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Abstract

The pressure-scanning differential thermal analyzer (DTA) measurements of the cubic (Cub)–smectic C (SmC) transition of thermotropic
cubic mesogens of 1,2-bis-(4-n-octyloxybenzoyl)- and 1,2-bis-(4-n-dodecyloxybenzoyl)hydrazine, BABH(8) and BABH(12), were performed at
isothermal condition using a high-pressure differential thermal analyzer. BABH(8) showed the same endothermic peak of the Cub–SmC transition
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n the pressurizing process as on heating at isobaric condition. On the other hand, BABH(12) showed only the cubic phase between
nd the isotropic liquid under pressures up to 16–17 MPa, but a high-pressure smectic C (SmC(hp)) phase was induced instead of the
nder higher pressure. The Cub–SmC(hp) phase transition with a small exothermic peak occurred in the pressurizing process and the t
bserved reversibly. The Cub–SmC(hp) phase transition was in accordance with the morphological and structural observations menti
he strange phenomenon of the inversion of sign of the Cub–SmC transition heat of BABH(n) homologues can be explained by the “Al
s entropy reservoir” mechanism proposed by Saito et al.
2005 Published by Elsevier B.V.
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. Introduction

Since the discovery of thermotropic cubic mesophase of
′-n-hexadecyloxy- and 4′-n-octadecyloxy-3′-nitrobiphenyl-4-
arboxylic acid, referred to as ANBC(16) and ANBC(18),
espectively, in 1957[1], a number of thermotropic cubic
esogens have now been reported[2]. Some thermotropic

ubic mesogens show the crystal (Cr)–smectic C (SmC)–cubic
Cub)–isotropic liquid (I) phase sequence under atmo-
pheric pressure. Schubert et al.[3] synthesized 1,2-bis-(4-
-alkyloxybenzoyl)hydrazines in 1978, denoted as BABH(n),
heren indicates the number of carbon atoms in the alkoxy
hain. As reported by Demus et al.[4], the octyloxy-, nonyloxy-
nd decyloxy-homologues of the BABH(n) series exhibit both

he cubic and smectic C phases, and show the Cr–Cub–SmC–I
hase sequence. Interestingly, the order of phases (Cub–SmC)
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is reversed in comparison to that (SmC–Cub) found
ANBC(n) and other compounds[5–13]. The chemical structu
of BABH(n) compound is,

The molecules have two terminal alkoxy chains an
hydrazine core at molecular center, which form sheets li
by intermolecular hydrogen bond in the crystalline s
and mesophases[9]. Recently BABH(11), BABH(12) an
BABH(14) with longer alkyl chains (n> 10) were synthesize
by Kutsumizu and coworkers[14] and these compounds show
only the cubic phase between the crystal and the isotropic li

The authors have been studied the phase behaviour
homologous series of the hydrazine compounds, BABH
BABH(10), BABH(11) and BABH(12) under pressure usin
high-pressure differential thermal analyzer (DTA), a polariz
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optical microscope (POM) equipped with a high-pressure optical
cell, and a wide-angle X-ray diffraction equipped with a pres-
sure vessel and reported theT versusP phase diagrams[15–17].
Since the Cub–SmC transition lines of BABH(8) and BABH(10)
have a negative slope (dT/dP) in the TversusP phase diagrams,
the temperature range for the cubic phase decreased rapidly with
pressure. The triple point for the SmC, Cub and Cr phases was
estimated as 31.6 MPa, 147◦C in BABH(8) and 10–11 MPa,
144± 1◦C in BABH(10), which indicate the upper limit of pres-
sure for the observation of the cubic phase. The cubic phase
exists only in the low-pressure region and the Cr–Cub–SmC–I
phase sequence changes to the Cr–SmC–I sequence in the high-
pressure region. On the other hand, BABH(11) and BABH(12)
show only the cubic phase between the crystal and isotropic liq-
uid under atmospheric pressure[14]. However, applying hydro-
static pressure on the samples induced the formation of high-
pressure smectic C (SmC(hp)) phase instead of the cubic phase
at pressures above 10–11 MPa for BABH(11) and 16–17 MPa for
BABH(12), respectively[17]. So the Cr–Cub–I phase sequence
in the low-pressure region changed sharply to the Cr–SmC(hp)–I
sequence in the high-pressure region. The formation of the
SmC(hp) phase was confirmed using the POM texture observa-
tion and X-ray diffraction measurements under hydrostatic pres-
sures[17]. The structure and optical texture between the cubic
and the usual SmC or high-pressure SmC(hp) phases changed
reversibly from the spot-like X-ray pattern and the dark field
o d the
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2.2. DTA measurements under pressure

