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The selective reflection of light from thermochromic liquid crystals is characterized by the peak wave- 
length (A,) and width (AX) of the reflection spectrum and may be related theoretically to the average 
refractive index (Ti),  the birefringence (An) and the pitch (p) of the material. We have examined the 
influence of each of these parameters, varied and measured independently, for two series of new chiral 
nematic mixtures. Materials are described with birefringences in the range 0.04 5 An 5 0.16 and the 
equivalence of AJAA and ii/An has been studied. We have shown that the relationship is valid for large 
values of An, but holds less well as An becomes small (An 5 0.1). In the second series of materials, 
we have considered the influence of twisting power alone. In the absence of other variables (i.e., 
birefringence, transition temperatures, etc.), a decrease in the twisting power gave only an associated 
increase in the selective reflection wavelength. We conclude that changes in birefringence or twisting 
power alone do not alter the functional dependence of A, on temperature. 

1. INTRODUCTION 

Thermochromism in chiral nematic liquid crystals is a result of the selective re- 
flection of light by the helical structure of the mesophase. As the pitch of the helix 
changes with temperature, so, too, does the peak wavelength (A,) of the selective 
reflection spectrum. For a well aligned planar film of chiral nematic liquid crystal 
this relatively narrow spectrum may be characterized in terms of the helical pitch 
p, the mean refractive index TE [=  $(no + n,)] and the birefringence An 
( = no - n,) of the system. The interdependence of these parameters was postulated 
by de Vries' to be: 

A, = Fip (1) 

and 

where AA describes the width of the selective reflection spectrum. In temperature 
sensing devices based on thermochromic liquid crystals, A, indicates temperature 
and AX defines the resolution and brightness. Although both Z and An vary with 
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10 H. F. GLEESON AND H. J .  COLES 

temperature, to some extent the variations are usually small and it is primarily 
pretransitional changes in the pitch, as a low temperature smectic phase is ap- 
proached, which give the rapid color changes used in thermochromic 
The extent of this pretransitional behavior varies greatly between materials. How- 
ever, at any defined temperature, Equations (1) and (2) should always describe 
the spectral characteristics of the selective reflection irrespective of the chemical 
composition of the thermochromic material. 

New stable chiral nematic materials have been synthesized by Gray et aL5 and 
Demus et a1.6 and these have begun to replace cholesteryl esters for use in ther- 
mochromic devices. The availability' of the new materials and the range of their 
optical properties has afforded an opportunity to examine the validity of the de 
Vries equations in some detail. In this paper we will examine the effects of varying 
independently the birefringence or the twisting power of the chiral nematic ma- 
terials on the selective reflection properties. Two series of mixtures have been 
developed to allow the influence of these two parameters to be evaluated. In the 
first part of the paper we concentrate on the effects of birefringence alone. Re- 
fractive index data measured using an AbbC refractometer, with An varied between 
0.04 and 0.16, will be used to calculate the ratio TilAn. This will then be compared 
with XJAh, measured from the selective reflection spectra, over a wide range of 
temperatures. In the second part, we will consider the influence of twisting power 
alone. Although it is known that long pitch materials give selective reflections at 
long wavelengths [c.f., Equation (l)], and vice versa for short pitch materials, it 
is not known whether the twisting power has any influence on the form of the 
selective reflection as a function of temperature. A system of mixtures has been 
evolved in which the twisting power is the only variable, i.e., in which the phase 
behavior, transition temperatures and refractive indices are constant, so that its 
role in determining the form of the color-play may be unequivocally evaluated. 
The results of the two sets of experiments, i.e., varying birefringence and twisting 
power, will be discussed in terms of the implications for thermochromic devices. 

