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Invited Lecture

Helical twisting in cholesteric mesophases: molecular structure and
microscopic description

by L. N. LISETSKI and A. V. TOLMACHEV
All-Union Single Crystals Scientific Research Institute, Kharkov, U.S.S.R.

Recent studies of cholesteric systems are briefly reviewed, with special attention
paid to the relationship between the molecular structure of the optically active
molecules and the helical twisting features. Microscopic models are presented
which provide an account of specific intermolecular interactions, conformational
equilibria, etc. Mechanisms of dopant-induced helix distortions are discussed
based on N.M.R. studies. The use of cholesteric systems as solvents for selective
reflection spectroscopy is considered.

1. Introduction

The provision of an adequate microscopic description of cholesteric mesophases
formed by chiral molecules of differing chemical structure has been one of the most
challenging problems in the field of liquid crystal science [1]. In fact, rigorous mol-
ecular statistical theories of cholesterics [2-5] definitively fail to account for essentially
different helical twisting features produced by subtle changes in molecular structure.
On the other hand, a semi-phenomenological approach based on the quasi-nematic
layer concept [6-10] seems to provide a realistic insight into the nature of cholesteric
twist. This approach has been further developed [11-15] to describe helical twist
in cholesteric systems with different natures, such as cholesterol esters, nematic—
cholesteric mixtures and nematics with optically active dopants. These results are
summarized in a review [1]. The present article is, in fact, its direct sequel and
continuation, with the aim of summing up some of the most recent studies in the field
of model description of molecular structure and helical twist in cholesterics.

In the past two or three years there has been a certain shift in the focus of interest
in the field of cholesterics from purely physical models and approaches to those taking
advantages of physico-chemical concepts. In § 2 of this paper we discuss the thermo-
dynamics of intermolecular association in multicomponent cholesteric systems, their
effect upon the helical twist and the possibilities of using cholesteric solvents as a tool
for studying specific intermolecular interactions. Section 3 deals with conformational
changes of the molecular structure leading to helical pitch anomalies, and in §4 we
present some new data concerning chiral dopants of high molecular asymmetry in a
nematic.

2. Helical twist and specific intermolecular interactions: quasi-binary nematic
systems in cholesteric solvents
It is well known that the properties of nematics comprising components
of different chemical classes can be strongly influenced by specific intermolecular
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interactions. In these systems the nematic-isotropic transition temperature, the elastic
constants, the dielectric anisotropy, etc., vary, as a rule, non-linearly with concen-
tration and in some cases even exhibit extrema [16, 17]. Specific interactions are very
strong, e.g. in nematic mixtures with induced smectic phases [18, 19] or in mixtures
of nematics and cholesterol esters with their helical twist anomalies [1, 2, 20].
However, there have only been a few thermodynamics studies of intermolecular
interactions in the mesophase (e.g. estimates of the entropy and enthalpy values for
the cyanobiphenyl dimer formation {21] and association in the nematic-cholesteric
mixtures [22]).

Let us consider a cyanobipheny!-Schiff’s base system (e.g. 4-n-pentyl-4’-cyanobi-
phenyl (5CB) and 4-methoxybenzylidene-4’-n-butylaniline (MBBA)). In this system
the following particles can be present: cyanobiphenyl molecules (C), MBBA mol-
ecules (M), cyanobiphenyl dimers (C,), and mixed dimers (CM). The association
process

C+MeaeCM
is characterized by the enthalpy, AH,, and entropy, AS,, and the dimerization process
2C= G,

by AHy and ASj. If the molar concentrations of the components are x, and x,, and
the actual concentrations of particles of each kind are ¢;, then we may write

Cem
K, = —, 1
L= (1)
Cc
Ky = %, (2)
Cc
Cem + tm = Xy, 3
2¢c, + com + ¢ = Xc, 4

where K, and K are association and dimerization constants, respectively. Using the
relationships

AH, AS,

hk, = — —=% a

1A RT TR )
AH; AS

1 = _ —id THd

n K, RT R’ ©)

we can, by solving equations (1)-(4), obtain model temperature dependences of ¢;.
With AHy and AS, values taken from [21] (where they had been determined from
experimental data for cyanobiphenyls using the Kirkwood-Froehlich equation), and
estimating AH, /AS, from the thermal stability of the induced low temperature phase
[23], these model dependences are shown in figure 1. It appears that for quite realistic
parameter values there can be a temperature region within the mesomorphic range of
the mixed system where the degree of cyanobiphenyl dimerization increases with
temperature (and does not decrease, as for pure cyanobiphenyls).

