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The temperature dependence of optical rotation, static and dynamic Kerr-effect, and polarized 
and depolarized dynamic light-scattering for cholesteryl oleyl carbonate has been studied in a 
range including the isotropic liquid, homeotropic, and supercooled homeotropic states. Above 
the isotropic-cholesteric liquid crystal transition, marked pre-transitional effects are observed 
and are interpreted in terms ofthe build-up ofangular correlations between molecules. On super- 
cooling through this transition the observed magnitudes and correlation times are continuous 
well into the supercooled region, but show a smaller variation with temperature than that ob- 
served in the pre-transition range due, apparently, to a tendency for the angular correlation fac- 
tors to saturate at the lowest temperatures. Thesedata are discussed in relation to mean-field the- 
o ry  for mesogens and to the nature of the phase transformations between isotropic liquid, 
homeotropic liquid, and cholesteric focal-conic liquid crystal states. 

INTRODUCTION 

Numerous studies have shown that liquid crystal-forming materials may ex- 
hibit pre-transitional behavior in their isotropic state at temperatures just 
above the transition: isotropic liquid - liquid crystal. The pre-transitional ef- 
fects are most marked using techniques which are sensitive to the angular and 
spatial correlations between molecules, e.g., electro-optical Kerr-effect and 
quasi-elastic light-scattering. Studies using these techniques have been made 
for the nematogens MBBA,’-’ alkyl ~yanobiphenyls~,’ and alkyl cyano- 
phenylpyrimidines.* The observed properties (e.g. Kerr-constant) are a strong 
function of temperature and are usually analyzed using the Landau-de 
Gennes mean-field theorygP’’ in which it is proposed that the correlation 
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136 M. S. BEEVERS, D. A. ELLIOTT and G .  WILLIAMS 

length e (T)  may be proportional to (T  - T*)-Y where y is an unknown expo- 
nent and T* is a temperature slightly below the transition point T, for the tran- 
sition isotropic liquid - nematic liquid crystal. For nematogens T* is 0.1 to 1 
K below T,. Cholesteric mesogens have frequently been described as chiral- 
nematic mesogens because of similarities between the nematic and cholesteric 
phases. Cholesteric materials exhibit a complicated transition on heating and 
cooling. In the region of the overall transformation: cholesteric liquid crystal 
(focal-conic texture) * isotropic liquid, an intermediate state, called the 
“blue-phase” or “homeotropic-phase’*,l*’z may occur. The formation of the 
blue-phase and its range of existence has been of considerable interest for a 
number of years.”-” At the outset of this work, it was our intention to study 
the Kerr-effect of a cholesteric material in its isotropic state in order to obtain 
information which would be complementary to that obtained for nematic- 
forming and hence would examine the applicability of the 
mean-field theory to a cholesteric material. We chose cholesteryl oleyl carbon- 
ate (COC) a material which had been studied earlier in this laboratory using 
dielectric techniques. It soon became apparent that the Kerr-effect measure- 
ments were complicated because COC, in common with other cholesteric 
materials, is optically active. It was therefore necessary to examine the theory 
of the measurement of the static and dynamic Kerr-effect of an optically active 
material and this was done by Beevers and Elliott2s826 using a Jones-matrix 
representation of the electro-optical behavior of the material, in a manner 
very similar to that described by Watanabe.” During the course of our studies 
of the Kerr-effect and optical rotation 4 for COC as a function of tempera- 
ture, it became apparent that the material could be readily supercooled below 
the transition T(isotropic) - T(cho1esteric focal-conic liquid crystal). This 
enabled us to extend the earlier studies of d ( T )  for COC by Cheng and 
Meyer28*29 who had examined the region above this transition. In addition we 
thought it desirable to study the quasi-elastic light-scattering behavior for our 
COC sample in the isotropic and supercooled states so that dynamic Kerr- 
effect and dynamic light-scattering data could be compared for the same 
material. 

In view of the complicated nature of the transitions for cholesteric mate- 
rials, our account makes extensive reference to earlier studies made using a 
variety of techniques for a number of materials. In order to establish a consis- 
tent nomenclature for the pattern of behavior, it is useful to summarize the 
transformations which occur on heating and cooling the isotropic liquid. 
Whilst there are a number of accounts describing different cholesteric mate- 
rials we chooset to follow that given by Price and W e n d ~ r f f ’ ~ ” ~ ~  which they 

t Stegemeycr and Bergmann” have recently given a valuable account of the nature of the ho- 
rneotropic phase, CTl, and its relation to phases I and CTI. See also the Appendix of present 
paper for a discussion of the term T, for cholesterics. 
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FIGURE 1 The phase transformations of a cholesteric mesogen on heating and cooling in the 
vicinity of the transformation from isotropic liquid ( I )  to cholesteric liquid crystal (focal-conic 
texture) CTZ. Here CTI denotes the “homeotropic” or “blue” phase, ATindicates the degree of 
supercooling of CTI below the transition temperature T ~ c T ~ .  