The high-pressure DTA apparatus used in this study is
described elsewhere[18,19], but it is shortly explained as fol-
lows. The DTA system was operated in a temperature region
between room temperature and 170◦C under hydrostatic pres-
sure up to 100 MPa. Dimethylsilicone oil with a medium viscos-
ity (100 cSt) was used as the pressurizing medium. Sample of
about 4 mg was put inside the sample cell and coated with epoxy
adhesives for the setting of the sample in the cell. The coating
with epoxy adhesives prevented direct contact of the sample
with the silicone oil. The Cub–SmC transition of BABH(8) is
endothermic as it was shown by usual DSC measurements under
atmospheric pressure[4]. The Cub–SmC transition under pres-
sure was also detected using a high-pressure DTA technique and
polarizing optical microscope equipped with a high-pressure
optical cell at isobaric condition[15]. On the other hand, the
usual DTA method failed to detect the Cub–SmC(hp) phase
transition of BABH(12) in isobaric condition[17], although
the POM texture observation and WAXD structural analysis
showed clearly the existence of the Cub–SmC(hp) phase tran-
sition. So we applied the pressure-scanning DTA method to
observe thermally the Cub–SmC(hp) transition in isothermal
condition.Fig. 1shows the block diagram of the high-pressure
DTA apparatus used in this study[19]. The oil reservoir is used
usually to adjust (either automatically or manually) a pressure
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chlieren texture for both the usual SmC and SmC(hp) ph
ut unfortunately the Cub–SmC(hp) transition of BABH(
nd BABH(12) could not be detected using a usual high-pre
TA method, because of almost vertical Cub–SmC(hp) tra

ion lines in theT versusP phase diagrams.
In this paper, we report the experimental results of the

ition between the cubic and the usual SmC or high-pre
mC(hp) phases of BABH(8) and BABH(12), using a hi
ressure DTA apparatus combined with a pressure-sca
TA method.

. Experimental

.1. Sample preparation and characterization

BABH(8) and BABH(12) samples used in this study w
repared as described elsewhere[13,14]. The samples were ch
cterized by using a Perkin-Elmer DSC-7 differential scan
alorimeter (DSC), a Leitz Orthoplan polarizing optical mic
cope (POM) and a Rigaku Rotaflex RU-200 wide-angle X
iffractometer (WAXD). DSC measurements were perfor
t a scanning rate of 5◦C min−1 under N2 gas flow. Tempera

ures and heats of transition were calibrated using the sta
aterials, indium and tin. Transition temperatures were d
ined as the onset temperature of the transition peaks at

he tangential line of the inflection point of the rising par
he peak crosses over the extrapolated baseline. Morphol
haracterization was performed using a POM equipped w
ettler hot stage FP-82.
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hange during the isobaric DTA measurements on heati
ooling processes. In the pressure-scanning DTA method,
ver, the oil reservoir with an electric furnace was used
econdary pump of thermal pressure, and the pressure-sc
TA measurements were performed in an isothermal co

ion of sample under any preset pressure. Thermal pressu
enerated slowly by volume expansion or contraction of
ilicone oil by heating or cooling the oil reservoir manua
t first the sample was heated to an appropriate temper

148–155◦C) for the cubic phase at low pressures of 5–7 M
s in the usual DTA measurements and holding the cubic p

sothermally for about 5–10 min to assure thermal equilibr
hen the pressure-scanning DTA measurements started
reset isothermal condition. Thermal pressure change was
rated smoothly and linearly by volume expansion or con

ion of silicone oil and thermal pressure ranged in a relati
arrow width of 30–40 MPa in this study. Since both pres

zing and depressurizing was set at a relatively small rate
–2 MPa min−1, the manual control of change in pressure
uccessful.

. Results and discussion

BABH(8) and BABH(10) show reversibly the Cr–Cu
mC–I phase transition at low pressures below 32 MPa. The
ubic phase disappears at higher pressures, while the SmC
till exists in the high-pressure region[15,16]. On the other han
ABH(11) and BABH(12) show only the cubic phase betw

he crystal and isotropic liquid in the low-pressure region
o 11–12 and 16–17 MPa, respectively[17]. Surprisingly a new
esophase closely resembled to the SmC phase of BAB
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Fig. 1. Block diagram of a high-pressure DTA system[19]. The pressure-scanning DTA method uses the oil reservoir with an electric furnace as a thermal pressure
pump.

denoted here as SmC(hp), is pressure-induced instead of the
cubic phase under higher pressures[17]. Fig. 2 shows theT
versusP phase diagrams of (I) BABH(8) and (II) BABH(12)
obtained from the high-pressure DTA and POM texture obser-
vations. Arrows in the figures show the (a) isobaric and (b)
isothermal pressure-scanning routes of DTA measurements used
in this study.