In an attempt to find a macroscopic effect in which this feature could be manifested,
we have used the MBBA-5CB pair as the nematic component of a nematic—cholesteric
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Figure 1. Model dependence of dimer and monomer concentration on temperature in the
cyanobiphenyl-Schiff’s base system. In these calculations AH (kYmol~') and AS
(Jmol 'K~ !) were for the dimer — 167 and — 284 and for the mixed dimer — 60 and
— 170 (solid lines) as well as — 50 and — 130 (broken line), respectively.

mixture. As for the cholesteric component, we have used, as in [24], a mixture of 80
per cent cholesteryl oleate and 20 per cent cholesteryl chloride (CO/CC). The
wavelength of maximum reflection 4,,, values (4,,, = np, where p is the helical pitch
and » is the refraction index) for MBBA + CO/CC and 5CB + CO/CC mixtures are
shown in figure 2. We note that the non-linearity of p~' versus concentration is much
more pronounced for the systems with MBBA (see figure 3), which can be explained

)\max/nm
1900}
/"—_‘75% 5CB
| /-——-—ZO%
T T T T T T 80% MBBA
1100 - 60%
_— - ~75%
50%
= - = = —70%
0,
e 40%
7001 20%
_________ 602/0
=== oo —au0®
- 20%
300+
20 30 40 T/C

Figure 2.  Pitch-temperature dependences in nematic~cholesteric mixtures of SCB + CO/CC
(solid lines) and MBBA + CO/CC (broken lines). Maximum selective reflection
wavelength 1., = np.
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Figure 3. Inverse pitch—concentration dependences in nematic-cholesteric mixtures at 32°C.

by the dimer formation in SCB reducing the effect of specific steric repulsions [12].
This implies that the helical pitch should be sensitive to changes in the degree of
cyanobiphenyl dimerization.

Amax (T') dependences for the MBBA/SCB (1:1) + CO/CC system for different
concentrations of the cholesteric component are given in figure 4. In the region of
higher temperatures there is nothing unusual; p~' is close to additivity (see figure 3,
curve 3). At lower temperatures, however, there is a marked anomaly; the helical pitch
increases sharply in a narrow temperature range, which is presumably due to dis-
sociation of the mixed dimer and an increase in the cyanobiphenyl dimer concen-
tration. This type of pitch-temperature dependence is quite unusual and can hardly

Amax/f‘m
1900

80% MBBA,/5CB (1:1)
1500

1100

700

10% 20%l
10 30

T/C
Figure 4. Temperature dependences of helical pitch in nematic—cholesteric mixtures of
SCB/MBBA (i1:1) + CO/CC.
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be explained by existing theoretical models which do not take into account specific
interactions and intermolecular association processes.

The observed increase of p in the range 10-30°C corresponds to an increase of the
cyanobiphenyl dimer concentation in the same temperature region (see figure 1). The
value of the enthalpy for the mixed dimer formation (AH, ~ 65kJmol~"), obtained
from the model parameter fitting, seems to be a reasonable estimate, with the mixed
dimers being much more stable than the cyanobiphenyl dimer (AH; ~ 16kJmol™"
[21]).

Thus, selective reflection spectroscopy in the cholesteric solvent may be considered
as a novel method of physico-chemical analysis, allowing us to obtain an insight into
the nature of intermolecular interaction. Further studies are under way, involving
non-mesogenic molecules forming intermolecular hydrogen bonds, charge transfer
complexes, etc.

