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ABSTRACT: Pressure—volume—temperature (PVT) measurements were performed on a,w-bis((4,4-
cyanobiphenylyl)oxylalkane (CBA-n) dimer liquid crystals having —O(CH,),0~ flexible spacers (n = 9,
10) between the 4,4’-cyanobiphenylyl ends. Both samples exhibit crystalline <> nematic (CN) and nematic
< isotropic (NI) transitions. The contribution in entropy ASv caused by the volume change has been
estimated by using the standard thermodynamic relation ASv = —(a/)AV,,, where AV, represents the
transition volume, o the thermal expansion coefficient, and 8 the isothermal compressibility. The
transition entropy (AS.), at constant volume was elucidated by subtracting AS, from the entropy change
(ASy;), observed under constant pressure. By using the (ASy), values derived from the Clapeyron equation,
the constant-volume entropies (ASy), at the NI transition were found to be 7.9 and 13.3 J mol~! K1,
respectively, for CBA-9 and -10. The values of (AS.,), for the CN transition were estimated on the basis
of DSC data: 53.9 (CBA-9) and 62.4 J mol~! K-! (CBA-10). For both transitions, the correction for the
volume change was found to be significant, ranging from 40 to 60% of the total transition entropy observed
under constant pressure. Nevertheless, the odd—even character of the NI transition remains unaltered.
As shown by comparison of (AS.), and (ASp),, the major change (85%) takes place at the CN transition,
the liberation of entropy at the NI interphase being much smaller (15%).

1. Introduction

In a series of papers,!~5 we have studied the confor-
mations of chain molecules variously involved in liquid
crystals. Flexible chains, which tend to be a random
coil in the isotropic state, are highly incompatible with
liquid crystals. Phase equilibrium studies indicate that
chain molecules such as n-alkanes, dimethyl ethylene
glycol ethers, poly(ethylene glycol), or polystyrene are
very disruptive to the nematic order and thus are
allowed to exist only in a limited amount in liquid
crystals.®-8 Flexible tails appended to a mesogenic core
unit are, on the contrary, known to play an important
role in stabilizing the anisotropic phase of the low-
molar-mass (monomer) liquid crystals (MLC). The
nematic—isotropic transition temperature and the as-
sociated thermodynamic quantities sometimes exhibit
a weak odd—even oscillation when plotted against the
number of constituent atoms of the tail.’® The NMR/
RIS analysis indicates that the conformational distribu-
tion of the tail tends to be somewhat restricted in the
nematic environment as compared with the distribution
permitted in the isotropic state.

A more pronounced odd—even effect has been ob-
served in the main chain type dimer (DLC) and polymer
liquid crystals (PLC) comprising rigid mesogenic cores
joined through a flexible spacer.#1%11 The simplest
example of such spacers may be of the type —O(CHz),O—.
In these systems, the orientational order parameter of
the mesogenic core axis oscillates with the number of
methylene units n, suggesting that the order—disorder
transition of the mesogenic core is coupled with the
conformational change of the flexible spacer.>12 In this
respect, DLCs as well as PLCs are very different from
simple monomer liquid crystals. The conformation of
such spacers has been elucidated for several examples
of nematic liquid crystals from the relevant 2H NMR
data.#13715 Although the results reported from various
laboratories seem to vary somewhat depending on the
models adopted in the simulation of the spectra, all
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suggest that flexible spacers prefer to take extended
conformations in the nematic state. In an ideal crystal-
line state, molecules are aligned in perfect order, only
the most preferred conformation being permitted for the
spacer. The structural characteristics of chain mol-
ecules in the crystalline, liquid crystalline, and isotropic
liquid states must manifest themselves in the configu-
rational entropy of the system upon phase transitions.
The phase transition of a mesogenic compound is
usually described by the competition between the aniso-
tropic dispersion energy and the orientational entropy.
Attempts to include the steric contribution explicitly in
the thermodynamic expression often lead to an ap-
preciable overestimate of the order parameter at the
transition.’® In this respect, the role of the steric
interaction is somewhat obscure. For the main chain
LCs, the contribution arising from the conformational
change of the flexible spacer should also become impor-
tant.

