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Abstract

This work presents a new method for determining morphology of polymer
dispersed liquid crystals based on the approach of Mueller matrices. The
method allows monitoring separately both liquid crystal and polymer composite
components.
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1. Introduction

Rapid development of optoelectronics and information technologies requires creation of
new composite materials based on liquid crystals (LC). An example of such materialsis
polymer dispersed liquid crystals (PDLCs). The content of LC in these composites is
more than 20% [1]. The PDLC combines optical properties typical for the LCs with such
general properties of polymer matrices as plasticity, flexibility, lack of fluidity, and reli-
ability. In addition, PDLCs are well governed by electric fields and are used, e.g., in dis-
plays[2, 3], windows with controlled transparency [2, 4], light shutters [2, 5] and systems
including controlled microlenses for coupling radiation into fibres [2, 5]. Widespread
utilisation of PDLC composites requires examination of their morphology, in particular
the shapes and sizes of anisotropic L C droplets and isotropic polymer part.

Nowadays the morphology of LC-polymer composites is determined using polarisa-
tion and scanning electron microscopies [6], as well as angular distribution measurements
of the scattered light intensity. Optical techniques for investigating PDLCs have been re-
vealed to by promising [7]. The main attention in frame of these techniques is paid to the
effects of scattering and depolarisation of optical radiation, which depend on the incident
light wavelength, the voltage applied to PDLC samples, and some features of fabrication
of samples under test (e.g., a sort of LC and polymer, a percentage of LC in the polymer
matrix, conditions for photopolymerisation, etc.) [8]. In this work we suggest a Mueller-
matrix approach for determining the PDL C morphology.
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2. Preparation of PDLC

We used a polymer NOA 65 (Norland Inc., USA) with dispersed droplets of the LC re-
ferred to as E7 (Merck KGaA, Germany). The corresponding refractive indices for the
light wavelength of 2 =589 nm were equal to n, = 1.5216 and n, = 1.7462, whereas the
refractive index of the polymer was n,= 1.524 [7, 8].

The PDLC was located between two glass plates with transparent electroconductive
indium-tin oxide layer. The thickness of PDLC aligned between the plates was controlled
by spacers and equalled to 7—20 um. We had fabricated PDLC cells with different sizes
of LC droplets arranged randomly and the cells with the same sizes of LC dropletsin a
strictly ordered arrangement. In order to fabricate PDLC cells, we had applied the follow-
ing technique. The LC was mixed with the polymer according to the weight ratio 1:1 for
the cells with the ordered arrangement of the LC droplets and 1:4 for the cells with the
random one. Then the mixture was stirred during a period of 30 min by a mechanical
mixer. Air bubbles were pumped out by a compressor.

We radiated the cell by a mercury lamp (DRSh-250) for 20 min to obtain PDLCs
with random sizes and random coordinate distributions of the LC droplets. For example, a
scheme depicted in Fig. 1 was utilised for obtaining PDL Cs with the ordered arrangement
of LC droplets.

D¢

Fig. 1. Optical scheme used for photopolymerisation of PDLC: 1 — mercury
lamp, 2 — collimator, 3 — photomask, 4, 6 — objectives, 5 — cell, 7 — optical fil-
ter, and 8 — CCD camera.
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The mercury lamp DRSh-250 served as a source of ultraviolet radiation, with the
power density of 50 mW/cm?. A collimator 2 formed a parallel beam that illuminated a
photomask 3. Image of the latter was projected to a plane 5 of PDLC cell with the aid of
an objective 4. An objective 6 and a CCD camera 8 allowed checking the image of pho-
tomask and so the accuracy of PDLC aignment. The photomask (see Fig. 2) was ob-
tained by projecting a combination of regular hexagons with the sizes of 160 um onto a
photographic film with the size of 2x2 cm?. Under these conditions the LC droplets dis-
persed in the polymer matrix had the sizes of 50 um.