Fig. 3shows two DTA curves of BABH(8): (a) a heating curve
at 5◦C min−1 and 10 MPa in the isobaric condition, and (b) a
DTA curve at a rate of pressure increasing of ca. 1 MPa min−1

at 152◦C. It is noted here that both the DTA curves exhibit
an endothermic peak of the cubic–SmC phase transition. This
is reasonable from theT versusP phase diagram of BABH(8)
because the thermodynamic relation between the cubic and the
SmC phases is invariant at the isobaric and isothermal routes.
Generally speaking, the DTA heating curves of BABH(12) show
only two transitions of the crystal melting and isotropization at
all pressures. The mesophase was an optically isotropic cubic
phase in the low-pressure region below 16–17 MPa, while it was
the SmC(hp) phase in the high-pressure region.Fig. 4shows two
DTA curves of BABH(12): (a) a heating curve at 5◦C min−1

and 23 MPa in the isobaric condition and (b) a DTA curve at
a pressure-scanning rate of ca. 2 MPa min−1 at 150◦C. Both
the DTA curves show large double peaks of the Cr2–Cr1 and
Cr1–Cub transition. In addition the (a) curve exhibits a small
endothermic peak of the SmC(hp)–I transition at 23 MPa. In
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sition of BABH(8). The pressure-scanning DTA measurements
of BABH(12) were performed in the temperature region between
148 and 155◦C. The exothermic peak of the Cub–SmC(hp) tran-
sition was commonly observed on pressurizing the cubic phase
at isothermal condition and also the reversible transition was
confirmed in the pressure-scanning mode.Fig. 5shows the rela-
tion between observed pressure of the Cub–SmC(hp) transition
of BABH(12) and temperature in isothermal condition. A hori-
zontal or slightly positive slope of the Cub–SmC(hp) transition
was obtained at 18–19 MPa. In any way, a sharp boundary exists
between the cubic and SmC(hp) phases at about 18± 1 MPa,
which is consistent with the POM observations: the texture
changed from the cubic to SmC(hp) phases at 16–17 MPa.

Since the pressure-induced SmC(hp) phase of BABH(12)
shows the same morphological and structural properties as those
of the usual SmC phases of BABH(8) and BABH(10), we assume
that the Cub–SmC(hp) transition of BABH(12) can be handled in
the same manner as the usual Cub–SmC transition for BABH(8)
and BABH(10). The exothermic Cub–SmC(hp) transition of
BABH(12) looks apparently strange because the endothermic
Cub–SmC transitions of BABH(8) and BABH(10) on heating
are the clear experimental facts at atmospheric and low pres-
sures. However, such strange phenomenon was estimated in
terms of chain length dependence of the entropies of transi-
tion of BABH(n) homologues by Saito et al.[20–22].Fig. 6a
shows the measured values of entropy for the Cub–SmC transi-
t n)
h car-
b
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m 12)
w ifica-
t ther-
m y.
F ore
he (b) curve the melting transition was seen in the pre
ng process at 6 MPa. A pressure-scanning DTA measure
tarted after holding the cubic phase for 5 min at 150◦C. A
mall exothermic peak was observed at about 19 MPa on
urizing and an endothermic peak at 17 MPa on the subse
epressurizing processes. This transition was consistent w
ub–SmC(hp) transition which was already shown by the
hological and structural observations of BABH(12) descr
efore [17]. It is noted here that the thermal behaviour
ABH(12) exhibits the inverse sign of the Cub–SmC phase
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on atoms. A negative value (�) of �Sfor the Cub–SmC

ransition of BABH(12) can be estimated by extrapolating
ntropy line of BABH(8) and BABH(10). Of course this es
ation can be proved only if the SmC phase of BABH(
ould be realized under atmospheric pressure. The ver

ion was made fortunately by the observation of the exo
ic Cub→ SmC(hp) transition of BABH(12) in this stud
ig. 6a also suggests that BABH(n) homologues with m
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Fig. 2. T vs. P phase diagrams of: (I) BABH(8)[15] and (II) BABH(12) [17].
Letters ‘a’ and ‘b’ in the figures indicate the isobaric heating from the crys-
talline states and the isothermal pressurizing from the cubic to SmC phases,
respectively.

