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A theoretical study of light transmission, linear dichroism and birefringence of partially
ordered dispersions of bipolar nematic droplets in a polymer matrix is presented. The
treatment rests on the single scattering approach to an ensemble of uncorrelated and non-
interacting anisotropic particles. Theoretical evaluations of the extinction cross sections and
phase functions are performed in the anomalous diffraction approximation. Four basic model
systems are analysed: PDLC and NCAP films in an external electric field, and PDLC and
NCAP films under uniaxial mechanical deformation. The calculated dependences of the
generalized parameters characterizing the light transmission, dichroism and birefringence on
the angle of incidence of the probing light, droplet size and shape, refractive indices of the
LC and polymer, and parameters of the external field are presented graphically and discussed

in detail.

1. Introduction

Dispersions of low molecular mass liquid crystals and
polymers form a class of composite materials which are
currently of high interest because of their importance
for both basic research and application [1,2]. Most
commonly, these systems consist of a thin isotropic
polymer film containing micron-sized droplets of a
nematic liquid crystal (NLC). Optical effects in nematic/
polymer dispersions are based on light scattering whose
magnitude can be controlled by changing the orientation
of the NLC molecules with the help of an external
electric or magnetic field, temperature, or directional
deformation of the polymer matrix [1,2].

From the point of view of optics, a nematic droplet
in a polymer matrix represents a highly anisotropic
birefringent object, in most cases of spherical or elipsoidal
shape, in which the local optical axis coincides with the
direction of the local NLC director n(r). In the rest
state, there is no preferred average direction of ii(r) for
an ensemble of nematic droplets. This provides an
intensive scattering and attenuation of light irrespective
of the azimuth of polarization of the incoming beam.
Application of an external field or a mechanical defor-
mation of the matrix aligns the liquid crystal molecules

* Author for correspondence.

inside the droplets so that the whole system behaves
as a uniaxial anisotropic medium. This gives rise to
considerable changes in the light transmission and,
simultaneously, induces two interrelated polarization
effects when the direction of incident light does not
coincide with the direction of droplet ordering: first is
the difference in the extinction of light components
polarized parallel and perpendicular to the plane defined
by the incoming wave vector and the direction of
ordering (dichroism) [3—-11]; second is the phase shift
between these components (birefringence) [ 9-141].
Theoretical analysis of light transmission, linear
dichroism and birefringence of nematic/polymer disper-
sions plays an important role in optimizing projection-
type displays for specific applications (the so-called ‘direct
problem’) and, on the other hand, provides diagnostic
tools in seeking the structure of this class of anisotropic
media (‘inverse problem’). Because of the structural
complexity of nematic dispersions, an exact theoretical
description of propagation of light is not feasible.
Approximate models known to date encompass field-
controlled light transmission in dispersions formed by
phase-separation techniques (PDLC films) [8, 15-18]
and by emulsification methods (NCAP films) [ 19, 20],
the field-induced phase shift in PDLC films [13, 14],
and the description of dichroism in stretched NCAP

0267-8292/97 $12:00 © 1997 Taylor & Francis Ltd.
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films [ 6]. Although these models correctly reflect some
experimental situations, they are either restricted by the
case of normal incidence of light [15-20], or have a
limited range of validity [8, 13, 17, 18].

The aim of this paper is to put the various models
together into an explanation of the static electro-
optic and mechano-optic response of nematic/polymer
dispersions at an arbitrary angle of incidence of the
probing light. The treatment rests on the single scattering
approach to a system composed of uncorrelated and
non-interacting anisotropic particles [ 10, 11]. Therefore,
the exponential (Lambert—Beer) decrease of the trans-
mitted intensity with slab thickness and concentration
of scatterers is assumed. These assumptions are reason-
able since the directly transmitted light is much less
sensitive to co-operative scattering effects than the light
scattered out of the incoming beam provided that the
collection cone of a detector is sufficiently small [ 21-241].
The scattering process is analysed in the framework of
the anomalous diffraction approximation [ 3, 10, 25]. We
also restrict consideration to a discussion of results
obtained for spherical and ellipsoidal NLC droplets with
the untwisted bipolar structure [ 2] which is formed in
the case of rigid tangential coupling of NLC molecules
with a polymer.

The paper is organized as follows. In §2, we give the
basic background representing the polarization effects
in nematic dispersions, not specifying the nature of the
orienting field and the form of the orientational distri-
bution function. In §3 and §4 this theory is adapted to
a description of the static electro-optic and mechano-
optic characteristics of nematic/polymer films having
the PDLC and NCAP morphology. The main results
of the paper are presented in §5, where we discuss the
behaviour of generalized parameters characterizing the
light transmission, linear dichroism and birefringence.
The conclusions are given in §6.

