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Theoretical and experimental studies are made of small angle light scattering (SALS) from the nematic 
droplets with a bipolar director configuration. Serial expressions for the scattered amplitudes from a single 
bipolar anisotropic sphere such as a hipolar nematic droplet are obtained using Rayleigh-Gans (RG) theory. 
Analytical solutions are also derived under reasonable approximations. All of the formulae are suitable for an 
arbitrary orientation of the droplet symmetry axis. Series of calculated Hv and Vv scattering patterns for the 
bipolar nematic droplets with typical orientations of droplet axes are presented. Some theoretical patterns 
have been confirmed in experiment with polymer dispersed liquid crystal (PDLC) films. As a result, SALS is 
proven useful to distinguish the director configurations of nematic droplets, and further to discriminate the 
orientations of the droplet axes. Moreover, the average size of the bipolar nematic droplets can be estimated 
by Hv scattering with the formulae given in this paper, and Vv scattering pattern can serve to evaluate the 
relative polarizabilities of PDLC films between anisotropic entities and isotropic mediums. Some inprecise 
interpretations for scattering photographs in literature are pointed out and clarified. 

Keywords: Small angle light scattering, anisotropic sphere, bipolar director configuration, nematic droplet, 
polymer dispersed liquid crystal. 

1. INTRODUCTION 

Recently, the technique of polymer dispersed liquid crystal (PDLC) has attracted both 
theoretical and experimental physicists due to its prospective applications for large- 
area display.'-9 A PDLC film is prepared by dispersing nematic droplets into a solid 
polymer matrix. According to Reference 5, there are basically three typical director 
configurations in nematic droplets called radial, bipolar and axial, as depicted sche- 
matically in Figure 1. The nematic droplets in the PDLC films have a typical radius of 
about 0.1-10 pm, which are in the range of small angle light scattering (SALS) studies. 
Hence, attention is focused on investigating SALS from nematic droplets. 

Scattering from small particles is a classic physical problem in the last hundred 
years."-12 Most studies have been devoted to isotropic objects.1°-12 There are few 
analytical solutions for the light scattering from small, optically anisotropic objects. In 
1960, using the model method and the Rayleigh-Gans (RG) theory, Stein et aZ.I3 made 
an analytical interpretation for the scattered amplitudes from a kind of anisotropic 
spheres, polymer spherulites, which laid a foundation to explore the structure of 
spherulite by SALS and resulted in great ~ u c c e s s . ~ ~ - ~ ~  SALS from nematicdroplets has 

To whom the correspondance should be addressed. 

63 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

2:
26

 1
8 

Fe
br

ua
ry

 2
01

3 



64 J. DING AND Y. YANG 

( C )  

FIGURE 1 Three typical director configurations of nematic droplets: a) radial; b) bipolar; c) and d) axial. 

been treated by some approximation approaches: RG approximation for relatively 
small nematic droplets,16 the anomalous diffraction (AD) approximation for large 
droplets,’ ’ and the geometrical-optics approximation for very large objects. lS Some 
comparison between scattering data and theory for nematic droplets has been per- 
formed by Whitehead et a l l9  In the way of Stein,13 we obtain the analytical interpreta- 
tions for SALS from typical nematic droplets. What is more, the analytical formulae 
given in this paper are suitable for an arbitrary orientation of the droplet axis. 

SALS from the radial nematic droplets is optically the same as that of polymer 
spherulites, which has been studied previously. 13,14 Bipolar and axial nematic droplets 
are more complex because the symmetries of optical constants do not coincide with 
those of droplet shapes. The theoretical studies on the axial droplets has been published 
in another paper.” Explored mainly in this paper is theoretical and experimental 
studies on the nematic droplets with the bipolar director configuration. The analytical 
expression for SALS from the bipolar nematic droplet in an isotropic matrix is 
presented. Series of corresponding calculated scattering patterns are given, and are 
further confirmed in experiment. Some applications of SALS in the field of nematic 
droplets and PDLC are discussed and some confusions in literature are clarified. 

2. THEORY OF SALS FROM BIPOLAR NEMATIC DROPLETS 

2.1. Model of the Bipolar Director Field 
In order to describe the bipolar director alignment, an elliptic model is introduced. The 
mass centers of nematic molecules are reasonably assumed to be arranged along series 
of ellipsoids, layer by layer. The ellipsoid shown in Figure 2 has a long principal axis 
with length of 2R and two short principal axes with length of 2R’. The ratio of the short 
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LIGHT SCATTERING FROM BIPOLAR NEMATIC DROPLETS 65 

X 
FIGURE 2 The coordinate systems for describing SALS from the bipolar nematic droplet. (X, Y, Z) is 
the lab frame while (x. y, z) is the droplet axis frame with the z-axis located at the principal symmetry axis of 
the droplet, the orientation of which is described by 0 and 0. The so, E and s’ are the unit vectors along the 
directions of incidence, polarization and scattering, respectively. The scattered beam is described by Sand p. 
n refers to the local optical director in the bipolar nematic droplet. 

