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. INTRODUCTION

It seems certain now that cholesteric liquid crystals (cholesterics, or
CLC, for short) have been the first examples of mesomorphic state
of matter known to humankind. Apart from the well-known discovery
of the two-stage melting of cholesteryl benzoate made by Reinitzer
in 1888" and cited in almost all the textbooks, one may recall some
other papers where the authors, quite unaware of the real significance
of their observations, presented undeniable evidence of the liquid
crystalline state of matter. E.g., Professor Planer from the Lvov
University as early as in 1861 did observe, putting it in the present-
day terms, selective reflection from the planar texture of cholesteryl
chloride forming a monotropic cholesteric mesophase on cooling.?
One should also note that the works of Fergason,®* outlining the
prospects of practical applications for CLC, did, in fact, precede
similar endeavors by Heilmeier in the field of nematics. From the
viewpoint of organic chemistry, a number of mesogenic cholesterol
derivatives had been already synthesized and thoroughly studied® by
the time the name of MBBA (p-methoxybenzylidene-p’-n-butylani-
line), to say nothing about cyanobiphenyls, was not yet known to
anybody. The mere listing of CLC prospective applications®’ seems
so impressive that, keeping in mind the above-described historical
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background, one should expect to find cholesterics in a key position
in the field of liquid crystal science.

Looking over a subject or citation index, one is, however, a little
discouraged. In fact, during the last five or ten years new kinds of
exotic smectics {nearly outnumbering the letters of the Latin alpha-
bet), discotics, different columnar, carbonaceous, lyotropic or ‘““blue”
phases formed the main field of interest for the “*pure” liquid crystal
science. From the other side, most of the practically-minded re-
searchers directed their work toward nematic displays. Cholesterics
became sort of Cinderellas in the liquid crystal family, but there are
many indications that this situation is but a temporary one.

We shall mention here a few arguments in favor of CLC. To begin
with, cholesterics are an excellent testing field and a touchstone for
different theories of nematic ordering. No theory pretending to be
an adequate description of orientationally ordered mesophase may
be considered viable enough if it does not offer possibilities of its
extension to describe helical twisting in cholesterics. Cholesteric mes-
ophases are an excellent medium for observing quasi-chemical inter-
molecular interactions. No other macroscopic parameter seems to be
so sensitive to the smallest changes in molecular structure and com-
position as the helical pitch. Thus, cholesterics are indispensable for
statistical thermodynamics and physical chemistry, providing a useful
means of development for these branches of science. It seems to be
a general feeling that medical thermography and electrooptical effect
of the field-induced cholesteric-nematic transition are not the only
possibilities of the practical use of cholesterics—the main achieve-
ments are definitely still ahead.

It seemed quite appropriate to make an attempt of generalizing
experimental and theoretical results obtained in the field of choles-
terics. The present review is partly based upon the ideas of our pre-
vious ones®® with an emphasis upon the most recent results. We
tried to present a unified treatment of scattered and sometimes con-
tradictory data from the standpoint of our understanding of the prob-
lem. The concepts and ideas are largely based upon our own expe-
rience of practical work with real cholesterics, both cholesterol
derivatives and nematics with induced chirality.

. PHYSICAL PROPERTIES: A REVIEW OF EXPERIMENTAL
DATA

A. A classification scheme for cholesterics

To avoid possible misunderstanding, it is necessary to begin with an
outline of a classification scheme for CLC. The reason is the great
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variety of systems designated by the same term ‘cholesterics.’ In fact,
if we compare a mixture of cholesteryl nonanoate and cholesteryl
oleyl carbonate with, say, MBBA doped with 2% of 4-(2-methyl-
butyl}-4'-cyanobiphenyl, we shall have some difficulty in finding a
physical property which would be quite similar in both systems. Apart
from the presence of helical twisting and long-range orientational
order, most of their features are quite different. Regardless of this,
in many papers, especially those written by specialists in theoretical
physics or electronics it is implicitly assumed that one and the same
phenomenological theory or microscopic model should be equally
suitable for all the systems labeled in their minds as ‘cholesterics.’
Judging from our own experience, it is often a major factor of con-
fusion, especially for newcomers to the field of cholesterics. There-
fore, we begin with an outline of classification and terminology to be
used throughout this paper.

Firstly, cholesterics may be subdivided into thermotropic and ly-
otropic ones; next, thermotropic cholesterics can be monomeric or
polymeric; monomeric cholesterics are subdivided into helically twisted
discotics and helically twisted ‘calamitics’ (using the terminology of
Billard!%); the latter are helically twisted nematics or helically twisted
smectics —C, H {(or G), etc.

Our field of interest is restricted in the present review to the hel-
ically twisted nematics, which can be, in turn, subdivided in the fol-
lowing ways:

— According to the chemical nature of the constituent molecules;

a) steroids (e.g., cholesterol esters) and their mixtures with each
other;

b) non-steroidal cholesterics, or ‘“‘chiral nematics’;

¢) induced cholesteric systems (cholesteric systems with induced
chirality, nemato-chiral systems), comprising a nematic matrix and
an optically active dopant (OAD), usually in small (<10-15%) quan-
tities;

d) mixed cholesteric systems, i.e., mixtures formed by the com-
ponents of different chemical structure, where specific intermolecular
interactions are not negligible. The examples are the so-called ne-
matic-cholesteric mixtures (i.e., mixtures of nematics with mesogenic
steroids in the broad concentration range), mixtures of chiral nematics
of different chemical classes, etc.

One should note that border lines between subclasses b), ¢) and
d) are not sharp and, in many respects, conventional. On the contrary,
there is a wide gap between a) and b)—a cholesteric mesogen can
either be a steroid or have nematic-like molecular structure with an
optically active group (e.g., 2-methylbutyl) attached to it. No inter-



Downloaded by [Tomsk State University of Control Systems and Radio] at 13:53 19 February 2013

246 G. CHILAYA and L. LISETSKI

mediate forms are known. Synthesis of a mesogenic optically active
substance with molecular structure essentially different from steroids
or typical nematics would be of fundamental importance for molecular
theory of cholesteric mesophase.

— Depending upon relative temperature ranges of the cholesteric
phase and of the low-temperature smectic phase (actual or virtual)
one may distinguish between ‘genuine’ (‘pure’) cholesteric phase and
cholesteric phase in the region of pre-transitional phenomena (some-
times called ‘cybotactic’ or ‘heterogeneous’ cholesteric phase, refer-
ring to the presence of smectic clusters). E.g., cholesteric phase of
cholesteryl nonanoate + cholesteryl oleyl carbonate mixtures lies
entirely within the temperature range of pre-transitional phenomena.

—Cholesterics may have a right-handed (cholesteryl chloride) or
a left-handed helix (cholesteryl nonanoate). A special case are so-
called ‘compensated’ mixtures, comprising components with different
helix sense. Under certain conditions one can observe in such systems
temperature-induced unwinding of helix with formation of nematic
mesophase and inversion of helix sense.

We must also mention here ‘reentrant’ cholesteric phases—a phe-
nomenon which is quite similar to its nematic counterpart. Such phases
were reported both for induced cholesterics (reentrant nematic +
OAD)'"12 and for individual substances (non-steroidal cholester-
ics).’* Recently a pressure-induced reentrant phenomena was re-
ported for certain cholesterol ester mixtures. Pitch-temperature de-
pendences in both cholesteric phases were reported'® for a number
of induced cholesterics; there is, however, not enough information
upon the subject to make definite conclusions.

In a narrow temperature range close to the cholesteric to isotropic
phase transition so-called ‘blue phase’ is observed, which is considered
by some authors as a separate phase, and by others as a specific form
of cholesterics. The question was treated recently in detail in a number
of reviews (e.g., Refs. 16,17) and will not be considered here.

B. Orientational order and anisotropy of physical properties

1. Orientational long-range order parameter S. A generally ac-
cepted view is that cholesterics are helically twisted nematics. There-
fore, they can be characterized by the orientational order parameter,
S = (P,(cos 8)), where P, is the Lengendre polynomial, and 9 is
the angle between the long molecular axis and the local director
fi(n, = cos quz, n, = sinqoz, n, = 0, g, = 2up~'). The presence
of twisting with the helical pitch p complicates greatly the problem
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of determining S, for many of the methods applied successfully 1o
nematics are of no use in the cholesteric phase.

One of the most reliable ways is to use the NMR technique. Coll-
ings, McKee and McColl,'® presenting S(7) dependences for choles-
teryl o- and m-fluorobenzoates, were the first to make a conclusion
that orientational ordering mechanism is essentially the same in ne-
matic and cholesteric phases, with differences in the molecular struc-
ture between steroids and typical nematogens being of a surprisingly
little importance. Deuterium NMR in the smectic, cholesteric and
‘blue’ phases of cholesteryl nonanoate and myristate was used in Ref.
19, where deuterium quadrupole splittings and the corresponding
orientational order parameter values were determined. The wide line
NMR data are reported in Ref. 20 for cholesteryl benzoate, methyl
carbonate, ethyl carbonate, and laurate; it is argued that for these
substances $ values are somewhat lower, comparing with the typical
data for nematics.