2. General formalism
2.1. Polarization effects in light transmission through a
nematic dispersion

Let us consider a dispersion of nematic droplets
embedded in an isotropic polymer medium (matrix), that
is placed in an external orienting field F of an arbitrary
nature. The incident monochromatic beam of wave-
length A is assumed to travel in the direction Ko and
makes an angle 9r with the vector F. The laboratory
Cartesian coordinate system (x, y, z) is chosen so that
2llko, and the x axis lies in the plane (Ko, F) [figure 1].
All the droplets are assumed to have a cylindrical
symmetry of shape and inner structure. Orientation of
a droplet is specified by the angular coordinates (3o, @o)
or (9, ) of its symmetry axis N (the droplet director).
Polarization of the incident light will be characterized

X ~
N
X’ Po
&? > . j é
] ko S5 S¢ 2z I ‘
o/ |/ 0 e/

Figure 1. System of coordinates used for description of light
transmission in the nematic dispersion. All notations are
given in the text.

by two orthogonal vectors é(H) and éﬂ_ where the indices
|| and 1 are referred to the plane (Ko, F). The following
assumptions are also made: (1) the angular distribution
function of the droplet directors, f (9, @), is symmetric
relative to the plane (Ko, F); (2) the dispersion is quite
sparse in order to neglect interdroplet correlation effects
[22,26,27]; (3) the aperture of the detector and the
thickness of the slab are sufficiently small to ignore
multiple scattering effects [ 21, 23, 24, 28].

In general, we have to describe the transformation of
the Stokes parameters of the incident light in a partially
ordered nematic dispersion as a function of the external
field F. The problem can be solved on examining the
propagation of two independent orthogonally polarized
waves, eH||éﬁ and eJ_||éj)_, which we shall refer to as the
normal waves. Using the effective-medium formalism
[10,29,30], it can be shown that, for the considered
combination of symmetries of the nematic droplets and
of the whole system, the dilute nematic dispersion is
completely characterized by two principal complex
refractive indices for the normal waves

ny=n)+jn| = nm+ 2nnm Nk Imdd )
+j21cnme_3 Re<Axx>, (1a)
n,= nl—}-jnl: nm + 27nm Nk -3 Im<Ayy>
+j21cnme_3 Re<Ayy>, (15)
where
Ay = A1l coS” Qo+ A2 sin’ 00,
o, 5 (2)
Ayy= A1 sin” o+ A22 cos” @o.

Here A4,., 4,, are the diagonal elements of the 2 X 2
forward amplitude scattering matrix of a single droplet,
defined in the laboratory frame (x,y,z); A1, 42»
represent the scattering matrix defined in the coordinate
system (x', y', z') related to the droplet [see figure 1; indices
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1 and 2 correspond to the light polarization parallel and
perpendicular to the plane (Ko, N), respectively]; Re and
Im stand for the real and imaginary parts; N is the
number of droplets per unit volume; k=2nnm/A is
the amplitude of the wave vector in the polymer matrix
having the index of refraction nn; the angle brackets
denote a statistical average over parameters charac-
terizing a droplet—orientation, size, shape, etc. With
regard to equation (1), the amplitudes and phases of
the normal waves are transformed as in a uniaxial
crystal:

E)
EJ__
21
exp —j;d(nu—nm) 0
B 2n
0 exp —]Id(nl—nm)
0
=| i (3)
E |
1

where d is the geometrical path length through the
medium. Converting to the Stokes parameters, one can
obtain [10,30]

- L
IH M 0 0 0 IHO

I 0 Mo 0 0 10

1 L
— (4)

U 0 0 M3z M3y Uo

0 0 —M3a M33 Vo
whelg (IHQ_ IJ_() Lo, Vo) and (IH’ IJ_, U, v Le theJtokes
vectors for the incident and transmitted light,

respectively, and the transformation (Mueller) matrix M
contains a total of six non-zero elements, only four of
which are essentially different:
Mun=exp(—td), Mn=exp(—r7,d), (5a)
M3 =cos wexp[—(r)+ 7,)di2],
™7 (55)
M3s=sin y exp[—(7)+ t))di2].
Here
T|=Noy, T, =No, (6)

are the extinction coeflficients (also known as the
turbidities) for the normal waves, and

2n ’ ’
y/zzd(nu—nl)szg (7)

is the phase difference between these waves. The para-
meters o|, o, are defined as the averaged principal
extinction cross sections of a single droplet in the

laboratory frame and g is the corresponding elementary
phase shift:

6H:4Ttk_2Re<Axx>
=4k *ReA41 cos” o+ Ansin oy,  (8a)
o, =4nk *Re{4,y)
:4Ttk_2Re<A11 Sinz(p0+A22 COSZ(p0>, (8b)
g=2nk Im[{4gy —{4,,)1]
=2nk > Im{ (411 — A2) cos(2g0)). (8¢)

Physically, the matrix elements M1, M2 are the
principal transmission coefficients (transmittances) for
the normal waves. The total transmittances for the
linearly polarized (L) and unpolarized (U) incident light
are given by

TL= M cos’ y+ M sin’ 7, (9a)

1
TUZE(M11+M22), (90)

where y stands for the angle between the polarization
vector of the incoming light beam and the plane (Ko, F).
The difference between M) and Moy gives rise to the
linear polarization for the originally unpolarized light
(dichroism); the transmitted light becomes partially
linearly polarized either in the plane (Ko, F), if 7)<z,
or perpendicular to this plane, if 7j> 7. The degree
of polarization, D, is governed by the parameter of
dichroism, At= T -1y

M»n—Mnu exp(Awd)—1

= . 10
M+ M»n exp(Atd)+1 (10)

The matrix elements M33, M3s represent the mutual
transformation of linear and circular polarizations due
to the phase shift y between the normal waves
(birefringence). At the same time, the equality of other
matrix elements to zero excludes the effects of circular
dichroism and birefringence [ 10, 11 ] from consideration.