and long axes is defined asf, that is,f= R / R ,  wherefE(0,lI. For later convenience, we 
letf= sing, where BE(O, 421.  Then the vector distance r is expressed by 

r = R (sing sina cosqi + sing sina sinqj + cosak) (1) 

where i, j and k are the basic vectors of the droplet axis frame; a and q are two angles in 
the ordinary polar coordinate system corresponding to this frame. Supposing the local 
nematic director in the bipolar droplet is tangential with the elliptic line, the bipolar 
director under the elliptic model can be expressed as 

(sing cosa cosqi + sinj? cosa sinqj - sinak) (2) 
1 - - 

J 1 -  (cosg cosa)’ 

It is worthy of noting that the changes of local order parameters within droplet and 
at the surface are not taken into considerations and that the director field in a bipolar 
nematic droplet may be different slightly from that described by the elliptic model. In 
fact, approximating the bipolar director field by segments of circles of appropriate 
radius* will be better than using such ellipses, because the director field around each 
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66 J. DING AND Y. YANG 

surface defect resembles the one of the hedgehog defects. A corresponding model, the 
bispheric model is therefore employed to describe the bipolar director field and to test 
the elliptic model by one of the authors.25 (Unfortunately, the bispheric model can not 
lead to an analytical solution for SALS, so we will not describe it in details.) The 
volumes where both models deviate from the real simulation are relatively small and 
thus may not contribute much to the scattering. Our calculations also show that the 
scattering patterns under these two models are in accord with each other satisfactorily. 
Hence, we think that it is very useful to introduce the elliptic model, because such an 
ideal continuum model characterizes the basic structure of the bipolar droplet and 
brings about convenience to express the bipolar director field and corresponding SALS 
formulae analytically. 

2.2. Serial Expressions for the Scattered Amplitudes 

According to RG scattering theory, the SALS from an isotropic spheres immersed in 
isotropic mediums can be interpreted by making use of the model method. A single 
droplet is dealt with at first. The scattered amplitude can, in the far field regime, be 
expressed in terms of the conventional integral;’’-’ 

from a Single Bipolar Nematic Droplet 

E, = K (M*O)e-ik’*sddR s (3) 

where K is a constant; M is the dipole moment induced by the incident electric field in 
the volume element at the vector distance r; 0 is a unit vector parallel to the direction of 
analyzer; k is the wave number, 2n/L,,,, where 1, is the wavelength within medium. The 
integral above has been successfully employed to deal with light scattering from 
a polymer spherulite by Stein et ~ 1 . ’ ~  It reflects, in fact, the physical basis of the RG 
scattering, although Stein et al. failed to indicate this point in Reference 13. For RG 
approximation to be valid, two conditions must be satisfied, 

where nLc is the effective refractive index of liquid crystal (LC) and nm, the refractive 
index of the isotropic medium. The first condition may be interpreted as the require- 
ment that the incident wave is not appreciably “reflected at the particle-medium 
interface and the object is, therefore, optically “soft”. Nematic droplets in PDLC films 
can be assumed to be optically soft, which is usually The second 
condition may be interpreted as the requirement that the incident wave does not 
undergo appreciable change of phase or amplitude after it enters the particle and the 
field inside the particle is, therefore, approximated by the incident field. Hence, RG 
theory is suitable for relatively small particles although they may be larger than in the 
Rayleigh theory. It was suggested by Zumer et ~ 1 . ’ ~  that for a kind of PDLC films they 
studied, the droplet diameter should not exceed 0.3 pm if a reasonably good description 
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LIGHT SCATTERING FROM BIPOLAR NEMATIC DROPLETS 67 

is desired. We would like to point out that the suitable range of applicability of RG 
theory for droplet sizes depends on the degree of the optical softness of the object. If the 
difference between nLc and n, is smaller than 0.2, the suitable range may be larger than 
0.3 pm and corresponding scattered light may, therefore, be concentrated within 
smaller scattering angles, which will bring about convenience for the experimental 
observation of scattering patterns. We would further note that actually, it is an 
anisotropic sphere with the bipolar director configuration surrounded by an isotropic 
medium that is dealt with in this paper. Nematic droplets in PDLC films are only taken 
as an example because of their prospective applications. 

The scattering geometry for a bipolar nematic droplet is defined as in Figure 2, where 
the (x, y, z) coordinate system is the droplet axis frame with the z-axis located at the 
droplet symmetry axis, whereas (X, Y, Z) coordinate system is the lab frame which is 
determined by the directions of light incidence and polarization. 0 and @ are the 
nutation angle and precession angle respectively. Since the bipolar droplet has 
cylindrical symmetry, the y-axis can be confined in XOY plane. The rotation angle is 
therefore fixed at zero. The incident and scattered beams are denoted by the unit 
vectors so and sr respectively, then the propagation vectors can be written as 

s=so - s r  (6) 

where I, J and K are the basic vectors of the lab frame; 9 and p are the scattering angle 
and azimuthal angle respectively, as defined as in Figure 2. 

