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Effect of terminal polar substituents on the nature of smectic A liquid
crystals of a series of 4-(4”-octyloxybenzoyloxy)benzylidene-4'-
substituted anilines

by SEIICHI MIYAJIMA, KEISUKE NAKAZAWA, KEIKO NIIKURA,
YASUHIRO UJIIYE, MAKIKO YASHIRO and TAKEHIKO CHIBA

Department of Chemistry, College of Humanities and Sciences, Nihon University,
Sakurajosui, Setagaya-ku, Tokyo 156, Japan

(Received 16 May 1990, accepted 5 June 1990)

The nature of smectic A liquid crystals and the phase transitions from smectic
A to nematic phases are studied in the homologous series of 4-(4"-octyloxy-
benzoyloxy)benzylidene-4’-substituted anilines, in which the substituents are H, F,
Cl, Br, I, NO, and CN. Measurements have been performed for the dipole moment
of the molecule, the smectic A lattice period, the temperatures and the entropies
of phase transitions, and the temperature dependence of the orientational order
parameter, all of which provide information on the intermolecular pair potentials.
It is shown that the introduction of a terminal polar substituent brings about
counteracting contributions to the stability of the smectic A state. It is suggested
that the reentrant nematic phase transition can appear in the strongly polar
mesogens if the extent of antiparallel association of the molecules increases on
lowering the temperature.

1. Introduction

Numerous investigations of the relationship between molecular structure and the
thermodynamic stability of the liquid-crystalline states have been reported. However,
it is now recognized that even a fundamental problem such as predicting the relative
tendency of forming nematic and smectic A phases is not an easy task. Although it
is a complex problem there are a number of empirical rules which have been conceived
from systematic studies on homologous series of compounds. One such rule is found
on the effect of the length of terminal alkyl or alkoxy chains [1-3]. When the chain
length is increased in a homologous series, the S, state is stabilized relative to the N
state, and this fact was successfully explained by, for example, the attractive potential
theory of Kobayashi and McMillan [4-6}. According to this theory, the relative
stability of the S, state is enhanced when the one dimensional lattice period, d,
becomes large compared with the range of the intermolecular dispersion force, ry. The
tendency of forming the S, phase with increasing chain length is well explained by this
theory, assuming that the lattice period is determined by the size of the molecule along
its long axis, and r, remains constant within the homologous series [5, 7]. While this
approach mainly investigates the effect of molecular geometry on the liquid-crystal-
line properties, an alternative approach is possible which examines the effect of
substituents, such as halogen atoms [8—10] at the para-position of the terminal phenyl
group. The alternative method is advantageous in that the change in polarizability
and dipole moment can be induced by substitution while preserving the geometry and
freedom of the internal motion of the molecule. Namely, we can study how the change
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Figure 1. Molecular structure of 4-(4"-octyloxybenzoyloxy)-benzylidene-4'-substituted anilines.

in intermolecular forces alone affects the liquid-crystalline properties. However, this
kind of approach has been less common and little is known on the relationship
between the kind of terminal substituents and the relative stability of the S, and N
states, except the well-known fact that strongly polar substituents like the cyano
group incorporates strong antiferroelectric intermolecular couplings, and then
destabilizes the S, state [11]. It is very interesting in this regard that Weissflog ef al.
prepared a series of mesogens, 4-(4"-octyloxybenzoyloxy)benzylidene-4’-substituted
anilines (figure 1) and examined the trends in S,-N and N-1 phase transition
temperatures [8], and showed that the substitution by halogens at the 4’-position of
the aniline ring remarkably stabilizes the S, state relative to N and I states. Our
interest here is to clarify the origin of this substitution effect with the aid of molecular
statistical theory. v

This paper reports some of the physical properties of the seven derivatives of the

"compound shown in figure 1 with X = H, F, Cl, Br, I, NO, and CN. Although this

series may usually be abbreviated as OBBX, [X] is used for short in this paper.
Measurements of the molecular dipole moment, period of one dimensional smectic A
lattice, temperatures and the entropies of phase transitions, and the temperature
dependence of the orientational order parameter for each of the mesogens are
described. Information on the anisotropic intermolecular forces are extracted from
these experimental results by applying the mean field theory of Kobayashi-McMillan
(K-M). It is stressed that all the parameters which appear in K-M’s two particle and
mean field potentials are determined from the experiments.

