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The phase behaviour of dimer liquid crystals (DLC), a,w-bis[(4,4'~-cyanobiphenylyl)
oxylalkanes (CBA-n with n=9,10) has been studied by differential thermal analysis (DTA)
over a pressure range from 0-1 to 150 MPa. Both samples exhibit crystal (Cr)«>nematic
(N)+isotropic (I) transitions under all experimental conditions. The slopes of the phase
boundary curve (dp/dt),, were determined from the P, vs. T;, phase diagram, where the
subscript ., designates ¢,y Or 5. Both transition temperatures Ty and Ty were found to
increase almost linearly as a function of pressure; CBA-9: (dp/dt)cy =392, (dp/dt)=203;
CBA-10: (dp/dt)c =366, (dp/dt)y=2-17, the units beingMPaK ~!. As a consequence, the
nematic region defined by the interval between the CrN and NI transitions becomes broader
as the applied pressure increases. While the transition enthalpies AHy and the associated
entropies AScy at the CrN transition decrease substantially with increasing pressure, the
corresponding quantities at the NI transition remain nearly insensitive to pressure. At
atmospheric pressure, the magnitude of AHy; amounts to about 10% of AHy for the given
samples. The transition enthalpies and entropies were also estimated from the Clapeyron
relation, the volume changes required in this expression being taken from the PVT measure-
ments previously reported. Somewhat larger values were obtained for both AH,, and AS,; in
the latter estimation. The odd—even character with the spacer length n was clearly observed
in the aforementioned thermodynamic quantities over the entire pressure range examined.

1. Introduction

liquid crystals [2]. In these systems, the orientational

Dimer liquid crystals (DLC) such as «,w-bis[(4,4-
cyanobiphenylyl)oxy]alkanes (CBA-n with n=9,10)

NC‘Q_Q' O(CH;),0 WCN

exhibit two well-defined transitions at the crystal-
nematic (CrN) and nematic-isotropic (NI) interphases.
The odd—even effect has been observed in various ther-
modynamic quantities at the NI transition as a function
of the number of carbon atoms » involved in the spacer
[1]. Because of the similarity in their thermodynamic
characteristics, including the odd—even effect, DLCs are
often regarded as a model for the main chain polymer

*Author for correspondence.

order parameter of the mesogenic core axis observed in
the vicinity of Ty, also oscillates with n, suggesting that
the order—disorder transition of the mesogenic core is
coupled with the conformational change of the flexible
spacer [3-6]. It has been concluded from 2H NMR
analysis that the flexible spacer carrying the mesogenic
cores on its termini prefers to take more or less extended
conformations in the nematic state [4]. Configurational
characteristics of chain molecules in the crystalline,
liquid crystalline, and isotropic liquid states must mani-
fest themselves in the conformational entropy changes
of the system upon phase transition.

CBA-n compounds are known to exhibit appreciable
changes in enthalpy and entropy, as well as in the
specific volume at the NI transition { 7]. The correspond-
ing changes observed for their low molar mass analogues

0267-8292/96 $12-00 © 1996 Taylor & Francis Ltd.
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(monomer LCs) are much smaller [8]. Comparison
immediately reveals an important role of the spacer in
determining the first order character of the transition in
the DLC systems. The spatial arrangement of the spacer
18 somewhat restricted in the nematic state. Upon trans-
ition to the isotropic state, such an orientational restric-
tion is removed, and the spacer is allowed to adopt the
random coil conformation. This is the origin of the
conformational contribution to the thermodynamic
quantities which characterize the transition. In fact, it is
well known for various semi-flexible polymers that the
conformational change at the phase transition consti-
tutes a major contribution to the entropy of fusion,
which is an important factor in establishing the melting
temperature [ 9, 10].