2. MEASUREMENT OF THE SELECTIVE REFLECTION SPECTRA 

For each series of chiral nematic materials it was necessary to measure the spectrum 
of selectively reflected light over a wide wavelength and temperature range. Two 
types of apparatus were employed, (i) a Pye Unicam UV/Vis recording spectrom- 
eter, and (ii) a specially adapted microscope/hot stage system fitted with a spectrum 
analyzer. In the former case a modified Mettler FP82 hot stage was fitted into the 
sample chamber to allow the temperature of the liquid crystal to be varied between 
-60°C and 300°C at intervals of 0.1"C. In using the UV/Vis spectrophotometer, 
it was assumed that the selective reflection spectrum of the material was equivalent 
to the measured absorption spectrum. In the second system, an adapted Olympus 
BH2 Polarising Transmission/Reflection microscope was used in its reflection mode 
to illuminate the sample of chiral nematic material. The microscope modification, 
described in detail elsewhere,8 allowed light selectively reflected by the liquid crystal 
to be passed directly into a monochromator. This detector was linked to a BBC 
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OPTICAL PROPERTIES OF CHIRAL NEMATICS 11 

microcomputer which allowed signal averaging and detailed spectral analysis to 
take place. 

In both of these spectral analysis systems, the selective reflection spectra meas- 
ured were broadened to some extent as a result of illumination and detection at 
non-normal incidence. However, for each of the systems described, it was possible 
to make a correction for the cone angle of light incident on the chiral nematic 
material to allow for the angular dependence of the selective reflection. This cor- 
rection method has been described in detail elsewhere,8 and relies on the shift in 
wavelength, A,, to a lower value, A,, being related to the angles of the incident 
and reflected light (Oi  and 6,) by the equation9 

A, = A,cos - 1 [ sin-' (size,) T + sin-' (size,) T ] 
2 (3) 

If it is assumed that, in the worst case, light is incident and detected from the 
extremes of the illuminating cone angle (-20" and 14.5", respectively, for the 
spectrophotometer and microscope optical systems), we obtain a correction factor 
which is dependent only on the average refractive index Ti of the material. It should 
be noted that this correction factor is not exact as the above equation is valid only 
for small 6, and 6,. Nonetheless, it gives a useful correction to the measured spectra, 
decreasing the overall inaccuracy of wavelength measurements in the spectropho- 
tometer and microscope systems to +4 nm and + 3  nm, respectively. 

3. THE INFLUENCE OF BIREFRINGENCE 

3.1. Materials 

A series of liquid crystalline mixtures was made8 in which CB15, used as a twisting 
agent, was dissolved in several different nematic hosts. The chirality of the CB15 
induced cholesteric phases in the mixtures and, at approximately 40% by weight 
of CB15, the selective reflection occurred in the visible region of the spectrum. 
The nematic hosts were chosen to produce chiral nematics exhibiting a wide range 
of birefringences. The compositions of the mixtures are given in Table I. The totally 

TABLE I 

The compositions of the chiral nematic materials and their racemic equivalents used in this study. 
BDH and Merck mixtures are marked ( t )  and ($) respectively. 

Nematic Host 
% (by weight) Nematic Host 

CBlYCCH 
CBlSR/CCH 

CBWPCH 
CBlSRPCH 

62.3 
62.5 

60.3 
60.3 

ZLI 169% 
ZLI 1695$ 

ZLI1132$ 
ZLI1132$ 

CB WE63 50.8 E63t 
CB15R/E63 50.0 E63t 
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12 H. F. GLEESON AND H. J .  COLES 

nematic equivalents of these cholesteric mixtures were also made using racemic 
CB15, denoted CBlSR, in which the net chirality of the materials was zero. The 
compositions of these racemic mixtures are also given in Table I. All of the nematic 
hosts which were used are themselves mixtures and the nomenclature used in the 
table is that used by BDW and Merck.lo The materials were all obtained from 
BDH Ltd. and no attempt was made to purify them further. Differential scanning 
calorimetry on the base materials indicated their high degree of purity. One final 
mixture was made to extend the range of the birefringence of the cholesteric 
materials to very low values. The mixture was denoted 01D3 and its composition 
together with the chemical structure of the constituent esters are given below. No 
racemic equivalent of the mixture 01/D3 was produced. 