deduced for cholesteryl nonanoate. Figure 1 shows a diagram adapted from 
the scheme of Price and Wendorff as shown in their Figure 5 of Ref. 14b. On 
cooling the isotropic liquid (I), the material forms a “homeotropic” or “blue- 
phase” labelled CTI at the temperature T I -  CTI. In the range T I -  CTI to T m -  CTI 

the phase CTl is stable but for TCTI -CT~ < T < Tcn-cTl the phase CTl is 
metastable with respect to the “white-phase” or “focal-conic” cholesteric 
phase CT2. For cholesteryl nonanoate the range of supercooling AT- may be 
as great as 8K. Ryumtsev and co-workersI3 showed that the effective time for 
the existence of the CTl phase was strongly dependent upon the degree of 
supercooling, AT, being, for cholesteryl nonanoate, 8,3 ,  1.5 and 0.2 hours for 
AT equal to 1 ,  2, 4 and 8K respectively, the process of transformation from 
CTl - CT2 being a nucleated one. On heating the CT2 phase the material 
undergoes a sharp optical clearing point at Tcm- CT1 a& further increase in 
temperature gives the clear transparent isotropic liquid I at TCTI-  I .  Ther- 
modynamically there appear to be two phase transitions on heating. For ex- 
ample Armitage and Price” found that as the temperature is raised for the 
CT2 phase, there is a sudden change to CTI at -0.5K below the transition 
TCTZ- I. For cholesteryl chloride and for cholesteryl myristate and 
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138 M. S. BEEVERS, D. A.  ELLIOTT and G .  WILLIAMS 

A H C T I - I  9 A H C T Z - C T ~  and AVCTI-I  9 AVCTZ-CTI; thus the transition 
CT2 - CT1, which is first-order, appears to involve only a slight reorganiza- 
tion of the material whilst that for CT1 - I is substantially greater. Very re- 
cently Armitage and Cox" studied the thermodynamic behavior of 442'- 
methylbutylphenyl) 4'-(2"-methylbutyl) biphenyl-4-carboxylate in the range 
for the transition from cholesteric liquid-crystal to isotropic liquid. A small 
sharp thermal peak was observed at 1159°C (AH = 0.04 J g-') and a larger, 
but broader process in the range 117.5-12O0C, peaking at 118.7"C was ob- 
served on heating. A further smaller peak was observed at 116.9OC 
(AH = 0.008 J g-I). These may be assigned as CT2 - CT1 at 1159°C and 
CTl - I at 118.7"C, so the range of the "blue-phase'' CTl, being 2.8"C, is 
exceptionally large for this cholesteric material. According to Armitage and 
Cox2' there are two "blue-phases" for this material, these being observed as 
'BPI' for 115.9 < T < 116.9"C and'BP2' for 116.9" < T < 118.7"C. One im- 
portant feature of this work is that they suggest that whilst the transition 
CT2 - CTl is sharp and first order, the breadth of the transition CTI - I im- 
plies that it is second-order. We note that the equilbrium density-vs-tempera- 
ture plot for cholesteryl nonanoate" exhibits a reversible broad curve from 
the line for the CT2 phase to the line for the isotropic phase starting at 89°C 
and finishing at 91.6"C. whilst the transition temperatures are 
T ~ I - I  = 91.6"C, T m - c r l  = 90.5"C. This implies that the first-order transi- 
tion CT2 - CTl was giving only a small volume change, but the transition 
CTl - 1 occurs, on heating, over a range of -2.O"C and is complete at T m -  I. 
Such a transition is similar to that observed recently by Armitage and Cox" 
and discussed above. We therefore suggest that in Figure 1, Tcm- CT1 is a first- 
order thermodynamic transition-with only small changes of AH and A Y 
being involved-and that in therange T C T Z - ~ I  < T < T m l - I ,  the CT1 phase 
is stable but has a structure which changes rapidly with increasing tempera- 
ture such that at Tcrl-I the structure is destroyed to the point that at higher 
temperatures the material behaves as an isotropic liquid. This means that the 
transformation CTl - I occurs continuously over a range of temperature, 
and is therefore not a first-order thermodynamic transition, and T c r ~  - I  re- 
presents a limiting temperature for the overall process CTl - I. 

We have thought it necessary to review these earlier works in order to ra- 
tionalize the pattern of behavior shown in Figure 1 and, importantly, to set the 
stage for the following account of our observations. 

EXPERIMENTAL 

The sample of COC supplied by Eastman-Kodak Ltd and was the same mate- 
rial as that used earlier-" for dielectric. infra-red and refractive index meas- 
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CHOLESTERYL OLEYL CARBONATE 139 

urements. No further purification was made, except for light-scattering stud- 
ies, where the material was filtered through a Millipore filter. The sample in 
the CT2 form exhibited an optical clearing point at 307.8K, i.e. at Tm-ml. 
We note that Gray and Hannant3' recently discussed the formation of the 
crystalline solid and the mesophases of COC in relation to its purity. They 
give T, = 307.2K, determined by optical microscopy, for their analytical 
sample.? We found that the sample of COC was readily supercooled from iso- 
tropic to the CTl phase below TCT~-CTI, and behaved thermally in a manner in 
accord with the above account of Figure 1. 

The apparatus used for our Kerr-effect measurements has been described 
p r e v i ~ u s l y . ~ ~ - ~ ~  As mentioned above, COC, in common with other cholesteric 
materials, is optically active and shows a strong dependence of the optical ac- 
tivity coefficient with temperature. The Kerr-constants were measured using 
the "pulsed-null" and "DC-null" methods which normally yield (6/4) and 
(612) respectively. 6 is the phase-retardation of the sample. For COC the cor- 
rection factors calculated by Beevers and were applied where neces- 
sary. The dynamic Kerr-effect measurements were made using the quadratic 
detection method for which, in the case of a non-optically active material, the 
intensity of light transmitted by the analyzer is proportional to sinZ(6/2). For 
an optically-active material, provided that 0 < 6 < 50", and 0 < C$ < 50", 
this law is also For the present studies we operated in the ranges 
0 < 6 < 25" and 0 < C$ < 20" and therefore no  significant correction fac- 

were required. The transients were recorded using a Datalab DL.920 
transient recorder and were transferred to paper tape for subsequent process- 
ing on an ICL 4130 computer. The Kerr-cell was 5.0 cm long with an inter- 
electrode spacing of 1 mm. The sample was controlled to f0.005 K using a 
specially designed control unit2' and all measurements were made using a 
He/Ne laser with polarized radiation operated at 632.8 nm. 

