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The optical mass transport (OMT) method was utilized to study the cholesteric pitch 
as a function of thickness at the cholesteric-nematic phase transition in a wedge-type 
diffusion cell at two different geometries. We obtained a linear relation between the 
cholesteric finger print pitch (PJ and the film thickness (L,) at the critical cholesteric- 
nematic boundary layer. The measurements were done by direct observation via an 
optical microscope. Due to the presence of the concentration gradient, the surface 
anchoring is weakened and large pitch values within the range of LJP, 0.15 were 
established. The thickness gradient as well as the concentration gradient showed sys- 
tematic linear effects on the data. We found a qualitative agreement between the 
present experimental data and that of a previous theory. 

INTRODUCTION 
Field induced cholesteric-nematic phase transition is a well known 
phenomenon in the liquid crystal. This has led to interesting electro- 
optical properties in display and addressing technology. The choles- 
teric-nematic transition induced by external fields was first treated 
theoretically by de Gennes' and Meyer2 and has been observed ex- 
perimentally by Wysoki, Adams and Haas3 by the application of the 
electric field. 

The undulation of the cholesteric helix at the cholesteric nematic 
transition depends not only on the sign of the dielectric anisotropy, 
the diamagnetic susceptibility and the direction and intensity of the 
applied external forces, but also depends on the type of the surface 
treatment and the strength of the liquid crystal-surface interactions. 

?Present Address: S.C. Johnson &Son, Inc., Corporate Research, Racine WI 53403. 
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286 H. HAKEMI 

In the absence of the external field, the influence of the surface 
anchoring may be so important that it can determine the instability 
and dilation of the cholesteric structure, resulting into a cholesteric- 
nematic phase transition. These surface effects are particularly im- 
portant when the sample thickness is comparable with or smaller than 
the pitch of the cholesteric helix and surfaces have been treated to 
give homeotropic (perpendicular) alignment. The homeotropic 
boundary condition (in which helix axis is parallel to surfaces) are 
not compatible with a regular, uniform planar texture (formation with 
helix axis perpendicular to surfaces) and if the sample is thin enough, 
the boundary conditions dominate and a cholesteric-nematic phase 
transition is observed. The boundary induced cholesteric-nematic 
transition of long pitch cholesteric liquid crystals with homeotropic 
alignment has been reported by H a r ~ e y . ~  It has been shown that in 
a uniformly concentrated cholesteric mixture under a thickness gra- 
dient, the undulation of the cholesteric pitch would occur at sample 
thicknesses comparable with the undisturbed pitch values. This author 
has not reported the relation between the critical thickness (at the 
cholesteric-nematic transition) and the value of the disturbed (storage 
mode or finger-print) pitch, observed directly at the phase transition. 
The ratio between the undisturbed pitch value obtained by can0 
wedge method and the tilted pitch value from the finger-print texture 
at the critical thickness should be directly proportional to the surface 
boundary effect. The relation between the degree of the tilt of the 
cholesteric pitch and the strength of the surface anchoring has not 
yet been verified quantitatively. 

In general, the surface forces act strongly on the long-pitch and 
weakly on the short-pitch cholesterics. In the small thickness-to-pitch 
ratios; e.g. L/p < 0.2, if the homeotropic surface anchoring is strong, 
the nematic phase is usually stable (i.e. cholesteric-nematic transition 
occurs), whereas for weak surface anchoring a well defined cholesteric 
finger print is established.s- 

The theoretical treatment of the cholesteric storage mode (finger 
print) to the nematic phase in critical restricted geometries has shown 
that in the vicinity of the critical thickness the cholesteric pitch di- 
verges as a logarithmic function and by decreasing the plate spacing 
(film thickness) to a critical value, the system becomes nematic." 
The experimental verification of this theory has not yet been reported. 

The aim of the present work is to report a preliminary experimental 
results on the relation between the critical cholesteric finger print 
and the film thickness at the cholesteric-nematic phase transition 
induced by the surface effect. The surface induced phase transition 
is established by the diffusion study via the optical mass transport 
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CRITICAL PITCH THICKNESS RELATION 287 

(OMT) technique. The experimental details of this method has been 
mentioned elsewhere.I2 According to OMT method, when a choles- 
teric, or generally an optically active species, is allowed to diffuse 
into a uniaxially oriented homeotropic nematic thin film, the diffusion 
profile, consisting of a mass distribution resulting from the concen- 
tration gradient driving force, could be observed microscopically by 
the measurable cholesteric pitch gradient texture. The space and time 
analysis of such a texture has provided valuable data on the diffusion 
coefficients in these systems. l2, l37l4 