For the following discussion, it is useful to express the
amplitude scattering matrix elements 411 and 42 in
terms of dimensionless functions:

e
Ai="0og(Qi+jP), i=12 (11)
4n

where o is the geometrical cross section of a droplet
in the direction of the incident light, Q;=ci/cg is
the conventional extinction efficiency factor [10], and
P; is referred to as the phase function. Using the
decomposition (11), the basic optical parameters charac-
terizing the dispersion of bipolar nematic droplets can
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be represented as follows
o o cos” po+ e sin’
= c 0 0 ,
T, <Vd> ¢ [0} ¢ 01 ¢
(12a)

Cy
Ar=rj= 1, =7 Xo(Q1— 02) cos(20)).  (125)

Cvd 1
w=7"1 ( oe (P1— P2)cos(2¢0) ) .
(vay < 2 >

where C, is the volume fraction occupied by droplets,
and {vq) is the volume of a droplet averaged over the
size distribution.

(12¢)

2.2. Description of Qi and P;

In the majority of practical cases it is possible to treat
Q;, P; within the anomalous diffraction approximation
(ADA) which deals with optically soft scattering objects
larger than the wavelength of light [ 3, 10, 25]. According
to the ADA, the ray picture of light propagation through
the droplet is assumed, and the influence of the droplet
on the incident plane wave reduces to a distortion of
the wave front owing to the different phase shift
experienced by different parts of the incident wave; the
refraction and reflection at external and internal droplet
boundaries are neglected. When the orientation of the
local optical axis given by the direction of the local
nematic director n(r) varies in space in a complicated
manner, only a numerical calculation of Q; and P; is
possible. Using the anisotropic modification of ADA
developed by Zumer and co-workers [3,25] one can
express Q; and P; as

Qizzcg'lj [I—Re{T,',‘(l")}]ng, (13a)
Og

Pizzcg_lj Im{T;(x")} dog, i=1,2 (135)
Og

where T;(r') are the diagonal elements of the 2 X2
transmission matrix for a ray passing through the point
specified by the two-dimensional radius-vector r’ at the
plane of the amplitude-phase screen approximating the
droplet; the screen area coincides with oy. The matrix
elements T;(r') can be worked out with conventional
matrix methods. Details of this calculation can be found
in the literature [31-33].

An alternative approach for the bipolar droplet uses
the concept of an effective index of refraction [8, 13].
The bipolar droplet is assumed to have a uniform
uniaxial structure specified by the direction of its sym-
metry axis N. According to the model of Basile et al.
[13], the corresponding average ordinary and extra-

ordinary indices no and ne can be expressed in terms of
the refractive indices of the LC, no, and n., and of the
droplet order parameter, Sq Z%[3<(N ﬁ)2> W 1]:

2 .
no(Sd) = " no Fm(n/2, m), (14 a)
T

m(Sa)=n'[23) =D (1 =517, (14h)

Nolle

[ne — (1/3)(ne — no)(2Sa+1)]

ne(Sq) = 72, (l4¢)
where Fim(n/2, m) is the complete elliptic integral of the
first kind. In the limit Sq— 1, when [N applies every-
where in the droplet, equation (14) gives no(Sqa=1)= no
and ne(Sq¢=1)=n.. For an arbitrary incidence angle
90, an effective refractive index of the droplet for the
component polarized in the plane (Ko, K) is given by

Nolle

22 2 .2
(ne cos” Yo+ ng sin” o)

w"(90) = 72 (15)
while the effective index for the orthogonal component
does not depend on 9o, being equal to no. Such a model
allows us to express analytically the elements of the
scattering matrix 4; by use of the well-known van de
Hulst’s formula [10]:

2

k 2j ) 2 ) )
Ai=""og| 1+"exp(jp)+ (1 —exp(p) |, i=1,2
27 Pi Pi
(16)
where
" (90) no
p1=2ka(99) -1 |, p2=2ka(99) —1
nm nm

(17)

are the principal phase shifts along the largest droplet
diameter, 2a(9), in the direction of the vector Ko; the
dependence a(99) takes into account the possible non-
sphericity of a droplet. From equations (11) and (16),
one finds

4 4
Q;=2—"sin p;+ 3(1 —cos p;), (18a)
pPi Pi
4 4
P;="cos pi— 3 sin p;, i=1,2. (18b)
pPi pi

In §5.1 we shall consider the adequacy of this approxi-
mate approach in comparison with the more precise
equation (13).

2.3. Averaging procedures
A statistical average of any orientation-dependent
quantity X (90, o) in equation (12) can be calculated in
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the regular way:

2
gy = J ’ Jn X(90, ¢0) £ (9, @) sin 9 d9 do,
? Jo Jo

(19)

where the normalized angular distribution function
f (9, ¢) describes the probability that the droplet director
KN lies in the solid angle sin 9 d9 dg, and the angles
0, o are related to 3, ¢ by formulae

cos Y9 =cos 9 cos 9 — sin 9 sin I9f cos o, (20a)

tan @o = tan 9 sin ¢/[sin 9+ tan 3 cos ¢ cos 9¢].
(200)

Averaging over the droplet sizes and shapes is given
by

0

{X)e= J X(a)h(a) da, (21)
0

where « is either the characteristic droplet size, or the
parameter describing its shape (for example, the aspect
ratio of an ellipsoid), and #4(«) is the corresponding
probability density distribution function. To represent
h(a), we choose the generalized gamma-distribution [ 34 ]
which is attractive for modelling all types of nematic

dispersions:

h(a) nd ()1 anf )"
= - . €X S .