The light-scattering measurements were made at R.S.R.E. Malvern using a 
Malvern Precision Instrument 96-channel correlator together with a Coherent 
Radiation Krypton laser operated at 647.1 nm. The intensity of scattered light 
and the intensity-intensity correlation function g2(r)  was measured for polar- 
ized (VV) and depolarized (VH) scattering. The amplitude-amplitude correla- 
tion function g , ( r )  was calculated in the usual The sample was 
contained in a 1 cm3 cuvette which was immersed in a water bath controlled to 
f0.005 K using a Eurotherm unit. The optical rotation data were obtained as 
a part of both the Kerr-effect and light scattering data and the values to be 
given below refer to the He/Ne line. 

t T, is TCTI-I, in our notation, for the data of Ref. 31. We thank the referee for drawing this to 
our attention. 
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140 M. S. BEEVERS, D. A. ELLIOTT and G. WILLIAMS 

FIGURE 2 Optical rotation #(T)forCOC in (a) thepre-transition region(b)in the pre-transi- 
tion and supercooled regions. Also shown in (b) is [#(T) - I$c,(T)]-~ against T/K. 

RESULTS 

Figure 2shows plots of optical rotation +(T) for 1 cm path length for COC in 
the pre-transition region (Figure 2a) and an extended range, which includes 
the pre-transition region and the supercooled range, for CTl (Figure 2b). On 
heating this sample in steps ofO. 1 K and waitingfor temperature equilibration 
(20 min. per step) the transition Tcn- m w a s  seen to occur sharply at 307.8 K, 
and was reproducible. Measurements of 4( T) below T m  -CTI were achieved 
by cooling the isotropic liquid in steps of 0.1 K and allowing equilibration to 
occur (20 min. per step). 4 ( T )  was found to be continuous and reversible 
through TCTZ-CT~, when the material was in its supercooled CTl state. Crystal- 
lization of the supercooled phase CTl to phase CT2 in the range 305 K < T < 
307.8 K occurred by a nucleated process, as is usual for cholesteric materi- 
aI~, '~-~Obut on heatingthephaseCT2toformCT1, thevaluesof&(T)for T > 
307.8 K fell exactly on the curve of 4(T)  obtained on cooling from the iso- 
tropic phase. Thus the curve shown in Figure 2b is that connecting the isotropic 
phase and the homeotropic phase (CT1) in its stable and supercooled ranges. 
No discontinuities are evident in this curve. Our data shown in Figure 2a are 
similar in magnitude and functional form to those given by Cheng and 
Meyer.ZB'29 The change in sign as temperature is decreased shows that the spe- 
cific optical rotation for the molecules and for their chiral aggregates are of 
opposite sign. There is a discrepancy of about 11 K between the earlier 

and the present data whose origin is unclear. The sample used earlier 
may have been impure, leading to a lower TCTZ-CTI, but a value of 11 K seems 
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CHOLESTERYL OLEYL CARBONATE 

0q 
141 

2 

FIGURE 3 Angle of rotation (radian) of the analyzer against the square of the applied electric 
field for COC at 309.0 K.  Lines 1 and 1’  refer to uncorrected and corrected values of (612) ob- 
tained by the “DC” method, and lines 2 and 2’ refer to uncorrected and corrected values of (6/4) 
obtained by the “pulsed-null” method. 

unusually large. Included in our Figure 2b is a plot of (4 - 40)-2 against Tfor 
comparison with the theoretical function (4 - &)-I a (T - T*)“’*’ derived 
by Chengand Meyer from the Landau-de Gennes theory. &(T)  is the optical 
rotation coefficient for individual molecules and values are estimated by ex- 
trapolation of the data in the range 309-310 K to lower temperatures. We find 
@0(305 K) = -6.4” cm-’ varying to 40(310 K) = -3.1” cm-’. The plot of 
(4 - $o)-* is curved at all temperatures, but a rough extrapolation ofthe high 
temperature line yields T* = 308.2 K, a value exceeding Tm-CTI  for this 
sample and is thus inconsistent with mean field theory. 

The function [4( T )  - &( T ) ]  clearly does not follow a ( T  - T*)-Y relation 
for COCt and therefore does not obey the Landau-de Gennes theory in this 
range. Of some significance is the observation that whilst 4( T) increases mon- 
otonically for T < 308.5 K, its slope reaches a maximum at T = 307.3 K. 
Cheng and Meyer only report data above the clearing point T, = T c n - c ~ ~ .  
but our  extended data show that 4 ( T )  varies continuously through T, as we 
cool the isotropic liquid (or CTl) into the supercooled range. 

The Kerr-effect could not be measured in the supercooled region since light- 
scattering effects obscure the field-induced birefringence. Figure 3 shows plots 
of the uncorrected and corrected angles of rotation of the analyzing prism at 

t Note that Cheng and Meyer found that dextro-rotatory EBMBA followed this relation with 
y = 0.498. 
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142 M. S. BEEVERS, D. A. ELLIOTT and G. WILLIAMS 

%16"f'm ) COC 
I I I I 

FIGURE 4 Static Kerr-constant B and its reciprocal plotted against temperature for COC. 