After transforming s into the droplet axis frame, we can get 

kr-s = U ( s ,  s in j  sina cosq + s2 s i n j  sina sinq + sj cosa) (7) 
where 

and 

I 9  9 9 
2 2 2 

s1 = sin- cos0 cos@ - cos- sinp cos 0 sin@ + cos-cospsin 0 (9.1) 

9 9 
s2 = - sin-sin@ - cos-sinpcos@ 

2 2 

9 .  9 9 
2 2 2 

s j  = sin-sinOcos@ - cos-sinp sin 0 sin@ - cos-cospcos 0 (9.3) 

The polarizability of nematic molecules is of an uniaxial symmetry, the vector M can, 
therefore, be separated into two parts, parallel and perpendicular to the director, then 
we have 
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68 J. DING AND Y. YANG 

where n is the director, u,, and uI are the polarizabilities parallel and perpendicular to 
the director respectively, and us is the polarizability of the isotropic medium, E is the 
vector of polarized incident electric field with E = E ,  K. 

In this paper, Hu and Vu scattering from bipolar nematic droplets are investigated. 
As is well known, Hu scattering refers to the scatering with analyzer perpendicular to 
the polarization of the incident light, i.e., 0 = J, while Vu scattering refers to the 
scattering with analyzer parallel to the polarization of the incident light, i.e., 0 = K. 
Then, we get 

- a u E 0  (A, sinzpcosZucosZqJ +A,  sin2/?cos2usincpcoscp 
(M'o),u = 1 - (COSS cosu), 

+ A, sinp sinu cosa coscp + A ,  sinp sinu cosu sin cp + A, sin%) (11) 

U l Z E O  (M.0)"" = UzoE, + - (cosgcosu)"~' sin2Bcos2aCOS2cp 

+ B, sinp sinu COSCL coscp + B, sin%) (12) 

where 

and Ai and Bi are defined as follows: 

A, = sin@cos@ sin@ 

A, = sin@ cos@ 

A, = sin@(cos2@ - sin2@) 

A, = COSO COS@ 

A , =  - A ,  

(15.1) 

(15.2) 

(1 5.3) 

(1 5.4) 

(1 5.5) 

and 

B, = sin2@ (16.1) 

(1 6.2) 

B, = C O S ~ @  (16.3) 

B ,  = 2sinO cos0 

After substituting Equations (7), (11) and (12) into Equation (3) and completing the 
integration (for the details, c.f., Appendix A), we finally obtain, in series, the exact 
solutions for H u  and Vu scattered amplitudes from a single bipolar anisotropic sphere 
such as a bipolar nematic droplet under RG approximation. 
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LIGHT SCATTERING FROM BIPOLAR NEMATIC DROPLETS 69 

Our results are 

where 

m!(n + m +2)!(2k + 2m)!(n - k + 1) 
(2n + 2m + 5)!(n  + m - k + 2)!(k + m)!(2k + l ) !  

Cmnk = 2( - l)”U%;k(l - S ; ) ” - k  

and 

+A34(2k+2m+ l ) ( n - k ) ( n + m - k + 2 ) 3  
1 -s; 

+ A44(2k + 2m + l)(n - k) (n  + m - k + 2)- 
1 -s; 

+ A54(n - k + 2)(n + m - k + 2)(2k + 1) 

1 2(n - k)s: 
Qmnk = B ,  (2k + 2m + 1)(2k + 1) 

1 -s; 

’1 s3 + B24(2k + 2m + l)(n - k ) ( n  + m - k + 2)- 
1 -s; 

+ B34(n - k + 2)(n - m - k + 2)(2k + 1) (21) 

It is worthy of emphasizing that the formulae are suitable for any orientation of the 
droplet axis. When a12 equals zero, i.e., all = a, = a, the formulae are reasonably 
reduced to those describing SALS from an isotropic sphere under RG approximation: 

3 
E(Vu)= KEoV-(a-a,)(sinU- u3 UcosU) (23) 

It should be complemented that in principle, Hu scattering from an isotropic sphere 
can occur.” However, Champion et d2’ declared that even within the RG approxi- 
mation, Hu scattering from an isotropic sphere might be measured, and Meeten” did 
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70 J. DING AND Y. YANG 

observe Hu scattering from "micron-diameter isotropic and spherical polymer latex". 
We would like to argue that there is no measurable small angle light scattering from an 
isotropic sphere when RG theory is applicable. The extra terms in Equations (23) and 
(24) in Reference 21 can be neglected if the entity is optically soft and observed within 
small scattering angles (these two conditions have, in fact, been introduced by them). 
We also doubt that the latex can be regarded as a completely isotropic sphere, because 
the latex is coated by a lyotropic polymeric LC surface. Although this anisotropic layer 
is thin, corresponding H v  scattering might not be neglected when the main body of 
latex is isotropic. 