Among the seven compounds [CN] has attracted much interest since the first
reports in 1980 [12, 13] that this compound, often called OBBC, exhibits enantiotropic
reentrant phase transition, nematic—smectic A-reentrant nematic (RN) on lowering
the temperature. Thermal anomalies related to these transitions were analysed [14] in
terms of the optimal density theory [15]. The orientational order parameter and the
modes of molecular motion were examined by NMR spectroscopy [16,17]. The
successive phase transitions were revealed to be almost of second order [14, 16, 17]. It
was also reported from the NMR relaxation measurements [17] that the partially
bilayered smectic A (S,,) state of this compound is characterized by its strong
orientational fluctuation. An infrared study was also reported [18]. Synthesis of [H]
has been reported in [19], [Cl] in [8, 10], and [Br]} and [NO,] in [8], but up to this date
measurements have not been reported on the physical properties except for transition
temperatures. The compound [I] was prepared for the first time during the present
study.

2. Experimental
The materials were prepared in three steps: 4-octyloxybenzoic acid was chlorinated
with thionyl chloride, and esterified with 4-hydroxybenzaldehyde in dry pyridine. The
ester was then condensed with 4-substituted aniline while azeotropically distillating
off the water with benzene. The compounds were purified by repeated recrystalliz-
ation and by molecular distillation. Chemical analyses; Found/%(Calcd./%): [H] C
78:26(78-29), H 7-17(7-27), N 3-19(3-26), [F] C 75-12(75-14), H 6-80(6-76), N 3-17(3-13),
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[C1] C 72:61(72-48), H 6-50(6-52), N 2-89(3-02), Cl 7-67(7-64), {Br] C 66-33(66-14), H
5-98(5-95), N 2-79(2-75), Br 15-31(15-72), [I] C 60-63(60-55), H 5-:29(5-44), N 2-70(2-52),
[23-12(22-85), [NO,] C 70-59(70-87), H 6-12(6-37), N 5-71(5-90), [CN] C 76-84(76-63),
H 6-58(6:65), N 6-16(6-16). The compounds [Br], [I], and [NO,] were found to be
chemically unstable at high temperatures. A fresh specimen was used for every
measurement because these compounds decomposed after some of the heating—cooling
cycles.

The dipole moment of the molecule was determined with the heterodyne beat
method in dilute benzene solutions at 25°C. The one dimensional lattice period in the
S, state was determined from the first order quasi-Bragg reflection of copper Ka
radiation at 15°C above the crystal to smectic A transition point of each compound.
The scattering angle was calibrated by the (001) peak of the monoclinic c-polytype
powder of stearic acid. The temperatures and the entropies of phase transitions were
measured with a Seiko Electronics DSC 20 calorimeter. The temperature was calibrated
by the melting of high purity indium and tin, and the transition enthalpy was
calibrated by the solid—solid phase transition of potassium nitrate and the melting
transitions of gallium, tin and lead. The liquid-crystalline phases were identified with
the aid of texture observation, X-ray diffraction and DSC experiments. Focal conic
textures were observed in the S, phases of all the compounds. The orientational order
parameter was calculated from the dipolar splitting of the proton NMR line recorded
with a homemade Fourier-transform NMR spectrometer.