01/D3 

Osman (3/5) C3H5 Q co2 Q CSHll 25 % 

Osman (5/5) CSH1l @ c02 @ CSH1l 25 % 

Demus C5Hll @ C02 @ 2Me*Bu 50% 

3.2. Measurements of the Refractlve lndlces of the Cholesterlc/Nematlc Phases 

The refractive indices of the liquid crystals were measured using an AbbC refrac- 
tometer (Bellingham and Stanley Ltd., Tunbridge Wells, Kent, U.K.) in which 
alignment layers had been formed on the prisms of the apparatus to give the re- 
quired orientation of the liquid crystal. The aligning agent used depended on the 
type of phase being studied; rubbed PVA gave uniform planar alignment for 
the cholesteric materials, while lecithin (BDH Egg Grade 11) was used to align the 
nematic materials homeotropically. The temperature range of the refractive index 
measurements was from 14°C up to the ChiN+I transition of each material. Tem- 
perature stability over this range was a0.5"C. The transition temperatures of the 
liquid crystals were determined optically using an Olympus BH2 polarizing micro- 
scope and Mettler FP82 hot stage, accurate to ? O.l"C, and their values are given 
in Table 11. The crystalline (or smectic) to cholesteric/nematic transition temper- 
atures could not be measured for any of the materials containing CB15 or CB15R 
as these occurred below -6O"C, which was the low temperature limit of the hot 
stage. 

The temperature dependence of the refractive indices for each of the liquid 
crystalline materials studied is shown in Figure l(a)-(d). All of the data were 
measured at 589.3 nm using a sodium lamp as the light source. In the figures, the 
measurements relating to the cholesteric phases and the equivalent nematic ma- 
terials are presented together. The values of each of the refractive indices in the 
cholesteric phases, n, and no, may be related to those measured in the refractometer, 
n, and n2, using the relationships" ne,Ch = n, and &,Ch = (2nZ-n31n. 

As may be seen from Figure l(u)-(c), which refer to the materials CB15(R)/ 
CCH, CBlS(R)/PCH and CB15(R)/E63, respectively, these equations describe well 
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OPTICAL PROPERTIES OF CHIRAL NEMATICS 13 

TABLE I1 

The transition temperatures of the mixtures CBlS(R)/CCH, CBlS(R)/PCH, CB15(R)/E63 and 
01/D3. The refractive indices, no and n,, birefringence and average refractive index measured 

at 20°C are also shown. 

n An - Ws-*Ch/N cm+1 
("C) ("C) no 4 

CB 15/CCH < -60°C 41.7 1.496 1.591 1.544 0.095 
CB 15WCCH <-60°C 41.2 1.495 1.592 1.544 0.097 

CB 1YPCH < - 60°C 38.1 1.517 1.647 1.582 0.130 
CB15RIPCH < - 60°C 39.2 1.515 1.653 1.584 0.138 

CB15/E63 < -60°C 37.7 1.541 1.697 1.619 0.156 
CB15RE63 < - 60°C 36.3 1.541 1.695 1.618 0.154 

01/D3 9.1(SB) 27.1 1.473 1.513 1.493 0.040 

the refractive indices in the cholesteric phase. The small differences (<0.1%) which 
are observed between the refractive indices of the cholesteric phase and their 
racemates at equivalent temperatures may be attributed to two effects. The first 
is due to the small differences in composition between the materials (as given in 
Table I), and the second is due to the slight difference in transition temperatures 
(see Table 11) always observed between a cholesteric material and its racemate.12 
The values determined for CBlS/PCH and CBlSWPCH which have exactly the 
same composition can be seen to agree extremely well [Figure l(b)] if the small 
temperature shift is taken into account. The mean refractive index ii and the 
birefringence An for each of the chiral nematic materials are shown as a function 
of temperature in Figure 2(a) and (b), respectively. It can be seen that the mixtures 
studied cover a range of ii from 1.49 to 1.62 and An from 0.04 to 0.16. The transition 
temperatures, together with the refractive indices of each of the materials at 20°C 
are given in Table I1 for comparison. 

The spectrum of the selectively reflected light was determined8 for each of the 
chiral nematic materials from 14.0"C up to the chiral nematic (or nematic) to 
isotropic phase transition at temperature intervals of 1.O"C. For each of the spectra 
recorded, the values of hp and Ah were measured, Figure 3(a) and (b), respectively, 
and AJAA calculated, Figure 4(a)-(d). These data are presented and discussed in 
the following section where a direct comparison of the values of hdAh and ii/An 
is made. 