2.3. Analytical Interpretations under Approximations 

Analytical formulae always bring about convenience for calculation. However, the 
analytical expressions for SALS from particles are scarce. Fortunately, calculations in 
computer reveal that the series given above converge rapidly, especially for the index m. 
This can be shown by comparison of the calculated scattering patterns for the bipolar 
droplet with a typical orientation of the droplet axis (see Figure 3). Figure 3 indicates 
that even under zeroth order approximation (m = 0), the output already embodies the 

m=O 
v u  

m = 0-1 m = 0-10 

FIGURE 3 Theoretical H u  and V u  scattering patterns for the bipolar nematic droplet with 0 = 0" and 
CP = 0" calculated under zeroth, first and tenth order approximations. For Vu scattering, aI2 = 1 and a2,, = 0. 
(4 = 0.6328 pm; R = 10 pm; area shown: 8" x 8" for 9). 
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LIGHT SCATTERING FROM BIPOLAR NEMATIC DROPLETS 71 

main characteristics of the final scattering pattern, and the first order approximation 
(rn = 0 - 1) can be accurate enough to deal with the light scattering in small angle from 
the bipolar nematic droplet. This result has been proven justified both for Hv and VY 
scatterings in the case of other complicated orientations of the droplet axis. 

By setting rn = 0 or rn = 0 - 1 and summing up the indices n and k,  we obtain the 
analytical interpretations for SALS from a single bipolar nematic droplet under the 
zeroth and first order approximations respectively. The theoretical results under the 
first order approximation are given as follows: 

a1 2 E(Hu)  = 3KE,V 4u7 [ H ,  U'cosU + H ,  U4sinU + H3U3cosU 
( 1 - s  1 

+ H ,  U2sin U + H ,  U cos U + H ,  sin U 

+ H ,  U3cos(s3 U )  + H, U 2  sin(s, U )  + H9U cos(s, U)] (24) 

where 

H ,  = A , (  - 1 + 8s; - 18s; + 16s; - 5s:) 

+ ( A ~ s ,  + A ~ s J s ,  (7 - 64s: + 150s; - 128s: + 35s:) 

+ A , 5 ( -  1 +7~:)(1 -s3)" (25.3) 

+ A s  15(1 - 7si)(l-  s:), (25.4) D
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12 J. DING ANDY. YANG 

H7=4(1 - s ; ) [ A , (  - 1 +s: + 4 s : ) + A , 4 ~ ~ ~ ~ ]  (25.7) 

H9 = %[A1 (1 - ~z - 6s:) - A26s1 s2 ]  (25.9) 

E l  2 - sinU - Ucos U 
(1 - sj)4U7 

x [ V , ~ ~ C O S U +  V2u4sinU+ V3U3cosU 

+ V4U2sinU+ V / , ~ c o s U +  V6sinU 

+ V7 U3cos(s3 U )  + V ,  U 2  sin(s3 U )  + V ,  U cos(s3 U ) ]  (26) 

where 

v3 = B , [  - 1 + 8.4 - 18s; + 16s: - 5s: 

+ S: (7 - 64s; + 150s: - 128s: + 35s;)l 

+ B2s1s3(l- s:)( - 21 + 85s; - 99s; + 35s:) 
+B35(- 1 +7~:) (1  - s ; ) ~  (27.3) 

V ,  = - 30( 1 - ~ i ) ~ [ B , ( l  - 7s:) + B,7s,s3 + B3( 1 - 7g) ]  (27.6) 

V g  = B ,  24(1- s: - 6s:) (27.9) 
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LIGHT SCATTERING FROM BIPOLAR NEMATIC DROPLETS 13 

All the theoretical scattering patterns for bipolar nematic droplets given in the next 
section are calculated with the formulae under the first order approximation. For 
comparison, the analytical interpretation under the zeroth order approximation are 
presented in Appendix B. 

3. SERIES OF THEORETICAL SCATTERING PATTERNS 

3.1. Scattering Patterns for Seven Typical Orientations 

Different from the radial sphere, the bipolar droplet has a cylinderic symmetry axis, 
therefore the orientation of the droplet axis must be taken into considerations. 
Attention is paid to seven typical orientations. All the expressions for SALS from the 
bipolar droplet in this paper have no limitation to the orientation of the droplet axis at 
all. Hence, the analytical expression for the scattered amplitude from a single bipolar 
droplet with any specific orientation can be written down readily. In order to see the 
variabilities of the scattering patterns for the bipolar nematic droplets and to bring 
about convenience for later consulting, a series of Hu scattering patterns for the bipolar 
nematic droplet have been calculated and are shown in Figure 4, while Vu scattering 
patterns, in Figure 5. For each pattern, corresponding orientational angles, namely, 
0 and @, are marked below. The given patterns are calculated for the first order 
approximation. It is necessary to note that for each pattern, the zeroth order approxi- 
mation and the first order approximation are checked carefully and proven both 
effective. 

Vu scatterings such as leaf-orientations of scattering patterns are sensitive to the 
relative polarizabilities between anisotropic entities and isotropic mediums very 
m u ~ h . ' ~ . ' ~  Typical relative polarizabilities are considered with four groups of propor- 
tions of a,, and azo: (0, l),(l,O),(l, 1) and (1, - 1). The case (0,l) refers to an isotropic 
sphere and is, therefore, not shown in Figure 5. The Vu scattering with any combina- 
tion of a,,., a, and as, in our opinion, results from the sum of two kinds of scatterings in 
the amplitude way: one is the isotropic type in the case of (0, l), the other is the so called 
anisotropic type in the case of (LO), which is contributed only by the anisotropic 
contrast factor aI2 .  This can be seen both from Equations (18) and (26) and from 
scattering patterns in Figure 5. Hence, it is the proportion of al, and az0 that 
determines the final Vu scattering pattern for a nematic droplet with a definite director 
configuration and a definite orientation of the droplet axis. Therefore, the scattering 
pattern with (a, ,, azO) taking the proportion of (1,O) is a key to describing a series of V u  
patterns with different relative polarizabilities. 