In Ref. 21 electron resonance spectroscopy was used to determine
the order parameter of a spin probe dissolved in cholesterics. The
structure of the spin probe had to resemble that of the cholesteric
solvent—a definite drawback of the method; as it was clearly shown
for nematics,? the use of ‘guest’ molecules is an essentially unreliable
way of getting an insight into the molecular ordering. One may men-
tion also, for example, the use of the surface plasmon technique,*
etc. It seems unlikely, however, that such methods could be of prac-
tical use to determine S(T) for a considerable number of different
cholesterics with the aim of studying the influence of molecular struc-
ture upon orientational order. In this respect optical methods, being
relatively simple, look much more promising.

A crude estimate of S(T) in cholesterics was made by Korte,?* who
used the measured values of the selective reflection and optical ro-
tation amplitudes in comparison with the theoretical ones. More rig-
orous approaches within the same ideology were presented in Refs.
25,26, where not only the amplitudes, but the complete intensity v.
wave-length curves were used. In Ref. 26 the circular dichroism spec-
tra were measured for the planar texture of cholesteryl alkanoates,
and a set of optical anisotropy parameters was determined by com-
puter fitting to the theoretical circular dichroism v. wavelength curves.
In the vicinity of isotropic transition temperature 7; values obtained
were clearly underestimated because the planar texture deterioration-
monodomain regions became comparable in size with the optical
beam cross-section. At lower temperatures (7' < 7, — 5°) however,
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S values were in fair agreement with the NMR data, supporting
credibility of the method.

Birefringence data were used to determine orientational order in
Ref. 27. Refractive indices were measured using an Abbe refractom-
eter, and, using estimates of polarizability anisotropies, S values were
determined for cholesteryl propyonate, nonanoate and decanoate.
The values obtained were ~0.7-0.8 in the smectic A phase and ~0.2—
0.4 in the cholesteric phase, which is certainly an underestimate. The
discrepancy may be due to the non-uniformity of the planar texture—
multiple crossings of disinclination lines by the light beam could cause
a decrease in the apparent birefringence values.

An interesting method of determining S(T) in cholesterics using
birefringence data was proposed by Averyanov.?® The method is a
natural development of the Vuks-Neugebauer technique, allowing to
account for internal field anisotropy. The § values are obtained as

S - 3M (n, -4: n.) An )
2aN,p(n® + 2) A v

where M is the molecular mass, N, is the Avogadro’s number, p is
the mesophase density. The effective anisotropy of molecular polar-
izability Ay may be estimated in at least three different ways:

(1) from the expression

M (n + n)An
T 4mN, p (n? + 2)

Ay (2)

where refractive indices are to be measured in the single crystal formed
from the corresponding mesogen on cooling (which, however, is not
a routine operation).

(i) using the Haller-type approximation

S = Syl - TIT*) 3)

and plotting log(SAy) vs. tog(1 — 7/T*). where T™ is a temperature
just above the isotropic transition point T, Putting S, = 1, on the
condition of the plot linearity we may have some credibility in the
A« values thus obtained. The main drawback is an approximate char-
acter of Eq. (3)—it is shown in® that §, # 1(in fact, §, ~ 1.1 -
1.4). and T*, which may differ from T, by up to several degrees,
cannot be determined with a sufficient accuracy. The problem of
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applicability of Haller-type approximations to the orientational order
in mesophases is discussed in detail in.*°

(iii) Ay may be calculated using the additivity rule for bond po-
larizabilities, or more exactly, using the modified method of Lippin-
cott—3d——function potential model.3!

In the case of convergence of all three Ay values one may, in fact,
have some confidence in the order parameter values obtained in such
a way.

S(T) curves for cholesteryl nonanoate obtained using the Avery-
anov method®® are in good agreement with those determined from
the circular dichroism spectra;?® S(7T) values for cholesteryl laurate*!
are confirmed by NMR.? A number of S(T) curves for different
cholesterol derivatives, obtained by the Averyanov method, are
presented in Ref. 32. The character of these dependences is shown
in Figure 1.

Unfortunately, there is no information about S(7) in induced or
non-steroidal cholesterics; due to the absence of any directly obtained
data, it is usually argued that order parameter values do not differ
much from the corresponding values in nematics.

2. Birefringence and dielectric anisotropy. While reliable abso-
lute $ values still remain a largely unsolved problem, one can still
obtain some information, comparing An(T) and Ae(T) curves in dif-

N

0,36 0,98 1T

7

ro
o

FIGURE 1 Orientational order parameter as function of temperature in the choles-
teric mesophase of cholesterol derivatives:*#-** 1—cholesteryl-g-bromopropyonate, 2—
B-chloropropionate, 3—y-chlorobutyrate, 4—p-brombuthyrate, 5—nonanoate, 6
(dashed line)—theoretical Maier-Saupe curve.
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ferent systems (due to low magnetic succeptibility Ax data for cho-
lesterics are extremely scarce).

Thus, measurements of Ae and precision measurements of An by
means of determining full internal reflection angle for p-methoxy-
benzylidene-p’-isohexacylaniline (MBHA)?3* showed that An and
Ae values were identical within experimental error (e.g., up to +0.0005
for An) for both optically active form (cholesteric phase) and racemic
form (nematic phase) in all the mesomorphic region. A similar result
was later obtained by Pelzl*® for other chiral nematics. The impli-
cations are obvious—local orientational order in the twisted nematic
phase is identical to the bulk orientational order in the corresponding
ordinary nematic phase, provided the chemical structure of the con-
stituent molecules is the same. Therefore, there is no need to develop
a special molecular statistical theory of orientational ordering in cho-
lesterics—its nature and mechanism should be identical to those in
nematics (and vice versa). We shall use this fundamental fact exten-
sively later, considering theories of helical twisting.

In a more strict reasoning, however, one should expect that phase
biaxiality of CLC may influence orientational order characteristics.*®
This influence is but a minor one, which can hardly manifest itself in
any of macroscopic properties. The data of Ref. 37, where by means
of deuterium NMR such an influence was presumably observed, are,
in fact, not conclusive, because the system studied was a mixture of
MBBA, deuterated in the a-position, and chiral 4-methoxybenzyli-
dene-4'-[( + )-2-methylbutyl] aniline, and not the racemate and the
optically active form to enable the complete elimination of the chem-
ical structure effects. As we have stressed already, there are no data
available on the $(7) in the induced cholesterics.

Considering An in cholesterics, one should mention that for cho-
lesterol derivatives and their mixtures An values (An ~ 0.02) are
much lower in comparison with typical-nematics used as matrices in
induced cholesterics. The value of An determines the halfwidth of
the selective reflection peak (AN = An - p), which is an additional
problem for those developing non-steroidal liquid crystalline thermo-
indicators—too diffuse peaks may be suitable for many consumers.

C. Helical pitch

1. Textures of cholesterics. Standard conditions for the meas-
urements in cholesteric mesophase are the *“‘sandwich’-type cells,
consisting of two glass or quartz plates and a Mylar spacer there
between to provide a necessary thickness of cholesteric layer. CLC
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is introduced into the cell (as a rule—in the isotropic phase with
subsequent cooling). Limitations are imposed upon the cholesteric
layer thickness values—in the most case, it is kept within the range
of 5 to 50 pm. In too thin cells surface effects begin to be sensible,
and there is a sharp fall in the reflected light intensity. If the CLC
layer is too thick, the structur- loses its uniformity along the helical
axis. This effect, experimentally studied and discussed in detail in
Ref. 38, is in agreement with theoretical considerations®® making
helical twisting possible only in layers of limited thickness. It is to be
kept in mind when large-pitch cholesterics (p = 50~100 wm) are
investigated. Unsuccessful attempts to obtain a good planar or focal
conic texture in such a system sometimes lead to an erroneous con-
clusion that “this OAD does not induce twisting,”” and the reason is
ascribed, e.g., to the presumably low optical purity of the OAD. Due
to such an effect the authors of Ref. 40 could not observe helical
twisting in their systems, and the discovery of helically twisted dis-
cotics (in a similar system of discotic + OAD) was reported only
three years later.*

Other cases of border conditions are realized in cholesterics with
one or two free surfaces, or suspended in the form of droplets, with
many interesting effects reported for such systems. 243

Returning to the standard case, let us consider four main types of
cholesteric textures which are usually obtained in the experiments
and observed under a polarizing microscope.

a) planar (Grandjean) texture is observed when the helical axis is
normal to the bordering surfaces (Figure 2, a). If the cell thickness
is much greater than the helical pitch (50 pm > d >> p), the planar
texture is readily obtained by a gentle tangential movement of the
untreated cover glass. Obtaining a monodomain planar texture is a
more complicated problem. Though in most cases it is not necessary—
monodomain qualities have practically no effect upon helical pitch
or A, values.

b) focal conic texture may be quite adequately presented as a
slightly distorted homeotropic texture with helical axes begin ap-
proximately parallel (with many local deviations) to the bordering
surfaces (Figure 2, b). This texture is naturally formed when an is-
otropic liquid cools down to the cholesteric phase; its milky appear-
ance is due to the diffuse light scattering.

c) “fingerprint” texture is a cholesteric variety of the homeotropic
texture well known for nematics. Due to a certain pre-treatment of
the cover glasses (e.g., with lecythine) molecules tend to align nor-
mally, which causes helical axes to align parallel to the bordering
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FIGURE 2 Types of textures in cholesterics: a) planar (Grandjean), b) focal conic,

and ¢) homeotropic (“fingerprint™). For all the cases: 1—helical axis, 2—quasi-ne-
matic lavers. 3—boundary surfaces.

surfaces (Figure 2, c). The resulting picture, somewhat resembling
fingerprints, can be observed in crossed polarizers. Periodic changes
in molecular alignment along the helical axis cause periodic changes
of the refractivity index, leading to the characteristic stripes pattern,
with its period being equal to p/2.**

d) when surface anchoring energy is greater than the energy of
helical twisting, a kind of superstructure is often obtained.*>*¢ This
superstructure (sometimes called a “*strains’’-texture) is also periodic,
but its period is several times greater than the helical pitch. Bragg
scattering from such a texture causes the appearance of two rings,
the larger of which corresponds to the equilibrium pitch value, and
the smaller—to the period of the superstructure. Very often this
texture is a subject of further deformations, with the outer ring grad-
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ually disappearing. Characteristics of the superstructure are largely
determined by the cell thickness.