3.3. Results and Discusslon- Birefringence 

The refractive index and birefringence data, Figure 2(a) and (6) show clearly the 
wide range of ii and An available with the mixtures studied. Although in this study 
we are primarily interested in the validity of the de Vries equations, through the 
behavior of ii/An and hdAh, it is important to note that both ii and An are tem- 
perature-dependent, albeit only weakly so, in the case of ii. Our original8 selective 
reflection data on these wide refractive index and birefringence range mixtures has 
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1.52- 

1.51- 

H. F. GLEESON AND H. J .  COLES 

1.52- 

1.51- 

-% 

L 

-% 

I* 1.50 

d 18 22 26 3b $4 38 4'2 * 1 .fa 
kmpldu,rc) 

(4 
FIGURE 1 The refractive indices of the chiral nematic mixtures (a) CBWCCH, (b)  CPWPCH, (c) 
CB15/E63 and their racemates, and (d) OlD3 as a function of temperature. In the case of the chiral 
nematics, the measured parameter n2 is also shown. 
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1.88. 

2 
.I 1.66- 
g 
2 

1.64- 

1.62- 

1.60- 

A 
Chidmatic 

measured*td 

-++ '-1 1.54 

' 3 2 5  

1: 50 / 34 38 
14 18 22 26 30 

'Tknperature ("C) 
(b) 

FIGURE 1 (continued) 

been confirmed4 in a parallel study using CB15 as a twisting agent in related CCH 
and PCH mixtures. As noted in Reference 4 the highly dipolar mixtures based on 
CB15 show an unusual linear increase in A, with increasing temperature, whereas 
the ester mixture 01/D3, without the strong cyano dipole, shows a more normal 
decrease in A, with increasing temperature as the transition to the isotropic phase 
is approached, Figure 3(a). The reflection spectrum peak width Ah is also tem- 
perature dependent, Figure 3(b), although the data for the CB15 based mixtures 
considered here are grouped around a higher mean Ah (-40 nm) than the ester 
mixtures (-10 nm). 
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16 H .  F. GLEESON AND H. J .  COLES 

1.74 

1.72 

f B l.m = 1.68 

1.M 

1. a 
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1.60 
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+ R-e 
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FIGURE 1 (continued) 
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OPTICAL PROPERTIES OF CHIRAL NEMATICS 17 

Chiral nematic 
0 measured n2(ch) 

* 
11 16 18 20 22 24 26 

(4 
T’re(Oc1 

FIGURE 1 (continued) 

From the above data it is clear that A,, AA, i and An are all dependent to a 
greater or lesser extent on temperature and mixture composition. It is worth noting 
that for the materials doped with CB15, since the temperature dependence of both 
A, and Z is essentially linear in the temperature range examined, it is, in principle, 
possible to consider the interdependence of AX and An directly. However, this is 
not always the case, and in general, in order to examine the behavior of the de 
Vries equations further, we must examine the behavior of both AJAA and Z/An 
separately. The independently measured parameters AJAA and i / A n  are shown 
over a wide temperature range for each of the liquid crystal mixtures in Figure 
4(a)-(d) which refer to CBWCCH, CBWPCH, CBWE63 and 01/D3, respec- 
tively. It can be seen from Figure 4 that, although for each material the form of 
the curves describing A,/AA and i / A n  is the same, the graphs do not exactly coincide. 
Furthermore, the difference between the values of AJAA and i / A n  becomes larger 
as the birefringence of the material becomes smaller (values agree to within 5% 
for An > 0.1, but only to within 25% for An - 0.05). It is interesting to consider 
the possible origins of the differences. 

The small differences observed between AdAA and i / A n  might be attributable 
to several different factors. First, the maximum uncertainty in the measurement 
of wavelength ( ? 3 nm) which occurs using the apparatus described can introduce 
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18 H. F. GLEESON AND H. J .  COLES 

r ~~ . 
li 18 22 26 30 34 38 42 

Temperature (T) 
(4 

FIGURE 2 The temperature variation of (a) the mean refractive index, and ( b )  the birefringence of 
the chiral nematic mixtures CBWCCH, CBlSPCH, CBlYE63 and 01D3 as measured using an Abbd 
refractometer. 