3. Experimental results
3.1. Dipole moment of the molecule

Values of the dipole moments, u, of the molecules are given in table 1. Since the
value of pu in [H], 3-74 D, measures contributions from the linkage groups, ~-CO-O-
and -CH = N-, the larger values for the other six compounds show that a permanent
dipole, parallel to tiic 'ong molecular axis, is formed by the polar substituent. The
halogeno compounds exhibit values in the range 500 + 0-17 D and [NO,] and [CN]
have values greater than 7D.

Table 1. Results of the dipole moment and X-ray measurements. The dipole moment, y, of
the molecule, observed one-dimensional lattice period d,, , expected molecular length
lexpeciea» @Nd the parameter of interdigitation, y = doy, [lexpecies» ar€ tabulated.

Compound ”/Debye dohs. /A chpccled /A Y

[H] 3-74 28-61 28-61 1-000
[F] 4-84 29-05 2898 1-002
[y 503 29-63 29-83 0-993
[Br] 499 29-77 30-13 0-988
{n 5-17 30-94 30-53 1-013
[NO,] 7-45 32:62 29-82 1-094
[CN] 7-82 3795 30-29 1-253

3.2. The phase transition behaviour
Phase transition sequences are summarized in table 2 and compared in figure 2.
The most significant feature is that the temperature range of the S, phase is widened
in halogeno and nitro compounds while only a very narrow S, range exists in the
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Figure 2. Phase transition behaviour of 4-(4”-octyloxybenzoyloxy)benzylidene-4'-substituted
anilines.

Table 2. Temperatures and entropies of phase transitions. Observed phases are designated by
x. The figures represent the temperatures of phase transition in Kelvin, and the figures
in parentheses stand for the discontinuities of entropy at the phase transitions in units

of JK™'mol™".

Compound  Crystal RN Sa N I

[H] * 376-8 * 3869 * 4212 *
(109) (2:65) (2-80)

[F] * 368-2 * 450-9 * 474-1 *
(84-8) (2-10) (2:31)

€] * 400-1 * 493-5 * 506-4 *
(54-1) (395) (3-19)

[Br] . 4125  « 5011 5094«
(48-8) (5-62) (2-84)

m * 4236 * 5049 *

(501 (13-1)

[NO,] * 402-7 * 5083 * 5191 *
(96-2) (1:54) (2:78)

[CN] * 3810 * 423 * 470 * 530-2 *
951 (~0) (~0) (2:09)

unsubstituted compound. This suggests that polar substituents enhance the thermo-
dynamical stability of the S, phase more than the N and I phases. In the iodo
compound the S, phase fully smears out the N phase. It is also recognized, however,
that the S, phase is made unstable relative to the N phase in [CN], leading to the
emergence of the reentrant nematic phase, although this compound has the most
polar substituent.

3.3. Period of one dimensional S, lattice
Quasi-Bragg peaks were observed in the S, phases of the mesogens. Only the first
order peak was detected in [CN], whereas in the other compounds the second order
peak was observed. It has been reported [20, 21] that in the S,, mesophase of cyano
mesogens the smectic periodicity is a sinusoidal modulation of the density. Our
observation supports this picture, namely, only [CN] is in the sinusoidally modulated
S, while the others have more distinct modulations.
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The period of one dimensional lattice, 4, is shown in table 1. The shortest period,
28:61 A, was observed for [H], and the longest was 37:95 A for [CN]. In the case of
polar mesogens, there is a possibility of molecular association making the translational
period of the S, lattice longer than the molecular length (interdigitation). In order to
evaluate the extent of this interdigitation, we take here an assumption that the value
observed for [H], d = 28-61 A, is equal to the molecular length of this compound, /,
because [H] has non-polar ends with no reason to favour the interdigitated structure.
It should be noted that this value coincides with the estimated molecular length of [H]
in its extended alkyl form. We can calculate the expected values of molecular lengths
of the other compounds, /,..q, by correcting the / of [H] for the C-X bond length
and the van der Waals radius of X. An important structural parameter, y, which is
a measure of interdigitation of the molecules along its molecular axis, is defined as the
ratio

Y= dobs, /[expccled - (l )

The quantities of /,,,...q and y are given in table 1, and y is plotted against the
molecular dipole moment in figure 3. It is readily seen that the S, states of the
halogeno compounds and [CN] are of S, and S,,, respectively; [NO,] has a small
extent of interdigitation.