In fact, it is well-known for various semiflexible
polymers that the entropy of fusion is of prime impor-
tance in establishing the melting temperature.l7.18 The
rotational isomeric character of chain molecules pro-
vides a useful method to estimate the partition function
of the chain configuration in the fluid state. The
configurational entropy change at the phase transition
may be derived as the difference between the two
relevant states. For a variety of conventional polymers,
the entropy change calculated in this manner is usually
in good agreement with the experimental estimate of
the entropy of melting at constant volume. Although
the physical basis of such an entropy separation is
somewhat controversial,!® the technique is well accepted
for long chain molecules. A similar treatment may thus
be applicable to the liquid crystalline system under
consideration.

In this work, we have performed pressure—volume—
temperature (PVT) measurements on o,w-bis[(4,4’-cy-
anobiphenylyloxylalkane (CBA-n) DLC samples

NCO(CHg)nO CN (n=9,10)
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The contribution in entropy caused by the volume
change at a phase transition can be expressed as!’

ASv = yAVtr = —(a/ﬂ)AVtr (1)
where

a=(In v/8t)p
B = ~(31In v/dp), (2)
y = (3p/at),

AVy; is the volume change, y is the thermal pressure
coefficient at the transition, a is the thermal expansion
coefficient at constant pressure, and § is the isothermal
compressibility at constant temperature. Hereafter
subscript tr represents a transition at the crystal—
nematic (CN) or nematic—isotropic (NI) interphase. The
entropy change at constant volume (ASy,), is related to
that at constant pressure (ASy), by

(AStr)v = (AStr)p - ASv (3)

Dimer liquid crystals CBA-9 and -10 exhibit two well-
defined phase transitions as a function of temperature:
crystal <> nematic liquid crystal < isotropic melt. The
transition entropies (AScn), and (ASn),, respectively
defined at the CN and NI interphase, can be estimated
by using eq 3. For the latter transition, a distinct odd—
even effect has been observed in various thermodynamic
quantities as a function of the number of atoms involved
in the spacer. It should be interesting to know if a
similar empirical rule still holds for the entropy change
under constant volume. For this reason, we have chosen
two CBA samples with n = 9 and 10.

2. Experimental Section

The preparation of CBA-9 and -10 has been described
elsewhere.l® These samples exhibit an enantiotropic nematic
mesophase by polarizing microscopic examination:

CBA-9: C 133°C N 173°C 1
CBA-10: C 165°C N 185°C 1

Thermal transitions were measured with a Perkin-Elmer
differential scanning calorimeter (DSC) calibrated with in-
dium. Samples (approximately 0.6 mg) were loaded into
aluminum pans. Heating rates of 10 deg min~! were employed
in most of the DSC scans. In order to provide the same
thermal history, each sample was heated to 210 °C and
subsequently cooled to room temperature. The data were
collected from the second-scan heating curves. Temperatures
corresponding to the onset of phase transformation were
recorded for each endotherm or exotherm.

A PVT apparatus manufactured by GNOMIX Co. (Boulder,
CO) was used to determine the change in specific volume as a
function of temperature and pressure. The apparatus consists
of a bellows cell containing about 1-2 g of sample and mercury
as a confining fluid. The deflection of the bellows under
temperature and pressure changes is measured by a trans-
former. The volume change of the sample can be calculated
by making allowance for the known PVT properties of mercury.
In the isothermal mode, volume readings were recorded over
a pressure range from 10 to 100 MPa at a fixed interval (10
MPa) while the temperature was kept invariant. The tem-
perature was then changed by 10 °C and the process repeated.
The measurements were also performed in the isobaric mode
(at 10 and 40 MPa) by ramping the temperature (30—250 °C)
up or down. The absolute accuracy of the device has been
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Figure 1. Volume—pressure isotherms for (a) CBA-9 and (b)

CBA-10 from 120 to 240 °C by 10 °C intervals. Open circles
indicate specific volumes at p = 0 estimated by extrapolation.

claimed as (3—4) x 1073 ¢m?® g, but volume changes much
smaller than this figure can be resolved. Prior to the PVT
measurements, the densities of the sample were determined
with a pycnometer (volume ca. 50 mL) at 30 °C under
atmospheric pressure. About 2—3 g of sample was charged
and calibration was carried out by using reagent grade ethanol.
Density: CBA-9, 1.139 g/cm?; CBA-10, 1.135 g/em?.