309 K as a function of E2 for the two methods employed. From a series of such 
measurements, the Kerr-constant B(T)  = 6 ( T ) / ( l E 2 ) ,  where 6, I and E are 
phase retardation, cell-length, and electric field respectively, was measured 
and Figure 4 shows B( T) in the range 305-325 K. Pre-transitional behavior 
similar to that observed for nematogens'-' is evident and the plot [B(T)]-' also 
shown in the figure is approximately linear, given T+ = 307.4 K. At the lowest 
temperatures studied a small permanent birefringence was observed in the ab- 
sence of an applied field whose value increased with decreasing temperature. 

Figure 5 shows the Kerr-effect rise and decay transients obtained using 
quadratic detection at 309.0 K. Such data were fitted using the empirical re- 
laxation function of Williams and 

+ ( r )  = exp - ( r / T ) O  (1) 

Figure 6 shows the plot In [- In [ 1 - J I x , ~ ( Z ) ] ]  against ln ( z / T K , ~ )  for the rise 
transient of Figure 5. The figure also shows the line calculated for f l =  0.92 
and T K , ~  = 41 ps and a reasonable fit is obtained to the observed transient. 
Figures 7 and 8 show observed and calculated plots for the decay transient at 
309.0 K with TK,d = 41 ps and /3 = 1.1. This value of /3 is sufficiently close to 
unity to suggest that this process obeys a single exponential decay function. At 
lower temperatures, it was not possible to extinguish the transmitted light by 
rotation of the analyzer, but a position of minimum intensity was readily 
found. This position was used for the dynamic measurements. In order to in- 
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CHOLESTERYL OLEYL CARBONATE 143 

0 l 2 3 4 5 6 7 8 9 10 

[VIO-~ S) 

FIGURE 5 Kerr-effect rise and decay transients for light intensity*COC at 309.0 K and 
E = 2.4 X lo6 Vrn-', obtained in quadratic detection. 

vestigate the behavior, a (A/4) plate was placed between Kerr-cell and ana- 
lyzer and the mutual orientation of this plate and the analyzer was adjusted for 
minimum intensity of transmitted light. This was substantially less than the 
minimum value obtained in the absence of the (A/4)plate, indicating that the 
material is birefringent in the absence of E for temperatures approaching T,. 
The residual retardation angle, 60, was measured as the change of the analyzer 
position for minimum transmitted light with and without the (A/4) plate. SO 
increased from 0 to 10'mrad as Twas decreased in our range of observation. 
The Kerr-effect transients at the lower temperatures were affected by the re- 
sidual birefringence. When the electric field was applied as a rectangular func- 
tion the intensity of the transmitted light I ( ? )  followed the form shown in Fig- 
ure 9 for quadratic detection at 307.7 K. When E is applied as a step, Z ( t )  first 
decreases and then increases with time. When E is removed as a step, the tran- 
sient I ( t )  decreases to the level obtained for the step-on transient and then 
gradually returns to a steady value. Such data were analyzed for the step-off 
transients by the relation 

~ ( 1 )  = I. + c sin' [ (SO + ( a ~ , d ( t ) ) / 2 ]  (2) 
I., C ,  and goare respectively, the intensity of scattered light, a proportionality 
factor, and the phase retardation in the absence ofE. 6 K , d ( f )  is the Kerr-effect 
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144 M. S. BEEVERS, D. A. ELLIOTT and G. WILLIAMS 

LN (-LN ( 1 -NOR= I SED BIREFRINGENCE) ) 

LN (M)RMAL I SED T I ME) m 
-3 -2 -1 / b 1 2 

-1  / -2 
/ -3 

FIGURE 6 In [-In (1 - #r,(t)]against In (t/m.) for COC at 309.0 K. The straight line is calcu- 
lated for B = 0.92 and TIC,, = 41ps. 

decay phase-retardation. An additional complication occurs for the rise tran- 
sient. Figure 9 shows that the rise transient has a long-time “tail” and the de- 
rived Kerr-effect rise-transient is only poorly-fitted by Eq. 1 with p y r  1 0.5 
and giving 7 K , r %  7 K d .  Since P K , d  = l.0for the Kerr-effect decay transient, we 
consider that the differences between the Kerr-effect parameters for rise and 
decay transients are due to the inclusion of the slow tail of the rise transient. 
We suggest that this slow tail is due to heating of the sample in the presence of 
E. For normal materials heating effects would not appreciably affect tj~ or B, 
but for COC close to T,both vary rapidly with temperature (Figures 2 and 4), 
so heating upsets the extinction condition for the analyzer and leads to the 
observed increase in 1(t)  as a long time tail. 

The values of 7 and /3 for Kerr-effect rise and decay transients are summa- 
rized in Table I. For the decay transients, near single relaxation time behavior 
is observed at all temperatures. For the rise transients, @ K r  obtained using 
Eq. 2 is near to single relaxation time behavior at higher temperatures, but 
falls at the two lower temperatures due to theartifact ofthe heatingeffectsjust 
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~- 

0 3 6 9 12 15 1 8  21 24 27 30 
v(10-~ S) 

O L , .  ''+ = q r s I ' ' r- 4 o ' ' ' I ' ' ' " ' ' ' ' I 

FIGURE 7 
at 309.0 K. The curve is calculated for @ = 1 . 1  and TKd = 4 1 ~ s  

Observed and calculated normalized birefringence for the decay transient of COC 

described. If allowance is made for the long time tail, byr increases to unity 
and ryr is slightly decreased from the values given in the Table. Thus 
r K r  = 7K.d at all temperatures and Figure 10 shows log r(Kerr) against 
temperature. As temperature decreases r(Kerr) increases rapidly. 