In this study, the differential thermal analysis (DTA)
of CBA-9 and -10 was performed under pressure
(0-1-150 MPa). One of the major interests was to deter-
mine the phase boundary curves for both the CrN and
NI transitions, which lead to an estimate of the enthalp-
ies of transition on the basis of the Clapeyron relation
[117. It was also interesting to find if the odd—even
character of the thermodynamic quantities at the NI
transition still holds under high pressure.

2. Experimental

The preparation of CBA-9 and -10 has been described
elsewhere [1,47]. The thermal analysis was carried out
using a Perkin-Flmer differential scanning calorimeter
I1-C (DSC). Transition temperatures were defined at the
maxima of the exo- and endo-thermic peaks of the DSC
curves. In order to investigate some possible crystallo-
graphic modifications of CBA-9 samples, X-ray diffrac-
tion measurements were carried out using a Rigaku
Diffractometer.

The thermal behaviour of CBA-9 and -10 was exam-
ined under hydrostatic pressures up to 200 MPa by
using a high pressure DTA apparatus [12] similar to
the one previously reported by Takamizawa et al. [13].
The sample was fixed onto a platinum holder by giving
it a coating with an epoxy adhesive, which at the same
time prevented the sample from direct exposure to the
pressure fluid (silicone oil). The temperature and the
heat of transition were calibrated with an indium stand-
ard at given pressures; the accuracy of the observed
enthalpy of transition is estimated to be +10%. The
DTA measurements were performed by using 3-5mg
samples at a scanning rate of SKmin~' under given
hydrostatic pressures.

3. Results
3.1. Preliminary studies on polymorphism in the
crystalline phase
A powder sample of CBA-9 prepared by reprecipita-
tion from chloroform solution exhibits two sharp endo-

thermic peaks on heating, corresponding to the CrN
and NI transitions. Shown in figure 1 are the DSC
curves observed on cooling and subsequent (2nd) heat-
ing. Under a given cooling condition (5Kmin~1!), a
metastable crystalline phase (Cr,) may be formed imme-
diately after the transition from the nematic phase. On
the 2nd heating, an endothermic peak appeared at about
401 K and subsequently a sharp exothermic peak at
about 402 K, indicating that the melting of Cr; is followed
by recrystallization to a more stable form Cr,. Figure 2
indicates the X-ray diffraction diagrams for (@) a CBA-9
sample obtained by cooling from the isotropic melt and
(b) the same sample after heating slowly up to 399 K.
By the heat treatment in the immediate vicinity of the
melting point, some of the diffraction peaks in figure 2 (a)
were eliminated to yield figure 2(b). No appreciable
changes were observed in the X-ray diagram at lower
temperatures (298 ~393 K). These X-ray observations
are consistent with the results of the aforementioned
DSC measurements. The fraction of the coexisting Cr,
phase tends to be suppressed when the cooling rate is
reduced. Malpezzi er al. [14] reported the results of the
crystallographic analysis of CBA-7, concluding that the
spacer takes an extended all-trans-arrangement. The
molecular conformation in the Cr, form may be similar
to that of CBA-7. The Cr, crystal transforms into the
nematic state at about 407 K and eventually into the iso-
tropic state at about 445K as indicated by a large(CrN)
and a small(NI) endothermic peak, respectively.

The DTA heating curves for a rapidly cooled CBA-9
sample (5K min 1) exhibited two peaks in the CrN
transition region at all pressures: a small endothermic
peak corresponding to the fusion of the relatively
unstable Cr; crystal and a large endothermic peak due
to melting of the regular Cr, crystal. A less distinct
endothermic peak appearing at a higher temperature
corresponds to the NI transition. The DTA thermograms
were found to be similar to those observed at atmo-
spheric pressure (figure 1) except for the omission of the
exothermic trough associated with the formation of the
Cry, crystal involved in the Cr,—Cr, transformation.
This difference probably arises from the lower sensitivity
of the high pressure DTA apparatus relative to the
commercial DSC equipment. In brief, the general fea-
tures of the thermal behaviour of CBA-9 remain essen-
tially unaltered over a wide range of applied pressure.
The T, vs. P,, phase diagram obtained during a heating
process yielded first order polynomials such as