3. Results

Some representative PVT data collected in the iso-
thermal mode are indicated in Figures 1 (V—P plot) and
2 (V-T plot). The measurements were performed first
by raising temperature at a 10 deg interval up to 250
°C and then continued in a similar manner during the
cooling process. The specific volumes at zero pressure
(p = 0) were estimated from those observed at higher
pressures: extrapolations were executed by using poly-
nomial expressions. The extrapolated values are indi-
cated by open circles in these diagrams. Figure 1 clearly
shows that the phase transition temperatures (T, and
Ty) exhibit an appreciable pressure dependence in both
CBA samples. The compressibilities 8 in the low-
pressure region are one of the major interests in this
work. The values estimated in the nematic and isotro-
pic phases slightly above the transition temperatures
are listed in Table 1, where Ty, T, and Ty; were taken
to be the midpoint of the corresponding transitions
indicated in the VT diagram (cf. Figure 2). Since the
nematic phase is stable over a limited temperature
range in both samples, the uncertainty involved in the
extrapolation is comparatively large as indicated in
Table 1.

In Figure 3, the V-T relations estimated at zero
pressure (p = 0) are compared with those directly
determined by an isobaric (heating) process at higher
pressures (10 and 40 MPa). The results obtained by the
two independent measurements are moderately consis-
tent. It is known for typical liquid crystals that the
thermal expansion coefficient increases rapidly in the
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Figure 2. Volume vs temperature relations for (a) CBA-9 and

(b) CBA-10 from 10 to 100 MPa for each 10 MPa. Extrapolated

values to zero pressure are indicated by open circles. For

simplicity, vep—t curves are drawn only for p = 0. (For
experimental details, see Section 2.)

Table 1. Experimental Values of § = —(5 In v,p/p);
Estimated in the Low-Pressure Region for the Nematic
and Isotropic States Slightly above the Transition
Temperature

nematic, in the
vicinity of Ty, or T

isotropic, in the
vicinity of Ty

thermal Twor T, B x 103 Tui B x 108

process (°C) (MPa™1) °C) (MPa™1H
CBA-9

heating 139 1.24 +0.10 174 2.26 + 0.01

cooling 125 1.34 £ 0.11 174 2.60 +£0.01
CBA-10

heating 165 1.59 £ 0.20 190 2.36 £ 0.01

cooling 164 1.87 £ 0.08 189 2.57£0.01

pretransition region as the temperature approaches Ty
and it decreases with increasing temperature above
Twi.2! These characteristics may be confirmed for both
CBA samples in the VT plots derived from the isobaric
measurements at 10 and 40 MPa (see Figure 3). Since
the V—T relation at p = 0 involves extrapolation from
higher pressures, a detailed investigation of the critical
divergence phenomenon® is improbable. Examples of
the V—T relation obtained during a heating—cooling
cycle at 10 MPa are included in the insets of Figure 3.
In both samples, melting (T, on heating) was observed
at a higher temperature than crystallization (7. on
cooling). In contrast, the transition at the NI phase
boundary remains almost unaffected by the experimen-
tal conditions.

The specific volume—temperature (vg;—¢) plots for p
= 0 were fitted to a polynomial function by the least-
squares method. Expressions for the thermal expansion
coefficient o. were also obtained in a polynomial form
from the In v, vs ¢ curves. Within the experimental
accuracy, the results were found to be most satisfactorily
represented by linear relations such as
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Figure 3. Comparison of vg,—¢ relations derived from the
measurements in the isothermal (» = 0) and isobaric modes
(p =10 and 40 MPa): (a) CBA-9 and (b) CBA-10. Open circles
for p = O were taken from Figure 2. Shown in the inset are
the vgp—t curves obtained under an isobaric condition (p = 10
MPa) with ascending and descending temperatures, indicated
respectively by white and black dots.