errors in XJAX which appear relatively large for the low birefringence materials. 
In fact, at 20°C the upper and lower limits of A,/AX, calculated from the experi- 
mentally determined data, bracket the average value by 2.5, 2.6, 3.1 and 60 units 
for CB15/E63 (An = 0.156), CBWPCH (An = 0.13), CBWCCH (An = 0.09) 
and 01/D3 (An = 0.04), respectively. The large uncertainty in AJAX for 01/D3 
occurs because the denominator, AX, is small (-10 nm) and comparable to the 
measurement uncertainty for this material. It is important to note, however, that 
such a source of measurement error would be random in nature and the data should 
therefore be scattered randomly around an average value. There is no evidence of 
this in our results (Figure 4). Second, in calculating the cone angle correction used 
in wavelength measurements for each material, the value of the average refractive 
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OPTICAL PROPERTIES OF CHIRAL NEMATICS 

A CB15/PCH I o CBIS/CCH 1 
a/D3 

19 

* 
18 22 26 30 34 38 42 

Temperature ("C) 
(b) 

FIGURE 2 (continued) 

index Ti at 20°C was used over the whole chiral nematic range. However, it can be 
seen from Figure 2(b) that Ti is not a constant, and variation of i with temperature 
might possibly account for the crossovers of the graphs of AdAA and Ti/An seen in 
Figure 4(a) to (d) (CBlYCCH, CBlYPCH and CBlYE63). Third, it is possible 
that there is a systematic error in the values of the cone angles used in the correction 
factor. Again, the effect of this would dominate in the low birefringence materials 
where the percentage difference due to a small error such as this becomes larger. 
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20 H. F. GLEESON AND H. J. COLES 

18 22 26 30 34 38 12 
Temperature ("C) 

(4 
FIGURE 3 The temperature variation of (a) the peak selectively reflected wavelength A,, and (b)  
the peak width AX of the mixtures CBlYCCH, CBlWCH, CB15E63 and 01/D3. Symbols key as for 
Figure 2. 

The influence of these last two possible sources of experimental error (i.e., variation 
of E and a different cone angle) can be seen in Figure 4(a), marked by the triangle 
and square, respectively. The effects on the calculated values of AdAA made by 
including the maximum extra small corrections in the values of E and the cone 
angle of the incident light are clearly very small, changing AdAA by - +0.2%, 
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OPTICAL PROPERTIES OF CHIRAL NEMATICS 21 

04 
14 18 22 26 30 34 38 42 

Temperature ("C 1 
(b) 

FIGURE 3 (conrinued) 

and so cannot satisfactorily account for the differences seen in the graphs of AdAA 
and TiIAn. 

Having considered both the origins and the influence of all the experimental 
errors in our measurements, we conclude that the differences observed in AdAh 
and ii/An for low birefringence materials and the crossover are real. Nevertheless, 
these differences are small, and we may further and more importantly conclude 
that Equation (2) holds well for the large birefringence, new chiral nematic mixtures 
discussed. Although the form of the graphs of AdAA and iilAn are the same for all 
the mixtures, the equivalence is not proven for low birefringence (An = 0.04) 
materials. In the only other parallel study4 on similar mixtures with low An ma- 
terials, the dependencies of ii and An on temperature were not considered and so 
no further comparison to the present work is possible. However it is worth re- 
marking that the expression AA = An A given in Reference 4 is incorrect and should 
contain the term in Ti given in Equation (2). This is important since, as shown in 
Figure 2(b), ii, which is weakly temperature dependent, may be varied by changes 
in mixture composition. Thus both An and Ti,  as well as A,,, influence the final value 
of AA at a given temperature. 
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15 
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2b 
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4 a 12 16 
136 

Tc-T (T )  
(4 

FIGURE 4 A comparison of the independently measured ratios, XJAA and %An, for the mixtures 
(a) CBWCCH, (b) CBlSE’CH, (c )  CB15E63 and (d )  01D3 with respect to the temperature difference 
from the clearing point. In Figure 4(a) the triangles (A) refer to the points for which the average 
refractive index Ti has been corrected, while the squares (0) refer to points where the cone angle has 
been changed from 14.5” to 16” (see text). 