Cr,—Cr,:  =402-4+0179,p
Cr,—N: t=4089+0247,p (1)
Nl t=4452+0474,p

The coexisting Cr; crystal, which melts at a lower
temperature, was found to transform into the stable Cry
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Figure 1. DSC thermograms of CBA-9 — first cooling from the isotropic melt and ——— second heating from the crystalline
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Figure 2. X-ray diffraction patterns of CBA-9: (a) rapidly
cooled (5K min~!) from the isotropic melt, measured at
room temperature and (b) the same sample after heating
slowly to 399 K.

1

form by annealing the sample at 403K under atmo-
spheric pressure. In the following section, CBA-9 samples
were adopted for measurements after a heat treatment
at 403 K for 30 min, unless otherwise noted.

In contrast, a single crystalline form was detected for
CBA-10 under all pressures on cooling. Under a very
high pressure (~200MPa), however, a somewhat
unusual DTA behaviour was observed. When the
CBA-10 sample was cooled from the nematic state at
200 MPa, a very small exothermic peak appeared at
lower temperatures. The degree of supercooling associ-
ated with the N—Cr transition also diminished from a
common value (~40K) to ~20K under this condition.
This may suggest the possible occurrence of polymorph-
ism under high pressure. In fact, such samples exhibit
an extra shoulder on the CrN transition peak in the
DTA diagram. The present report therefore excludes the
results obtained at pressures higher than 150 MPa. The
investigation of the thermal behaviour in the region
P > 150 MPa was beyond the scope of the present study.
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Table 1. Comparison of DSC and DTA data on the CrN and NI (ransitions of CBA-9 and -10 at
atmospheric pressure.

CrN transition

N-I transition

Teen AHen AScin T AHy ASy
Method /K /kJ mol* Jmol *K! /K /kImol™* /I mol * K™
CBA-9
DSC 4068 47-0 1155 4455 375 84
DTA 4083 435 106-5 444-0 36 81
(01 MPa)
CBA-10
DSC 4387 531 121-0 4576 82 18-0
DTA 440-6 50-3 1142 456-7 7-3 16:0
(0-1 MPa)

3.2. Comparison of phase transition behaviour of CBA-9
and -10

In table 1, thermodynamic data obtained by DSC are
compared with those obtained by DTA at 0-1 MPa. The
CBA-9 and -10 samples used in these measurements
exhibited a typical transition pattern consisting of a set
of major and minor peaks corresponding to the CrN
and NI transitions, respectively. The results derived by
the two different methods agree reasonably well within
the precision of the apparatus used. In accordance with
previous observations [ 1, 3, 4], a distinct odd—even effect
with the spacer length can be seen in the transition
entropy ASy,: the magnitude of ASy, for CBA-9 is about
one half that of CBA-10.

Typical examples of the DTA (heating) curves
obtained at a higher hydrostatic pressure (100 MPa) are
illustrated for CBA-9 and -10 in figure 3. General features
observed by DSC under atmospheric pressure are mostly

a
&~
<]
b
3
3
Q
1 1
400 450 500 550

Temperature [ K

Figure 3. High pressure DTA curves of (a) CBA-9 (annealed)
and (h) CBA-10 samples at 100 MPa. Heating rate 5K min~*!.

retained at higher pressures. The 7T, vs. P, plots are
shown in figure 4. For both samples, the CrN and NI
phase transition curves can be expressed in first order
polynomial forms such as

CBA-9 Cr,—N: t=4083+0255,p
NoL  1=4440+0491p
CBA-10 Cr—N: t=440-6+0273,p
Nl =456-8+0461,p

As indicated in figure 4, the nematic range defined by
the temperature interval between the CrN and NI
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Figure 4. Variation ol transition temperatures T as a func-
tion of pressure P during heating: [(Tgy), O(Ty) for
CBA-9 (annealed) and B{T,y), ®(Ty) for CBA-10.
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transitions becomes somewhat broader with increasing
pressure. This phenomenon is widely known for conven-
tional liquid crystals [15]. The T, vs. P, relation
associated with the Cr,—N transition of CBA-9
{equation (2)) is consistent with that shown in
equation (1), suggesting that the transition temperatures
are not affected by the coexisting C, phase.