3. Conformational mechanism of helix inversion with temperature in non-steroidal
cholesteric systems
Another example of the physico-chemical approach providing a description of
unusual pitch-temperature behaviour in cholesteric systems is the temperature inver-
sion of the helix sense in some derivatives of R,R-tartaric acid {25, 26] of the general
formula

R
|
R—@-CO.CH(EHOOC-@-R
R

where R is 4-alkylcyclohexyl, 4-alkoxybenzoyl, 4-alkylbiphenyl, and R" = CHj,
COOCH,, COOC,H;. This inversion cannot be explained by using the conventional
compensation mechanisms [27, 28] or the other possibilities mentioned in [2, 12]. We
assume, as in [25], that molecules of these compounds can exist in two different
conformations A and B, which are in equilibrium

Ae2B

in the cholesteric phase. If x, is the mole fraction of A in the conformer mixture, the
equilibrium constant K is

K = (1 — x3)/xa. (7
Then
_ AH, AS,
nK = RT = (8)

where AH, and AS, are, respectively, the enthalpy and entropy of the conformational
change. At temperature T

% = 1 ©)
I + exp(AS/R)exp(—AH/RT)

and the helical pitch p

P~ = pilxa + pi'(l = x4), (10)
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where p;' and pgp' are the intrinsic helical twisting powers of the conformers; they
are determined by the geometry of how the chiral centres are situated with respect
to the basic plane in each of the conformers, and can be calculated using the method
of [5] cf. expression (23) of [1]). With the molecules in question, the relative pos-
itions of the carbonyl groups due to hindered rotation around C-O bonds are
involved.

It follows from equations (9) and (10) that helix inversion (p~
inversion temperature

' = 0) occurs at the

_— AH,
R(In|p, /pg| + AS/R)

an

Estimating the values of the thermodynamic parameters in equation (11)
(AH, ~ 4kJmol™', |AS,| < AH,/T), we may obtain model dependences of T;

my

(see figure 5). T, appears to be very sensitive to small changes in p,/ps and
AS,. Consequently, minor variations in molecular structure, which have no sig-
nificant effect upon AH,, can lead to strong shifts in T,,,, in accord with experiment
[25, 26].

Tinv/ K
800 |- \

700
600
500
400
300

200

-4 0 4 8 12
AS/ Jmol K

Figure 5. Helix inversion temperature as a function of the conformers’ helical twisting
power ratio (curves 1, 2) and the entropy of the conformational change (curves 3, 4) as
obtained from model calculations. In these calculations AH, = 4kJmol™! and (1)
AS, = 4Tmol™' K™, (2) AS, = 12Tmol™' K™, 3) | pa/ps| = 2

The compounds considered have a helix inversion when they are used as individual
chiral nematics and as optically active dopants (5-10 per cent) in a nematic [26]; T,,,
values are rather close in both cases. This fact supports strongly the conformational
mechanism, excluding any significant role of specific intermolecular interactions,
which would be different for the two systems.
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4. Helical twist in induced cholesterics: some characteristic features due to chiral
dopant-nematic matrix interaction

It is well known that the helical twist in an induced cholesteric systems (i.e.
nematics doped with chiral substances) is very sensitive to the molecular structure of
the dopant [29, 30]. For all types of optically active dopants we note, as the common
feature, the presence of local distortions of the molecular orientation in the nematic.
When the dopant concentration is small, chiral molecules interact via long range
orientational order; the elastic deformation field is formed in the vicinity of the chiral
molecule due to asymmetry induction [32, 33]. Thus, the helical twisting power
B = p~'c ' (pis the helical pitch and ¢ is the dopant concentration) is determined not
only by the asymmetry, but also by specific features of the dopant molecules incor-
porated into the nematic. If the dopant molecule is mesogenic or quasi-mesogenic
(cholesterol esters, chiral nematics), a tendency towards parallel ordering may
diminish the asymmetry effects. In contrast if the dopant molecule has no marked
anisometry, orientational distortions may be quite significant. Generally, this may
cause, apart from the induced T mode, an additional contribution to the nematic S
mode (if Ky, $ K;; < Ki3). The results of our experiments seem to agree with such
an assumption. .