’ F[(u+1)/n](<a> (ay P (<a>

(22a)
“m:(ﬂ/ﬂ)l/nG1_l<a>, o= Gl_l(Gz— G%)1/2<a>
(22h)
+2)/ +3)/
rlwtaml o rlataml

rl(u+Hml

Here I7(...) is the gamma function; {ay and am are the
average and maximum of the distribution, respectively;
o is the standard deviation; and u> —1, n>0 are the
distribution parameters. At n =1 expression (22) gives
the conventional gamma-distribution.

rl(u+ Himl’

3. Dispersion of nematic droplets in an external
electric field
3.1. PDLC film
For dispersions formed by phase-separation tech-
niques, a conventional structure model assumes that
the droplet cavities in the polymer matrix are prolate
ellipsoids of revolution (a, a, b=a), and the symmetry
axes of ellipsoids, L, are randomly oriented in space
with the uniform distribution function (9. @) = 1/4n
[17,35]. At zero external field, the director of the bipolar

nematic structure in each cavity, N, is oriented parallel
to the L due to the minimum of the nematic elastic
energy in this position that gives f(93, @)= f (9L ¢p). A
schematic view of the corresponding thin film geometry
is shown in figure 2(a). When an external field E is
applied normal to the film plane, the bipolar nematic
droplets with positive dielectric anisotropy tend to
reorient along the field direction so that the distribution
of N becomes axially symmetric. In practice, there is no
need to find the corresponding field-dependent function
f(9, ) analytically, since averaging over 3 can be
replaced by averaging over the uniform distribution of
9 if the relationship between the initial, 9;, and current,

PDLC film

e
” \;f
Axial symmetry

of film structure
@ i@ @
I/
@ { E
E >0

A // I
eﬁ “ A 9F I
\c/ K,
e)

(a)

NCAP film e
| || .
Al symmety ‘5@/ k
E<E. C | S v K
= | J @
- 4 E
ﬁ @

en\/k

€L (b)

Figure 2. Schematic representation of the orientation of
bipolar nematic droplets with respect to the applied field,
E, and to the direction of the probing light in PDLC (a)
and NCAP () films. Refraction at the film surfaces is not
shown; the angle 9r corresponds to the direction of the
beam within the film.
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(91, E), orientation of N is known:

2
1 T (T
Xpy =— X[9(9L E). o= ¢/]sin 9,d9,doy,
e 4n o Jo

(23)

where 9, ¢ are related to 9o, po by equation (20).

According to current models of droplet ordering
[17,35], the equilibrium orientation of N is given by

sin(297)

> |, 24
e2+cos(29L) (24)

1
9= "arctan
2

where e =Baz§_1 is the dimensionless applied field. The
parameter B accounts for the droplet shape anisotropy
and the surface nematic/polymer interactions [ 17, 35, 36];
E= EEI(K/Ag)l/2 is the electric correlation length, where
Ein stands for the average internal field inside a droplet,
K is the NLC elastic constant in the one-constant
approximation, and Ae¢ is the dielectric anisotropy of the
liquid crystal. The precise form of B and E;, is a subject
for discussion that is beyond the scope of this paper.
The plot of function 9(e, 91) is shown in figure 3. As can
be seen, at 9.=mn/2 the Fréedericksz-type threshold
orientational transition N1E — N|E takes place with
the critical field ec=1.

The optical parameters 7|, 7,, Az, y can be calculated
numerically from equations (12) and (20)-(24) using
cg= Tcaz, va= (4/3)Tca3, and d = do/cos 9F, where a is the
radius of a spherical droplet and do is the film thickness
along its normal. Since the droplet non-sphericity in a
PDLC film is commonly small, say b/la<<1-2 [35], the
sphere is a good optical model for the droplet shape.

90
9 /deg

30

W22

o
-
N
w

4

e

Figure 3. The orientational angle, 9, of the bipolar nematic
droplet director, N, in a PDLC film as a function of the
reduced field, e, and of the initial orientational angle, 9;.

3.2. NCAP film

In accordance with experimental morphological
studies [ 19, 36, 37], the droplet shape in this case is well
approximated by an oblate spheroid (a, a, b<<a) having
minor axis b oriented along the normal to the film plane.
Therefore, at E=0, the droplet directors lie in this
plane, but have random azimuthal in-plane orientation;
additionally, there is a broad distribution of droplet
sizes [19]. A schematic view of the corresponding thin
film geometry is shown in figure 2 (b). The electro-optic
response model for the NCAP system can be formulated
by considering the distribution of critical switching
fields for droplets of different sizes [ 19, 35,38]: when
E>Ec(ac), a particular group of droplets having the size
ac abruptly reorients from the rest state with N LE to
the aligned state with N||E. Hence one finds

7y | _3G(9F) J"F“”az Q0|
Qa1 0xo0 | 7
9
+ 02(%0) sin” @0 ) h(a)da
01(90) 0
® S0=9
+J az{Ql( 0 F)}h(a) da }, (25a)
at®  (Q2(30= IF)

3C,dI(9 ag (B)
w=7§ ) J a*{[P1(8) — P2(90)]
8{a”) 0

XCOS(Z(po)>(ph(a) da
+J az[Pl(th:9F)—P2(90:9F)]h(a) da }
atf (B)
(25b)

where ac=z§(E)B_1 in accordance with equation (24),

lo=alb=1-5 [36,37] (droplet shape anisotropy is

assumed to be independent of droplet size), /(9r) =
(1o cos” 9r+sin” SF)I/Z, the azimuthal average is given by
<X>(pz(1/2n) JZOTC X(80, @o) do, and the angles 90, @0, 9F, ¢
are linked by cos o= —sin I cos ¢, tan po=tan /cos IF.
The first integrals in expression (25) represent the drop-
lets maintaining the initial, zero-field orientation, while
the second terms describe the droplets oriented along
the field.