Variations of the transition enthalpies AHy; and AHe
with pressure are illustrated for both CBA-9 and -10 in
figure 5(a), where the experimental data obtained by
DSC under atmospheric pressure are also included. At
P=01MPa, the ratio AHy,;/AH ¢, amounts to 0-08 and

60 T

AH / kJmol !
w »
o o

L)
o
T
1

-
-] (=
(=] (=)
T

AS / Jmol "K'
[«
=]

aof -

Figure 5. Pressure dependence of (¢) tramsition enthalpies
(AHcn, AHyy) and (b) entropies (AScn, ASn) of CBA-9
and -10 samples; the experimental data obtained by DSC
under atmospheric pressure are also included. For sym-
bols, see legend for figure 4.

0-14, respectively, for CBA-9 and -10. While AHc.
decreases substantially (13~18%) as the pressure
increases, AH,; remains neatly constant over the entire
range of pressure. The transition entropies ASy; and
ASc,n estimated concurrently are plotted against pres-
sure in figure 5(b). General trends are similar between
figures 5(a) and 5(b). The ASy, value of CBA-9 is about
one half that of CBA-10 at all pressures, indicating that
the odd—even oscillation of ASy; with the spacer length
remains unaltered over a wide range of pressure.

4. Discussion

The results obtained by DSC may be favourably
compared with those of DTA at 0-1 MPa (table 1). The
transition temperatures Ig and Ty, are in agreement
within 2 K. The enthalpies AH .y were somewhat under-
estimated in the DTA measurement (5-10%), and
accordingly the associated entropies AS. are also
lower. Another set of DSC data is available on the same
sample from the work of Abe et al. [7]: while the
transition temperatures are in agreement for given DLCs,
the enthalpies of CBA-10 are slightly higher (5-10%)
than those of the present measurements. The enthalpy
changes at the phase transition can be alternatively
estimated with the aid of the Clapeyron relation [117]

AH,, = T, AV, dp/dt (4)

where the transition volumes AV, are available from
PVT measurements [[7]. The slope of the phase bound-
ary curve dp/dt can be estimated from the relation
(equations (2) and (3)) derived from the T,—P, plot
(figure 4); CBA-9: (dp/dt)e;n=392, (dp/dt)y;=2-03;
CBA-10: (dp/dt)e;n=366, (dp/dt)y=2-17, the units
being MPa K ~'. The transition enthalpies and entropies
estimated from equation(4) at P=0-1, 50, and 100 MPa
are summarized in table 2. For comparison, the corres-
ponding values obtained directly by DTA are indicated
in parentheses; they are taken from the best-fit curves
shown in figures 5(@) and 5(b). Both AH,, and AS,,
calculated by using the Clapeyron relation substantially
exceed those directly determined by DSC or DTA. The
difference between the two approaches, ie. the use of
the Clapeyron relation, equation(4), and the direct
determination by DSC or DTA method, is apparent.
While the heats estimated by the former method are a
measure of the discontinuity of the first order transition
at a given temperature, those from the calorimetric
measurements may include some additional contribution
due to pre- and post-transitional phenomena occuring
in the immediate vicinity of the transition. In addition,
some difficulty is inevitably involved in selecting a
baseline in the DSC method. The transition entropies
found for CBA-n are appreciably larger than those
estimated for related low molar mass liquid crystals such
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Table 2. Transition enthalpies AH,, and entropies AS,, estimated from the Clapeyron relation.

