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(Received July 25, 1990) 

Pretransitiunal optical activity measurements in smectic liquid crystals of both law and high chirality 
are reported. In the low chirality sample, p-(n-(decyloxybenzylidene)-p-amino-(2-methylbutyl)cin- 
namate (DOBAMBC), the results indicate that the optical activity in both the isotropic phase just 
above the smectic A phase and in the smectic A phase just above the smectic C* phase can be explained 
in terms of a Landau-deGennes free energy with no coupling between the chiral modes. In the high 
chirality sample, 1-methylheptyl 4’-[(4”-tetradecyloxyphenyl)propioloyloxy]bipheny~-4-~~rboxylate 
(14PlM7), the data in the isotropic phase above the recently discovered smectic A* phase cannot be 
explained in this way, even when coupling between the chiral modes is considered. Whether this is due 
to some feature of the smectic A* phase or is simply the result of strong coupling between the orien- 
tational and positional order parameters is a question which remains unanswered. 

Keywords: liquid crystals, chiral phases, optical activity, phase transitions 

INTRODUCTION 

Recent t he~re t i ca l l -~  and experimentals-8 work has demonstrated that the ther- 
modynamic fluctuations which take place near transitions in chiral liquid crystals 
display a richness not present in non-chiral systems. Most of these investigations 
have concentrated on the fluctuations which take place in the isotropic phase, just 
above the transition to one of the blue phases. The results show (1) that these 
fluctuations can be quite strong with a complex temperature and wavelength de- 
pendence, and (2) that optical activity is a very sensitive probe into the nature of 
these fluctuations. 

Very little work has been done in systems where the transition from the isotropic 
phase is to a smectic phase. In an effort to understand how these fluctuations are 
affected by the presence of short-range smectic order, we conducted optical activity 
experiments in the isotropic phase just above the transition to both the non-chiral 
smectic A phase and the recently discovered chiral smectic A phase. In an effort 
to understand the nature of the fluctuations when long-range smectic order is 
present, we also measured the optical activity in the smectic A phase, just above 

t Present address: Department of Physics & Astronomy, Swarthmore College, Swarthmore, PA 19081. 
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92 K. C. FRAME, J. L. WALKER AND P. J .  COLLINGS 

the transition to the chiral smectic C phase. The results reported here agree with 
the findings of the single previous investigation in a system of low chirality,' but 
raise new questions concerning our understanding of fluctuations in highly chiral 
smectic liquid crystals. 

THEORY 

As is customary in Landau-deGennes free energy calculations, the orientational 
order parameter is represented by the anisotropic part of the dielectric tensor, cij. 
Since it is a symmetric tensor with zero trace, it can be represented in terms of 
five independent modes or basic tensors. The rn = 0 mode is nematic-like (non- 
chiral), the m = f. 1 modes describe conical spiral modes, and the rn = * 2 modes 
are planar spiral modes. The sense of the chirality (right- or left-handed) is indicated 
by the sign of m. The nematic phase (N) is the simplest structure, and can be 
represented by the rn = 0 mode alone. The chiral nematic phase (N*) can be 
described by the appropriate combination of two modes, the rn = 0 and m = - 2 
modes for a right-handed helical structure and the m = 0 and m = + 2 modes for 
a left-handed chiral nematic. The wavevector, q, is zero for the m = 0 mode and 
4dpitch for the rn = f. 2 modes. The chiral smectic C phase (C") in general requires 
three modes for its description, but the amount of each depends on the tilt angle. 
Figure 1 shows the amplitude of each mode, as a function of tilt angle for a 
left-handed C* liquid crystal. In this case q is zero for the rn = 0 mode and 
2dpitch for the other modes. Since only the orientation order is being described, 
the nematic and chiral nematic phases can be seen as the limiting cases were the 
tilt angle equals 0" and 90", respectively. 

The theory for fluctuations in the isotropic phase has been reviewed recently6 

TILT ANGLE (deg)  

FIGURE 1 Relative amplitudes of the three modes in a left-handed chiral smectic C phase (C*)  as 
a function of tilt angle. Solid line: m = 0; dashed line: m = 1; dotted line: m = 2. The normalization 
is the same as in Reference 3. 
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PRETRANSITIONAL OPTICAL ACTIVITY 93 

and will only be summarized here. The Landau-deGennes free energy is written 
in terms of the five modes, and if only terms up to second order are retained, each 
mode contributes to the free energy independently. Each mode possesses a tem- 
perature at which the free energy for that mode vanishes, with the order m = 2, 
I ,  0, -1, and -2  as the temperature decreases (or the reverse, depending on 
whether the liquid crystal is left-handed or right-handed). Only the m = 1 and m 
= - 1 modes contribute to the optical activity in the isotropic phase, so applying 
the equipartition theorem and integrating over all wavevectors results in the pre- 
diction that the optical activity, 8, should tend to diverge at the higher of the m 
= 1 or m = - 1 second order transition temperatures with an exponent equal to 
~ 112, 

where T is the temperature and A ,  TT,  and B0 are constants. The sign of the 
pretransitional optical activity is the same as the optical activity of the compound 
when dissolved in a solvent at low concentration (positive for dextrorotatory com- 
pounds and minus for levorotatory compounds). These predictions have been ver- 
ified in liquid crystal systems of low chirality.'".'' 