In a typical diffusion profile with homeotropic alignment, the effect 
of the surface interactions is to provide a distinct cholesteric-nematic 
phase transition boundary with the largest pitch value (lowest con- 
centration) at the diffusion front (See figure (2)). The critical cho- 
lesteric pitch value at this boundary layer remains constant during 
the diffusion process as long as the film thickness is uniform. There- 
fore, at constant temperature and pressure, there is a direct and 
spontaneous correlation between the critical pitch; P, and its corre- 
sponding surface geometry or film thickness; L,. In the present study, 
we used diffusion cells with thickness gradient to provide a condition 
for investigating the characteristics of the pitch-thickness relation at 
the cholesteric-nematic phase transition boundary layer. Depending 
upon the direction ,Of the thickness gradient; VL, with respect to the 
diffusion mass flux J, the critical pitch-thickness relation was obtained 
from either space or time analysis of the diffusion profile. The details 
of the diffusion experiment at non-uniform thickness and the method 
of pitch-thickness evaluation at the two corresponding geometrical 
boundary conditions are mentioned in section 11. In section 111 we 
give our experimental data on the critical pitch-thickness relation at 
the cholesteric-nematic boundary and study the effects of the thick- 
ness gradient and concentration gradient on these results. Compar- 
ison of our data with the available theoretical prediction gives a 
qualitative agreement. The quantitative testing of the theory would 
however require further knowledge on the material constants such 
as; the values of elastic constants and the surface energy coefficient 
of the system. 

(11) EXPERIMENTAL 

1. General 

The liquid crystalline materials used in the diffusion study are; a) 
cholesteryl-(R)-2 methyl valerate (R-CMV), which is utilized as an 
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288 H. HAKEMl 

optically active diffsant and b) 4-methoxy-benzylidene-4’-n-butylan- 
iline (MBBA), as the nematic matrix. The synthetic procedure and 
thermal properties of R-CMV, which has a monotropic smectic-A 
phase transition, has been described elsewhere. 15,16 The nematic MBBA 
was obtained from Eastman Kodak and used without further puri- 
fication. 

The diffusion cell was prepared by placing the nematic MBBA 
between a pair of lecithin coated microscope slides providing a uni- 
axial homeotropic orientation. The diffusion profile was established 
by allowing an infinitesimal amount of a 4% (wiw) solution of R- 
CMV/MBBA to diffuse linearly into the MBBA nematic matrix- at 
the ambient temperature of 25°C. The direction of the mass flux J is 
always perpendicular to that of the homeotropic alignment of the 
nematic director fi (see figure (1)). The continuous variation of the 
film thickness was accomplished by using mylar spacers with two 
different thicknesses at the corresponding ends of the diffusion cells. 
According to the relative direction of the thickness gradient; VL, to 
that of fhe mass flux $, two orthogonal geometries are established 
as: (1) JIIVL and (2) JIVL.  The schematic diagrams of these geo- 
metries are represented in figure (1). According to the schematic 
diagram of geometry (l), it is evident that two diffusion conditions 
of j 1 )  (+VL) and j 11 (-VL) may prevail. However, the present 
experimental study only concerns the latter condition as the geometry 
(1). Notice that in all experiments, the origipal direction of the ne- 
matic director fi is perpendicular to both J and VL, whereas the 

FIGURE 1 The experimental boundary conditions and parameters of the diffusion 
geometries (1) and (2). 
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CRITICAL PITCH THICKNESS RELATION 289 

FIGURE 2 The diffusion profile of R-CMV/MBBA system in the geometry (1) under 
crossed polars (68X). 

average direpions of the cholesteric helix axis are; 615 in geometry 
(1) and h 1 1  J in geometry (2). 

According to the nature of the diffusion boundary conditions in 
the geometry (l), the relation between the critical pitch; P, and its 
corresponding thickness; L, must be obtained from the time analysis 
of the diffusion profile. In figure (2) we show a photomicrograph of 
the diffusion profile at a time from which one data point for Pc-L, 
relation may be determined. In the geometry (2), however, the space 
analysis of the continuously varying P ,  will provide the total range 
of the P,-L, relationship. Figure (3) represents a photomicrograph 
of the typical critical pitch variation across the diffusion front as a 
function of the critical thickness. 

The determination of the apparent critical P, values in either ge- 
ometries (1) or (2) are done from the measurement of the periodicity 
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290 H. HAKEMI 

FIGURE 3 
crossed polars (68X). 