V() = u(ty) + alt — tp) (4)
and
at) = aft,) + bt — t,) (5)

The coefficients of these expressions are summarized
in Table 2. The volume changes AV, at Ty, T., and Ty
can be obtained from these ve,—¢ relations. The values
of AV, thus determined correspond to the difference
between the two stable states. Variations of AV, with
pressure observed during the heating and cooling
process are illustrated in Figure 4, for CBA-9 and -10.
While the volume change AV., at the CN transition
tends to be moderately depressed as pressure increases,
the corresponding transition velume AV,; at the NI
interphase remains nearly invariant for both samples.
For given transitions, a pair of AV}, values observed on
the heating and cooling process are reasonably consis-
tent except for the CN transition of CBA-9, for which a
relatively larger supercooling was observed at the
crystallization: Ty, — T. = 14 °C. Correspondingly, the
values of AV, obtained at T, are lower by about 20%
than those at Ty, for this sample. The transition
volumes AV, estimated for p = 0 are listed in Table 3,
where the thermal expansion coefficients o obtained for
the nematic and isotropic phases in the vicinity of
transition temperatures are also accommodated.

The enthalpy changes under atmospheric pressure
can be customarily measured by using DSC. The
transition temperatures T, and Ty; and the heats AH.,
determined by DSC are given in Table 4. The transition
temperatures shown in the table are lower than those
estimated previously from the vs,—¢ curve (cf. Tables 1
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Table 2. Specific Volumes v, and Thermal Expansion Coefficients o = (3 1n v,p/3t), Estimated for p = 0°

CBA-9

heating

cooling

crystalline phase

range of temperatures: 30—139 °C
Usp(t) = 0.8785 + 1.8738 x 1074 — 30)
a(?) = 4.2490 x 1074 + 5.3041 x 1077(¢ — 30)

range of temperatures: 40—125 °C
vsp(t) = 0.8833 + 2.8806 x 1074t — 40)
oft) = 6.6212 x 10~* + 4.5825 x 10~7(t — 40)

nematic phase

range of temperatures: 139—-174 °C
Uep() = 0.9717 + 8.1718 x 1074z — 139)
aft) = 21.8446 x 1074 + 2.4846 x 10~7(¢ — 139)

range of temperatures: 125-174 °C
vep(t) = 0.9674 + 7.4263 x 104t — 125)
oft) = 19.6550 x 10~* + 2.7685 x 10~7(¢t — 125)

isotropic phase

range of temperatures: 174—250 °C
vgp(t) = 1.0148 + 7.8017 x 1074 — 174)
a(t) =21.0019 x 10~* + 36.9276 x 10-7(¢t — 174)

range of temperatures: 174—250 °C
vsp(t) = 1.0196 + 8.3975 x 1074t — 174)
o) = 23.7890 x 1074+ 8.4809 x 1077(¢t — 174)

CBA-10

heating

cooling

crystalline phase

range of temperatures: 30—165 °C
vep(t) = 0.8818 + 2.902 x 1074 — 30)
a(t) = 7.8955 x 10 — 11.4676 x 1077(¢ — 30)

range of temperatures: 130—164 °C
Uep(t) = 0.9075 + 4.1695 x 10~4(¢ — 130)
a(t) = 10.2467 x 107* + 8.1052 x 10~7(¢ — 130)

nematic phase

range of temperatures: 165—190 °C
vep(t) = 0.9952 + 10.0 x 1074z — 165)
a(t) = 27.2667 x 107+ + 4.5159 x 10~7(¢t — 165)

range of temperatures: 164—189 °C
vep(t) = 0.9933 + 8.8822 x 10~4(t — 164)
at) = 24.2667 x 1074 + 1.0099 x 1077(¢t — 164)

isotropic phase

range of temperatures: 190—250 °C
vsp(t) = 1.0380 + 7.7108 x 10~(¢ — 190)
a(t) = 22.1709 x 104 + 6.8987 x 10~7(¢ — 190)

range of temperatures: 189—250 °C
Ugp(t) = 1.0352 + 7.973 x 1074t — 189)
at) = 23.9039 x 10™* — 17.9465 x 10~7(¢ — 189)

¢ The mathematical expressions are defined in eqs 4 and 5: vg/(ecm? g™1), a/deg™?, ¢/°C.
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Figure 4. Variation of transition volumes AV, (squares) and
AV, (circles) as a function of pressure. The data points
collected from the heating and cooling processes are distin-
guished respectively by open and filled symbols.

and 3). Except for the crystallization temperature (T),
differences between the DSC and PVT data are mar-
ginal. The depressions AT = T, — T, amount to 30—
40 °C in DSC while they are only 14 and 1 °C,
respectively, for CBA-9 and -10 in PVT. The degree of
supercooling on crystallization tends to be enhanced
when the cooling rate of the sample is higher. The