We have studied the helical twisting power of chiral non-mesogenic derivatives of
4-X-benzylidene-I-menthone (XBM) with the general formula [34]

HaC CHI(CHg)p
x—@—c‘ o]
“H

(X = OCH; - MOBM; X = NO, - NBM; X = C(H; - PhBM. 4-n-Alkoxybenzyli-
dene-4’-n-butylanilines from C, to C, (MBBA, EBBA, PBBA and BBBA, respectively)
were used as nematic solvents. The helical pitch for dopant concentrations up to 0-3
per cent was determined using the Cano wedge method and selective transmission in
the L.R. region [35-37]. The helical twisting power f was determined for
T = Tq, — 5°C, where T, is the cholesteric-isotropic transition temperature.
Figure 6 shows f as function of the alkyl chain length of the solvent molecule. An
odd-even effect is clearly seen. The 8 values for different dopants increase in the order

0.44}
iy
— — s PhBM
0.36F
= NBM

0.28}

MOBM
0.20

MBBA EBBA PBBA BBBA

Figure 6. Helical twisting power of benzylidene-menthone derivatives in a homologous
series of nematic matrices at Tg — T = 5°C (solid lines) and T,y — T = 15°C
(broken lines).
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Figure 7. The temperature dependence of the twist elastic constant in the nematics studied.

MOBM < NBM < PhBM. EBBA appears to be the least twisted homologue. Based
upon the generally accepted concept (p~' & K,/K,,), we have made a comparison
with corresponding K,, values (see figure 7). The twist elastic constant, K,,, was
determined using the cholesteric-nematic transition induced by the magnetic field of
an N.M.R. 'H spectrometer [38]; the anisotropy of the magnetic susceptibility Ay was
taken from [39]. K, values were determined from the slope of K, versus p, with K,
and p values measured independently, as described previously (see the table). We note
that K, values in the smectogenic BBBA are, unlike the p values, compensated
allowing for pre-smectic phenomena, and reflect the intrinsic helical twisting power
due to the molecular asymmetry. This point is discussed in detail in [37].

For non-smectogenic MBBA, EBBA and PBBA K, values do correlate with the
K\ /K;; ratio (see figure 8). Bend and splay elastic constants of the nematics were
determined using the Freederiksz transition in a magnetic field.

In further studies of helical twisting induced by different chiral dopants we have
used MBBA as the nematic solvent and, in addition to the XBM compounds,
cholesteryl propionate CP. Two types of experiments were carried out in a magnetic
field. The temperature dependence of the induced pitch was measured using the Cano

Values of K, (dynpm™") for the systems studied.

Nematic
Dopant MBBA EBBA PBBA BBBA
MOBM 2:1 + 02 114 + 04 30 + 03 23 +02
NBM 2:6 + 02 12'5 + 04 35+ 03 36 + 02
PhBM 2:8 + 02 13-5 + 04 57 +£ 03 38 + 02
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Figure 8. The bend to splay elastic constant ratio for the nematics studied
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wedge (see figure 9), and the moduli of the elliptic integrals E(k) and K(k) from the
Meyer-de Gennes equation [40, 41] were calculated:

Pty = (%) EGOK(K),

Do

where p, is the equilibrium pitch at B, = 0. The k(T") dependence thus obtained is
shown in figure 10 as the broken lines. The validity of such an approach was checked
by calculating k(T) independently from

22

Lt

R
18
14
10

kK B
E(k) B,
R
o
o
OA
a
B
s
[
o
a ®
20
o8
o °
o Sow &

L

18 14 10 6 2
(r-n/fc

(12)

(13)