longer alkyl chains have larger negative entropies of the
Cub–SmC(hp) transition. For convenience, the relation of�S
for the SmC→ Cub transition, depicted as unified order of
phase transition, is plotted inFig. 6b as a function of total
carbon numbernC of the paraffinic carbon atoms which are
connected to the molecular core of BABH(n), ANBC(n) and
bis(alkoxystilbazole)silver(I)dodecylsulphate complexes[23].
The positive slope of the�S–nC relation of the three com-
pounds suggest that the contribution of the alkyl chain to the
transition entropy increases with increasing number ofnC. This
means an increase of disorder of longer alkyl chains in the
cubic phase[20–22]. The terminal alkoxy chains are highly
disordered in the optically isotropic cubic phase whereas the
spatial arrangement of the molecular core is more ordered.
The opposite contributions of the terminal alkyl chains and

Fig. 3. Two DTA curves of BABH(8): (a) (isobaric) heating curve at 5◦C min−1

and 10 MPa and (b) (isothermal) pressure-scanning curve of the usual Cub–SmC
transition at 152◦C and the pressure-scanning rate of about 1 MPa min−1 in the
pressure region from 7 to 26 MPa.

the molecular core to the total entropy of transition can
explain the inversion of the phase sequence between ANBC(n)
(SmC→ Cub on heating) and BABH(n) (Cub→ SmC)[20–22].
Almost identical slope inFig. 6b suggests that the terminal
alkyl chains contribute similarly to the increase of the tran-
sition entropy with carbon number in ANBC(n), BABH(n)
and bis(alkoxystilbazole)silver(I)dodecylsulphate complexes.
Accordingly the terminal alkyl chains function as the reser-
voir for the entropy of the Cub–SmC transition which was
proposed as the “Alkyl-chains as entropy reservoir” mecha-
nism by Saito et al.[20–22]. Similar arguments about the con-
tribution of peripheral alkyl chains to the transition entropy
have been proposed for the behaviour of the columnar phase
under pressure[24–26]. Peripheral longer alkyl chains of dis-
cotic mesogens play an important role in the formation of
discotic columnar phases such as benzene-hexa-n-alkanoates
[24,27,28], 2,3,6,7,10,11-hexa-n-alkoxytriphenylene[29–31]
and bis[1,3-di(p-n-alkylphenyl)propane-1,3-dionato]copper(II)
complex[32]. When such discotic liquid crystals were heated,
the peripheral alkyl chains show excited molecular motions in
the columnar phases, whereas the central aromatic part remains
rigid. The alkyl chains already have a large amount of transi-
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Fig. 4. Two DTA curves of BABH(12): (a) (isobaric) heating curve at
5◦C min−1 and 23 MPa and (b) (isothermal) pressure-scanning curve of
Cub–SmC(hp) phase transition at 2 MPa min−1 in the pressure region from 6 to
42 MPa at 150◦C.

Fig. 5. The relation of the Cub–SmC(hp) transition pressure as a function of
temperature in the isothermal condition. Open and filled circles indicate the
transition in the pressurizing and depressurizing processes.

Fig. 6. (a) Observed entropy of transition between the SmC and the cubic phases
of BABH(n) and ANBC(n) as a function of paraffinic carbon numbernC in the
alkoxy chain. (b) Entropy of the SmC→ Cub transition of (�) BABH, (©)
ANBC and (×) bis(alkoxystilbazole)silver(I)dodecylsulphate complexes as a
function ofnC that is the number of the paraffinic carbon atoms per molecular
core[20,21]. Since ANBC molecules are dimerized via intermolecular hydrogen
bonding between the carboxylic acid groups,nC is twice the number of the
paraffinic carbon atoms of ANBC molecule. The�S values for BABH(n) are
negative, except for BABH(12), because of inversely plotting for the unified
expression for the SmC→ Cub transition. Symbols (�) and (�) are the expected
�S values for BABH(12) by a linear extrapolation.

tion entropy due to conformational melting of the peripheral
paraffinic moieties, which is consistent with the concept of
“Alkyl-chains as entropy reservoir” mechanism[20–22]. So the
concept of the “Alkyl-chains as entropy reservoir” mechanism
may have a wide applicability of various kinds of liquid crys-
talline compounds.

In BABH(12) the positive contribution of entropy from the
alkyl chains of disordering is predominant over the negative
contribution of entropy from the central core of ordering. The
entropic situation of BABH(12), in contrast to the BABH(n)
homologues with shorter alkyl chains, is similar to those
of ANBC(n) and bis(alkoxystilbazole)silver(I)dodecylsulphate
complexes. In summary, the cubic-high-pressure smectic C
phase transition of BABH(12) was confirmed thermally using
a pressure-scanning DTA technique. The change from the
endothermic to exothermic heat of the Cub–SmC transition was
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found for the first time in the same BABH(n) homologues. The
phenomenon of change of sign in the heat of Cub–SmC tran-
sition of BABH(n) homologues can be plausibly explained by
the “Alkyl-chains as entropy reservoir” mechanism proposed by
Saito et al.[20–22].
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