has now undergone some 
demixing and is no longer in thermal equilibrium. As in ordinary 
PDLC materials, the free energy will be minimized by a separation of 
the two phases. However, the volume fraction of LC is now different 
in the dark and bright regions. 
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26 R.  L. SUTHERLAND et al. 

0 Monomer 

Uguidcrystal 

tQ 

+-----------+ Monomer diffusion 
++ LC diffusion 

FIGURE 1 Schematic illustration of liquid crystal and monomer dif- 
fusion, gelation, and phase separation during holographic record- 
ing in a pentaacrylate PDLC system. 

Figure 2 shows a typical upper critical solution temperature 
(UCST) phase diagram for an ideal two-phase system."] Above some 
temperature a homogeneous phase exists. Below this temperature a 
two-phase system exists, with the concentration of each phase given 
by the equilibrium tie-lines. In a reaction-induced phase separation, 
the phase envelope grows upward toward the right as indicated in Fig- 
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PERIODIC PDLC STRUCTURES 27 

ure 2. When this envelope crosses ambient temperature TO, the homo- 
geneous phase will separate into two phases. The speed of the reac- 
tion determincs where under the two-phase envelope the reaction 
stops. The location defines the tie-linc, which in turn dictates the 
composition of the two phases, either rich or poor in LC. If the vol- 
ume fraction of LC is low such as in the bright regions, the phase will 
be polymer-rich and LC-poor, such as point A in Figure 2. In the dark 
regions where LC concentration has built up due to diffusion, the 
phase will be LC rich, such as point B in Figure 2. 

T Time 

Volume Fraction LC --+ 
FIGURE 2 Schematic phase diagram for a reaction-induced phase 

separation. 

The period of phase separation is marked as the time tp8 in Figure 
1. The LC has now coalesced to microscopic droplets in the dark re- 
gions. A small amount of LC remains trapped in solution in the poly- 
mer-rich bright regions. Because of the rapid growth of polymer in 
the free-radical reaction and the exclusion of phase-separated LC by 
the dense cross-linked network in the pcntaacrylate, the size of LC 
droplets is restricted to the order of A12. 

'13e directors in the phase-separated LC droplet assume some con- 
figuration imparting to the droplet an effective refractive index that is 
different from that of the surrounding polymer."] Thus, a periodic in- 
dex modulatian is established in the film. The optical properties of 
such a film will depend on the relative size of the period to the optical 
wavelength and the physical thickness L of the film. 
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28 R. L. SUTHERLAND et al. 

Raman-Nath Gratinas 
A parameter Q may be defined as 

where n is the average refractive index of the film.[lol For a suffi- 
ciently large period A or thin grating L, we arrive at the condition 
Q.4. This is known as the Raman-Nath diffraction regime. Gener- 
ally, A>>?, for such a grating. In this regime, the effect of the periodic 
index modulation on an incident light wave is to essentially impart a 
periodic modulation on the phase of the wave front. When this peri- 
odic phase modulated light diffracts to the far field, it produces an am- 
plitude-modulated wave with maxima at equally spaced points along a 
line perpendicular to the direction of wave propagation. A beam of 
light, e.g., from a laser, would thus difi?act into a series of spots about 
the zero-order with angular separation 04./A. For example, with 
n=1.5, h=0.633 pm, L=10 pm, and A=10 pm, we find p0.27.  The 
angular separation of consecutive orders would be -63 mrad. 

As in an ordinary PDLC, the effective refractive index of the LC 
droplets can be modified by the application of an electric field. At 
some voltage, the LC index may match that of the polymer. The dif- 
fraction grating will then disappear, and only the zero-order beam will 
be transmitted. 

Bragg Gratinas 
If conditions are such that p > 1 ,  then we are in the Bragg diffraction 
regime. Here there is no significant diffraction unless light is incident 
in a specific direction known as the Bragg angle, measured with re- 
spect to the film normal. At the Bragg angle, there is only one dif- 
fracted order, and it is possible for the diffraction efficiency in this or- 
der to approach 100%. For example, assuming the same parameters as 
above but with A=O.8 pm, we find p 4 1 .  If A is reduced to 0.2 pm, 
then Q=663. 

Two basically different types of Bragg diffraction grating can be 
formed. In a transmission grating the PDLC layers are perpendicular 
to the film plane, while in a reflection grating these layers run parallel 
to the plane. The diffraction efficiency for these types of grating has a 
different functional dependence on the index modulation. 

Consider first an ideal planar transmission grating. The diffrac- 
tion efficiency can be written as[''] 
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PERIODIC PDLC STRUCTURES 29 

(2) 2 =sin v , 
where vocnll, and nl is the index modulation amplitude due to the 
phase-separated LC. Notice that the diffraction efficiency will in- 
crease with the product nJ, reaching a theoretical maximum of 100% 
at v=d2. If n1L is increased further, will decrease. This is known 
as the region of over-modulation for a transmission grating. 