2. Helical pitch measurement technique. In different cholesteric
systems helical pitch values may vary from ~0.1 to ~200 pm, and it
is not possible to carry out the measurements in all the range using
one and the same experimental technique. Very often one even has
to change from one technique to another while studying one and the
same cholesteric system, with helical pitch increasing or decreasing
by one or two orders of magnitude upon some minor external stim-
ulus. Every technique has its own experimental set-up, its own draw-
backs, its own sources of systematic errors. That’s why helical pitch
measurements in cholesterics, which seem so straightforward and
relatively simple from the point of view of classical experimental
physics, often meet with a number of methodological problems. To
say nothing about the absolute helical pitch values, even the relative
figures (e.g. 1/p dp/dT)) are often much less reliable than it could be
expected.

Basing upon literature data and our own experience, we will con-
sider the following methods of helical measurements:

(i) Selective reflection from the planar texture. The observed wave-
length of maximum reflection A,,,, is related to the helical pitch p by

the formula
1 in o .
Amax = NP COS = [arcsin<sm ‘P’> + arcsin (sm ‘PS)] (4)
2 R n

where ¢; and ¢, are the angles of incidence and observation respec-
tively. A major advantage of the method is that A, is practically
insensitive to the planar texture non-ideality (which is, in fact, una-
voidable). Planar texture deterioration causes changes in the selective
reflection amplitudes and makes the peaks more diffuse, while the
values of A\, remain constant. In a series of successive measurements
Amax values seem to be reproducible to within +1-2 nm, except,
perhaps, for the narrow temperature region close to the “‘blue phase”
or the isotropic transition. Thus, the selective reflection technique
must be considered quite reliable in the visible range of A, (i-e.,
0.2 pm < p < 0.6).

(it) Pitches up to 1.5-2 pm can be easily measured from the se-
lective transmission spectra obtained, e.g., using a standard Hitachi
330 spectrophotometer, with A, related to p by the same Eq. (4).
If some components of the cholesteric system studied (an OAD or a
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nematic matrix) have absorption bands close to A,,,, several practical
methods can be applied to make an appropriate compensation and
to avoid the difficulties.*

A drawback of the above-described methods is, of course, a need
to know the refractive index values n. In some cases it may lead to
some difficulties. In fact, all the literature data concerning substituted
cholesteryl benzoates (which form the cholesteric mesophase in the
temperature region of 150°~300°C)**-*° provide only the A ., values—
the listed p values were obtained multiplying A ., by 1.5, which was
assumed to be an acceptable average n value for all the cholesterol
esters. Actual n or p values have never been measured for these
substances, which is quite justified, for an eventual increase in ac-
curacy is definitely not worth the amount of experimental work needed
for high-temperature refractive index measurements.

(iii) Bragg diffraction from the focal conic texture. The first dif-
fraction maximum is determined by the formula

1 in ¢, i
Amax = NP SN El:arcsin(Sl[;‘p') + arcsin (—S“:z%>j| (5)

For ¢, = ¢,, n is canceled out, and

Amax = P SIN @ (6)

This technique was described in detail in Ref. 50 and used later
rather extensively. The range of measurable p values are limited,
from one side, by the angle ¢ which must not be too close to 90° to
provide a well-defined diffraction maximum, and from the other side,
for p = d (d is the cell thickness) and d = 50 pm it is extremely
difficult to obtain a good focal conic texture, because a deformed
superstructure (*‘strains’’-texture) becomes more favorable energet-
ically.**¢ With a conventional He-Ne laser, reliable data can be
obtained for 0.8 < p < 10 pm.

(iv) The Cano wedge technique® may be used in one of its possible
modifications.>>>? Its idea consists in introducing a cholesteric into a
wedge-shaped cell, obtaining the planar texture and observing the
distance / between disinclination lines, using a polarizing microscope.
For small wedge angles o

p = 2al @)



Downloaded by [Tomsk State University of Control Systems and Radio] at 13:53 19 February 2013

CHOLESTERIC LIQUID CRYSTALS: REVIEW 255

Pitches up to 200-300 wm may be estimated using this method,
thought it is definitely less accurate than those described previously.

(v) For the large pitches (p = pm) it is possible to use a “finger-
print” texture—the distance between the adjacent lines is approxi-
mately equal to p/2.* The advantage of the method is its extreme
simplicity; the values obtained are, unfortunately, not very accurate.
This technique may be recommended, e.g., for preliminary deter-
mination of the helical twisting power order of magnitude when a
new OAD or a new chiral nematic is synthesized, and only a small
quantity is available.

Many other methods of helical pitch measurement were proposed;
their use is, however, rather limited and is not considered in the
present review.

A separate problem is the determination of helical sense (pitch
sign). There are still no simple and reliable methods for absolute
measurements, one has to compare in one way or another optical
rotation or polarization properties of a tested system with these of a
known system (e.g. left-handed cholesteryl nonanoate or right-handed
cholesteryl chloride). Useful examples may be found, e.g., in Refs.
54,56.

3. Helical pitch: experimental data. a) Pre-transitional region.
A well-known fact is the divergence of helical pitch near the choles-
teric-smectic A transition point. Pindak er al.">® have shown that
the dependence in this region can be expressed by the relationship

p=p+AT-T) (8)

where v is the critical exponent. For cholesteryl nonanoate and
decanoate v was found to be close to 0.66—the theoretical value
predicted by the scaling law hypothesis and the de Gennes’ analogy
between superconductors and smectics— A.>® The values of v were
measured many times in different cholesteric systems; in some cases
v values were quite close to v = 0.66,% while in other cases critical
exponents appeared to be composition-dependent in the range of 0.5
< v < [.% Several theoretical approaches not based on the scaling
law hypothesis were proposed, such as the model of Wigman and
Filyov®? and the model of Alben,*® which was later extended® to
consider an ‘effective smectic field’ orienting CL.C molecules and
causing the helix unwinding in an analogy to the helix unwinding by
the electric field. The question about the relationship between mo-
lecular structure and character of p(T) dependence remained, how-
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ever, unsolved. Using the most general arguments, one may present
a p(T) dependence in the pre-transitional region as shown in Figure
3. Keeping in mind the use of such systems as liquid-crystalline ther-
moindicators, we consider the temperature range of color play AT as
an important practical characteristic. Two main factors affect the AT
value; (i) curvature and steepness of the p(T) plot and (ii) intrinsic
pitch value p,, being the lower limit of p on increasing temperature.
The first of these factors seems to depend upon the nature of the
phase transition (second-order or weakly first-order), and the second
one will be discussed in Section III. The narrowest AT value was
reported in Ref. 65 for S-cholesteryl 14-phenyltetradecanethioate.
There has been. however, no theoretical treatment of the problem
on the molecular level.

Helical pitch does diverge not only close to the transition to smectic—
A, but on approaching smectic—C phase as well.®%7 In this case
p(T) curves were reported to be much less steep,®” though no detailed
investigation has been carried out. Untwisting of the helix may be
caused by pressure. when the pressure-induced cholesteric-to-smectic

p |
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PA,.m=‘100 ) = Poz
| AT{ ‘<1 \ P
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‘ | -
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FIGURE 3 Characteristic features of pitch vs. temperature dependences in the vi-
cinity of cholesteric-smectic transition.
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phase transition does occur.®® In the reentrant cholesteric phase hel-
ical pitch diverges with an increase in temperature on approaching
the high-temperature smectic phase.!*-13
b) ‘Genuine’ cholesterics. Practically all the cholesterol deriva-

tives not exhibiting low-temperature smectics are characterized by a
slow decrease in p on increasing temperature, with {1/p dp/dT| values
becoming somewhat larger on approaching 7; (Figure 4). Only two
exceptions were reported: cholesteryl 2-(2-ethoxyethoxy)ethyl
carbonate® and a recently synthesized methyl 38-nonanoyloxy-cho-
lest-5-ene-24-oate.”™® Reasons for such a behavior still remain un-
known.

Chiral nematics usually have dp/dT = 0; in most of the induced
systems 1/p dp/dT > 0, though there are many exceptions. This ques-
tion will be considered in detail in Section IV.