1.3
[CN1
- (o)
121
11k o
i (i (NO,1
(F)
N6
10 0—09/[0]
(H1 “tar]
1 | | 1 1 I
2 4 6 8
/I / Debye

Figure 3. Interdigitation parameter, y = d,p, [l peaea» 35 @ function of the dipole moment of
the molecule, u. The solid line is only a guide for the eyes.

3.4. The entropies of phase transitions
The entropies of phase transitions, AS,,, are summarized in table 2 together with
the transition temperatures. Since the six compounds, except [I], exhibit smectic A to
nematic and nematic to isotropic phase transitions, AS,y and ASy, are plotted
separately in figures 4 and 5 against T, /Ty, and Ty, respectively. It is seen that AS,y
depends strongly on the substituents, while ASy, takes similar values.
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Figure 4. Discontinuity of the entropy at the smectic A to nematic phase transition, plotted
against Tan/Ty,. The solid curves represent the results of mean field calculation by
Kventsel et al. [25) for a number of different values of 3.
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Figure 5. Discontinuity of the entropy at the nematic to isotropic phase transition, plotted
against Ty,. The solid line shows the prediction of the mean field theory.

3.5. The temperature dependence of the orientational order parameter
NMR dipolar splitting, Av, of the phenyl protons gives the orientational order
parameter # via the equation

Av = (3/2n)y3hr=> py(cos )n, 3

where y, is the gyromagnetic ratio of the proton, and p,(x) is the Legendre polynomial
of rank two. In evaluating 7, the interproton distance of r = 2:45 A and the angle of
¢ = 10° between the long molecular axis and the interproton vector were taken.
Examples of the results, n versus T/Ty,, are shown in figure 6 for [H] and [CI].
Discontinuities of n at the A-N and N-I transitions, An,y and Any,, are given in
table 3 and figures 7 and 8. An,y in [Br] and Any, in [Br] and [NO,] could not be
determined due to decomposition. It is noticed from figures 4 and 7 that the nature
of the A-N phase transition is strongly affected by the terminal substituents. In the
following section we extract information on the anisotropic intermolecular forces
from the experimental data.
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Figure 6. Variation of the orientational order parameter, n, with temperaure 7/Ty, for (a)
unsubstituted compound and (b) chloro compound.
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Figure 7. Discontinuity of the orientational order parameter at the smectic A to nematic
phase transition, An,y, plotted against T,y /Ty, - The solid curves represent the results
of the mean field calculation by Kventsel et al. [25] for 2 number of different values of

8.
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Figure 8. Discontinuity of the orientational order parameter at the nematic to isotropic phase
transition, Any,, plotted against T, . The solid line shows the prediction of the mean field
theory.

Table 3. Discontinuities of the orientational order parameter, n at the phase transitions.

Compound RN/S, SA/N SA/1 N/I
[H] - 0-030 - 0-375
[F] - 0-059 - 0-365
[C]] - 0-111 - 0-399
[Br] - -

18] - - 0-713 -
[NO,] - 0-025 + 0-020 -

[CN] ~0 ~0 - 0-362

4. Discussion
It is well known that, among the theoretical attempts to elucidate the smectic A
state and the A—N phase transition [22], the first successful molecular statistical theory
is the one developed by Kobayashi [4] and McMillan [5, 6). This theory assumes an
attractive pair potential between the rod-like molecules in the form