Table 3. Experimental Values of AV, and o = (6 In
vsp/ot)p, Estimated for p = 0 in the Nematic and Isotropic
Regions

nematic, in the isotropic, in the

vicinity of T, or T, vicinity of T

thermal ThorT. AV, ax102 Ty AVy o x 103
process (°C) (emPg) (KD (C) (mig? (KD

CBA-9

heating 139 0.0730 2.184 174 0.0145 2.100

cooling 125 0.0594 1966 174 0.0159  2.379
CBA-10

heating 165 0.0745  2.727 190 0.0178 2217

cooling 164 0.0716 2427 189 0.0197 2.390

Table 4. Summary of DSC Data

CN NI
transition transition
Ach AScn AHni ASni
thermal TmorT. (kJ (Jmol™! Ty (kJ (I mol?
process (°C) mol™l) K1) (°C) mol™) K

CBA-9
heating  134.8  48.93 1199 1730 4.16 9.3
cooling 104.0  50.50 1339 1715 452 10.2

CBA-10
heating 164.6 56.84 129.8 1840 942 20.6
cooling 1248  54.61 1372 183.0 10.47 23.0

values of AHy, and the corresponding AS:, were esti-
mated by measuring the area of the DSC peaks in the
usual manner. The observed values fluctuate within
+10—15% around those listed in Table 4.

The enthalpy changes may be alternatively estimated
with the aid of the Clapeyron equation:

AH,, = T AV, dp/dt (6)

where dp/dt designates the slope of the phase boundary
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Table 5. Values of AH,; and AS,; Estimated on the Basis
of the Clapeyron Equation

AV dp/dt AHy; AShpi
thermal T (cm®  (MPa kJ (J mol-!
process (°C) mol™})) K1} mol™ Kb

heating 174 7.45  2.00 6.66 14.9
cooling 174 8.17 2.05 7.49 16.7
heating 190 939 235 10.22 22.1
cooling 189 10.38 2.36 11.32 24.5

sample
CBA-9

CBA-10

curve in the low-pressure region. For the NI transition,
the values of dp/dt estimated from the measurements
in the isothermal (Figure 2) and isobaric modes (Figure
3) were mutually consistent. The enthalpy AH,; and
entropy changes ASy; calculated according to eq 6 are
listed in Table 5. The difference between the PVT
(Table 5) and DSC methods (Table 4) amounts to 10—
30%. While the heats determined on the basis of PVT
data are a measure of the discontinuity of a first-order
transition at a given temperature 7%, those from
calorimetric measurements may include some additional
contribution due to pretransition phenomena occur-
ring on both sides of the transition. In addition, some
difficulty is inevitably invoked in selecting a baseline
in the DSC method. In the following treatment, the
values of ASy; obtained by the PVT method and tabu-
lated in Table 5 will be adopted for the estimation of
entropy changes at constant volume (AS,;),. As revealed
in Figures 2 and 3, the crystalline—nematic phase
boundary curves are less sensitive to pressure, and the
values of dp/dt estimated from these two figures in-
evitably include large uncertainties. The use of eq 6
thus failed to give any reasonable assessment of en-
thalpies for the CN transition. The enthalpy changes
AH., are therefore not included in Table 5. In the
following treatment, the values of (ASc,), for the CN
transition were borrowed from the DSC measure-
ments.

In Table 6, AV, v, AS, (cf. eq 1), and the transition
entropies at constant volume (ASy),, defined as the
difference between (ASy), and AS, in eq 3, are listed.
In these calculations, the values of (ASy), were taken
from Table 4 for the CN transition and from Table 5
for the NI transition. As shown in Table 4, the differ-
ence AT between the crystallization temperature 7. and
the melting temperature 7'y, is sizable, especially in the
DSC measurements, suggesting that supercooling takes
place during crystallization. The enthalpy changes
AH ., observed during cooling may include some effect
arising from this source. The values of (AS.,), associ-
ated with the cooling process are somewhat larger than
the corresponding results estimated on the basis of the
heating data. For the NI transition, the supercooling
phenomenon is less marked, and thus the agreement
between the heating and cooling processes is reasonable
for various thermodynamic quantities including (ASy;),.
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Although the precise estimation of errors involved in
the elucidation of entropies is difficult, the uncertainties
in the final results could amount to 30—40% of (ASqi)..