D. Viscosity

As most of the physical properties, viscosity is anisotropic in the liquid
crystalline phases. Measuring of this anisotropy is complicated by the
flow effects upon molecular orientations, which is overcome in ne-
matics by applying magnetic fields at low rates of flow. In the cho-
lesteric phase the problem is, however, much more complex.

It is a well established fact that the viscosity in the mesophase of

Prm}
400

350
B ——

90 100 1D { °[

FIGURE 4 Typical pitch vs. temperature dependences in the absence of pre-tran-
sitional phenomena:* > 1—cholesteryl valerate, 2— propionate, 3—-brombutyrate.
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cholesterol derivatives is markedly non-Newtonian for both tube and
flat capillaries (for some recent data see, e.g.,’!'7?). A generally ac-
cepted interpretation of this fact is based upon the so-called “per-
meation” model proposed by Helfrich™ (a generalized theoretical
treatment was presented recently by Goossens).” The model consists
in assuming a kind of anchoring of the molecules to the capillary
walls; as a result, helical structure is fixed in space and becomes a
source of hindrances to molecular motions—a molecule has to ‘pen-
etrate,” to ‘permeate’ through the fixed helical structure; its trans-
lational movements are inseparably coupled with rotations.

The situation is not so clear, however, for induced cholesteric sys-
tems. It is often argued that in this case there is but a small dependence
of the apparent viscosity m,,, upon the shear rate, and that v, values
have the same order of magnitude as in the conventional nematics,
even at low flow velocities.”® A question then naturally arises—what
are the reasons for such differences between these two classes of
cholesterics? One may recall also’ that in a compensated cholesteric
mixture {i.e., in a mixture of two cholesterol derivatives with the
opposite helical pitch senses) when the pitch p — o« the viscosity
properties become quite similar to those of conventional nematics
with no peculiar features that could be associated with the steroidal
nature of the molecules.

In Ref. 77 viscosity of a number of induced cholesteric systems was
measured using an Ostwald viscometer. The OAD used had different
helical twisting power values and molecular geometry. It was shown
that viscosity changes with increases in OAD concentration were
determined primarily by the induced helical twisting, though at higher
concentrations an influence of molecular geometry became noticea-
ble.

In order to clarify the situation viscosities at different flow rates
for a number of induced systems were measured in’® using a modified
Tsuda viscometer with a flat capillary. In all the systems studied when
helical pitch values were sufficiently low a pronounced non-Newton-
ian behavior was observed, which could be interpreted in terms of
the ‘permeation’ model. The difference between steroids, nematics
doped with steroids and nematics with non-steroidal optically active
dopants was found to be but quantitative, with no essential difference
which could be ascribed to the differences on molecular level between
steroidal and non-steroidal cholesterics. Similar results were obtained
in Ref. 79 for both plate and tube capillaries.

It 1s an interesting fact in itself that viscous properties of CLC are
very much the same both in plate and tube capillaries (though the
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absolute viscosity values are larger in the latter case), permeation
effect being thus not limited to one peculiar geometry. In flat cap-
illaries, with the helical axis normal to the flow direction, the effect
may be presumably due to non-uniformities of the planar texture
which in the absence of external fields or special orientation proce-
dures show themselves as disclination lines oriented by flow.

The experimental data concerning CLC seem to imply a definite
conclusion that steroidal, non-steroidal and induced cholesterics are
physically one and the same system; differences due to molecular
structure can show themselves, however, in various physico-chemical
aspects.

ill. A MICROSCOPIC THEORY OF THE HELICAL PITCH

A. Theoretical models of the cholesteric mesophase

Cholesterics appear to be one of the most complicated systems in the
field of liquid crystals. Theory was always lagging behind experi-
mental research and practical uses of cholesterics. One may recall
that Maier-Saupe and Oseen-Frank theories of nematics preceded
the works of Heilmeier et al., while the sequence for cholesterics was
inverse—Keating and Goossens appeared only after the works of
Fergason. The years of research and development have not altered
the situation. E.g., dealing with electrooptics of nematics, one has
to know only quite a limited number of easily measurable macroscopic
parameters (Ae, viscosity, stiffness constants, An), and then many
different characteristics of numerous electrooptic effects (threshold
voltages, rise and decay times, etc.) can be calculated with quite an
acceptable accuracy.®¥! On the contrary, there is no reliable and
generally accepted way of theoretically predicting p or 1/p dp/dT for
a cholesteric system of the known composition until these values are
actually measured. A comprehensive theory of the cholesteric mes-
ophase is yet to be developed. Relying largely upon our own expe-
rience of practical work in the field of cholesterics, we attempt to
present here a brief outline of the existing theoretical situation.
Keating® proposed a microscopic model for the description of hel-
ical twisting, considering elongated molecules making anharmonic
rotational vibrations in the planes normal to the helical axis (i.e., in
the quasi-nematic layers). If 6 is an angle between the long axes of
two molecules situated in the adjacent quasi-nematic layers, the mean
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field is assumed to be
V(8) = V, + a9*> + B3 9)

The anharmonic term B causes the mean field to be asymmetric
about the parallel orientation (6 = 0). and at the temperature T the
thermal average of 8 gives rise to a non-vanishing twist angle:

(0) = f 0 e~ "IkT gp / f e~ "OVAT dg (10)

Helical pitch p = 2mwa/(8) (here a is the distance between the ad-
jacent planes) is a decreasing function of temperature in this model.

Later on, Boettcher® extended physical foundations of the Keating
model, providing a realistic picture of the molecular arrangement in
the cholesteric phase.

Another approach was proposed by Goossens®*® and later ex-
tended by Wulf,* who assumed the angular dependence of the energy
of interaction between two chiral molecules in the adjacent quasi-
nematic layers in the form

Viz (8) = —wP; [cos(6 — 8))] (11

where P, is the Legendre polynominal (in the paper of Wulf®¢ the
corresponding expression for the planar case, i.e. (2 cos? § — 1)
instead of P»(cos 8) = 1/2(3 cos?0 — 1), was used), and 6, is the angle
between the long axes of the molecules in question in the mutual
orientation corresponding to V,(6) = min (Explicit expressions for
8, will be discussed later). In the original Goossens theory dispersion
forces were considered as the source of chirality, while Wulf did not
specify the nature of the relevant intermolecular forces.

The model potential of a chiral molecule in the mean field, in an
analogy to Maier-Saupe theory of nematics, may be written down as

V(8) = —vS Pycos(8 — 8,)] (12)

where § is the orientational order parameter. Substituting Eq. (12)
for ¥(0) into Eq. (10) and performing the relevant integrations, in
the case of an expression for small 8, can be obtained®’:

o=nro=sfi-o(5) /)] @
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where a = 35/2t,t = kT/v, and I, is the modified Bessel function.
This provides a quantitative description of the partial helix unwinding
due to an increase in the number of molecules with orientations
tending to compensate the Goossen’s twisting (i.e., increasing tem-
perature leads to higher |6 — 6,|; for more and more molecules 0
values become opposite in sign to 6,, and the averaged value of ()
diminishes). Thus, the Goossens—Wulf theory does predict a small
increase in p with temperature (for T = T, — 10° l/p dp/dT ~ 0.004),
as it was noted in Ref. 88.

An account for rotation of chiral molecules about their long axes
was made by Stegemeyer and Finkelmann.?>->* This rotation was as-
sumed to be not quite free (as it would have been in the case of
cylindrically symmetric molecules). One of the two mutually perpen-
dicular directions of the short molecular axis is thought to be ener-
getically more favourable, resulting in a certain amount of (at least
short-range) rotational order. Generalizing the idea of Wulf,# who
considered only two discrete orientations of the short axis, Finkle-
mann and Stegemeyer introduced a short-range rotational order pa-
rameter

J'Oﬂ(l — sin?y) exp[ — U(W)/kT] dis
Sp =

- (14)
fo exp| — UW)/KT] di

where ¢ is the angle which describes the deviation from the coplanar
orientation of the corresponding short axes, and U(\) is the potential
introduced to describe the hindered rotation about the long molecular
axis (U(d) = Uy(1 — cos 2¢)/2). The helical twist angle is then

1dp 1
For U, << kT Sz = U,/4kT, and ;d—’; =2, (19

i.e., a slight helical pitch increase with temperature of the same order
of magnitude as in the Goossens-Wulf model (Eq. (13)). In many
experimentally studied systems 0.005 << 1/p dp/dT < 0.007,> which
is probably the result of simultaneous action of both these mecha-
nisms. On the other hand, in some systems one may assume U, ~
kT and S; < 1.
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The three above-described approaches (i.e., these of Keating-
Boettcher, Goossens-Wulf and Finkelmann-Stegemeyer) seem to
provide all the necessary physical insight into the problem of helical
twisting, outlining the three main groups of affecting factors: (i) chiral
terms in dispersion interaction or, in order not to specify the nature
of forces, the Goossen’s chirality, (ii) steric factors causing rotational
vibrations of chiral molecules to be anharmonic, and (iii) the impor-
tant role of molecular phase biaxialities, closely related to the hind-
ered rotation about long molecular axes. The next step in the de-
velopment of theory consisted in outlining more comprehensive and
self-consistent descriptions, using the same basic principles.