It should be noted that the results obtained from a single nematic droplet cannot be 
extended to that from a PDLC film in principle, because the PDLC film is a system with 
multiple particles. Just as Zumer et al.' has indicated, the spatial distribution of the 
scattering objects influences the transmitted light through two effects, interference and 
multiple scattering. Nevertheless, these two effects are neglected tentatively in present 
paper, since we pay attention not to scattered intensities quantitatively, but to the main 
characteristics of scattering patterns qualitatively. Similar to the case of SALS from 

of a Bipolar Nematic Droplet 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

2:
26

 1
8 

Fe
br

ua
ry

 2
01

3 



74 3.  DING ANDY. YANG 

@ = O O  0=90",  @=90" 0 = 4 5 " ,  @=o" 

0=90" ,  CD=45" 0 = 4 5 " ,  @=90" 0 = 54.7", @ = 45" 

FIGURE 4 Calculated H o  scattering patterns for the bipolar nematic droplet with seven typical orienta- 
tions of the droplet axis. The orientational angles 0 and @ are noted below each corresponding scattering 
pattern. Other pertinent parameters are the same as those in Figure 3. 

~pherulites,'~-'~ the scattering pattern for a single bipolar nematic droplet with 
a typical orientation of the droplet axis may, in our opinion, reflect the characteristic 
pattern for multiple bipolar droplets with the same orientation and the same size, 
provided that the scatterings from different particles are incoherent. This may be 
usually justified in the case of PDLC because the positions of nematic droplets in 
PDLC films are usually distributed randomly in the illuminated volume and the 
numbers and orientations of scattering sites are difficult to fluctuate in such a kind of 
solid films. To neglect multiple scattering is also not a severe limitation because it does 
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LIGHT SCATTERING FROM BIPOLAR NEMATIC DROPLETS 75 

@=45", @=o" 
FIGURE 5 Calculated Vu scattering patterns for the bipolar nematic droplet with seven typical orienta- 
tions of the droplet axis under three kinds of relative polarizabilities (al2, az0).  Other pertinent parameters 
are the same as those in Figure 3. (To be continued) 
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76 J. DING AND Y. YANG 

@=go", @=45" 

0 = 4 5 " ,  @=90" 

not predominently affect the distribution of the scattered light from the relatively thin, 
optically soft PDLC films. 

3.2. Scattering Patterns for the Random Orientation 

Droplet axes will be oriented randomly if no external field is imposed on PDLC films in 
sample preparati~n.~ Neglecting interference effect and multiple scattering, we express, 
for simplicity, the total scattered intensity as the sum of the scattered intensities from all 

of Bipolar Nematic Droplets 
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LIGHT SCATTERING FROM BIPOLAR NEMATIC DROPLETS 17 

FIGURE 6 Calculated H u  scattering pattern for the bipolar nematic droplets with the random orientation 
of droplet axes. The pertinent parameters are the same as those in Figure 3. 

FIGURE 7 Calculated Vu scattering patterns for the bipolar nematic droplets with the random orientation 
of droplet axes under four groups of relative polarizabilities, (al2, a2J. Here, the case (0,l) represents V u  
scattering from an isotropic sphere. Other pertinent parameters are the same as those in Figure 3. 

nematic droplets with the same size but with various orientations of droplet axes. 

I = Jo2ff [ ; I ( @ ,  @)sin 0 dodo 1 Jozn 1; sin @ d @ d a  (28) 

In the following calculation, the integration was converted into summation: 
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It should be noted that such a treatment is not strict and is tentatively used by the 
authors to obtain some characteristics of scattering patterns instead of quantitative 
scattered intensities. Calculated results indicate that it is fine enough to take A 0  = 10” 
and A@ = 18”. The corresponding Hu and Vu scattering patterns are shown in 
Figures 6 and 7 respectively. For the sake of comparison, Vu scattering from an 
isotropic sphere, i.e., aI2  = a,, - a, = 0, is shown in the first pattern of Figure 7. 

4. EXPERIMENT OF SALS FROM PDLC FILMS 

The method of polymerization-induced phase ~eparation’~.’~ was used to prepare two 
kinds of samples, PMA-based PDLC and epoxy-based PDLC. The PMA-based 
PDLC film was made from the solution of a kind of low molecular nematic liquid 
crystal, E7 (BDH Ltd) dissolved in the mixture of methyl acrylate monomer and 1 % of 
UV initiator, AIBN, in a 1 : 2 weight ratio. The solution was sandwiched between two 
glass plates with spacer about 40 pm. The sandwich was then exposed in UV made with 
radiation from a 200 W medium pressure mercury arc 30 cm away from the sandwich 
for 30 s. The phase separation took place with the polymerization of monomers into 
Poly(methy1 acrylate) (PMA) and nematic droplets were hence formed. In preparation 
of epoxy-based PDLC, the nematic E7, epoxy resin (E-51) and amine curing agent 
(triethylenetetramine) were mixed thoroughly with the proportion 1 : 1 :0.6 by weight, 
the mixer was also sandwiched between two glass plates with spacer about 40 pm. Then 
the film was cured at 70 “C for 2 hours and the epoxy-based PDLC resulted in phase 
separation. The refraction index of the liquid crystal has the principal values n, = 1.7 
and no = 1.5 while the bulk epoxy resin has index n, = 1.5. (Actual polymer index may 
increase to some degree with part of liquid crystals retained in the solid matrix and the 
condition of optical softness can therefore be satisfied better). 