Fig. 2. Fragment of a photomask.
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Polarisation images of PDLCs with the ordered arrangement of the LC droplets are
shown in Fig. 3. There is no clear alocation of isotropic and anisotropic parts on those
images. Therefore we have suggested a visualisation technique aimed at determination of
isotropic and anisotropic components and based on the use of Mueller matrices.

a b

Fig. 3. Polarisation images of our PDLCs: (a) coaxial polarisers, (b) crossed
polarisers, and (c) sum of the images (a) and (b).

3. Mueller-matrix approach

PDLCs consist of an optically active component (LC droplets) and an isotropic compo-
nent (a polymer matrix). The matrix operator describing the properties of anisotropic me-
dium is unified and constant in its structure. The Mueller matrix for each point of the LC
component contained in the PDLC is described in the following way [9]:

1 0 0 0
{ }_o cos’ 20+sin?20BosJd  cos26sn241-cosd -sn2&in d, (1)
|0 cos26sin26(1-cosd) SN’ 26+cos?26cos 5 cos2 &in
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where & describes orientation of the optic axis and J is the phase shift brought about by
L C between the orthogonal components of a light wave amplitude. The Mueller matrix of
the isotropic medium has the following form [9]:
100
(A = 010
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0
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One can see from Egs. (1) and (2) that the off-diagonal elements of the Mueller ma-
trix are equal to zero for the isotropic medium, while the matrix elements of the anisot-
ropic medium may acquire arbitrary values.

We have set a problem that consists in finding such a combination of nonzero off-
diagonal elements of the matrix {F} , which would not depend on the orientation ¢ of the

optic axis and on the phase shift value ¢. In this case the Mueller matrix would visualise
the anisotropic component, since the above combination of elements for the isotropic
component remains to be zero. On the contrary, a combination of diagonal elements equal
to zero would visualise the isotropic component of PDLC.
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In other words, if the combination of off-diagonal elements of the Mueller matrix re-
sponsible for anisotropic part is nonzero, we will be able to observe it against the back-
ground of zero contrast of polarization image of the combination of matrix elements for
the isotropic component. Hence, we have a method for determination of the anisotropic
component. If the combination of diagonal elements for the anisotropic part is zero, we
will observe the isotropic part with a high contrast. In this way one can determine the iso-
tropic component. The both methods are described below.

3.1. The method for determination of anisotropic component
Let us consider the sum of squares of the off-diagonal Mueller matrix elements fog, f42, fa4
and f43:
f224+f422+f3%l+f423 :2f224 +2'|’3%1 = (3)
2sin? 20sin? 3+ 2cos? 26sin? 3=2sin” &

As seen from Eq. (3), the sum does not depend on the orientation 6 of optic axis of
the anisotropic component. Nonetheless, we will have to get rid of the phase shift ¢ be-
tween the orthogonal components of the wave amplitude in Eqg. (3). It may be performed
with the aid of variation of electric field applied to PDLC cell. Variation of the phase shift
over one period enables us to exclude a dependence on ¢ involved in Eqg. (3). Actually,

integrating of Eq. (3) in the limits [0;277] gives

o sun252nj:2”. @

2
[2sin? 5d o= 2(—— 2
2
0
Thus, the definite integral of the sum of sguares of the considered combination of off-

diagonal Mueller matrix elements does not depend on 6 and ¢ and is greater than zero.

3.2. Themethod for determination of isotropic component

As seen from Eq. (1), the Mueller matrix element fy, is independent of the optic axis ori-
entation # and is nonzero. For the same reasons as for the method for determining the ani-

sotropic phase, let us get rid of J by integrating in the limits [0;272] :

2T
[ cosod o= (sin 5|3”) =0. (5)
0

This means that the Mueller matrix element f, of the anisotropic component also equals
to zero and so the isotropic component will be observed with a high contrast against its
background.