4. Dispersion of nematic droplets under uniaxial
mechanical deformation
There are two basic kinds of mechanical deformation
of nematic/polymer films: the shearing of the incom-
pletely polymerized PDLC sample in a preferred
direction [35], and the uniaxial stretching of PDLC or
NCAP film [5-7, 39]. We shall restrict consideration to
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the case of stretching, for it provides the higher degree
of droplets ordering.

4.1. PDLC film

The undeformed film state is analogous to that
described in §3. The existing theoretical model [6]
predicts that, under stretching, each ellipsoidal droplet
cavity should be gradually rotated towards the stretch
direction M, and the droplet director K should be forced
to be oriented along [ owing to the minimum of the
LC elastic energy in this position; simultaneously, the
droplets become more elongated. This is illustrated
schematically in figure 4 (@). Mathematically, the initial
ellipsoid of revolution (@0, ao, bo>ao) having the
orientational angle 9p is transformed into the ellipsoid
of equal volume with parameters (a, a, b)) and 3, given

PDLC film

Axial symmetry
of the structure

- 9.

@ & it
AV

N=L
~0
e I n
kO

(@)

NCAP film

N
AN
@ @ M A
AO ~
@ e N
A||£ é(J)_ —
k0

(b)

Figure 4. Schematic representation of the orientation of
bipolar nematic droplets in uniaxially stretched PDLC («)
and NCAP (b) films. Unstretched (left) and stretched
(right) states are shown.

by equations

1 G
9= _arctan| — |,
2 Hy

(26)
a _
{b }—21/2aolop[H2+(G2+H12)1/2] 1/2,

where

G=(3—1)p' ™ sin(29p).  lo=bolao. (27 a)

H .
{ }Z[l(z)pz‘lm)il] cos” 9 FLoFp™" "1 sin’ 9p,
H>

(27 b)

p is the ratio of the film length in the stretched
and unstretched states, and o=1/2. The plot of
function 9y(m, 3p) is shown in figure 5(a), where
m = (p— 1)/(pc— 1) is the reduced stretch parameter, and
pCZbl/“m) corresponds to the threshold reorientation
NIM 5> K|[M at 9p=n/2 (ie. when m=1). It is
interesting to note the close parallels between the depend-
ence 9(e, 9y in figure 3 and the dependence 9;(m, 9p)
in figure 5 (a); this allows us to treat m as a measure of
the ‘mechanical field’. Figure 5 (b) illustrates the change
in the film order parameter, sr=1[3{cos’ 9, — 1],
calculated using equations (26) and (27).

The optical response of the film is given by equations
(12), (20), (21) and (23) with geometrical parameters
oe(9) = Tca(a2 cos’ S0+ b* sin’ 90)1/2, va= (4/3)Tca2b.

4.2. NCAP film

In this case, the oblate spheroidal droplet cavities
(a0, ao, bo<<ao) are transformed to prolate ellipsoids
(a, b, ¢) as shown in figure 4 (b). The mechanism of the
ordering of the droplet directors N can be more
complicated than that described above; the extended
discussion of possible experimental situations may be
found in reference [39].

In the most interesting case of normal incidence
(9r = Y0 =mn/2, po = 9), the optical parameters of the film
can be expressed as

7| _3C,,lo 2 0>
o e | \" e |/

1
i;@&@—gﬁ%u+sw ., (28a)
_3C,;dolo 2
Y= 8<ad> ay(P1— P2))4SF, (28 b)

where SF=2<0052 9> —1 is the two-dimensional film
order parameter. The experimentally obtained depend-
ence of Sk [39] on the stretch parameter, r=p—1, is
shown in figure 5 (b).



20:15 25 January 2011

Downl oaded At:

852

90
9, /deg ]

10_ 3

b — PDLC - theory

n ® NCAP - experiment

0.5+

0.0 .

)

Figure 5. Characteristics of the orientational ordering of
bipolar nematic droplets in a stretched PDLC film:
(a) dependences of the droplet orientational angle, 9, on
the stretch parameter, m, and initial orientational angle,
9m; (b) the dependence of the film order parameter, SF,
on m. The dots represent the experimental dependence of
SF on the stretch parameter, 7, for the NCAP film [39].

5. Numerical results and discussion

5.1. Extinction efficiency factors and phase functions

Figure 6 shows the extinction efficiency factors Q; and
phase functions P; of the spherical bipolar nematic drop-
let, plotted versus the phase parameters p; and v for
90=90° (ie. N1K). The parameter v=a(ne— no)/A is
directly related to p1 (p1 =4mrv), but is more descriptive
for the analysis of possible experimental situations. The
angular dependencies 0Q;(9), Pi(9%0) are presented in
figure 7. Calculations were performed numerically, using
equation (13), for the practically most important case of

O. A. Aphonin and V. F. Nazvanov
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Figure 6. The dependence of the principal extinction efficiency

factors, Q;, and phase functions, P;, of the spherical bipolar
for the
case of index matching, no =nm, at $o=90°. The full lines
represent the bipolar director configuration [equations
to the
uniform droplet model [equations (14)—(18) with Sq=11],
and the chain lines are used for the Basile approach

nematic droplet on the phase parameters, v and p;