Lin-Liu, Shih, Woo and Tan®"°! assumed the pair intermolecular
interaction energy in a general form

X Ry + Fro) Vo (ra, Ay Fros By - Fray Ay 0 1) (16)

where #,, #, and 7, are the orientation and position vectors of the
molecules 1 and 2. After further assumptions this expression was
reduced to the form

Vi = Volria) + Valrp)Paliy - 2) + Va(ri)Pa(, - #iy)
+ (7, X Ay Fy2) [Vi(rlz)Pl(ﬁl “hy) + Vi) Ps(a, - ﬁz)] (17)

In the planar case,” i.e., when the molecular movements are re-
stricted to the XY planes normal to the helical axis z, i, - /i, — cos
B12, A1y X Ry - Fp = Zy5/ry; sin 8y, and

Vie = Volra) + 2 [Vau(ry2) cos 2m#,,
m=1
+ 215 Viu(rip)sin 2mo,,]  (18)

It can be easily seen that this approach, is in fact, a synthesis of
the Keating and Goossens models (Figure 5). The next step consists
in writing down the Helmholtz free energy functional in the mean-
field approximation and, after subsequent minimization with respect
to the one-particle distribution function, p(T) model dependences
are obtained, involving a number of phenomenological parameters.
Assuming V,(6;,) in one of the forms presented in Figure 5 (curves
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FIGURE 5 Possibie types of the angular dependence of the chiral molecules inter-
action energy.

1 to 4), one can obtain a great variety of p(T) plot types, presumably
corresponding to some real cholesteric systems.

Van der Meer,*>** within a similar philosophy, modeled the chiral
molecule by a cylindrical chiral cogwheel, presumably allowing to
combine chirality and cylindrical symmetry. The packing entropy
resulting from the hard core repulsions of such bodies was accounted
for in the free energy functional.

For Kimura et al.* the helical twist value appears to be the sum
of two contributions: the “polar” effect due to the Maier-Saupe-
Goossens dispersion forces, and the “‘steric” effect, which is propor-
tional to the deflection angle between the principal axes of a pair of
molecules closely in contact, depending on the geometrical shape of
the molecules. This second term, when prevailing, leads to a Keating-
like p ~ 1/T dependence. When there is only the first term, we obtain,
as in the Goossen’s model (Eq. (13)) a slight increase of the helical
pitch with temperature.

The above-described models, though providing a satisfactory de-
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scription of cholesterics to a specialist in theoretical physics. have
many drawbacks from the standpoint of practical research. The model
calculations are too complicated. too many phenomenological pa-
rameters are involved and there is no idea of how to relate them to
the molecular properties. It was argued in Ref. 53 (and this point of
view Is quite consistent with our own experience) that these models
are. unfortunately, of little practical use for a research worker in need
of a basis for discussion of experimental data obtained.

Several authors treated the question of the rotational order and
biaxiality. Goossens®® provided an extension of his model**# to ac-
count explicitly for the local biaxialities, arriving to an expression
relating helical twisting to a set of order parameters describing both
long-range orientational and biaxial order, the latter being due to
both molecular and phase biaxiality. Model p (T) dependeces were
calculated, but no comparison with experimental data was possibie.
Influence of phase and molecular biaxiality upon the helical pitch
was discussed also in Refs. 25.36.37.96-100, though no conclusive
data have been obtained.

The problem of helical twisting has been approached in a number
of ways. We will but mention here models like,'"" where a temper-
ature-independent pitch is obtained. or.'"* where there is no satis-
factory agreement with the experimental data. Some words must be
said. however. about a very promising approach, proposed recently
in Ref. 103, where the results very much similar to those of Refs.
90-94 were obtained using much simpler calculation procedures.

In the rest of this chapter, we shall outline a physical picture of
helical twisting and present its semi- quantitative description to allow
a comparison with experimental data.

B. A model of the chiral molecule in the cholesteric mesophase

A natural starting point in constructing a microscopic theory of cho-
lesterics is the question of an adequate model of the cholesterogenic
molecule.

In the case of nematics, such a question does not raise any major
problems. Hard rods, spherocylinders, bi- or tri-axial eilipsoids—
these relatively simple geometrical objects appear to be suitable enough
to describe most of the properties of nematics. Unfortunately, the
situation is much more complicated in the case of CLC.

An attempt of Van der Meer®? to reconcile cylindrical symmetry
and chirality in a single object (the ‘chiral cog-wheel’) provides no
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possibility of introducing features of the real molecular structure into
the theory.

A rather realistic model of chiral molecule consisting of two el-
lipsoids with the long axes #; and 71, and the distance between their
centers 7, with the chirality condition 7, - [A; X #A;] # 0, was
proposed by Osipov,'* who, unfortunately, used it only for the chiral
smectic-C mesophase. (Paradoxically enough, the presence of the
long-range translational order makes chiral smectics an easier object
for the rigorous molecular statistical treatment).

We felt intuitively that, to avoid complications which seemed to
be unsurmountable if one attempted to account for short-range effects
at the stage of statistical averaging procedures, one has to introduce
these effects into the model of a chiral molecule. Thus, what we need
is a model of the chiral molecule in the real orientationally ordered
mesophase, not a model of the chiral molecule by itself.

The relevant properties of a ‘matrix’ nematic mesophase into which
chiral molecules are inserted (or chiral elements are introduced into
the structure of nematogenic molecules) cannot be just assumed or
derived from some statistical-mechanical formalism like the BBGKY
(Bogoliubov-Born-Green-Kirkwood-Yvon) theory. The only realistic
way seems to introduce them based upon the experimental data anal-
ysis. The resulting theory will thus not be a simultaneous description
of the helical twist and molecular ordering in cholesterics; it was
meant from the very beginning to be a model of helical twisting only,
with all the relevant molecular ordering features being input into the
model.

These input features are:

(1) The existence of a short-range translational order (‘smectic-like
correlations’).'3:1% [t must not be confused with the formation of
smectic clusters in the pre-transitional region; smectic-like correla-
tions do not hinder helical twisting, on the contrary, they favor it.
Influence of smectic-like correlations and smectic clusters upon stiff-
ness constants is similar to their influence upon helical twisting.1%
The existence of smectic-like correlations is obviously not important
for description of the Goossen’s chirality, but the influence of dif-
ferent steric factors upon helical twisting®-** (which play a decisive
role in determining the character of p(7T) curves) cannot be ade-
quately described without taking into account these correlations be-
cause even minor displacements of molecular centers of mass can
significantly affect the short-range intermolecular repulsion forces.

Therefore, we assume a lattice-like model of the chiral molecule
surrounded by its nearest neighbors.
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We must stress that these ideas are not new—short-range trans-
lational order in cholesterics was considered in Ref. 107, short-range
translational order effects in nematics were discussed in Refs. 105,108,
and the role of short-range orientational order in the isotropic me-
sophase is a generally accepted fact. 109119

(ii) The existence of a short-range rotational order. As it has been
clearly stated by Finkelmann and Stegemeyer,> it is a sine qua non
condition of the helical twisting. Phase biaxiality is often considered
as a consequence of the helical twisting.?®% The latter, however, in
all the known systems is accompanied by a molecular biaxiality. The
only exception is the mesophase formed by Van der Meer’s chiral
cylindrical cog-wheels, since there are no real molecules possessing
chirality and not possessing molecular biaxiality. To assume a certain
degree of correlation between molecular biaxiality and phase biaxi-
ality, and to regard the latter as closely related to the short-range
rotational order of Refs. 59,83 did not seem to us too artificial. This
ideology is strongly supported by the experimentally established fact
that the more ‘flat’ chiral molecules usually have greater helical twist-
ing powers.’*® One may also recall that the ‘classic’ examples of
cholesterogenic molecules, the cholesterol derivatives, are charac-
terized by a well-defined ‘basic plane’ of the steroidal ring and a
pronounced molecular biaxiality.®'*' An interesting fact is that
recently'’” a relationship between molecular structure and biaxial
characteristics was found, using the deuterium NMR technique, even
for conventional (non-chiral) nematics.

Basing on the above-stated reasoning, we claim that the simplest
geometrical structure containing all the elements necessary and suf-
ficient for an adequate description of the helical twisting in real ori-
entationally ordered mesophases may be presented as in Figure 6.

The principal elements of the model chiral molecule are:

(i) An anisometric symmetrical part, defining the molecular co-
ordinate system, which may be represented by a ‘basic plane’ (e.g.,
the rectangle ABCD or just three points defining the plane), a triaxial
ellipsoid, a hard rod with its movements restricted to the XY plane,
or any other similar object.

(1) A chiral element (i.e., an atom or a group of atoms which under
no possible molecular orientation or conformation can have any
‘counterparts’ situated symmetrically with respect to the coordinate
planes or the coordinate origin). Physically, it is represented in most
cases by a CH; (or some other) atomic group directly linked to an
asymmetrical carbon atom. A chiral molecule can have one or several
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Yy

FIGURE 6 A model of interacting chiral molecules in the adjacent quasi-nematic
layers XY and X'Y’. ABCD is the basic molecular plane, M is the chiral element, 1
and 2 are optional elements (flexible alkyl chains, CN-groups, etc.). Further clarifi-
cations are in the text.

chiral elements; a chiral element may belong to the rigid or to the
conformationally flexible part of the molecule.