4. THE INFLUENCE OF THE TWISTING POWER 

4.1. Materials 

In order to investigate the influence that variation in twisting power of a chiral 
nematic material has on properties of the mesophase, it was important to study a 
series of materials in which the only adjustable parameter was the chirality. This 
was done by preparing a series of mixtures which consisted of a chiral base to which 
increasing amounts of racemic material were added, thereby progressively increas- 
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(b) 

FIGURE 4 (conrinued) 

ing the pitch of the mesophase at constant temperature without changing An or Ti,  
in contrast to Section 3.2. In these mixtures the chiral base, denoted HG1 was 
composed of CE4, CE5 and CE6 in the proportions 40.0%, 30.0% and 30.0% by 
weight, respectively. The nomenclature is that used by BDH Ltd. ,' and the struc- 
tures of the materials are shown below where n = 6,8 ,  and 10 correspond to CE4, 
5 and 6, respectively. 

The composition of the mixtures which contained increasing proportions in the 
racemate of the chiral base are shown in Table 111. This table also includes the 
transition temperatures of the mixtures determined by optical microscopy with an 
accuracy of *O.l"C. It can be seen from the table that the transition temperatures 
of the materials increase slightly as the proportion of racemic material in the mixture 
increases, as expected.12 
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24 H. F. GLEESON AND H. J .  COLES 

TABLE I11 

The proportion of racemic material induced in the chiral nematic mixtures of this study and their 
transition temperatures. 

HGlR S,+Ch C b I  
% (w/w) ("C) ("C) 

HG 1 
HGlRlO 
HGlRZO 
HGlR30 
HGlR40 
HGlR 

0 
11.3 
22.1 
29.5 
40.2 

100 

27.4 40.4 
27.8 40.5 
28.0 40.7 
28.1 40.8 
28.2 40.9 
28.4 40.9 

(4 
FIGURE 4 (conrinued) 
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2 4 6 8 f0 ' 
Tc-T ("C) 

(4 
FIGURE 4 (continued) 

It should be noted that the small change in transition temperature from mixture 
to mixture could be expected to influence a direct comparison of the selective 
reflection spectra of the different materials. This is especially true close to the 
cholesteric to smectic transition where the pitch of the cholesteric mesophase di- 
verges rapidly. In this temperature region, even a small difference in transition 
temperature would result in a dissimilarity in the properties of each mixture at a 
specific temperature, since the asymptote of the divergence has effectively been 
moved. This feature of the mixtures will be discussed more fully when the pitches 
of each of the materials are compared below through the measurement of A,. 

4.2. Results and Discussion 

The experimentally determined color-play of each of the mixtures over the range 
of the chiral nematic phase is shown in Figure 5. As the proportion of racemate 
in the ester mixture was increased, the twisting power of the material became 
smaller, and for a given temperature the selective reflection peak moved toward 
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I 

* HGl 
0 HGlM0 
+ HGlR20 
1) HGlR30 

HGlRUl 

i 

"27 2i3 29 32 34 36 38 LO 
> 

Temperdure(OC) 
FIGURE 5 The experimentally determined temperature variation of A, in the series of materials HG1, 
HRlR10, HGlR20, HGlR30 and HGlR40. 
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OPTICAL PROPERTIES OF CHIRAL NEMATICS 27 

the red end of the spectrum. The diagram also illustrates the divergence of the 
pitch in the cholesteric mesophase as the smectic transition is approached. It can 
be seen that the asymptote of this divergence occurs close to the Ch-S transition 
temperature, which increases with increasing proportion of racemate and shows 
clearly the effect of the decrease in the twisting power. 

It can also be seen from Figure 5 that the shape of the peak wavelength versus 
temperature curve changes, particularly close to the S,-Ch phase transition, as 
the twisting power of the material is varied, in common with the color play curves 
of the BDH mixtures TM74A + B and TM75A + B13 which also have the chiral 
esters CE4, -5 and -6 among their components. Although such behavior is well 
known, the effect (if any) that this decrease in twisting power has on the form of 
the critical divergence of pitch with temperature has not previously been quantified. 
In these materials, the functional dependence of the wavelength on temperature 
appears to become less divergent in the visible spectral range as an increasing 
amount of racemic material is added to the mixtures, Figure 5 .  However, it can 
be shown that this is simply due to a shift of the color play curve to longer wave- 
lengths and that the functional dependence of peak wavelength on temperature is 
equivalent for each of the mixtures. 