(13), (29), (30)], the broken lines correspond

[equations (14)-(18) with S¢=0-76].

index matching, n, =nm. The bipolar director field was
modelled by segments of circles passing through both
P 9. 0)

attached to the droplet symmetry axis N the corresponding

droplet poles [20,40]. In cylindrical coordinates (|

director field lines are given by equation (29) [41]

2 2
. a 2 a
(p_ ~)“:(' )
tan o sin o

(29)
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0 45 90

9y / deg
(a)

Figure 7. The angular dependence of Q; and P; of the spherical bipolar

Curves are assigned using the same convention as in figure 6.

where
R . asinh7 1 pt(@Eta)’
cos ¢ =cosh 7— , t="In"53 — 5.
2 ptE—a
(30)

Also shown in figures 6 and 7 are the dependencies
Qi(v), Pi(v) calculated using equations (14)-(18) for the
droplet having the uniform director configuration (UC),
when AR and Sq=1, and for the droplet with the
average indices n¢(Sdq), no(Sq) corresponding to the bipolar
director field (S¢~0-76). From these data it is possible
to examine the range of validity of the UC-model
which has intuitively been used in many studies as an
approximation for the droplet having a bipolar structure
when considering the light extinction and scattering
phenomena [3, 13, 15-18, 20, 23,42-441].

The following observations can be made:

(a) The general behaviour of Q1 and P for the bipolar
droplet is the same as for the droplet with the
uniform structure. At small values of v, both 0,
and P; increase monotonically, but then start to
oscillate around their asymptotic values due to
the constructive and destructive interference

(b)

(©

)

nematic droplet for v=0-2 () and v=06 (b); no = nm.

between transmitted and diffracted light. The
positions of the maxima and minima of Q1(v)
and Pi(v) coincide with those of the uniform
droplet, but the magnitudes are lower over the
entire range of v. At the same time, 0> and P>
diverge considerably from zero as opposed to the
droplet with the uniform structure which has no
ordinary ray scattering at no = nm. The asymptotic
behaviour of Q;(v) and P;(v) for the bipolar droplet
case is governed by lim,» 4 01 <2, lim,5 o 02>0,
lim,-o (Q1+ 02)~2, and lim,—« P1=lim,— P2=0.
The angular dependencies of Q; and P; are well
approximated by the UC-model at v<0-3. For
larger v, the discrepancy considerably increases,
although the van de Hulst formulae (18) still give
the right qualitative description of the numerical
results up to v~0-4-0-6.

The effective refractive index approximation
proposed by Basile et al. [13] (chain lines in
figure 6; S¢=0-76) works well for Qi, P1, and P>
at v<<0-2-0-3, but underestimates the numerically
calculated Q> in this region. At higher v, this
approximation does not provide acceptable
accuracy.
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Figure 8. Light transmission characteristics of an electric-
ally controlled PDLC film at normal incidence. (¢) The
reduced turbidity, W, and the average extinction
efficiency factor, <Q>, at zero field as functions of the
phase parameter, vs; = az2An/A, and the width of droplet
size distribution. The gamma-distribution with u-—
(monodispersion) and u = 0-5 (wide spread of droplet sizes)
is used. The inset shows the normalized average steepness,
J = [t(Amin) — T(Amax) J/T(Amin), of the spectral dependence
of zero-field turbidity versus the product azAn
(Amin =400 nm, Amax =700nm, n,=nm). (b) The charac-
teristic surface, W (e, v), for the electro-optic response of
the monodisperse PDLC film; all data correspond to the
case no = nnm.

The above analysis permits one to draw the following
conclusion: the use of simple anomalous diffraction
formulae (18) for modelling Q; and P; of the bipolar
droplet may be treated as reasonably correct if
v<<0-2-0-4; in the region v>0+4, only the qualitative
description is possible.

This is also valid for the elongated bipolar droplets.
The relevant plots can be found in reference [ 33].

Figu
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re 9. Light transmission characteristics of electrically
controlled NCAP film at normal incidence. (¢) The reduced
turbidity, W, and the average extinction efficiency factor,
<Q>, at zero field as functions of the phase parameter,
v32. The curve designated as SEM (Scanning Electron
Microscopy) corresponds to the droplet size distribution
extracted from the experimental data [37] [equation (22)
with parameters u=4, n=026]. The inset shows the
average steepness, J, of the spectral dependence of zero
field turbidity as a function of the product b32An. (b) The
characteristic surface, W (es2, v32), for the electro-optic
response of the polydisperse (SEM data) NCAP film; all
data correspond to the case no =nm.