The intensity of polarized scattered light, ZVV, and depolarized scattered 
light, ZVH, are shown as a function of temperature in Figure 11. The correla- 
tion functions g l ( 1 )  for polarized (VV) and depolarized (VH) scattering could 
not be fitted by single-relaxation time functions, so the Williams-Watts equa- 
tion (Eq. l )  was again employed. Table I1 shows the derived values of rand p. 
As temperature decreases, the departure from single relaxation-time behavior 
becomes increasingly apparent. A considerable time elapsed between the Kerr- 
effect and dynamic light scattering experiments. However, it was found that 
the #(T)  data obtained for each experiment could be accurately superposed 
by moving the Kerr-effect data0.8 K to higher temperatures. In Figure 10, the 
values of r(Kerr) have been shifted by this amount. 

The angular dependence of the light scattering behavior was examined in a 
further study and results are summarized in Table 111. At the two highest 
temperatures the values are essentially independent of scattering angle 0 with 
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LN (-LN (NORMFI-ISEO BIREFRINGMCE) 1 

:i 3 

LN (NORMAL I SED TIME) 5 J 
1 I I I r\ I 

I v 

-4 -3 -2 -1 /- b 1 
-1 

-3 1 / -2! -4 

0' 
/ 

-5 4 
FIGURE 8 In [-In JI~d(r)]against In (I/TK,d) for COC at 309.0 K. The straight line is calculated 
for f i  = 1 . 1  and 7K.d = 4 1 ~ s .  

single relaxation-time behavior being observed. However for the CT1 phase 
(the blue phase) at 307.4and 305.6 K, 7 increases with increasing 8. Kerr-effect 
and light-scattering data should be compared at 0 - 0, but the data of Table 
111 and Figure 10 show that the correction for comparison purposes is small in 
the range of overlap between the two studies. 

DISCUSSION 

In view of the apparent complexity of the phase behavior of COC and like 
mesogens, and the fact that we have used three techniques in this study, it 
seems desirable to organize our discussion in terms of (a) current thinking of 
the structures and dynamics in the isotropic and CTl phases, (b) the informa- 
tion obtained from the individual techniques, and (c) the comparability of 
results. 

First we note that the de Gennes theoryg"' was used by Cheng and 
M e ~ e r ~ ' , ~ '  to interpret 4( T) data for several cholesteric materials, including 
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0 I 2 3 4 5 6 7 8 9 10 

FIGURE 9 The Kerr-effect rise and decay transients for light intensity for COC at 307.7 K ob- 
tained in quadratic detection. 

COC, for the isotropic liquid in its pre-transition region. The basis of the the- 
ory is to expand the free-energy density in terms of a tensor order parameter 
Q.0 which, for uniaxial nematics, takes the form 

Q a p  = diag I-Q/2, -Q/2,QI (3) 
where Q is a macroscopic order parameter. Hence the free energy density F N  
for the nematogen is written as 

F N = F ~ +  $ A  ~ . p ~ p .  + + B  Q . ~ Q ~ ~ Q ~ .  + .  . . . 

A ( T )  = a(T) ( T -  T*)-Y 

(4) 

( 5 )  

A (T) is assumed to have the form 

TABLE I 

Dynamic Kerr-effect data for COC 

309.01 I .4 44 1 .oo 43 1.05 
309.01 2.45 41 0.92 41 1.14 
308.49 I .05 72 0.93 69 0.97 
308.00 1.14 300 0.70 220 0.92 
307.74 0.877 lo00 0.64 970 0.95 
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I 
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I 

315 

FIGURE 10 Plots of the logarithm O~TK., TKd. rvvand TvHagainst temperature for COC. 

b,I/ 
1 

1 

0 

‘3 
I 

P O  
d o  

P .  
d 8  

FIGURE 1 I Plots of the logarithm of(Iw/Io)and(IvH/Io)against temperature for COC. Data 
from two runs are shown as (0 and 0)  and (0 and m) for polarized and depolarized scattering 
respectively. 10 is a reference level measured at 314 K. 
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CHOLESTERYL OLEYL CARBONATE 

TABLE I1 

Dynamic Light Scattering Data for COC 

i49 

T / K  

313.05 
310.90 
309.90 
309.35 
308.85 
308.60 
308.35 
306.95 

Polarized 
7Vdp.s BW 

I 1  f I 
23.0 f 0.5 
33.0 f 0.8 
49.5 f 0.5 
83 f 1 
266 f I5 
790 f 10 
3900 f 100 

0.92 f 0.05 
0.87 f 0.05 
0.93 f 0.01 
0.95 f 0.02 
0.92 f 0.01 
0.78 f 0.03 
0.68 f 0.03 
0.56 f 0.03 

Depolarized 
Z V d M  B a  

7 0.9 f 0. I 
17.7 f 0.5 
29 f 2 
41 f 1 
72 f 1 
155 f 2 
600 f 50 

0.95 f 0.02 
0.92 f 0.02 
0.93 f 0.01 
0.92 f 0.01 
0.85 f 0.02 
0.68 f 0.04 

1870 (0.8) 

where a(?) has only a weak temperature dependen~e,~*'~.~*.~~*~~ y is the un- 
known exponent, and T* is an apparent second-order transition temperature. 
T* < TI-CTI, as was mentioned in the Introduction. The Q'and higher-order 
terms impose a first-order transition, preventing the observation of T*. Cheng 
and M e ~ e r ~ * ' ~ ~  developed the above theory for cholesterics, adding a pseudo- 
scalar term to FN such that 