(iii) Optional elements, e.g., alkyl chains or different functional
groups (1 and 2 in Figure 6).

The angular dependence of the intermolecular interaction energy
may be written down as'!?

V(e) = VnAn(e) + Vn—ch(e) + Vch~n(e) + Vch—ch(e) (19)

where subscripts n and ch refer to the basic ‘nematic’ and the chiral
element.

It is natural to assume V,_,(0) = v cos?0, where v is, like the
Maier-Saupe constant, determined by the molecular anisometry. If
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geometrical deformations caused by the chiral elements are small,
Ven o (6) term may be neglected; for the case of two identical chiral
molecules V, _, (8) = V,_, (8). while if only one of the interacting
molecules is chiral, V,_,(8) = 0. Therefore, we have only to de-
termine V, _., (0), i.e., the interaction energy between the ‘basic
plane’ of the first molecule and the chiral element M of the second
one, as function of the angle 6.

Let x, y, and z be the coordinates of M in the coordinate system
defined by the first molecule. If x >> y, we may express V,,__, (0)
as V(d), where d is the shortest distance from M’ to the long axis of
the first molecule, (we recall that the basic plane may be, without
loss of generality, regarded as a rigid rod confined to the XY plane).
Then. to a first approximation,

d=\V(—xsing + ycosf)? + (z + r)? (20)

To account for both dispersion attraction and steric repulsion forces,
we use Lennard-Jones form for V(d), i.e., V(d) = ad~'*> — bd~*,
with the minimum at d = d,. Assuming deviations from the lowest-
energy orientation to be small (in the real system 6, ~ 10~2), we may
imitate the model potential as

V(d) = v(d - 4o} 1)

neglecting the higher-order terms. After some straightforward trig-
onometry, assuming d, = r (which is quite natural for a condensed
phase far from phase transition points), we obtain!'?

V(e) = V,,,,,(O) + Vn—ch(e)

(x> + y?) Xy .
= — 29 — 4 : - 0 8 (22
vy €OS%0 v > z =+ ) sin 6 cos (22)

and. minimizing V(0) with respect to 6,

8, = i xyz (23)

Vg T

If several chiral elements are present, 6, = (Zv,x,y,z,-)/vnr; more

rigorous calculations would yield additional terms with higher odd
powers of the chiral element coordinates x, y and z.
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Rotating the second molecule about its long axis by the angle ¢,
we obtain

ZZ__ 2

oY) = :—;f [yz(l = 2sin%) + — 2 sin 2\11] (24)

After the relevant thermal averaging, the sin 2¢ term vanishes,
and

(0) = 0, (1 — 2sin%y) = 0, - Sy (25

which is identical to the expression postulated by Finkelmann and
Stegemeyer®->* (Eq. (15)), with Sk being a measure of short-range
rotational order parameter.

In Ref. 114 the ‘molecular dynamics’ technique was used for nu-
merical calculation of (8), which was estimated, for a realistic choice
of input molecular parameters, to be (8) ~ 6, - 1/4. Thus, Eq. (15)
is, in fact, strongly supported on the molecular level.

The expression for 8, in the Goossens theory is

8, = BlrA (26)

Here B is related to the quadrupole polarizability tensor compo-
nents equal to zero unless the molecule is chiral, and A, to a first
approximation, is determined by the polarizability anisotropy (A ~
(Aa)?, where Aa = oy; — a,). The equations (26) and (23) are
obviously similar in their structure. Advantages of the approach of
Ref. 114 are the following: (1) there are strong formal objections to
the original Goossens theory, arising from the fact that validity of
the multipole expansion in the case of condensed phases and short
intermolecular distances is rather doubtful, (ii) both dispersion at-
traction and steric repulsion forces are accounted for simuitaneously,
and (iii) there is a possibility of estimating xyz values (and, conse-
quently, 0, values) for different chiral molecules.

The above-described approach has much in common with the re-
cently proposed method!*® of describing stiffness constants as function
of molecular structure using the notion of ‘harmonically distributed
forces.” This approach may be regarded as a special case of the meth-
ods of atom-atom potentials''” or effective pair interactions.!!® Ear-
lier, a similar approach to estimate the helical twisting in cholesterics
was used in Ref. 118, basing upon the ideas of Ref. 119.

Let us use the Eq. (23) to estimate helical twisting in chiral cy-
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anobiphenyls. Let the x axis to coincide with the long axis of the
unsubstituted 4-cyanobiphenyl and the XY plane to maximize the
short axes anisometry; the choice of the coordinates origin is rather
arbitrary, e.g., let it coincide with the point where the alkyl chain is
to be attached to the benzene ring. It is easy to see that the chiral
element (i.e., the CH; group attached to the asymmetrical carbon
atom) would be in the different space octants for 2-methylbutyl and
2-methylbutoxy groups, and in the latter case the 6, value is lower.
This result is in agreement with experimental data'**'?! and with
theoretical treatment of Ref. 122.

C. Temperature dependence of the helical pitch

If in the Eq. (19) the V,,__(8) term is not neglected and other
simplifying assumptions are not made, V(8) dependence can be cal-
culated numerically. The V(0) curve will have a minimum at 8 = 8,
but it will not necessarily be symmetric about the 8 = 6, axis.

Let us assume V(90) in the form

V(8) = —S[vP, (cos(8 ~ 8y)) + uR(6)] @27

where u and R(6) are respectively the amplitude and the normalized
contribution to the V(8) angle dependence not accounted for by the
first term, and S in the orientational order parameter. Multiplying
by § means that Eq. (27) is an expression for the model potential
approximating the interaction energy of the ‘trial’ chiral molecule
with all its surroundings. Due to the assumption of a lattice-like
model. our pseudopotential is similar in form to the pair interaction
energy (‘interaction with all the surroundings’ is rather adequatety
approximated by the ‘interaction with the nearest neighbors,’ due to
the essentially short-range nature of the V(d) in Eq. (21), i.e., of the
forces determining the helical twisting).
The 5,, = 27p ~'r temperature dependence may be expressed as

J'ﬂzqe exp [—v(8)/kT] d6
8, = == (28)
f_ R exp[ —v(0)/kT] do

Thus, the problem of determining 6,(7) in a specific cholesteric
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system is reduced to (i) assuming a R(6), basing upon quantum-
chemical calculations or upon chemical intuition and our knowledge
about the character of possible intermolecular interactions; (ii) per-
forming the relevant integrations in Eq. (28) using Eq. (27). Such
calculations were considered in detail in Ref. 8; here we will only
recall the main results. For the Keating-like anharmonic rotational
vibrations (R(6) = sin®(8 — 6,)) for u, = 6, (u, = u/3v)

— t
Op = 0, + uvﬂ (29)

where ¢ is the Maier-Saupe reduced temperature (¢t = kT/v = 0.22019
T/T).

As it was shown in Refs. 32,123,124 Eq. (29) is in a good agreement
with experimental data for a number of cholesterol derivatives in the
absence of pre-transitional phenomena. In these papers, S(T) de-
pendence was either approximated by the Maier-Saupe theoretical
curve'?-12* or determined from birefringence data using the Avery-
anov method.?? In all the cases the values of 6, and u,, found from
the linear plots of 6, vs #/S(¢), were correlated with the molecular
structure. For example, for p-substituted cholesteryl benzoates'>* u,
increase with an increase in the substituent volume (which is quite
natural, for the p-axis of the phenyl ring in these substances is directed
at the angle of 25° to the basic plane).!!! The cases of 1/p dp/dT >
097 may correspond to 6, and u, being of opposite signs; then, at
u t/S(r) = —0y, p — .

For the case of u, << 6, we obtain 1/p dp/dT > 0, according to
Eq. (13). This s, in fact, the typical case for non-steroidal and induced
systems, where molecular structure presents no apparent steric rea-
sons for the vibrations anharmonism.

Situations when u, < 6, cases of specific R(6) forms, etc. will be
considered in Section IV.

As a final remark, it must be kept in mind that the ‘method of
model pseudopotentials,” based upon the expressions like Eq. (27),
where a quasi-lattice structure is assumed, can be used not only for
cholesterics. Such an approach, in which the relevant notion of the
short-range order had been input into the model description of pair
interaction before any averaging procedures were made, was used
for nematics!? (the case of the molecules with head-tail asymmetry)
and smectics—A.¥
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IV. SPECIFIC INTERMOLECULAR INTERACTIONS IN
CHOLESTERIC MIXTURES AND THEIR INFLUENCE UPON
MACROSCOPIC PROPERTIES

A. Cases of ideal behavior

1. Concentration dependence of the helical pitch and intermolec-
ular interaction parameters. To present a statistical-mechanical de-
scription of a system where particles have different size and shape is
rather a difficult problem. Existing more or less rigorous theories of
nematic mixtures (e.g.. Refs. 126—129) are too complicated and con-
tradictory to allow their straightforward extension to the mixtures of
cholesterics. One has but to start from some practical assumptions
based upon experiment.