Characteristics of electrically controlled PDLC and
NCAP films

5.2.1. Light transmission at normal incidence

F

rom the practical standpoint, two questions are

important for the optimization of PDLC and NCAP
displays working in a transmission mode [ 1, 2]: how do

the

geometrical and material parameters of a nematic/

polymer dispersion affect its zero-field transmission and,
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W2(9F, e), and

W1i(9k, e),

controlled monodisperse PDLC. Three typical values of the droplet phase

>

9= 9F.

no = nNm,

W (9k, e), of electrically
0-3 (a) 0-6 (b), 1-2 (¢);

>

the reduced phase shift

Figure 10. The characteristic surfaces for the angular dependences of the reduced principal turbidities
parameter are used: v

W p8peo jumog

with the associated average extinction efficiency factors,
{Q(v32)).7 These plots may be regarded as the charac-

secondly, how do these parameters influence the shape

of the transmission curve, T (e)?

field transmission can

teristic curves whereby the zero

be optimized.}

The effects of the droplet size, LC birefringence, and

light wavelength on the zero-

field turbidity of PDLC film

is convenient for the minimization

) at a given wavelength by adjusting the

The curve W (vi2)

of T(e

ally and experimentally

have been treated both theoretic

0

43-45]. The results
there is a maximum in

the dependence z(a); (2) the amplitude of this maximum

is directly proportional to An=ne — nm and is inversely

26,

s

in a number of studies [2

droplet size and LC birefringence. Depending on the

)

obtained have revealed that: (1

size distribution function, the position of the extremum

lie in the ranges

)

Wmax~21—26

vmax and its magnitude W (vmax

(31a)

proportional to A; (3) the position of the maximum is

governed by the parameter vmax = aAn/A~0-3.

Vmax ~0:2 —>0-3,

To generalize these findings, we introduce the dimen-

sionless reduced turbidity,

, which is related to ¢ by

w

tHaving regard to the discussion in §5.1, the simulations

(CyAn/2)W. As an argument which is best suited

to ch

T=

§5.3 are based on the

we performed in this paragraph and in

5

aracterize the polydisperse system of droplets

i

Strictly speaking, such a presentation does not take into
account the wavelength dependence of the refractive indices of

and P;
the LC and polymer. However

uniform droplet model for Q;

2.

3>/<a

= anAniA, where aza=<a

use the parameter v32

i

=~ =
a
T2
+ =
Sz
o=
[
g
IR IENY
N

Il
g &
Oa
=2
O 2
= 8
pgns
.z
7T
ma
mU
&n +
3
2
mD
3
O —
€3
NS
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o
=

in the visible region neo(A)

s

and nm(A) vary at nearly the same rate [46,47] giving

ne — npm A const, n, — ny ~ const.

) for the PDLC and NCAP films are

of functions W (v32

shown in figures 8 (a) and 9(a), respectively, together
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Figure 11.

9= 9f.

Nno = Nm,

5

(), 0-56 (¢);

W p8peo jumog

0-3. The latter

values are consistent with the results of Drzaic [43];
they are also supported by the experimental data

NCAP<
extracted from the work of Nomur

)

(a32Am)ppLc<0-45 and (b3 An

for the PDLC film and in the ranges

(31b)

Winax =31 —> 43

Vmax ~0-15— 0-25,

for the NCAP film.

aet al [45].

A further extension of the characteristic curve W (v32)

0) is governed by the
it is desired to avoid

red-bleedthrough’ effect when the film is more

al behaviour of T (e

dependence <Q(/I)>. In pr

The spectr

which com-

pletely represents the electro-optic response of a nematic/

is the characteristic surface, W (v, e3),

actice,

3

the

polymer dispersion for a given droplet size distribution.

transparent to the long wavelength part of a given

spectral region [15,43].

Baz & - has

been found to describe best the polydisperse system of
droplets. The relevant three-dimensional plots are shown

By analogy with vz, the reduced field es2

As follows from the presented

data, the onset for this phenomenon occurs at

in figures 8 (b) and 9 (b) for the case no =nm. The normal

(32)

YNCAP<0-5.
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>
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ated the normalized average steep-

alcul

we have ¢
J = [(Amin) — 7(Amax) /7(Amin), of the dependence

To obtain a more precise estimation for the visible

region,
ness,

antially affects the

ameter v3 subst

, the par

an be seen
shape of the W (e32)

C

W (e32)

]

curve. For the PDLC film

reaches its saturation at higher fields and has a much

sh

these results are shown in

(A) as a function of a3 An;

the insets of figures 8(a) and 9 (@) for Amin =400nm and
700 nm. As clearly seen, the monodisperse films

Z‘max

This is in

arper field threshold when vz increases.

agreement with the observation made originally by Kelly

zero-points’ (aAn)ppLc~{0-23; 0-40}

3

are characterized by

als that the first of these

tendencies is also valid for the NCAP film, but the

et al. [15]. Figure 9(b) reve

while for the poly-

disperse films the red-bleedthrough onset occurs when

and (bAn)Ncar~{0-17; 032},
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Figure 12. The characteristic surfaces for the reduced principal turbidities, Wi(vo, m) (a), Wa(vo, m) (b), parameter of dichriosm,
AW (vo, m)= W1— W (c), and reduced phase shift, W, (vo, m) (d) of the uniaxially stretched monodisperse PDLC film at normal

incidence, 3= n/2; no = nm.

steepness of the NCAP film’s transmission curve
decreases with the growth of v3».

5.2.2. The case of oblique incidence

To represent the angular and field dependence of the
polarized light transmission, we have calculated the
angular characteristic surfaces for the principal reduced
turbidities, W12(9F, e32), and the reduced phase shift,
W, (9F, ex2); the latter is entered by the relation
v = (CydAnli2)W,,. The relevant data are shown in figures
10 and 11 for the case of index matching, no = nm.

As can be seen, the corresponding characteristic sur-
faces of PDLC and NCAP films have much in common.
Nevertheless, there are certain differences concerned,
first with the in-plane zero field ordering of bipolar
droplets in the NCAP film, and second with the higher
polydispersity of the NCAP film.