Via(ryy, cosf) = — Vo(rén”z)" €Xp [_(rlz/ro)Z][Pz(Coselz) + 6], (3

where r, and 0, are the distance between the centres of mass of the molecules and the
angle between the two molecular axes, respectively. Three parameters are introduced
here: V, (potential depth), r, (the range where intermolecular force acts), and ¢
(magnitude of isotropic potential relative to the anisotropic one). If a density modu-
lation with a period d is applied along the z axis, parallel to the director, the averaged
one particle potential felt by a molecule can be expressed by

Vi(z,0) = —Vy[np,(cosb) + aocos(2nz/d)p,(cosl) + adtcos(2nz/d)], (4)

where 8 is the tilt angle of the molecule with respect to the z axis. The order
parameters, # (orientational), t (translational), and ¢ (mixed), are defined by the
following ensemble averages:

{ py(cos ), &)
{cos 2nz/d)), (6)

=
It

-
Il
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and
o = <{p,(cosB)cos(2nz/d)). )
In equation (4) a new potential parameter
a = 2exp[—(nr,/d)*], 6]

is introduced, which has an effect of controlling the relative stability of the S, and N
states. Kobayashi and McMillan obtained the solutions corresponding to the S,, N
and I phases by solving the self-consistent ternary simultaneous equations, and
discussed the nature of the phase transitions among these phases. It is known that
various experimental facts can be explained fairly well by this simple theory. For
example, the stabilization of the S, state with lengthening the alkyl chain was ascribed
to the increase in «. It was also shown that this increase in a brings about the increase
in the discontinuities of entropy and order parameters, and enhances the first order
nature of the A-N phase transition. Similar tendencies were deduced later from more
complicated theoretical treatments including both attractive and repulsive potentials
[23,24], but a merit of the attractive potential theory still lies in its simplicity.
Especially, the recent recalculation by Kventsel et al. [25] by applying the decoupling
approximation ¢ = nt instead of equation (7), made the comparison with the experi-
mental data easier. In this section, therefore, our experimental data are analysed
according to this theory. A practical advantage of this analysis is that all of the three
parameters in the starting pair potential can be determined from the experimental
quantities, Ty, Tan/Tn and AS,y. The last quantity can be replaced by An,y.
Another parameter, «, in the averaged one particle potential is determined by d from
the X-ray experiment. It is to be noted here that the experimental values of ASy, and
Any, can serve as tests for the validity of this treatment, because McMillan pointed
out that the nature of the N-I phase transition does not depend on the details of the
intermolecular pair potential, and that the universal values, ASy, = 0-42R and
Any, = 0-43, of the Maier-Saupe theory [26] still apply to the mesogens which exhibit
Sa-N-I phase sequences. Our experimental results of ASy, in figure 5 and Any, in
figure 8 are indeed independent of the substances, although the experimental values
are generally a little smaller than the theoretical prediction; this validates the present
treatment.

Let us now proceed to the analysis of the A-N phase transitions of the compounds
studied here. The calculations by Kventsel et al. [25] are shown in figure 4 and 7 for
AS,N and An,y, respectively, against Ty /Ty, for a number of different values of é.
The procedure of determining the four parameters is as follows: é is first determined
from figures 4 and 7 separately, and « is then determined from the T, /Ty, versus ad
plot in figure 4 of [25], and r, is calculated from equation (8) by using d from table 1.
The potential depth V, is determined from Ty,. The parameters determined are
summarized in table 4 and are plotted against g in figure 9 to show the effect of the
molecular dipole moment on the intermolecular potential. Two sets of the three
parameters, r,, 6 and a, were obtained for [H], [F], [Cl] and [NO,], using either AS,y
or An,n- Definite values were not obtained in [I] and [CN] because [I] did not exhibit
A-N transition, and AS,, and An,, were immeasurably small in [CN]. Inspection of
figure 9 brings about the following four correlations; (i) the increase in molecular
dipole moment increases the depth of the potential ¥, and enhances the stability of
the liquid-crystalline states relative to the isotropic liquid state, (ii) the anisotropy
of the pair potential is reduced (8 increases) as u increases, (iii) r, increases with
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Figure 9. Parameters of Kobayashi-McMillan potential determined from the present experi-
ments, (a) V,, (b} 6, (¢) ry and (d) a, plotted against u. The circles and squares represent
the parameters determined from the DSC and NMR experiments, respectively. The solid
lines are guides for the eyes.