The pitch of a mixed system of liquid crystals is given by,14 

where p, is the pitch of the final mixture, and ci and p i  the weight percentage and 
pitch at a given temperature for the individual components, respectively. For this 
series of ester mixtures, the pitch of the racemates may be assumed to be infinite. 
The above equation holds unless the constituent molecules in the mixture are 
dissimilar, when mutual molecular interactions may cause anomalous behavior, as 
in the case where injected smectic phases occur in binary  mixture^.'^^'^ Using the 
above equation, together with Equation (l) ,  i.e., A, = np, the color play of each 
of the ester materials may be predicted from the data of any one of the other 
mixtures. It should be noted that for this series of materials Z is constant between 
the mixtures at each specific temperature. 

A comparison between the actual and predicted data is shown in Figure 6(a)  
and (b). Using Up, = I: ci/pi, [Equation (l)], and the data of Table 111, it can be 
easily shown that at eakh temperature, 

- 

where the subscript denotes the mixture being considered (i.e., Alo refers to HGlR10, 
etc.). It can be seen that the form of the curves exhibited by the actual data [Figure 
6(a)] are qualitatively reproduced in Figure 6(b) where each of the data points on 
the curves has been calculated using the above relationship from the data for HG1. 

A more complete comparison between the measured and predicted data was also 
made for each of the mixtures. The result for HGlRlO is shown in Figure 7, and 
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I 

I 
\ 

I 
\ 

\ 

\ *  
\ *  

0 A\ + 
\ .  

A \  
\ *. 

D + b  \ . 
A 

+ A  
h 

D +  % - + A + 
o +  + 
n +  
D ++ 4 

‘t 

* HG1 
0 HGlMO 
+ HGlR20 
b HGlR30 

HGlR40 

\ 

c 
+ + + + + 

D 

b e 
a 

300! I P 
27 28 29 30 31 3 2 3 3  

(4 
Temperature (TI 

FIGURE 6 (a )  The experimentally determined temperature dependence of A, for the HGl series of 
mixtures over the range 27.0”C to 33.OoC, and (b )  the variation predicted using the equation Up, = 
Z c,/p, and the data of HG1. The dashed lines in the figures represent the data of HG1 shifted in both 
kavelength and temperature to give the best possible fit to the actual and calculated data for HGlR40. 
In each case it can be seen that an increase in the pitch appears to make A, versus temperature less 
divergent at the S,-Ch phase transition. 

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:
11

 1
9 

Fe
br

ua
ry

 2
01

3 



OPTICAL PROPERTIES OF CHIRAL NEMATICS 29 

I 
+ I  

HGlxl.42 
HGl x 1.67 
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FIGURE 6 (conrinued) 
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700 

- 
€ 
% 
Y 

C 

al U 600 

B 

500 
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300 
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+ HGlRlO . HGl x 1.13 
0 HGlx 1.13 terrp. 

axis st.lihed 
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28 29 30 3l 32 33 
Tenperdure ( "C) 

FIGURE 7 A comparison between the measured and predicted temperature dependence for HGlR10. 
The broken line corresponds to data predicted by calculation from HGl,  but in which the transition 
temperature has not been shifted. Note the excellent agreement between the measured and calculated 
data where the increase in transition temperature has been taken into account. 

the behavior seen is typical of all of the materials. The predicted data do not fit 
the measured wavelengths until the temperature axis is shifted to compensate for 
the increased transition temperature of HGlRlO above that of HG1 (i.e,, by 0.4"C). 
Then the predicted data agree extremely well with those measured. It is not sur- 
prising that such a temperature shift is necessary before the model fits the exper- 
imentally observed data since the simple calculation described above cannot take 
into account the increased transition temperatures observed in the less twisted 
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mixtures. However, the fact that the temperature-shifted data agree so well with 
those predicted indicates that the change in initial pitch is not altering the functional 
dependence of the critical divergence of the peak wavelength with temperature. It 
can be shown, as follows, that the functional dependence of A, on temperature is 
indeed identical for each of the mixtures, confirming this postulation. In Figure 8 
a series of curves is shown which have been calculated using the equation for the 
pitch proposed by Keating.” It is noted that other dependencies of A, on temper- 
ature, such as that suggested by Albenl* might have been used instead of Keating’s 
description. Elser and Ennulat19 have shown that both describe the variation of A, 
on temperature at the Ch-SA transition equally well. The curves in Figure 8 are 
related to the actual experimental data in that the curve of largest twisting power, 
A,  is that obtained when the wavelengthhemperature data for HG1 were fitted to 
Keating’s equation by computer over a temperature range of 2.3”C above the Ch-S 
phase transition. The equation which best fits the experimentally determined data 
is: 

hoF = 8852 (1 + ---I2 0.168 (nm). 
T T-27.4 (4) 