If terms higher than second order are retained in the free energy express, coupling 
between the two modes with the highest second order transition temperatures 
(either m = 1 and m = 2 or m = - 1 and m = -2, depending on the sense of 
chirality), produces an expression for the optical activity which reaches a maximum 
at a temperature slightly higher than the transition to the liquid crystal phase. This 
prediction has been verified qualitatively in highly chiral liquid crystals, but there 
seems to be some quantitative discrepancies between the theory and e ~ p e r i m e n t . ~ . ~ , '  

If the transition to the liquid crystal phase is to a smectic phase, then fluctuations 
involving short-range positional order should occur along with the fluctuations 
involving orientational order. Any coupling between the positional and orienta- 
tional order parameters should affect the fluctuations of the m = l and m = - l 
modes, which in turn should influence the pretransitional optical activity. Just as 
in the case of coupling between the chiral modes themselves, one would expect 
the coupling to be strongest in highly chiral systems. 

Likewise, fluctuations of these modes in the smectic A phase as the smectic C* 
phase is approached should be significantly affected by the presence of long-range 
positional order. This last case has been theoretically examined by Demikhov, 
Dolganov, and  file^.^ They use the Landau-deGennes free energy appropriate to 
the A to C* transition and consider the case where light propagates along the 
director in the smectic A phase. In their calculations, they assume the correlation 
length for orientational fluctuations in the smectic A phase is much less than both 
the wavelength and the pitch of the C* phase. As in the case of fluctuations in the 
isotropic phase, the optical activity is predicted to diverge at a second order tran- 
sition temperature with an exponent of - 1/2. However, due to the different nature 
of the fluctuations in the smectic A phase, the optical activity should have the 
opposite sign as in the isotropic phase. 
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94 K. C. FRAME, J .  L. WALKER AND P.  J .  COLLINGS 

EXPERIMENT 

The low chirality smectic liquid crystal used in this study was (S)-( +)-p-(n-decyl- 
oxybenzylidene)-p-amino-(2-methylbutyl)cinnamate (DOBAMBC), with a pitch in 
the C* phase around 4000 nm.12 This is the same compound used by Demikhov, 
Dolganov, and Filev in their initial investigation? and our desire was to repeat 
their experiments with a higher degree of precision. DOBAMBC was obtained 
from Frinton Laboratories; it was recrystallized once from ethanol for the mea- 
surements in the isotropic phase. The high chirality smectic liquid crystal studied 
was (R)-( +)-1-methylheptyl 4'-[(4"-tetradecyloxyphenyl) propioloxylbiphenyl-4- 
carboxylate (14PlM7), with a C* pitch of less than 500 nm.I3 This material possesses 
the recently discovered smectic A* phase between the isotropic and C* phases,13J4 
and was kindly supplied to us by J .  Goodby. It was used without further purification. 

The optical rotation measurement system is of extremely high precision (+0.001'). 
Light from either a HeNe or Argon Ion laser is linearly polarized and then passes 
through a Faraday Effect modulator. The modulated light then passes through the 
sample, then a second polarizer in a computer-controlled rotation stage, before 
finally striking the silicon diode detector, the output of the detector is fed into a 
lock-in amplifier, which also supplies the signal to the amplifier driving the Faraday 
Effect Modulator. With this experimental arrangement, the optical rotation angle 
is simply the angle between the two polarizers when the output of the lock-in 
amplifier crosses zero. The high precision is achieved by having the computer scan 
the second polarizer through this angle in steps of 0.01'. Linear interpolation then 
determines the zero crossing angle with a standard deviation of typically 0.001". 

The sample is contained between two pieces of glass in an Instec HS-1 hot stage. 
The temperature of the hot stage is maintained to within 0.001 K, and the tem- 
perature inhomogeneity across the illuminated part of the sample is less than 0.01 

TEMPERATURE ("C) 

FIGURE 2 
the thickness of the sample i s  1 mm. The line is the least squares fit to Equation (1). 

Optical rotation in the isotropic phase of DOBAMBC. The wavelength i s  488.0 nm and 
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PRETRANSITIONAL OPTICAL ACTIVITY 
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FIGURE 3 
wavelengths are given. The thickness of the sample is SO pm. 