increasing polarity of the substituents, and (iv) « remains roughly constant in [H] and
the halogeno compounds (increase in r, is compensated by the increase in d) but is
smaller for [NQO,] (increase in r, exceeds that in d). According to the calculation by
Kventsel ez al. [25], the increase in & for a given a makes T, rise almost linearly with
6 while Ty, is quite insensitive to the change in 8, and so this increase in J shifts the
relative thermodynamic stability from N to S, within the liquid-crystalline state. The
decrease in a, however, is not favoured in stabilizing the S, state, and so this
mesophase in [NO,] has a potential instability. It is interesting to note that the factors
(i1) and (iv) counteract on the stability of the S, state. It is often seen that terminally
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Table 4. Parameters of the Kobayashi-McMillan potential determined from the present
experiments. The parameters determined from the NMR experiments are indicated by t,
while those based on DSC measurements are not specified.

Compound Vo/kJ¥ mol™! rolA 5 o
H] 1590 110 0-56 0-47
11-4% 0-63t 0-42t
(F] 17:89 17 0-77 0-40
11-7% 0-76% 0-40t
[N 19-11 11-7 0-78 0-43
117 0-77% 0-43t
[Br] 19-22 13 071 0-48
[NO,] 19-59 13-8 1-02 0-34
[CN] 20-01 - - _

halogenated compounds possess stable S, phases while in the cyano or nitro com-
pounds, in which the polarity is strongly enhanced, the N state is relatively stabilized
[9, 10], sometimes bringing about the reentrant nematic phase.

Let us consider then the origin of these changes in potential parameters. The
Kobayashi-McMillan’s pair potential, which is for non-polar liquid crystals, con-
sists of the zeroth and second rank Legendre polynomials without taking into account
the odd rank terms. In the case of the polar mesogens of interest here, intermol-
ecular dipole-dipole and dipole-induced dipole interactions act as perturbations
to the theory. Considering that the dipole moment and polarizability are both
anisotropic in these polar mesogens, the anisotropy of the intermolecular attractive
force might be expected to increase, however, the u dependence of § in figure 9(b)
conflicts with this. A possible explanation is the association of the molecules. It seems
plausible that antiparallel pairing of the molecules reduces the effective dipole
moment and the anisotropy of the polarizability, and increases the value of §.
Antiparallel pairing would also make the effective shape of the molecules more or
less bulkier and increase ry. The introduction of moderately polar substituent atoms
such as halogens thus enhances the S, stability mainly through the effect of increas-
ing V, and 4. If, however, an extremely strong polar end group is incorporated, a
significant increase in r, caused by antiparallel association exceeds the increase in d,
and hence reduces a. The S, state is destabilized compared with N by this decrease
in a.

Finally we would like to comment on the possible microscopic origin of the
reentrant nematic phase transition in [CN]. It has been known that the mean field
theories of the K~M type cannot explain this unusual phase transition in so far as one
assumes that the potential parameters are determined by the molecular structure
alone, and have no dependence on temperature. Luckhurst et al., on the other hand,
deduced the occurrence of this phase transition by simply assuming that a decreases
on lowering the temperature [25,27]. Although this was the first successful molecular
statistical treatment of this phase transition, the origin of this temperature dependence
of o« was not clear. The present study has shown that « can be lowered by molecular
association via the greater increment in r, than in d. Within the context of the present
analysis, it is reasonable to assume that o decreases with lowering of the tempera-
ture since the extent of molecular association may increase with lowering of the
temperature.
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