Adams and Haas!**-!3! were the first to realize that in the meso-
phase with macroscopic properties depending upon universal inter-
actions between molecules of different size, molar concentrations
cannot be natural weighting parameters for the additive properties.
(The term "universal interactions’ means here dispersion attractions
and steric repulsions, i.e., intermolecular forces which can be de-
scribed by *harmonic distributed forces’ or ‘effective pair interactions’
models).!'3-117 They postulated the weight concentration additivity of
the inverse pitch in the ideal systems (i.e., in the absence of specific
interactions):

pt=22wP! (30)

This relationship may be explained in the following way. The value
of p ~1is determined by the twist angle between adjacent quasinematic
layers. Each molecule i brings in a contribution pg;! to the total
twisting power of the quasi-nematic layer. The value of pg' is de-
termined by the degree of molecular chirality (e.g., v,xyz/vyr in Eq.
(23)). Molecules of different size may have the same degree of chir-
ality, it is natural to assume that the effective twisting power p~!is
determined by the distribution density of chiral elements in the quasi-
nematic layer, i.e., p; ! ~ pg:l/s;, where s; is the area of the projection
of the molecule of the i-th component onto the plane of quasinematic
layer. It follows that p ! is additive upon the fraction of quasi-nematic
layer occupied by the molecules of the i-th component. Assuming
then pr = const (p is the density, r is the distance between the adjacent
quasi-nematic planes), we obtain the relationship of Eq. (30). Under
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a somewhat less realistic assumption r = const. we obtain the volume
additivity of the inverse pitch. (In all the cases we use the notation
w; for the corresponding fraction of the i-th component).

If 6, is the twist angle between the molecules i and j, then, in the
multicomponent mixture, the value of 8, = 2mrp~! is (taking into
account only pair intermolecular interactions)

B, = 2 2 0, ww, (31)
i

Introducing the parameter k, = 20; ~ (6, + 6,), we obtain for the
binary mixture

0, =0,(1~w) +ksw(l-w)+60,w (32)

In the absence of specific interactions k, may be neglected, and
the linear inverse pitch-—concentration relationship results.

The same scheme of reasoning may be applied to the Maier-Saupe
constant v. In fact, in the system of anisotropic molecules which differ
significantly in size, it is not the absolute value of molecular anisot-
ropy, but its ‘density’ that plays the major role. (E.g., a large ellipsoid
with almost equal axes and a long thin rod may have equal values
of, say, polarizability anisotropy, but their mesomorphic properties
would obviously be different). Thus, if all the components show, at
least approximately, the Maier-Saupe behavior, with pair interactions
only taken into account,

V= D v ww; (33)
i

Introducing k, = 2v; — (v; + v;), one has, for binary systems
v=vi(l —w)+kwl—w) +v,w (34)

Again, neglecting k, in the case of an ideal system (in fact, most
models expressing v via molecular parameters lead to v; = (vyv)'%;
then for realistic v values, k, ~ 1072).

Hence, for a theoretical treatment of the mixture of nematogens
one should consider weight (or volume) concentrations w; as natural
weighing factors. Experimentally observed deviations from the T;(w)
linearity are often caused by the role of higher Lengendre polynomials
(i.e., deviations of the components from the Maier-Saupe behavior
T, ~ v), and not by any specific interactions of ‘packing factors.’
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The ideas of using w, instead of molar fractions is not quite new—
it was clearly stated in Ref. 132 and promoted, in fact, in Ref. 133.
Still many authors are treating cholesteric or nematic mixtures using
the molar fractions (e.g., considering the ‘particle number density,’
etc.).!** -1 This is the reason for our a bit too extensive explanation
of the subject.

On the contrary, if there are reasons to believe that the system is
quite far from being an ideal one, it is quasi-chemical specific inter-
action that play the vital role, and the molar fractions regain their
significance.

2. Mixtures of cholesterol derivatives. A linear p~!(w) depend-
ence is a characteristic feature of the mixtures of cholesterol deriv-
atives.'**-1% One may refer, e.g., to Ref. 71 to demonstrate that the
use of weight concentrations does indeed provide the best fit to ex-
perimental data. Deviations from linearity occur, as a rule, in the
pre-transitional region due to the helix unwinding. The p; ! values,
extrapolated from linear plots to w = 0 and w = 100%, may be
considered as inverse ‘intrinsic pitches’ of the components (Figure
7); a number of p, values are listed in Refs. 139,141. Speaking about
long-chain cholesterol esters (e.g., nonanoate, myristate, oleyl car-
bonate) one should keep in mind that for all their mixtures with each
other and in many cases for their mixtures with other substances
temperature range of cholesteric mesophase lies entirely inside the
region of pre-transitional phenomena. Physically, these systems differ
in many aspects from the ‘genuine’ cholesterics, steroidal or induced,
and the theories outlined in Section III cannot be referred to. The
actually measured pitch values, which obey more or less exactly the
Eq. (8). are quite different from the extrapolated ‘intrinsic pitch’
values determined by Eq. (29). For non-smectogenic substances like
cholesteryl propionate, however, p(7T) and p{(T) dependence agree
fairly well.™*? It is natural to assume that the 6, dependence on re-
duced temperature (Eq. (8)) may be generalized as

I3

— t
B, = Z[em + u, %] w, (35)

with the values of ¢ determined by T/T, of the mixture studied. In
Ref. 143, p{w, T) dependences in the compensated system cholesteryl
chloride—cholesteryl nonanoate, were fitted fairly well by Egs. (35)
with9, = -0.82-10""andu,, = —-1.74 - 1072, 8, = 1.52- 10?2
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FIGURE 7 Typical inverse pitch vs. concentration dependences in the mixtures of
cholesterol derivatives: 1,2-—smectogenic esters + chloride, 3—a non-smectogenic
ester + chloride. Solid lines: measured values. Dashed lines: extrapolated values.

and u,, = 0.5 x 10~ for chloride and nonanoate, respectively. The
compensation point is found as (for the binary system)

b Bgwy + 02(1 — wy)
SO "t w + ol = w) G0

Equation (35) may be further generalized, accounting for Sg(T) as
in Eq. (15) (8, — 8,(t) Sk(T)), etc.

There are, however, exceptions to the inverse pitch additivity rule—
e.g., systems comprising substituted cholesteryl benzoates show a
pronounced non-linearity,'** reflecting a non-ideal behavior.

3. Induced cholesteric systems (mixtures of nematicswith optically
active dopants). In the case of ideal behavior, p ~*(w) plots are lin-
ear. In most cases, however, it is possible to measure only a small
part of the total plot, due to the loss of mesomorphic properties at
w = 10%. By means of extrapolation helical twisting power (HTP)
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values § = 1/p - w or corresponding virtual intrinsic pitches can be
determined for an OAD in a given nematic solvent. In the low-
concentration region there is no essential difference between the use
of B = l/p-worB, = lUp - a(a being the molar fraction of the
OAD). Many authors prefer the latter, because it allows to present
more clearly the role of chemical structure of the OAD molecule and
to account for possible specific interactions. A more accurate expres-
sion for B or B,, reads B,, = 1/p - o - r, where r is the enantiomeric
purity of the OAD.

If a chiral nematogen is used as an OAD, the whole p~!(w) plot
can be obtained.'*

p(T) data for induced systems are rather scarce. In>® for a number
of dopants 1/p dp/dT = 1/T values are reported.

A systematic study of p(T) dependences in induced systems was
carried out.*-15% The results obtained may be summarized as follows:

(i) If effects of rotational vibrations anharmonicity may be ne-
glected (small u,); which is presumably the case for /-menthol deriv-
atives and nematic-like substances containing an optically active 2-
methylbutyl group, 1/p dp/dT > 0, corresponding to the simultaneous
effects of the mechanisms described by Eqs. (13) and (25).

(i) In the opposite case, i.e., large u,, onto the above-described
pitch increase with temperature an effect of anharmonic rotational
vibrations (Eq. (29)) is superimposed. The expression for 8,(T, w)
reads as

t

8, = Z [eo,. + u, %} L) Sx(T) w,, (37)

with L(r) defined in Eq. (13).

As a consequence, a certain concentration w, does exist where the
sign inversion of 1/p dp/dT occurs. (1/p dp/dT > 0 for w < w,, and
vice versa). For cholesterol derivatives w, ~ 20%,'*° while the ty-
gogenyn derivatives w, < 3%.14¢-1%7 The corresponding u, values for
the tygogenyn derivatives are much higher (~5.10~2) than the values
for the cholesterol derivatives (~1.10~7), which is quite understand-
able, keeping in mind the geometrical shape features of the mole-
cules—the potential sources of anharmonism are much more obvious
in the former case. Large u, values lead, according to Egs. (30, 37), to
large helical twisting powers; correspondingly, relatively small (~10—12%)
quantities of tygogenyn derivatives introduced into the nematic matrix
allow to obtain selective reflection in the visible range.!#6:1%

(ii1) In the case of a smectogenic nematic matrix, another source
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of negative 1/p dp/dT appears; the picture in general is similar to that
described in Section II,C,3. One must pay attention to the possibility
of T, being just below the crystallization point, with the smectic phase
actually not formed, but an influence of pre-transitional phenomena
upon the helical pitch clearly felt.