S is a microscopic order parameter (see Ref. 29 for the definitions of Sand  Q 
and their inter-relation) and qois a quantity whose sign depends upon the na- 
ture of the chiral aggregate. L1 is an elastic constant. de Gennes9 suggests that 

TABLE 111 

Light Scattering Data for COC (Experimental Run 3) 

309.85 90 
309.85 153.7 
309.2 63.7 
309.2 90 
309.2 116.3 
309.2 153.7 
308.7 63.7 
308.7 90 
308.7 116.3 
307.4 63.7 
307.4 90 
307.4 116.3 
305.6 63.7 
305.6 90 
305.6 116.3 

I .29 
1.58 
1.44 
1.37 

1.75 
1.64 
1.57 
1.63 
2.45 
2.43 
2.56 

- 

- 
2.62 

- - 
I .34 
1.29 
1.30 
1.57 
1.54 
1.51 
1.56 
2.39 
2.39 
2.53 
2.59 
2.71 
2.75 

-4.42 
-4.50 
-4.27 
-4.37 

-4.28 
-4.04 
-4.08 
-4.12 
-2.82 
-2.72 
-2.53 

- 

- 
-2.60 - 

.76 

.91 
0.90 
0.95 

0.95 
0.90 
0.90 
0.94 
0.69 
0.69 
0.64 

- 

- 
0.73 
- 

-4.44 
-4.45 
-4.49 
-4.43 
-4.20 
-4.17 
-4.14 
-2.91 
-2.8 1 
-2.61 
-2.72 
-2.54 
-2.26 

0.91 
0.87 
0.93 
0.94 
0.94 
0.93 
0.93 
0.71 
0.65 
0.69 
0.71 
0.71 
0.64 
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150 M. S. BEEVERS, D. A. ELLIOTT and G. WILLIAMS 

( 2 7 r / q 0 )  is approximately equal to the pitch of the helix just above TCTZ- 
T C T ~  = Tc Cheng and Meyer derived the results that (Tc - T*) is equal to (B 
S d 6 4  and {(B SdQ)  - 9Llq2a)  for nematic and cholesteric-forming mate- 
rials respectively. SC = S( Tc). Thus the theory predicts a first-order transition 
for both types of mesogen, although the expressions for (Tc - T*) are only 
semi-quantitative, since truncation ofFis only valid for T > Tc The estimates 
of ( TC - T*) were smaller for cholesterics than for nematics so they suggested 
that the transition at Tc will become more second-order in nature for choles- 
terics. For cholesterogens, Cheng and Meyer predicted that [+( T) - +O(T)] 
would be proportional to 4051 a (T - T*)-”’ in the pre-transition re- 
gion. According to de G e n n e ~ , ~ ” ~ q d t ( T ~ )  < 1 ,  and the helical pitch the iso- 
tropic phase would display just above T,is (27r/q0). Since the optical rotation, 
+, is proportional to qdl, it follows that + is non-singular near T?”. de 
Gennes9.l0 also suggested that for a nematic material in its isotropic phase 
qOf1 > aand hence a maximum intensity of scattered light I&) should occur 
at q = 0. Here q is the wave-vector for scattered light. For a cholesteric mate- 
rial q&(T) may be greater than 4 with the consequence that a maximum in 
I&) occurs for q = qo This would lead to Bragg-scattering in the isotropic 
liquid reminiscent of Bragg-scattering in the liquid-crystal phase. Yang39 de- 
noted the temperature at which Bragg-like peaks are first observed as TBF. He 
found that at Tmthe condition q&( TBF) = 0.5. For T > TBF, Yang showed 
that the intensity Iand the line-width I’ for scattered light should, according to 
mean-field theory, obey the relations 

G ( q )  = A (  T )  [I + f2q2] (7) 

where ii indicates laboratory coordinates, f = ( L I / A ) ’ / ~ ,  and v is afactor hav- 
ing the dimensions of a viscosity. If the cholesteric material remains in its iso- 
tropic phase for T > TBF then L A q )  is expected to have a complicated de- 
pendence upon q, given b~~~ 

and Bragg-like interference will be observed. Such is the current approach to 
the pre-transitional behavior of cholesteric liquid-crystal-forming materials. 

Cheng and Meyer28’29 had shown that +( T) exhibited pre-transitional be- 
havior for COC, cholesteryl2-(2-ethoxyethoxy)ethyl carbonate (CEEEC) and 
p-ethoxybenzal-p‘-(8-methylbuty1)aniline (EBMBA), and they had fitted the 
[+(T) - +o(T)]  data for EBMBA to the function (T - T*)-0.5 with T* = 
Tc - 0.42 K. Thus, whilst the optical rotation of COC was not demonstrated 
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CHOLESTERYL OLEYL CARBONATE 151 