By means of polarized optical microscopy (POM), the authors have elucidated that 
the nematic droplets in the PMA-based PDLC and the epoxy-based PDLC have the 
radial and bipolar director configurations respectively, and the principal axes of 
bipolar droplets are oriented r a n d ~ m l y . ~ ~ ’ ~ - ~ ’  Observed under a Leitz polarizing 
microscope, the droplet sizes of both samples are relatively uniform ( R  - 5 pm), and the 
difference is that all droplets in PMA-based PDLC have cross extinction while those in 
epoxy-based PDLC take various extinction patterns. Corresponding theoretical and 
experimental work have been or will be published e l ~ e w h e r e . ~ * ’ ~ * ~ ~  

SALS measurements were carried out on a home-built apparatus with He-Ne laser 
(1 = 632.8 nm) as the incident light source. The detailed description of the apparatus 
can be found in Reference 13. The Hu and Vu scattering photographs of the two 
samples are shown in Figures8 and 9. For each photograph, the corresponding 
theoretical pattern is given. 

It should be pointed out that one of the RG approximation conditions given in 
Equation (5) is not realized considering the large average radius of the nematic droplets 
and the refraction difference of E7, although each theoretical pattern in Figures 8 and 
9 do be in good agreement with corresponding experimental one. Similar phenomenon 
can frequently be observed in the field of spherulites and is well known by polymer 
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LIGHT SCATTERING FROM BIPOLAR NEMATIC DROPLETS 79 

Experimental 

Theoretical 

Hu vu 
FIGURE 8 Experimental Hu and V o  laser scattering photographs of nematic droplets in the PMA-based 
PDLC-film and the corresponding theoretical scattering pattern on assumption of the radial director 
configuration, and furthermore for the Vo scattering, on assumption of relative polarizabilities similar to the 
case a, = 1 and azo = 0. 

physicists.' 3-15 It indicates that the characteristics of scattering patterns for anisot- 
ropic spheres within relatively small scattering angles are mainly determined by their 
internal director configurations and by the orientations of principal axes, and that they 
will not change seriously with sizes. It further implies that the applicable range of the 
series of scattering patterns given in this paper (not of the quantitative scattering 
intensities) might be wider than that restricted by Equation (5). But we should keep 
cautious in application of this extension, since RG theory is only qualitative for large 
droplets. Therefore, a precise comparison testing of the RG approximation with AD 
approximation' ' or even with Mie's scattering is desired to determine in 
what region the RG theory is still appropriate for nematic droplets in PDLC films. 

5. RESULTS AND DISCUSSIONS 

In the past three sections, SALS from the bipolar nematic droplets has been inves- 
tigated theoretically and partly confirmed experimentally. Three immediate applica- 
tions of scattering patterns will be pointed out and discussed in this section. 
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80 J. DING ANDY. YANG 

Experimental 

Theoretical 

HV VV 

FIGURE 9 Experimental H u  and Vu laser scattering photographs of nematic droplets in the epoxy-based 
PDLC film and the corresponding theoretical scattering pattern on assumption of the bipolar director 
configuration with droplet axes oriented randomly, furthermore for the V u  scattering, on assumption of 
relative polarizabilities similar to the case a,, = 1 and azo = 0. 

5.1. Characterization of Director Configurations 

The behaviour of the external field response of nematic droplets is effected by their 
director configurations. It is, therefore, very important to find out some methods to 
characterize the director configurations of nematic droplets. POM is one of good 
m e t h o d ~ , ~ * ~ ~ ~ ~  however, submicron nematic droplets can not be observed clearly under 
a polarizing microscope. 2H-NMR may be useful in the case of submicron nematic 
droplets,29 but it requires the use of deuterated LC samples. As has been indicated in 
the first section, nematic droplets in PDLC films have suitable sizes for SALS studies. 
The possibilities of determing the nematic director structure and the droplet size from 
experimental light scattering data have been pointed out by Zumer et al.” and will be 
confirmed in this section. 

For comparison, the expressions for the scattered amplitudes from a single radial 
droplet or polymer spherulite’ 3,14 are rewritten as follows: 

E(Hu)=KE,Vijj;~,,~os2-sinpcosp(4sinU- 3 I 9  Ucos U - 3 S i U )  (30) 
2 
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LlGHT SCATTERING FROM BIPOLAR NEMATIC DROPLETS 81 

FIGURE 10 Calculated H u  scattering pattern for the radial nematic droplet. The pertinent parameters are 
the same as those in Figure 3. 