Induced systems with 1/p dp/dT in the absence of pre-transitional
phenomena were reported in Ref.151. (Negative p(T) dependence
is necessary to compensate for a decrease of stiffness constants K;;
with temperature, ensuring temperature-independent threshold volt-
ages; pre-transitional phenomena are to be avoided in order to keep
viscosity at a sufficiently low level).>2 A more complicated case was
studied in Refs. 153,154, where two dopants of opposite signs of HTP
were introduced into a nematic matrix; the mixture obtained showed
a behavior which was quite similar to the ‘compensation’ in mixtures
of cholesterol derivatives.

Extensive studies are being carried out on the induced cholesteric
systems, and the bulk of information is yet to be obtained. The central
question is the relationship between the molecular structure and the
values of helical twisting power. This problem is still largely unsolved,
especially in the case of specific interactions between the dopant and
the matrix molecules.

B. Systems with specific interactions

1. Nematic-cholesteric mixtures. The case of nematics mixed with
mesogenic steroids forming a twisted nematic mesophase in the wide
concentration range is of special interest due to the striking anomaly
in p~'(w) dependences. There is still no generally accepted expla-
nation of these properties, making nematic-cholesteric mixtures (NCM)
a natural testing field for theories of helical twisting.

The anomaly in question was first reported in Refs. 155,156; a
systematization of experimental data is presented in Ref. 157. It is
illustrated by Figure 8—p~'(w) plots are strikingly non-linear. The
non-linearity is most pronounced for cholesterol derivatives with shorter
substituents in the 3B-position, e.g., for shorter alkyl chains. The
‘extra’ twisting is invariably left-handed, irrespective of whether the
cholesterol derivative forms a left-handed or a right-handed meso-
phase by itself. There are no differences in behavior between nematics
and chiral nematics.

The problem of NCM was treated by a number of researchers. A
review of such papers was presented in Ref. 8; here we mention only
some of the most representative.!%-160-137 No conclusive results were,



Downloaded by [Tomsk State University of Control Systems and Radio] at 13:53 19 February 2013

278 G. CHILAYA and L. LISETSKI

-1 Po?
P,
/um 7
-1
4,5 o 4 Pm.
3INp
j'D - €3
2 -1
6 k.
13 r

Lett-handed
{ 5 AC[LX

D / 0.3 \4 R‘gﬂl-/\and(’d
/ hetix
13

FIGURE 8 Typical inverse pitch vs. concentration dependences in the nematic-
cholesteric mixtures: 1 —4—nematics + cholesterol derivatives with different intrinsic
pitches P, 5—chiral nematic + cholesterol derivative. 6—nematic + compensated
mixture of cholesterol derivatives. 7—nematic + chiral nematic of the similar struc-
ture.

however, obtained. and the nature of intermolecular forces causing
such a deviation from the ideal behavior remained obscure.

Within the framework of the model presented in Section II1,B,C
the strange features of NCM have, however, a natural and rather
simple explanation. When there are short-range translation and short-
range rotational order in the system, steric factors and packing effects
begin to play a decisive role. For example, the so-called ‘angular’
methyl groups of the steroidal ring may hinder rotational vibrations
of the molecules of the nematic component situated in the adjacent
quasi-nematic layers. Some mutual orientations may become ener-
getically unfavourable due to the short-range repulsive forces. Thus,
rotational vibrations of the nematic molecule with respect to the
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cholesteric one become anharmonic. The form of corresponding V(6)
curve is presented in Figure 5 (curve 5).
Approximating R(8) by a step function

_J1fore, — O <08<0, +9
R(®) = {0 for other 0 (38)

and performing the relevant integrations in,?® we can obtain the twist
angle between the molecules of nematic and cholesteric 6, as function
of temperature and molecular parameters; substituting it into Eq.
(31) lead to model curves providing a good fit to the experimental
data.®1°0-161 Similar results were obtained in Refs. 162,163, where
the assumption of short-range translational order was replaced by a
physically similar assumption of the intermolecular association be-
tween the molecules of different kind.

Thus, specific steric repulsions appear to be the only realistic reason
of the p~!(w) anomaly in NCM. This, in turn increases our confidence
in the models of the Figure 6 type where effect of short-range forces
and short-range order is deliberately overestimated—for in the real
cholesteric systems they, in fact, play a major role.

To be complete, one has to mention that mixtures of substituted
cholesteryl benzoates show p~!(w) non-linearities'** which can be
ascribed to the same physical reasons as those in NCM, i.e., specific
steric repulsions between aromatic and steroidal rings of neighboring
molecules.

2. Cholesterics with non-mesogenic dopants. One more inter-
esting type of cholesteric systems is a steroidal, non-steroidal or in-
duced cholesteric to which small quantities of non-mesogenic non-
chiral dopants (NMD) are added.

Introducing NMD into a cholesteric or nematic matrix has nearly
no influence upon the orientational order parameter dependence on
the reduced temperature S(7/7;), though the T, values are changed
significantly.'¢* Thus, NMD effect upon cholesteric matrix is equiv-
alent to the effect of increasing temperature. Due to the fact that
helical twisting is determined primarily by 7/T,, and the role of the
slowly changing with temperature S(7") factor is a minor one in this
context, we may apply similar descriptions for p(w) and p(T) de-
pendences. The idea of temperature increase and introducing a NMD
being equivalent was first stated in Ref. 165; quantitative description
of p(w, T) data in the systems cholesterols esters + NMD was pre-
sented in Refs. 143,164,166—168.
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For the ideal system, at low NMD concentrations

pow) = pl0) = T w (39)

Taking into account the possibility of specific interactions
— ~ 00, a9, w2
8,(w) — 8, = <yra—7§ -9, + ke)w — (YTa—Y‘i + 2k9>—2- (40)

An interesting result was reported in Refs. 168,169; k, are found
to be of the same order of magnitude for cholesterol esters and, e.g.,
non-mesogenic alkanes of the same molecular length. Qualitatively,
the effect consists in the prevailing role of helix untwisting due to the
‘dilution’ of the system and pitch changes due to the decreasing ori-
entational order in the case of ‘short’ NMD molecules. For molecules
with longer alkyl chain additional contribution to the left-handed
twisting appear, quite similar to the same phenomenon in nematic-
cholesteric mixtures.

Pronounced deviations from ideality occur in the systems where
alcohols and other substances containing the OH-group are used as
NMD. Presumed formation of the hydrogen bond between the OH-
group and the —C=0 group of the cholesterol esters!'*®17® cause
significant deviations of 8,(w) from its values according to Eq. (40).

Non-steroidal and induced cholesterics are especially interesting
systems, as for their possible specific interactions with NMD); research
work is going on in this direction.

V. CONCLUSION

To complete our review, we shall try to anticipate readers’ criticism
and to summarize briefly some aspects of cholesterics which, due to
the lack of space, were not considered in detail.

(i) Synthesis of new chiral substances. To mention but some of the
papers which appeared after the publication of our earlier review?
one may refer to Refs. 120,171,172. New classes of effective chiral
dopants presented in these papers offer many possibilities of future
research and a basis for understanding of the molecular structure
effects upon helical twisting. An interesting group of chiral dopants—
substituted arylidene-/-menthones—was presented in Ref. 173. These
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substances have a pronounced basic plane (providing high Sg) and
chiral elements stretching out of the basic plane and corresponding
would-be symmetry planes (large xyz). In a complete accord with
Eq. (23), (25), helical twisting power values for arylidene-/-men-
thones are significantly higher than for /-menthol derivatives of a
comparable anisometry.

(ii) In our review we did not mention chiral smectics—C*, for we
have decided to confine ourselves to the helically twisted nematics.
Taking, however, into consideration a paradoxical fact (mentioned
in Section III, B) that for a specialist in statistical physics chiral
smectics are simpler objects than cholesterics, we can say that cho-
lesterics may be considered as chiral smectics—C with the tilt angle
close to 90° and with the long-range translational order of the smectic
layers transformed into the short-range translational order in the
adjacent quasi-nematic layers. One may, consequently, make an at-
tempt to formulate a molecular theory of chiral smectics—C, starting
from the model of cholesterics (Section 1II,B) and introducing the
tilt angle as an input parameter.'”* This approach may be useful, e.g..
for treatment of chiral smectic systems with specific interactions.

(iii) We did not mention the vast field of electrooptics, mainly due
to our feeling that at the present moment the highway of further
development is not a search for some new electrooptic effects, but
obtaining new cholesteric materials with improved characteristics. For
this purpose, however, a new stage in our understanding of cholesteric
mesophase is needed.

(iv) Speaking about practical uses of CLC, we want to underline
that the main idea of this review was the idea of close relationship
between cholesterics of different chemical classes. This close rela-
tionship is manifested in orientational order, viscous properties, na-
ture of helical twisting and many other aspects. Therefore, numerous
ways of practical application, outlined in Refs. 6,7 for steroidal CLC,
can and definitely will be extended by the new nonsteroidal and
induced cholesteric systems to be synthesized in future. These sys-
tems, combining selective reflection in the visible range with a set of
improved physical and physico-chemical characteristics, will provide
a basis for the imminent expansion of the field of cholesterics.
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