Figure 9. Helical pitch as function of temperature in a constant magnetic flux density B, for
the induced cholesteric systems MBBA + XBM. T* = 40°C; for all concentrations
studied p, = 10-6um. B, = 1-3T (O) 0-21 per cent MOBM; (&) 0-19 per cent NBM,
() 0-15 per cent PhBM; B, = 0-5T () 0-27 per cent.
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Figure 10. Temperature dependence of the intrinsic twist modulus measured using two
independent methods: (a) Cano wedge (O, MBBA + 0-21 per cent MOBM; a4, 0-19 per
cent NBM; O, 015 per cent PhBM; +, 0-27 per cent CP); B, = 0-5T. Solid line is
calculated curve. (#) N.M.R. 'H (0, MBBA + 0-3 per cent MOBM; 4, 0-28 per cent
NBM; 0O, 0-2 per cent PhBM; ¢, 0-7 per cent CP); B, = 1-5T.

where B? is the critical magnetic field at T* = T, — 5°C,
B, = ' (Kn/Ap)'"p,’

was determined for T < T* from the values of X,,, p, and Ay, measured at these
temperatures. The k(T') curve thus obtained is shown in figure 10 as the solid line. The
two plots practically coincide, suggesting that the temperature dependence of p/p, is
universal for all of the dopants studied (see figure 9), with the range of the critical flux
densities being 0-4 < B, < 1-3T.

In the second type of experiment, the £ modulus was calculated from the ratio of
second moments of the N.M.R. 'H lines (/ = 60 MHz) in pure (N) and doped (N*)
MBBA:

CAf* Do

. 2
<Af'2>N [PZ(n B) ]

3 E(k) 3 1

—ﬁ—z<l—m>—-z]‘c—2+z. (14)
Here [. . .] denotes spatial averaging from 0 to p/2. Equation (14) is valid if the
distribution of the director along the induced helical axis is determined by a single
azimuthal angle ¢. Unlike the optical experiment, k values obtained from N.M.R.
data are different for different dopants (see figure 10 (5)). For CP with its relatively
low helical twisting power (about an order of magnitude less than that of PhBM [34])

k(T) obtained from N.M.R. is the closest to the optical values.
The differences observed (see figures 10(a) and (b)) suggest that the N.M.R.
second moment is sensitive not only to deviations of the director from the magnetic
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field by the azimuthal angle ¢, but also to the quasi-nematic layers being inclined by
an angle 6. It can be shown that, to a certain approximation,

[Geos g cos’d — 1] = (3leos’ plicos?6] — 1)2 (15)

It is possible to evaluate the maximum 6 values for different dopants from equations
(14) and (15) using k values obtained from (p/p,) (T). The results obtained may be
summarized as B

0 ~ 17° for PhBM (¢ = 0-2 per cent),
8 ~ 10° for MOBM (¢ = 0-3 per cent) and NBM (¢ = 0-25 per cent),
8 < 5° for CP (¢ = 0-7 per cent) within the accuracy limits.

The cholesteric structure for the case when 8,,,, is not negligible is shown in figure 11.

Figure 11. A tentative model for a cholesteric helix distorted by chiral dopants of a specific
nature.

The mechanism of such helix distortions may be understood in terms of elastic
deformations. If the dopant molecule is anisometric and compatible with the solvent,
the elastic deformation field would be symmetric with respect to the director, inducing
T modes and leading to the structure with & ~ 0° (i.e. a conventional cholesteric).
Van der Meer’s chiral cog-wheel [5] is an extreme example of such a dopant molecule.
In other cases, when the dopant molecules have a small anisotropy and significant
molecular biaxiality, S modes are also induced. Benzylidene-/~menthone derivatives
seem to be just such an example. We should note that light diffraction conditions in
such systems are different for quasi-nematic layers with § = 0° (sublattice 1) and
f = 6,,, (sublattice 2), leading to broader selective reflection bands with a possibility
of multiple Bragg frequencies.

The authors express their deep gratitude to Professor H. Stegemeyer for his
continuous interest and valuable ideas, to Dr G. Scherowsky for helpful discussions,
to Dr L. A. Kutulya and Dr A. A. Gerasimov for useful remarks and suggestions,
to P. P. Shtifanyuk for his insightful theoretical ideas, and to our collaborators
V. D. Panikarskaya and A. P. Fedoryako for their assistance.
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