When an electric field is applied to a PDLC transmission grating, 
nl will decrease. The grating is effectively switched off when the LC 
index matches that of the polymer. The decrease in diffraction effi- 
ciency would generally be monotonic unless the grating is originally in 
an over-modulated condition. In this case the diffraction efficiency 
would actually increase at first as a voltage is applied, then decrease to 
zero when the LC and polymer indices are matched. 

For an ideal planar reflection gratin , the diffraction efficiency of 
the reflected order can be expressed by“ 8 

The transmittance T of the zero-order is then P l - q .  The transmission 
spectrum thus has a notch with minimum transmittance at the Bragg 
wavelength Ap2nA. Note that for 1 ~ ~ 0 . 5  pm, we must have h=0.17 
pm for n=1.5. Thus, LC droplets are smaller than -0.08 pm. The de- 
tuning parameter &c(A-h~) determines the fall-off of q (or rise in r )  as 
the wavelength departs from the Bragg condition, and is hence related 
to the width of the transmission notch. We note from the functional 
dependence of Equation (3) that there will never be an over- 
modulation regime for reflection gratings. When a voltage is applied, 
the index modulation would decrease and the transmission notch 
would reduce to a flat spectrum, i.e., the reflection grating would be- 
come transparent at all wavelengths. 

We see that in a Bragg grating A-h. For a transmission grating, 
we normally have A>h, while with a reflection grating M A .  How- 
ever, the two parameters are always of the same order of magnitude. 

Subwavelength Gratings 
Now consider a structure similar to a transmission grating, but with 
period A<<)C. This is referred to as a subwavelength grating. This can 
be described as alternating thin slabs of PDLC and polymer with 
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30 R. L. SUTHERLAND et al. 

thickness dpDLc and dpol, respectively, and refractive index npDLC and 
npol, respectively. The volume fractions of the two slabs are 

When dpDLCfdp(<<h, the subwavelength grating exhibits a prop- 
erty known as form birefringence."'] It acts effectively as a negative 
uniaxial crystal with an optic axis perpendicular to the PDLC slabs. 
The birefringence of such a medium is given by 

fpDLc'dPDLCJ(dPDLC+dpo/) andf,rd~li(dPDLc+d~*l). 

where ii=(n,+no)/2, and n, and no are the extraordinary and ordinary 
refractive indices. These are not to be confused with the indices of the 
bulk LC, which has apositive birefringence. 

Light incident on a subwavelength grating wiil not be diffracted, 
but its polarization may be affected by the form birefiingence. Hence, 
the subwavelength grating is useful as an artificial birefringent mate- 
rial, and may be employed as an optical retarder. Note that the net bi- 
refringence depends on the difference of the refractive indices of the 
polymer and PDLC slabs. 

Generally, npD&np0l. Therefore, An is negative. When a field is 
applied, npKL would be reduced toward the polymer value npol. Hence 
the birefringence would be reduced and can become zero when the LC 
droplet index matches that of the polymer. The PDLC subwavelength 
grating would thus h c t i o n  as an electro-optic retarder. 

EXPERIMENTAL 

The recipe used in these investigations has been reported earlier,[g1 and 
consists of pentaacrylate monomer, nematic LC, photoinitiator dye, 
co-initiator, and chain extender monomer. The LC concentration is 
typically in the range of 30-40 wt-%. The photoinitiator used is rose 
bengal. We recorded gratings in the standard way using either the 
514.5-nm line of an Ar ion laser or at 532 nm from a diode-pumped, 
frequency-doubled Nd:YV04 laser. Samples were nominally 8-1 0 pm 
thick and sandwiched between transparent electrodes consisting of in- 
dium-tin-oxide (ITO) coated glass substrates. 

Dimaction efficiency of transmission gratings was measured by 
directing the polarized output of a HeNe laser at 632.8 nm at the Bragg 
angle on a sample and measuring the power in the incident and first- 
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PERIODIC PDLC STRUCTURES 31 

order diffracted beams, taking into account Fresnel reflection losses. 
Reflection gratings were characterized using an Ocean Optics fiber- 
coupled grating spectrometer. White light is collected from a fiber, 
collimated, and directed normally onto the sample. Transmitted light 
is collected by another optical fiber and directed to the grating spec- 
trometer. A spectrum of the light with no sample in place is collected 
and used to obtain a baseline. Subwavelength gratings were placed 
between crossed polarizers and used in the same Ocean Optics spec- 
trometer setup. For these experiments, the optic axis (grating vector) 
was placed at 45” with respect to the two polarizer axes. 

Electro-optical measurements were performed in the same setups 
described above. A square-wave bipolar voltage was applied to the 
sample electrodes. Typical frequency of the waveform was 0.5-2.0 
kHz. When voltage values are given, note that for a square-wave, 
root-mean-square voltage is the same as voltage amplitude or one-half 
of peak-to-peak voltage. 