The subscript, OF, denotes the computer fitted dependence of A, on temperature. 
The curves B, C, D and E in Figure 8 (equivalent to HGlR10, HGlR20, HGlR30 
and HGlR40, respectively) were calculated from the values of wavelength given 
by the above equation, using 

A10 A20 A30 A40 

1.13 1.28 1.42 1.67’ 
AoF = - = - = - = - 

It can be seen that the fundamental dependence of wavelength on temperature 
remains the same for each of the curves in Figure 8. The curves in this figure again 
mimic the behavior of those shown in Figure 6(a) and 6(b )  in that the materials 
with smallest twisting power appear to exhibit a less divergent color play. It is clear 
that a decrease in the twisting power of a material does not change any of the 
constants of Equation (4), but increases the selectively reflected wavelength at  each 
temperature by a specific amount related directly to the increase in the helical pitch 
of the system. Thus, while a decrease in the twisting power of a material seems to 
linearize the temperature dependence of the selectively reflected wavelength peak, 
in fact the functional dependence is not changed. Furthermore, the shape of the 
curves may be predicted using a simple pitch calculation, remembering that the 
transition temperature of a mixture is likely to shift as increasing amounts of racemic 
material are added to it. 

5. CONCLUSIONS 

We have described materials and measurements which have allowed us to assess 
independently the influence of the birefringence and twisting power on the spectral 
characteristics of chiral nematic materials in accordance with de Vries’s equations. 
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B 

1.0 2.0 3:O 
T-T" ( O C  ) 

FIGURE 8 The complefely theoretically determined wavelength, XOF, versus temperature dependence 
calculated from the Keating equation and derived initially from values of HGl. The letters A-E relate 
to the color plays predicted to be analogous to HG1, HGlR10, HGlR20, HGlR3O and HGlR40, 
respectively. The broken lines-A-shows the best fit of curve A to E. The form of these graphs can 
be seen to be equivalent to those of Figure 6(a), which is purely experimentally-determined data. 
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We conclude that (i) mixtures may be formulated with birefringences in the range 
0.04 I An 5 0.16, (ii) Ti and An may be measured independently of A, and AX, 
(iii) de Vries’s Equation (2) holds well for large values of An but there are deviations 
for low An, (iv) the influence of variation in twisting power may be taken into 
account using a simple equation, and (v) neither the birefringence nor twisting 
power affect the temperature dependence of A,. It is clearly possible to modify the 
spectral characteristics and therefore the color purity, temperature resolution and 
brightness of thermochromic liquid crystals in a well controlled way. Manipulation 
of the birefringence alone may be achieved by dissolving the same chiral host in 
numerous nematic solvents. Addition of purely racemic material allows an inde- 
pendent variation of the pitch, and therefore A,. A combination of these two results 
thus allows the optical properties of a thermochromic material to be “tuned” to 
give the required A,, Ti ,  An and therefore AdAA for a specific application. For 
example, where a bright device is required, the birefringence should be kept large, 
and the value of A, may be varied by adding racemic material. Alternatively, high 
accuracy thermometry or narrow band optical filters will depend upon low bire- 
fringence materials. Such thermometry devices will be necessarily less bright. It is 
important to note that the actual selection of mixtures for particular applications 
is somewhat more complicated as almost all devices include microencapsulated or 
polymer-dispersed liquid crystals, where the ability to vary Ti over a wide range 
allows refractive index mismatching, and therefore light scattering, to be reduced 
at the liquid crystal/polymer interface. This improves further the perceived bright- 
ness of the specularly reflected light from the device. Also, in practical devices the 
randomly-oriented thennochromic droplets distort the selective reflection spectra 
further from the case described for a planar sample at normal incidence in Equations 
(1) and (2). Nevertheless, the comparison between the pure materials is still valid 
and useful. Finally, we note again that neither An nor p influences the form of the 
color play of the materials, although the twisting power may be modified to place 
A, in the desired wavelength range. 
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