CrN transition

NI transition

P Tern AVen® AHce® ASern” Tn Al AHG" ASN"
/MPa /K Jem® mol ™! /kJ mol ™! /I mol ' K™! /K Jem® mol ! /kJ mol ™! Jmol *K™!
CBA-9

01 4083 375 600 147-0 4440 7-5 6-8 153

(43-5) (106'5) (3-6) (81)

50 4222 313 51-8 122-7 469-7 54 51 109

(40-9) (96:9) (3-4) (7-2)

100 4337 27-3 464 107-0 493-1 52 52 10-5
(382) (881) (32) (6:5)

CBA-10

01 4406 39-3 634 143-8 4567 9-4 93 204
(50-3) (114-2) (7-3) (16:0)

50 454:6 336 559 123-0 480-6 85 89 18-5
(44-3) (97-4) (67) (13:9)

100 4693 307 527 112-3 504-6 7-5 82 163
(44-2) (94-2) (7°2) (14-3)

# Taken from ref. [7].
" Values in parentheses are those obtained by DTA.

as 4'-n-alkyl-4-cyanobiphenyls or 4'-n-alkoxy-4-cyanobi-
phenyls, for which Orwoll et al. [8] reported entropy
changes in the range 0-2-0-8J mol ! K 1. It has been
concluded from the 2H NMR and PVT analysis that
the conformation of the flexible spacer is largely respons-
ible for such an enhancement of transition entropies
[16]. A somewhat contradictory model implying an
appreciably lower estimate of the conformational
entropy has been presented by Ferrarini et al. [17] from
their theoretical investigation on the dimer LC system.
In treating the transitional properties of dimers or any
related main chain LCs including polymers, however,
the contribution to the entropy arising from the volume
change at the NI transition must also be taken into
account. The AV, values for the dimer [7] and the
polymer [18] are reported to be substantially larger
than those observed for conventional monomer LCs [8].

The enthalpy and entropy changes at the NI transition
were previously estimated by using the (dp/dt)y, values
obtained from PV T measurements; CBA-9: (dp/dt)y,=
2:00; CBA-10: {dp/dt )y =235, the units being MPaK ™'
As shown by comparison, the agreement is satisfactory
between the two independent measurements, DTA and
PVT. Zoller et al. [18] also found a reasonably good
agreement for the (dp/dt)en values (2~5MPaK™!)
between the PVT and high pressure DTA methods in
their study on a series of main chain azomethine poly-
mers. The values of (dp/dt)y; obtained above for DLCs
are nearly equivalent or slightly smaller than those
reported for related low molar mass LCs such as nCB
{2:4- 3-0) and rOCB (2-1-3-0) [8].

In the aforementioned PVT measurements on DLCs

[71, the slopes of the phase boundary curve (dp/dt)c.n
could not be estimated with a reasonable accuracy for
the CrN transition. Since DTA gives the transition
temperature Tr,n as an endothermic peak, the slopes of
the T,—P, relation can be more easily estimated (cf.
figure 3). Combined use of the (dp/dt)e,n value thus
obtained with the volume change AV, previously deter-
mined leads to an estimate of AHq, and ASq, as given
in table 2. In previous work [ 7], the transition entropies
at constant volume (AS¢,n), wWere estimated on the basis
of the DSC data. Adoption of AS,n values obtained at
0-1 MPa from the Clapeyron relation (table 2) raises the
(AS¢en), values by about 10-20%. The significance of
such an entropy separation has been discussed elsewhere
[16,19].

In this work, the high-pressure DTA method was
shown to be useful in estimating accurate values of
(dp/dt)c,n, Which sometimes elude determination from
PVT measurements. Studies of a homologous series of
CBA-n, including trimer LCs, are in progress by
employing the methodology thus established.

We thank Dr. S. Y. Nam for preparation of CBA-
n samples (at the time of his residence at Tokyo Institute
of Technology).
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