RESULTS AND DISCUSSION 

Raman-Nath Gratings 
Raman-Nath gratings are easily made in this system, as has also been 
demonstrated in Norland systems.[31 We have fabricated gratings in 
samples as thin as 5 pm with a 1-pm period. For 632.8 nm light, this 
gives Q-10. Between ideal Raman-Nath and Bragg regimes, multiple 
orders can be observed and are erased by the application of a suitable 
voltage. Since these types of gratings have been extensively reported 
in the l i terat~re ,~~’~”~’~ we did not pursue these further. 

Brang Transmission Gratines 
These gratings were recorded with a period A 4 8  pn in samples that 
are -9 pm thick. Voltage-dependent dimaction efficiency of two dif- 
ferent samples is shown in Figure 3. These two samples demonstrate 
the difference between the normal and over-modulated regimes. In the 
normal case, sample A, the diffraction efficiency drops monotonically 
with voltage, while the over-modulated grating, sample B, shows an 
initial rise in diffraction efficiency, hitting a maximum before declin- 
ing. Both gratings can be switched effectively off at suitable voltage. 
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32 R. L. SUTHERLAND et al 

The transmission gratings are highly angle selective, showing 
small d i h t i o n  efficiency a few degrees off the Bragg angle. 
side-lobes in the angular sensitivity data are generally small. 

Large side-lobes are indicative of over-modulation, which is what we 
observed in the case of sample B. 

Diffiction efficiency is typically in the range of 50-70%. We 
have, however, achieved q-90% in samples as thin as 5 pn. 

1 .o 

0.6 

0.8 

0.4 

0.2 

@ 
onnpnpn , , , , , 0.0 ' , ' I " " " ' 

0 20 40 80 80 loo 120 

Voltage (rms) 

FIGURE 3 Normalized difiaction efficiency as a function of voltage 
in PDLC Bragg transmission gratings. 

The switchable Bragg transmission grating is useful for dynamic 
beam steering and can be used as an optical switch. One example 
would be to switch the output of an optical fiber between two separate 
channels in a telecommunications system. 

Bra= Reflection Gratines 
The transmission spectrum of a PDLC reflection grating is shown in 
Figure 4. A bright green reflection could be seen from this sample in 
white light, indicating that the transmission loss is due to Bragg dif- 
fraction. The spectral notch is at 540 nm, indicating that the grating 
period A-O. 1 8 pn. This is confirmed in scanning electron microscopy 
study of samples. The sample in Figure 4 achieved a diffraction eR- 
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PERIODIC PDLC STRUCTURES 33 

ciency -50%. With an applied field of 23 V/pm, the grating is effec- 
tively switched off. 

Reflection gratings can be routinely recorded with diffraction ef- 
ficiency -30-60%. We have achieved q-80% in some samples. We 
have also successfully recorded reflection gratings with Bragg wave- 
lengths across the visible spectrum into the near infrared. 

Switchable Bragg reflection filters are of interest for reflective 
displays. They may also find use in dynamic color filters for projec- 
tion displays or sensor protection. 

U 

30 

20 
450 500 550 600 650 700 

Wavelength (nm) 
FIGURE 4 Transmission spectrum of a Bragg reflection grating 

formed in a pentaacrylate PDLC system. 

Subwavelength Gratinm 
When polarized light traverses an optical retarder set at 4 5 O ,  the plane 
of polarization for some wavelengths will be rotated by 90". Those 
wavelengths will be passed by the second polarizer. Other wave- 
lengths achieve less rotation and are hence blocked. An electro- 
optical retarder will experience a change in retardance with voltage, 
and hence a different set of wavelengths will experience 90' rotation 
and be passed by the polarizer. Hence the electro-optic retarder set 
between two polarizers functions as a tunable filter. 

We placed a PDLC transmission grating between crossed polariz- 
ers and observed the spectral transmission. The results are shown in 
Figure 5. Note that the wavelengths of maximum transmission shift 
toward the blue with applied voltage. Thus, the PDLC is exhibiting 
electro-optically controlled birefringence. 
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34 R. L. SUTHERLAND et al. 

The limiting speed of the tunable filter is given by the relaxation 
time when the voltage is turned off. This is -250 [is, which is at least 
an order of magnitude faster than bulk nematic LC devices. We have 
observed relaxation times in some holographic PDLC devices that are 
at least a factor of 5 shorter.[21 

Subwavelength PDLC gratings may find several applications. 
Two possible areas are tunable filters for spectrometers and polariza- 
tion switching. 

" 1  

m 800 7w 800 QW 

Wavelength (nm) 

FIGURE 5 Spectrum of a pentaacrylate PDLC transmission grating 
The grating vector (optic situated between crossed polarizers. 

axis) is at 45" with respect to thc polarizer axes. 

CONCLUSIONS 

We have shown that periodic structures may be formed in PDLC sys- 
tems by free-radical photopolymerization combined with holographic 
recording. Submicron phase-separated LC droplets make possible 
gratings with period ranging from large to small compared to an opti- 
cal wavelength. We have thus demonstrated that a range of devices 
from Raman-Nath gratings to artificial birefiingent media can be syn- 
thesized holographically. The optical properties of each of these may 
be controlled electronically through the dielectric anisotropy of the LC 
droplets. Several potential device applications are possible. 
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