4. Experimental studies

An optical scheme of our experimental setup is represented in Fig. 4. The light from a
He-Ne laser 1 passes through a collimator 2 and a quarter-wave plate 3 and then trans-
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forms from linearly polarised into circularly polarised wave. Using a rotating polariser 4
and a quarter-wave plate 5, we have implemented six different polarisations: 0°, 45°, 90°
and 135°, as well as left- and right-handed circular ones. The image of a PDLC cell 6 is
formed by an objective 7 in a plane of CCD camera 10 and enters into a computer 11.
Analysis of the polarisations is performed with a quarter-wave plate 8 and a polariser 9.
All the measurements using this Stokes-polarimeter are automated and controlled by the

computer.
1 2 3456 7 8 9 10 11

Fig. 4. Optical scheme of Stokes polarimeter: 1 — He-Ne laser, 2 — collima-
tor, 3,5, 8 — quarter-wave plates, 4,9 — polarisers, 6 — PDLC sample,
7 — objective, 10 — CCD camera, and 11 — computer.

F11 F12 ) ) F14

Fig. 5. Representation of Mueller matrix elements for one of PDLC images.

Using a set of 36 polarisation images obtained experimentally, we have calculated
the Mueller matrix elements with the technique described in the monograph [9]. The reso-
lution of our CCD camera is 640x480 and therefore we have calculated the Mueller ma-
trix elements for each pixel. For diminishing experimental inaccuracies, the intensity cor-
responding to the noise of CCD camera has been subtracted from the intensity at each
pixel. This has been fixed by dividing every (ij)-pixel of the Mueller matrix element by
(ij)-pixel of the f;; element.
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Fig. 6. Image of anisotropic part of PDLC Fig. 7. Image of isotropic part of PDLC
with the regular alignment of LC droplets. with the regular alignment of LC droplets.

2]

Fig. 8. Image of anisotropic part of Fig.9. Image of isotropic part of PDLC
PDLC with the random alignment of LC with the random alignment of LC drop-
droplets. lets.

An example of calculated Mueller matrix elements for the image of PDLC having
the ordered arrangement of LC droplets is shown in Fig. 5. It is easily seen that no clear
image of the LC droplet is present in all of the figures.

Application of the method developed by us allows examining the PDLC morphol-
ogy. To fulfil experimentally the algorithm given by Egs. (4) and (5), we have replaced
the integration over the period for summing:

2 k f.

J iy :Z%’ (6)

0 1=1
where k is the amount of frames of CCD camera recording uniformly the phase shift
variation by 2r. An ac voltage with the frequency of f=1kHz has been applied to the
PDLC layer. The operating range of the voltage has provided the phase shift variation of
2n for the orthogonal polarisation components propagating in the LC. Thus we have cal-
culated 16 arrays of Mueller matrix elements for the PDLC images for each voltage
within this range. Then summing of pixels of the Mueller matrix elements has been per-
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formed for those voltages. As a result, 16 arrays of the Mueller matrix elements for the
LC images integrated over the phase difference in the limits of 2z have been obtained.

A result obtained when summing the sguares of the integrated elements fog, f42, fa4
and f43 is shown in Fig. 6 for a sample with the ordered arrangement of LC droplets. A
sufficiently clear image of the LC droplets is observed. The isotropic part of PDLC ob-
tained from Eq. (5) is represented in Fig. 7. The method developed above is also applica
ble to PDLCs with random alignments of the LC droplets. The morphologies of both ani-
sotropic and isotropic parts of the PDLC are represented in Fig. 8 and Fig. 9, respectively.

Finally, let us summarise in brief the main result of our studies. We have demon-
strated the efficiency of Mueller matrix method applied for studying the morphology
of PDLCs. A significant advance of our method is that the isotropic part of PDLC
is visualised with a high contrast, irrespective of its inhomogeneity, orientation or optical
thickness.
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Anomauin. Y daniii pobomi 3anponoHo8ano Ho8Ull Memoo Oisl GUSHAYEHHS MOponoeii pioKkux
Kpucmarnie oucnepzoéanux y nonimepi. Memoo bazyemvca na ¢gpopmanizmi mampuye [oxconca i
00360.71€ OKpeme 00CTIONCEeHHS PIOKUX KPUCTNATIE | KOMIOHEHM NONIMEPHO20 KOMNO3UMY .
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