(1,1) (1, - 1) 
FIGURE 11 Calculated V u  scattering patterns for the radial nematic droplet under four groups of relative 
polarizabilities (a l2 ,  a2,,). Other pertinent parameters are the same as those in Figure 3. 

a,,(sin U - U c o s  U)+a, ,  

11 9 
2 

+ cos2--cos2p(4sin U - Ucos U - 3SiU) 

where 
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82 J. DING AND Y. YANG 

Corresponding Hv and Vu scattering patterns are shown in Figures 10 and and 11. 
By comparing the scattering patterns given in Figures 4-7 and those in Figures 10 

and 11, it is clear that the orientational dependence of the scattering patterns is peculiar 
to the bipolar nematic droplets and the difference among these scattering patterns is 
large enough to distinguish bipolar and radial director configurations. It also provides 
a method for estimating the orientation of the droplet axes for bipolar nematic droplets. 
Even the random orientation of bipolar nematic droplets can be discriminated from 
any uniform orientation. 

It seems worthwhile to emphasize again that the scattering patterns for all kinds of 
nematic droplets except a radial one depend strongly on the orientation of droplet axes, 
and experimental scattering photographs should be interpreted with great caution. 
Margerum et al. reported a wonderful work on effects of off-state alignments in PDLC 
films.24 But some analyses were not given in precise term, although their physical 
picture had no fundamental mistake. According to their observations that the laser 
scattering patterns for PDLC films were altered by the EJield polymerization induced 
phase separationformation, they analysed that without a formation field, the scattering 
patterns were related to a tangential nematic droplet alignment, but with increased 
formation fields the scattering patterns showed increased evidence for the presence of 
a radial director alignment as well. Again, they attributed the decreased scattering from 
PDLC films formed in presence of transverse E fields to Jield-induced radial director 
alignment. (No scattering photograph was given in that paper). However, as we know, 
the radial director alignment is always related to a perpendicular boundary anchor- 
ing,7.30 hence the tangential nematic droplet alignment can not be altered into a radial 
one with increased formation fields. The key is that the droplet axis may be oriented 
orthogonal to the sample plane with strong enough external fields, and corresponding 
scattering patterns are really difficult to discriminate with that from a radial droplet or 
a spherulite. In this case, most of nematic molecules within droplet are parallel or 
almost parallel with the incident light under normal incidence, therefore seems 
isotropic under this visual angle. Considering further the fact that the relation aL - a, 
holds in PDLC films as usual, little contribution to the scattered light including V u  
scattering is made by this part of nematic molecules in the sample with the formation 
field. That is the real reason that the scattering from PDLC films was decreased and 
such an experimental phenomenon has also been observed by us.25 Actually, the term 
Jield-induced radial director alignment should be replaced by Jield-induced orthogonal 
orientation of droplet axis. The difficulties in explaining correctly the scattering 
photographs come mainly from lack of series of standard scattering patterns for 
nematic droplets. To resolve such a problem is just one of original motives for us to 
study SALS from nematic droplets and to present series of calculated scattering 
patterns. 

5.2. Evaluation of Relative Polarizabilities 

A composite system may have complicated relative polarizabilities among a,,, aL and tl,, 
which is important in practical applications. For instance, the relation tlL - a, should 
hold in a PDLC film as usual, in order to obtain high contrast ratio by decreasing 
scattering in electric field on state. V v  scattering such as leaf-orientations of the 
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LIGHT SCATTERING FROM BIPOLAR NEMATIC DROPLETS 83 

scattering patterns has been widely used to evaluate the relative polarizabilities 
between polymer spherulites and isotropic mediums.13-15 It is also effective for 
nematic droplets according to theoretical and experimental results in this paper 
(Figures 5,7-9 and 11). Although the evaluation is never quantitative, it does be helpful 
in practice for us to adjust the polarizabilities of the polymeric mediums in PDLC films. 

5.3. Measurement of Droplet Sizes 

The determination of the angular position of the scattering maximum in H u  scattering 
pattern affords a rapid means for measuring the average size of particles. It had been 
a traditional method in the case of polymer spherulites after the original work made by 
Stein et ~ 2 . ~ ~ 9 ' ~  The scattering maxima in Hu scattering pattern are located along the 
azimuthal angle p = f 45" (see Figure lo), and corresponding 9, can, therefore, be 
measured conveniently with the photographic light scattering technique, then the 
average radius of scattered spheres in the illuminated volume, R, can be obtained 
because the wavelength of the scattered light within medium, A,,,, is known as usual and 
the value U at the scattered maximum, denoted as U,,,, keeps basically constant within 
a certain range of sizes with the relation as  follow^:'^ 

4aR . 9, 
' m  2 

U ,  = - sin - = 4.09 (33) 