The diffusion profile of R-CMV/MBBAsystemin the geometry (2) under 

of the successive observed retardations; S,  at cholesteric-nematic 
boundary from the relation; P ,  = 2S,. The corresponding L, values 
are evaluated from the relation; 

where Lmin and L,,, are the minimum and maximum values of the 
plate spacing, W the width of the wedge and W, the distance of the 
corresponding p c  value from the thinner side of the thickness gradient. 
These parameters are described in figure (1). From the equation (l), 
the gradient of the film is described by; tan (a) = [(Lmax- L,,,)/W]. 
Notice that in the diffusion profile of geometry (2), since the diffusion 
front is tilted with respect to the source, the necessary modification 
of the wedge angle a, and correction of L, values has to be the 
considered. The pitch and thickness measurements were performed 
under an LKE Nickon polarization microscope equipped with an 
optical micrometer and a Polaroid camera. 

(111) RESULTS AND DISCUSSIONS 

A) Critical pitch-thickness relation: 

In figure (4) we present the experimental results of the critical pitch- 
thickness relation ( P ,  vs L, plots) at the two geometries (1) and (2). 
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8 0 0 0  

291 

I I I I 
L, ( io4cm 

50 too 

FIGURE 4 The critical pitch (PJ  - thickness (L,) relation in geometry (1) (dark 
circles) and geometry (2) (open circles) at different thickness gradients. See table (I) 
for the curve notations. 

In each geometry, the diffusion profiles were prepared at two dif- 
ferent thickness gradients by only varying the larger end of the wedge 
spacer. The experimental parameters of these geometrical boundary 
conditions are tabulated in Table (I). The data at larger thickness 
gradients in each geometry, which are denoted as experiments A1 
and A2, are obtained from three independent diffusion studies. 
Whereas, those at the smaller thickness gradients, denoted as B1 and 
B2, were acquired from a single diffusion experiment. 

From the data of figure (4), we find that P,-L, relation is dependent 
on both geometrical boundary condition and the thickness gradient. 
However, regardless of the above contributing effects, the general 
characteristics of the plots are predominately linear and within the 
first order approximation may be represented by the following phe- 
nomenological relation: 

P c  = P: + P L C  
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CRITICAL PITCH THICKNESS RELATION 293 

where P: is the apparent critical pitch value at the minimum exper- 
imental thickness limit, i.e. Lmin = 6.5 x cm and p, the pro- 
portionality factor, is the linear phenomenological slope of the p,- 
L, plots. We found that in the present R-CMV/MBBA, p is inde- 
pendent of the type of geometry or the thickness gradient aFd exhibit 
an average constant value of 3.8 L 0.1. The value and constancy of 
p must, hence, represent a measure of the material constants of the 
chemical components in the system and the nature and strength of 
the liquid crystal-surface interactions. 

B) Effect of the thickness gradient: 

The effect of the thickness gradient; VL on the P,-L, plots can be 
found by comparing the data at the same geometry with two different 
VL values. It is evident that the larger the thickness gradient the 
larger is the displayed pitch value, when measured at a constant 
thickness. The direct proportionality between VL and P, in either 
geometry (figure (4)) is a manifestation of the surface anchoring effect 
on stabilizing the cholesteric pitch. Obviously by increasing the thick- 
ness gradient, the liquid crystal-surface interactions is diminished 
which would cause the larger P, values at the cholesteric-nematic 
transition to be stable. This conclusion may be further confirmed 
from the data of figure ( 5 )  in which all P, values (in either geometry) 
are normalized against the corresponding thickness gradient by di- 
viding into tan (a). The plots of Poltan (a) vs L, in each geometry 
are basically following the same curve. In this figure, the experiments 
B1 and B2 exhibit slightly sharper slopes than those of A1 and A2, 
respectively. The source of this difference which cannot be singled 
out in the present work is most likely due to non-linear effect of the 
thickness gradient and, therefore, the effect of surface anchoring on 
the stability of the cholesteric fingerprint structure. 

C) Effect of diffusion geometry and concentration gradient: 

Regardless of the thickness gradient effect, when the data of figure 
(5) at the two geometries are compared, it becomes evident that the 
difference between the data in geometry (1) and (2) must predomi- 
nantly arise from the inherent difference in the manifestation of the 
cholesteric pitch between the time-frame and space-frame of the dif- 
fusion profile. More specifically, in geometry (1) where the concen- 
tration and thickness gradients are parallel, the apparent critical pitch 
values are smaller than those in the geometry (2), in which concen- 
tration and thickness gradients are orthogonal. The origin of this 
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seemingly non-ergodic behaviour may rest on the effect of the dif- 
fusion concentration gradient on the liquid crystal-surface interac- 
tions. Notice that in the case of the ergodic behaviour, all data in 
figure (5) are expected to fall on the same curve. In other words, P, 
in the time-frame experiment (geometry( 1)) is less influenced by the 
surface anchoring and, therefore, more influenced by the concentra- 
tion gradient than in space-frame experiment (geometry (2)). The 
quantitative verification of this result has yet to be attempted and 
requires the consideration of the_other experimental alternative (i.e. ; 
use of the boundary condition; J ( 1  ( + VL) in the geometry (1)). 