to conform with the Landau-de Gennes theory, that for EBMBA was in satis- 
factory agreement. However, our data for COC show that +( T) is continu- 
ously varying from the pre-transition region into the supercooled region (Fig- 
ure 2) and goes through a maximum slope in the region of Tcr2-crl. Thus the 
( T  - T*)-Y law is not obeyed by COC. Ryumtsev and co-workersI3 studied the 
optical rotation behavior for cholesteryl butyrate (CBu), cholesteryl palmi- 
tate (CP), and cholesteryl nonanoate (CN) in both the isotropic, stable CTl, 
and supercooled CTI phases, and found that +( T) increased dramatically 
with decreasing temperature up to a maximum slope condition, followed by a 
reduced, but continuous increase to the lowest temperatures measured in the 
supercooled phase. Our behavior for T = Tc and for T > Tc for COC is in 
accord with their observations and so it appears that the (T - T*)-Y relation 
does not hold for cholesterics as they are cooled from isotropic - CTI - su- 
percooled CTl phases. Ryumtsev and co-workers consider that the increase in 
+( T) might possibly be due to the appearance of the CT2 phase as nuclei in the 
CTl phase the dimensions of which increase as the temperature is decreased. 
However, in view of the similarities in behavior for the different cholesterics 
and the fact that we found our data of Figure 2 to be reversible with tempera- 
ture and with no apparent discontinuities indicative of a first order transition 
T 1 - m  above T C M - ~ I ,  we suggest that the behavior of +( T) for T > Tc and 
T < Tc is an intrinsic property of an isotropic liquid in which strong angular 
correlations between molecules develop with decreasing temperature. We 
suggest that the transition I - CTl is not a first or second order thermody- 
namic transition but is approximately at a temperature at which the Bragg re- 
flections first appear giving an optical transition from transparent isotropic 
phase I to an homeotropic “b1ue”phase CTl. We suggest that the CTl phase 
is a continuation of the isotropic Phase I in the thermodynamic sense, but ob- 
serve that in the range T m -  C T ~  to TCTI-  I the angular correlations between 
molecules build-up rapidly with decreasing temperature leading to a marked 
variation in the thermodynamic properties of the phase. This means that when 
Tcn- CTI is reached, the organization within the “blue-phase” is very exten- 
sive and if the transition CT2 - CTl is allowed to occur, by a distinct nu- 
cleated process, then only a very small enthalpy change AH (and hence en- 
tropy change AS) will be observed-as is confirmed by Armitage and P r i ~ e ’ ~ ’ ’ ~  
and Armitage and Cox.” By comparison, the thermodynamic changes ob- 
served by differential scanning calorimetry as the isotropic material orders lo- 
cally on going from I into the CT1 range are relatively much larger-as is con- 
firmed by Armitage and PriceI6,l7 and Armitage and Cox’I-and we 
emphasize that the latter authors observed that the apparent transition 
CTl - I is broad, indicative of a second order transition or, in our view, in- 
dicative of a marked but continuous variation in the local structure of the iso- 
tropic liquid over a narrow range of temperature. 
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152 M. S. BEEVERS, D. A.  ELLIOTT and G. WILLIAMS 

This picture of the isotropic (I) and CT1 phases implies that phases I and 
CTl are continuous with each other. Also CT1 for T < Tcrz-crl is the super- 
cooled form of CTl, being continuous in all respects with the phase above this 
transition temperature. The essential feature is that phases I and CT1 are liq- 
uid in the sense that fluctuations occur continually leading to the continual 
randomization and “break-up” of regions of angularly correlated molecules. 
X-ray structural investigations of phase CTl can give little information on the 
dynamics of phase CT1, but the Kerr-effect data presented here for the phase I 
and the dynamic light-scattering data for phase I and for CTl both above and 
below T m  -CTI show that motions of the regions of angularly-correlated 
molecules are rapid and extensive even below T m - m ~ .  Thus the phase CTl, 
although structured on a time-averaged basis, is continually changing its 
complexions as local regions undergo fluctuations. As Tis decreased, the de- 
gree of order for phase CTl increases and when TCTZ-CTI is reached, essen- 
tially all individual molecules are correlated with their surrounding molecules 
in a system undergoing continua1 change. Thus down to Tcn-cr~ the Kerr-ef- 
fect and light-scattering relaxation strengths and correlation times exhibit 
their most marked increases with decreasing temperature. For T < T ~ - C T I  
we observe a less rapid increase in the relaxation strengths and correlation 
times for light-scattering and for T), showing that the degree of order is now 
changing less rapidly than was the case in the pre-transition range. Our light- 
scattering data for COC are in broad agreement with those of Harada and 
Cr~oker .~’  They found 1;: and I& were proportional to ( T  - TIT), with 
T t  = 304.7 K for their sample for T > 305 K, but for the supercooled range 
T < 305 K these quantities decreased asymptotically to zero with decreasing 
temperature. The line-widths rw and r V H  were found to be proportional to 
( T  - TB) with Tb = 304.3 K for T > 305 K, but for lower temperatures these 
quantities decreased asymptotically to zero. They found a single Lorentzian 
fit for T > 305 K, but broader curves at lower temperatures, as we have found. 
Mahler and co-workers4’ also studied COC in the isotropic and CTl phases 
using dynamic light scattering. Their data for intensity and line-width varia- 
tions give different temperature dependencies. 