The formula for the radial nematic droplets is the same as that for ideal spherulites. 
Similarly, a series of 9, under different droplet radii are calculated, from which the 
formulae to measure the sizes of the bipolar nematic droplets are obtained: Urn = 4.68 
for the bipolar nematic droplet with (0, a) taking (90", 0') and the scattering maxima 
are located along p = k 45"; U,,, = 3.86, with (0, a) both taking (Oo,Oo) and (90", 900) 
and in these cases, the azimuthal angles deviate slightly from & 45" (see Figure 4). The 
degree of deviation is relevent to the average size of measured droplets. As the H u  
scattering maximum for the bipolar droplets with the random orientation of droplet 
axes is located at the center of the scattering pattern, only the angles corresponding to 
high order scattering maxima such as the second and third order scattering maxima 
might be detected, with U,,, = 8.35 and U ,  = 11.90 respectively. High order scattering 
maxima in this case are located along p = f 45" (see Figure 6). It has been found that 
the measured sizes by SALS agree satisfactorily with those by POM. For instance, the 
nematic droplets have an average radius R = 5.1 k 0.3 pm according to the Hu pattern 
after the refraction at the glass-air surface has been revised, while by POM measure- 
ment, R = 4.9 f 0.7 pm. 

Equation (33) indicates that smaller nematic droplets give scattering patterns at 
larger angles. Nematic droplets smaller than 1 pm may be studied using a similar 
theoretical interpretation with photometric data, but too small nematic droplets might 
bring about difficulties for measurement although the light scattering technique can 
still be used in principle. It should also be noted that the constants given above are 
obtained according to the elliptic model. If the bipolar director deviates from that 
described by such an ideal model, the value of U,,, may change to some degree. 
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84 J. DING AND Y. YANG 

Moreover, the exact value of U, depends on particle sizes and size distributions as well 
as relative polarizabilities, as Champion et al. indicated.21 It is also necessary to 
mension that the RA approximation will modify the position of interference maxima 
and minima, although it does not change the general structure of the pattern. For large 
droplets, this approach is only qualitative. Hence in many cases, the average size of 
nematic droplets can only be estimated. But anyway, SALS affords a good method to 
compare relatively the average sizes of particles in a series of samples. 

6. CONCLUSIONS 

From this study, we conclude that SALS can serve to distinguish the bipolar nematic 
droplet from a radial one, and further to discriminate the orientation of the bipolar 
droplet axis, which has been emphasized. The relative polarizabilities of PDLC films 
can also be evaluated by Vu scattering patterns, and the average size of droplets can be 
measured or estimated readily by H u  scattering. Since the electro-optic response 
mechanism of PDLC belongs to a scattering type, it is very important to calculate 
transmittance ratio by measurement or calculation of scattering i n t e n ~ i t i e s . ~ * ~ ~ - ~ ~  The 
treatment method and some results in this paper can be extended to deal with the total 
scattering effect of multiple nematic droplets. Finally, it should be noted that these 
results would also be suitable for the other anisotropic objects such as crystalline ones 
provided that they had the same director configurations as nematic droplets. The 
authors are confident that SALS will be a powerful technique to make extensive studies 
on anisotropic systems with various self-organized structures. 
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APPENDIX A: Derivation of Equations (17)-(21) 

By Jacobian transformation of the volume element, we have 

3 
4n dR = - V sin p cos j? sin3 a dads d q  

where V is the volume of the nematic droplet. Substituting Equations (1 l), (12) and 
(A.l) into Equation (3), the integral expressions for Hu and Vu scattered amplitues can 
be readily written as: 

E(Hu)  = - 3KE0 V a l ,  

and 

where Iobcde is defined as: 

n ~ 2 ( s i n ~ ~ + ' ~ o ~ ~ ( s i n o r ) b + 3 ( c ~ ~ a ) C ( s i n q ) d ( ~ ~ ~ q ) e  
x e-ikr.s dP da d q  Iabcde = ' 471 s' 0 [ 0 1 - COS28 cos% 

(A.4) 

The bipolar nematic droplet has a symmetry point at the center of droplet, hence the 
term exp( - ikr-s) in Equation (A.4) can be simplified into cos(kr.s). With Taylor 
expanding, 
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and 
1 W 

Substituting Equations (7), (AS) and (A.6) into Equations (A.2)-(A.4) and integrating 
term by term, the final expressions for SALS from a single bipolar nematic droplet can 
be obtained (see Equations (17)-(21) in Section 2.2). 

APPENDIX B: Analytical Formulae under the Zeroth Order Approximation 

Since the results of the zeroth order approximation for the index m can already reflect 
the main characteristics of the final scattering patterns, it is worthwhile to present 
corresponding analytical interpretations in the appendix: 

E(Hu)  = 3 K E ,  V [ H , ,  ~ c o s  u + H,, UZsin u 
( 1  - s3)3 u5 

1 + Ho3 Ucos U + Ho4 sin U + H , ,  Ucos(s3 U )  

where 

H,,= -A12(1 -s3-4sf)fA,8s1s, (B.2.5) 

and 

- a12 sin U - Ucos U 
u3 ( 1  - s33 u5 

E(VU) = 3 K E ,  V 

x [ v,, ~ c o s  u + V,, UZsin u + VO3 u cos u 

+ VO4 sin U + Vo5 Ucos(s3 U )  11 
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v,, = - B ,  2( 1 - s: - 4s;) (B.4.5) 

in which the other variables are denoted in Section 2. 
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