4, Discussion

For the reason stated above, the experimental data
collected during the heating process may be better
suited for the thermodynamic analysis under consider-
ation. Since this is the first PVT report on DLCs, the
results obtained from the cooling process are also
included. As shown in Table 3, the volume changes AV
observed at the NI transition are about 20—30% relative
to the corresponding discontinuity AV, at the CN
interphase. The observed values of AV, = ca. 2 x 1072
cm?® g1 are substantially larger than those reported for
conventional MLCs?! but smaller than those reported
for semicrystalline main chain type PLCs.22 The other
thermodynamic properties of the nematic phase such
as the thermal expansion coefficient o and compress-
ibility 3 also exceed those found for simple MLCs.21:23
The thermal pressure coefficients y estimated at T'; are
0.93 and 0.94 MPa K1 (on heating), respectively, for
CBA-9 and -10. These values are somewhat smaller
than those reported for 5CB and 7CB.%! In this work,
the pressure—temperature coefficients y were obtained
as the ratio —o/f. The reliability of y values may be
improved by directly determining the isochore in the
low-pressure region. Studies along this line are in
progress.

The values of (ASp), found in this work (8—15 J mol~!
K1) are appreciably larger than those estimated for
relevant MLCs such as 4’-n-alkyl-4-cyanobiphenyls or
4’-n-alkoxy-4-cyanobiphenyls, for which Orwoll et al.
reported entropy changes in the range 0.2—0.8 J mol ™!
K121 The results indicate that the constant-volume
transition entropy could be enhanced dramatically by
incorporation of a flexible spacer.

For both CN and NI transitions, the correction term
AS, for the volume expansion was found to be signifi-
cant, ranging from 40 to 60% of the total transition
entropy observed under constant pressure. However,
the odd—even character of the NI transition was unal-
tered by introducing the correction due to the volume
change. As shown by comparison of (AS.,), and (ASy;),,
the major change (80—90%) takes place at the C — N
transition, the liberation of entropy at the N — I
interphase being much smaller (10—20%). The sum of
{AScn)y and (ASy;), should approximately represent the
constant-volume entropy change on going from the
crystalline state to the isotropic melt. From Table 6,
we obtain 61.8 and 75.7 J mol™! K1, respectively, for
CBA-9 and -10. These values are nearly equivalent to
those (80—90 J mol~! K1) estimated for a —(CHjs),,—
sequence (m = 9—10) buried in the polymethylene chain.
The results suggest that the conformational contribution

Table 6. Estimation of the Entropy Change at Constant Volume for CBA-n with n = 9 and 10°

CN transition

NI transition

thermal AV y AS, (AScn)? AV y AS, (ASni)©

process  (cm3mol~!) (MPaKl) (Jmol 'K (@mol K1 (ecmPmol™!) MPaKl) (Jmol 1K) (Jmol'!K™
CBA-9

heating 37.5 1.76 66.0 53.9 7.5 0.93 7.0 7.9

cooling 30.5 1.47 44.7 89.2 8.2 0.92 7.5 9.2
CBA-10

heating 39.3 1.72 67.4 62.4 94 0.94 8.8 13.3

cooling 37.8 1.30 49.1 88.1 10.4 0.93 9.7 14.8

@ Estimated according to eq 3. ® Values of (AScn), required in this estimation were taken from Table 4. ¢ Values of (ASy;), were obtained

from Table 5.
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is an important factor involved in the phase transition
of main chain type LCs.

Finally, we wish to emphasize that the PVT data
reported above may be useful to investigate the mo-
lecular aspect of CN and NI transitions. As indicated
by the X-ray examination, the dimer samples are highly
crystalline in the solid state.?* The RIS analysis of ZH
NMR quadrupolar splitting data should provide infor-
mation regarding the spacer conformation in the ne-
matic state.!”® The spatial configurations of these
molecules in the isotropic state may be approximated
by those elucidated from solution properties such as the
anisotropy of polarizability and the dipole moment.2
The magnitude of the conformational-entropy change
can be evaluated on the basis of the conformational
distributions of the spacer obtained in the liquid crys-
talline and isotropic-liquid states. Comparison of the
results with the transition entropies at constant volume
determined in this work should reveal the relative
importance of the flexible part in establishing the
individual phase transitions. This is the subject of the
following paper.26
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