Other important aspect of the effect of the concentration gradient 
on the surface interaction energy, and consequently on the P,-L, 
relation, is the small range of LJP, ratio from the diffusion experi- 
ments. In the present study we found that LJP, S 0.1, whereas in 
the wedge-type cell at uniform concentration reported by Havery? 
this ratio was; LJP, = 1.0. The pitch values reported by the above 
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CRITICAL PITCH THICKNESS RELATION 295 

author have been determined from the planar texture by the Cano- 
Wedge techniq~e.~'  This represents values of the undisturbed pitch. 
Although no attempts have been made to report the apparent pitch 
(P ,  in this study) values from a microscopic analysis, our estimate 
from figure (1) of reference (4) shows that the estimated P, value are 
approximately the same as the undisturbed pitch value from Cano- 
Wedge method. Hinov et af."' reported the establishment of large 
cholesteric fingerprint texture with L,/P, < 0.2 under weak surface 
anchoring and Hirata et aL7 were able to obtain a stable stripe domain 
with the periodicity of 250 x cm (i.e. p = 500 x lop4 cm). 
The relatively small thickness-to-pitch ratio in the present diffusion 
experiments indicates that, in fact, there exists an additional liquid 
crystal-surface decoupling effect due to the concentration gradient. 
The consequent effect of the concentration gradient in reducing the 
surface anchoring is evident in the Pc-L, data of figure ( 5 ) ,  where 
the cholesteric pitch value as large as 800 x cm and LJP,  as 
small as 0.02 are obtained. 

D) Comparison with the theory: 

The theoretical model for storage-mode (fingerprint) cholesteric sys- 
tems has been developed by Luban et af." Accordingly, the equilib- 
rium behaviour of the director and the cholesteric pitch as a function 
of the film thickness (2L)  and surface energy coefficient (C), as well 
as the dependence of the critical thickness L, on C have been estab- 
lished. The result resembling de Gennes calculation in the case of 
the applied magnetic field ( l ) ,  has shown that as L is decreased to a 
critical value L,, the pitch diverges logarithmically when (L-L,) ap- 
proaches zero. Thus the system at L = L, experiences an induced 
cholesteric-nematic transition. At the cholesteric-nematic transition, 
the theory predicts a continuous relation between the reduced critical 
thickness t ,  = 2nLc/Pc and the normalized critical pitch denoted as 
C = Pc*C/4TK11, where C is the coefficient of the surface energy and 
K , ,  is the average elastic constant (assuming that K,,  = K2* = K33).  
Notice that in the above relations, Luban et al. have used the notation 
qo = 2n/h0, where h,==pc (see also equations 2.16 and 2.21 and figure 
( 4 )  in reference (11)). In figure (6) we show portion of t ,  vs C plot 
which has been originally calculated by Luban et al. and plotted in 
their figure (4). The dashed curve is the same plot at the limit range 
of C t S 0.1. The quantitative verification of this theory requires a 
knowledge of the C and Kll which are lacking in the present system. 
On a qualitative basis we, however, made a comparison between our 
data and the theory. The results of all diffusion experiments are 
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296 H. HAKEMI 

presented in figure (6) by 21~L,lP,vs P,/~IT tan (a) plots. The ordinate 
and abscissa are analogous to C, and t ,  of the theory. With the 
exception of the A1 data, the other results exhibit a qualitative agree- 
ment with the theory. The source of the curious behavior of the points 
in the A1 experiment is not clear. However, an agreement may be 
established if the upper portion of the data points are ignored. Re- 
gardless of this discrepancy, the general characteristics of the exper- 
imental data which is within the order of magnitude of the lower 
portion of the theoretical curve, i.e. (Ce,  = CL/K, , )  6 0.1, suggest 
that surface anchoring is weak (small C value). This is a further 
confirmation of the contribution of the diffusion concentration gra- 
dient in reducing the liquid crystal-surface interactions. Further quan- 
titative examination of this theory requires detailed knowledge of the 
material constant. The coefficient of the surface energy and partic- 
ularly, if the diffusion study is the experimental approach, the exact 
quantitative contributions of the concentration and thickness gra- 
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CRITICAL PITCH THICKNESS RELATION 297 

dients to the P&, relation are required, which is the task of future 
investigations. 
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