At zero field, Wi(e=0) and W2(e=0) of the PDLC
film do not depend on 9r, while W, (e=0)=0. This is
an expected result in view of the spherical symmetry of
the distribution of droplet directors in an unpowered
dispersion of this morphology. On the contrary, for the
NCAP film, W1(9r, e22=0) progressively decreases to
zero, W2 (9f, e32=0) remains nearly unchanged, and

W, (ex2=0)#0 at large 9r. Such a behaviour reflects
the in-plane ordering of N in the unpowered NCAP
film: the component éH of the incident wave becomes
perpendicular to N in all the droplets when 9 — 90°,
which reduces the scattering and phase shift of & as
compared to €.

When e3> increases, the behaviour of the Wi(es)
and W,(e32) substantially depends on 9r. At small
v32<<0-3, the region of decreasing Wi(e32) regularly goes
with 9f into the region of increasing Wi(es:), whereas
W,(ex2) is a monotonically increasing function at all
9r>0. Alternatively, in all cases (except no<<nm) the
W> is diminished with growing e3>, being practically
independent of 9r. This provides the increase in trans-
parency of the film for 1-polarized light at an arbitrary
9r and, in combination with the behaviour of Wi(esz, v32),
gives rise to a polarization effect on the natural light
impinging at large incidence angle. When v3; is increased,
the oscillations of W1(9r) and W,(9r) appear, being a
manifestation of the diffraction effect. At high fields
ex>>1, the dependencies W1(9r), W, (9F) reproduce the
shape of the corresponding curves Q1(9r), (P1 — P2)(9F)
shown in figure 7. For the NCAP film, the angular
oscillations are smoothed due to a broad distribution of
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The characteristic surfaces for the reduced principal turbidities, Wi(vo, t) (a), Wa(vo, t) (b), parameter of dichriosm,

AW (v, 1) = W1 — W (c), and reduced phase shift, W,(vo, ) (d) of the uniaxially stretched polydisperse (SEM data) NCAP film

at normal incidence, 9 = n/2; no = nm.

droplet sizes. This case of the saturated film orientation
has previously been analysed in detail by Whitehead
etal [3].

Additional calculations have shown that the surfaces
W1(9k. e32) and W2(9k, e32) have only a weak dependence
on the relative index mismatch u = (no — nm)/An if the
latter varies in the range —0-1<<u#<<0-1. By contrast,
the W, (9F, ex2) surface is substantially modified: the
phase shift can be negative (when #<<0), alternating
(u=0), or positive (u>0).

It should be added that in the region 9r<<30° and at
v32<<0-3 our results for the phase shift are in agreement
with the model of Basile et al. [ 13]. For larger v3, we
have observed considerable discrepancy since the model
[13] takes no account of the diffraction phenomena.

5.3. Stretching induced effects
The reduced principal turbidities, W1, W2, the para-
meter of dichroism, AW = Wi — W3, and the reduced
phase shift, W, of the uniaxially stretched PDLC and
NCAP films are shown as functions of parameters vy, m
and ¢ in figures 12 and 13 for the case of normal
incidence of light; vo denotes the value of v for the

unstretched film. These characteristic surfaces are
suitable for the optimization of PDLC polarizers [ 5-7].

The features common for both PDLC and NCAP
films can be summarized as follows. Increase in the
orientational ordering of the system leads to the regular
increase in Wi, W, and decrease in W>. The shapes of
W (vo, m) and Wa(vo, t) are therefore very similar to the
shapes of surfaces W (v32,e32) shown in figures 8(b)
and 9 (b); this is because of the previously mentioned
similarity between the stretching induced ordering and
the field-controlled droplet reorientation. The above
processes are responsible for the rise in the extinction
anisotropy described by AW. At a given stretch para-
meter m or ¢, the position of the maximum of the
dependence AW (v) is governed by Vomax = Vornp %,
where vomax corresponds to the maximum of W (vo) in the
unstretched film, and the relationship between p, m, ¢ is
defined in §4. Tt is interesting to note that, for non-zero
m and ¢, lim, 0 W,(v0)>0 while lim, -« W,/(v0)=0; in
other words, the film is more birefringent at small ».
Mathematically, this is a result of the ratio (P — P2)/vo
governing the behaviour of W (vo). A similar effect takes
place in colloidal dispersions [29, 30].
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It should be noted that we have ignored the
birefringence of the stretched polymer matrix in our
calculations. A separate analysis based on the available
experimental data [6] has shown that the matrix
birefringence is relatively small and has little impact on
the characteristics of the transmitted light.

6. Conclusion

In conclusion, we have performed a systematic
theoretical study of the stationary light transmission,
linear dichroism and birefringence of nematic/polymer
dispersions with an arbitrary degree of orientational
ordering of the bipolar nematic droplets, and for an
arbitrary angle of incidence of the probing light. Based
on the single scattering approach and the anomalous
diffraction approximation, we have analysed several
important situations: PDLC and NCAP films in an
external electric field, and PDLC and NCAP films under
uniaxial mechanical deformation. The analysis has
shown that the characteristic properties of the electro-
optic and mechano-optic response of nematic/polymer
dispersions can be described in terms of universal dimen-
sionless functions which depend on the geometrical,
material and structural parameters of the dispersion.
The results obtained can be used for optimization of
nematic/polymer composite films for projection displays,
light shutters, and scattering polarizers, as well as for
the solution of inverse problems in optics of polymer
dispersed nematic liquid crystals.
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