Ryumtsev and c o - ~ o r k e r s ~ ~  studied the pre-transitional behavior of choles- 
teryl acetate (CA), cholesteryl nonanoate (CN), cholesteryl propionate (CPr), 
cholesteryl chloride (CCl), cholesteryl valerate (CV) and cholesteryl octyl 
carbonate (COctC), using static Kerr-constant measurements. CA, CPr, CV, 
and CN all had negative Kerr-constants for T > Tc + 5 K, but as the temper- 
ature was decreased, B first became increasingly negative, reached a minimum 
value, then varied rapidly and changed sign in the manner analogous to that 
fort$( T) in Figure 2. For CCl and C0ctC.B was positive throughout the pre- 
transition region and the behavior was quite similar to that for COC (Figure 2). 
Ryumtsev and co-workers interpret the negative sign of B for CA, CPr, CV, 

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:
34

 2
1 

Fe
br

ua
ry

 2
01

3 



CHOLESTERYL OLEYL CARBONATE 153 

and CN and the positive sign of Bfor CC1 and COctC as T - 00 in terms of the 
direction of the dipole moment with respect to the axis of maximum polariza- 
bility, while the anomalous pre-transitional variation in ( T) was interpreted in 
terms of the emergence of supramolecular formations in the amorphous liquid 
phase. Our data for COC are consistent with those of Ryumtsev and 
co-workers. 

Finally we note that molecular interpretations of the Kerr-effect and light- 
scattering data may be approached in terms of molecular theories given by 
K i e l i ~ h . ~ ~  For the simple model of N equivalent axially-symmetric molecules, 
the Kerr-constant is the sum of an induced moment contribution Bid and a 
dipolar contribution B,, where 

Pao and Pa- refer to the low and high frequency anisotropy of polarizability 
respectively, and pis the molecular dipole moment. Bijis the angle between the 
major axes of molecules i and j respectively. Thus the magnitude of the Kerr- 
constant for COC will involve two contributions Bind and B,, where, for 
simplersystems, we would expect"B,, %Bind. Both Bi,,dandB,compriseauto- 
and cross-correlation terms for the molecules. The depolarized light-scatter- 
ing intensity may also, for the simple model system of axially-symmetrical 
molecules, be related to auto- and cross-correlation terms of the form con- 
tained in Eq. 9a (see Refs. 5 and 43). Thus the remarkable increase inBobsand 
IvHWith decreasing temperature may be interpreted as being due to the build- 
up of angular correlations between molecules, giving substantial contribu- 
tions toBindandB,. Note that B,contains both two-molecule and three-mole- 
cule correlation terms, so as the isotropic phase becomes more organized with 
decreasing temperature, the term B,would be expected to vary remarkably- 
as is observed for COC. The relaxation behavior is more complicated. FOrBind 
the generalization of Eq. 9a to the dynamic case will lead to auto-correlation 
functions (P~(COS Bii( t)))  and cross-correlation functions, the latter being ex- 
tremely complicated, but these are defined by Pecora." The generalization of 
Eq. 9b to the dynamic case will lead to (P2(cos &,(t)))for the auto-correlation 
terms, but the form for thecross-correlation functions has not yet been formu- 
lated. In terms of the above approach we conclude that as the temperature of 
the isotropic liquid is decreased towards T c  the build-up of angular correla- 
tions between molecules leads to an increasing contribution from the cross- 
correlation terms in Eq. 9 (and in the corresponding for ZVH). As 
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154 M. S. BEEVERS, D. A. ELLIOTT and G. WlLLlAMS 

the temperature is decreased through and below T c  the extent of the angular 
correlations tends to saturate, since the material is now well-organized on av- 
erage, but with a continually-changing complexion. Thus below Tc, ZvHand 
TVH, although still increasing with decreasing temperature, do so with a de- 
creasing rate-leading to a maximum in (dZvddT) and ( d r v d d  T)-a varia- 
tion also consistent with the behavior of 4 ( T )  shown in Figure 1. 
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Appendix 

In view of their complicated transition behavior, there exists some confusion 
in the use of the term “T,“ for cholesteric materials. Price and Wendorff l4 
called their TCTI-I the temperature of the “cholesteric-isotropic transition.” 
Many authors regard the state CTI as being a form of the cholesteric 

1.12.14 The isotropic liquid shows remarkable pretransitional behavior 
due to the formation of chiral structures (whose position and composition 
fluctuate in time as is evidenced by this andearlier studies); thus the term “iso- 
tropic liquid” requires careful consideration for cholesterics (and nematics). 
In  the work of de G e n n e ~ ~ ” ~  and Cheng and M e ~ e r ~ ~ ’ * ~  it is implicit that T*, 
which relates to thepre-transitional behavior, obeys the relation T* < T,. For 
COC, Harada and Crooker say that the cholesteric texture is observed ‘‘below 
about T,  = 3loC, at which point it undergoes a first order phase transition to 
the textureless isotropicphase.” In the range 28.5 to 31.5”C a supercooled meta- 
stable isotropic phase could be obtained. Their light scattering data yield, 
from the high temperature results, a T* value of 3 1.5OC, being greater than the 
quoted T, value. The same result in  T* > T, is obtained from extrapolation of 
the high-temperature data of Mahler et al. for the line-width I’, but a different 
extrapolation value having T* = T, is obtained from their intensity data. As 
will be seen in the present work, extrapolations of light-scattering data do not 
yield an unambiguous T* value. 

On heating, the CT2 material (see Figure 1) the transition CT2 - CT1 oc- 
curs giving a marked optical change from white-opaque to transparent- 
homeotropic. As the  temperature is further raised, the material transforms 
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over a range so that at Tm1-1 it appears wholly isotropic. Such changes are 
discussed in the text. In order to avoid confusion we do not use the term "TC," 
but T m m l  or Tcrl-1 dependent upon the transformation being considered. 
We stress that the CTl material may be supercooled to below T m m a n d  our 
data for q5(T), Iw(T),IvH(T) and the correlation times sw(T) and TVH(T) for 
T < TCTZ.CT~ all refer to the supercooled CT1 material (i.e., homeotropic 
material). 
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