Optical rotation above the chiral smectic A phase (A*) of 14PlM7. The data for two 

DOBAMBC 

X = 4 8 8 . 0 n m  

90 95 I00 I05 I10 

TEMPERATURE C C )  

FIGURE 4 Optical rotation for light propagating parallel to the director in the smectic A phase (A) 
of DOBAMBC. The wavelength is 488.0 nm and the thickness of the sample is 100 Fm. The h e  is 
the least squares fit to Equation (1). 

K. The thickness of the sample is maintained by a spacer placed between the two 
pieces of glass. 

The optical activity in the isotropic phase of DOBAMBC is shown in Figure 2, 
where it is evident that the data closely follow the predicted temperature depend- 
ence. The temperature at which the data tends to diverge is 4.1 * 0.2 K below 
the transition to the smectic A phase. These results are very similar to those of 
Demikhov, Dolganov, and  file^,^ and indicate that the fluctuations of the chiral 
modes are not affected by whatever short-range smectic order is present. 
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96 K. C. FRAME, J .  L. WALKER AND P. J .  COLLINGS 

The results for a system with much higher chirality (14PlM7) are very different, 
as is evident from Figure 3. Notice that the optical activity does not possess the 
same temperature dependence as in DOBAMBC. The general shape of the data 
is reminiscent of what occurs in highly chiral liquid crystals when coupling between 
the modes is However, attempts to fit the data to the functional de- 
pendence typical of highly chiral liquid crystals fail miserably. The magnitude of 
the optical activity is also much larger than measurements in the isotropic phase 
of any other liquid crystals. The ratio of the optical activity at the two wavelengths 
used in the experiment is about 1.9 and does not vary from this value by more 
than + 10% over the temperature range investigated. If measurements performed 
in the isotropic phase of a highly chiral but non-smectogenic compound are ex- 
trapolated to these two wavelengths (the data were taken between 700 and 1100 
nm), the ratio only varies by k 5% from the value 1.9.8 This seems to indicate that 
the optical activity in 14PlM7 is due to chiral fluctuations, but the presence of 
short-range smectic order and high chirality appears to produce some very different 
effects. 

Finally, the optical activity in the smectic A phase of DOBAMBC is shown in 
Figure 4. Homeotropic alignment was obtained by coating the glass with octa- 
decyltriethoxysilane. As predicted theoretically, the sign of the optical activity is 
opposite from its sign in the isotropic phase. As evident from Figure 4, the data 
follow the theoretical curve, with a divergent temperature 0.4 f 0.1 K below the 
transition to the C* phase. In addition to verifying the measurements of Demikhov, 
Dolganov, and Filev: these results provide an even more stringent test of the 
theory. 

DISCUSSION 

The data presented here demonstrate that the pretransitional optical activity in 
smectic liquid crystals can be understood on the same basis as non-smectic liquid 
crystals if the chirality is not too high. This is true not only for fluctuations in the 
isotropic phase, but also for fluctuations in the smectic A phase. However, there 
are experimental and theoretical reasons why the situation in highly chiral smectic 
liquid crystals may be quite different. 

First of all, Filev argues that the chiral modes should show the effect of coupling 
in the smectic A phase as well as the isotropic phase.4 The experimental results 
seem to indicate that DOBAMBC is not chiral enough to see such an effect. Similar 
measurements in highly chiral systems with an A-C* transition are planned in our 
laboratory and should give an indication of whether the theory is correct or not. 

Second, the origin of the optical activity immediately above the A* phase is still 
an open question. Although the experimental results reported here give every 
indication that fluctuations above the transition cause the optical activity, one must 
proceed with caution. For example, DSC and heat capacity measurements on 
14P1M7 show a small, broad peak just above the transition to the isotropic p h a ~ e . ' ~ J ~  
In fact, the temperature at which the optical activity decreases fastest occurs at the 
same temperature as the center of the DSC and heat capacity peaks. If the optical 
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PRETRANSITIONAL OPTICAL ACTIVITY 97 

activity is due to fluctuations, then these fluctuations are large enough to show up 
in thermal measurements. This is not true for other compounds, even the highly 
chiral ones. Could this optical activity be due to the presence of long-range ori- 
entational order in a narrow temperature interval above the A* phase? The data 
presented here seem to argue against such a possibility, since the pitch of such a 
phase would have to be greater than the wavelength of light in the sample in order 
for the optical activity to be positive. But a phase with a large pitch would not 
produce the ratio of optical activity at the two wavelengths typical of pretransitional 
measurements as is the case for 14P1M7. More theoretical and experimental work 
will be required to demonstrate whether there is something unique about the 
transition from the A* to isotropic phase, or if coupling between the smectic and 
orientational order parameters produces extremely strong fluctuations in highly 
chiral liquid crystals. 
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