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Measurements of pressure, molar volume and specific heat as functions of temperature in the isotropic (I) phase
as well as in the smectic A (SmA) and nematic (N) mesophases of some alkyloxycyanobiphenyl compounds
(nOCB, n=6-10) were carried out using differential thermal analysis under pressure, densitometry, X-ray powder
diffraction and modulated differential scanning calorimetry. Thermodynamic properties, such as latent heats and
volume jumps at the different phase transitions, were determined. The coherence of this whole set of data was
tested using pressure-temperature data through the slopes associated to their phase transitions, extrapolated at
normal pressure in the light of the Clausius—Clapeyron equation.
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1. Introduction

Experimental determinations of the thermodynamic
properties of materials provide further knowledge
not only of their fundamental behaviour, but also of
their applications in several fields of science and
technology.

One type of material for which thermodynamic
properties have been and are widely investigated is
the so-called calamitic liquid crystals. These materials
are constituted by rod-like organic molecules with
anisotropic molecular structures, mostly with strong
dipole moments and easily polarisable substituents.
They exhibit, between the anisotropic ordered crys-
talline state (Cr) and the isotropic liquid state (I), a
variety of phases (mesophases), defined by the
orientational and spatial ordering of the molecules,
the symmetries and mechanical properties of which
are intermediate between those of an isotropic liquid
and the ordered crystal. Two of the more common
mesophases are the nematic (N) and the smectic A
(SmA) phases. In both phases, the long axes of the
rod-like molecules are oriented along a preferred
direction in such a way that in the N phase their
centres of mass are randomly positioned, whereas in
the SmA mesophase, the molecules are additionally
ordered in layers perpendicular to their orientation.

One type of calamitic liquid crystal is the so-called
alkoxycyanobiphenyls, nOCB (n being the number of
carbon atoms in the alkoxy chain), that exhibit one or
two mesomorphic phases, with the phase sequence
strongly influenced by the effect of pressure.

From the technical point of view, nOCB materials
have interesting applications owing to their character-
istic photophysical (/) and electro-optical (2) proper-
ties. Their applicability ranges from the engineering of
liquid crystal devices to the more recently evidenced
possibility of infiltration of liquid crystals in several
kinds of porous matrices, thus opening the door to
novel future applications such as tuneable photonic
crystal lasers (3), waveguides (4) or optical limiters (4).
But apart from their technical applications, the
materials are appropriate for testing the different
theoretical proposals about phase transitions (5-21).

The goal of the present paper is to present a
thermodynamic description, as complete as possible,
concerning all the first-order phase transitions
exhibited by 60OCB, 70CB, 80CB, 90CB and
100CB liquid crystals at normal pressure. In order
to achieve this purpose, the magnitudes involved in
the Clausius—Clapeyron equation must be accurately
obtained from the different experimental techniques:
the slope of pressure-temperature phase diagrams,
the latent heat, the jump in molar volume and the
corresponding transition temperature for the ana-
lysed phase transitions. It should be noted that some
information about these magnitudes exists in the
literature, but this information is far from being
complete and homogeneous. Some thermodynamic
data have been previously published elsewhere by our
research group as a consequence of studies about
the critical behaviour and the effect of geometries
more restrictive than bulk on the above mentioned
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transitions (/0, 15-21), with the exception of 60CB,
results for which will appear in a future paper. On the
other hand, and as far as we know, experimental infor-
mation does not appear to exist in the literature about
the pressure—temperature phase diagram of 70CB.

The paper is organised as follows. The experi-
mental details are described in section 2. Pressure—
temperature, specific heat as well as volumetric
studies of the first-order phase transitions are
discussed and presented in section 3. Finally, in
section 4, an overall discussion along with a summary
of the main conclusions is made.

2. Experimental details
Materials

The materials studied were the mesogenic compounds
60CB, 70CB, 80CB, 90CB and 100CB, which were
synthesised by Professor Dabrowsky at the Institute
of Chemistry, Military University of Technology,
Warsaw, Poland. The purity was stated to be higher
than 99.9%, and no further purification was made.

Experimental techniques
Thermal analysis at normal pressure.

Thermal analysis at normal pressure was performed
using a commercial differential scanning calorimeter
(TA Instruments DSC 2920) equipped with a
cryogenic cooling accessory (123 K), working in
modulated mode to obtain the specific heat data. In
such a mode, the technique is also suitable for
determinations of latent heats of first-order transi-
tions, whether they are weak or not. To do so, a
special calibration procedure was performed, in
which very precise latent heat data measured from
other homologous compounds through adiabatic
calorimetry have been considered.

The measurements consisted in heating the
samples from smectic phase at 0.01 Kmin~!, with a
modulation temperature amplitude of +0.035K and
a period of 25s. The sample masses (chosen between
1-2mg) were selected to ensure a uniform thin layer
within the Al pans. The specific heat calibration was
performed using pure synthetic sapphire. Extensive
details of the experimental set-up are provided
elsewhere (15, 19).

Thermal analysis at high pressure.

The thermal behaviour of the compounds at high
pressures was examined by using a homemade
differential thermal analysis (DTA) apparatus (22),
which is able to work up to 400 MPa in the range of

300-530 K, with a methanol:ethanol mixture (4:1 by
volume) used as the pressure-transmitting liquid.
DTA peaks were generated at heating rates of 1-
2K min~'. Samples (of about 20 mg) were encapsu-
lated in indium cells because indium is a soft material
that favours the pressure transmission between the
medium and the sample. The device was calibrated in
temperature with bromotrichloroethane (CBrCls) in
the interval of analysed pressures. Transition tem-
peratures were determined as the onset temperatures
of the corresponding endothermic peaks in the
thermograms.

X-ray powder diffraction.

High-resolution X-ray powder diffraction patterns
using the Debye—Scherrer geometry and transmission
mode were recorded with a horizontally mounted
INEL cylindrical position-sensitive detector (CPS-120)
made of 4096 channels (angular step, 26=~0.029°).
Monochromatic Cu Ko (A=1.54056 A) radiation was
selected by means of an asymmetrically focusing
incident beam in a curved quartz monochromator.
The generator power was set to 35kV and 35mA.
The samples were introduced into 0.5mm dia-
meter Lindemann glass capillaries and were rotated
around the 0 axis during the experiments. External
calibration using the cubic phase Na,CasAl,F, was
performed to convert channels to 20 degrees by
means of cubic spline fittings in order to correct the
deviation from angular linearity in PSD. The peak
positions were determined after pseudo—Voigt fittings
in the standard measurements by using the PEAKOC
application from Difractinel software (23).

Molar volume measurements at atmospheric pressure.

Molar volume measurements at normal pressure were
carried out using an Anton Paar DMA-5000 density
meter coupled to a homemade filling syringe system.
The sample temperature was controlled with a
precision of +1mK and the acquisitions of data
were made by steps of 0.01 K in the region of the
phase transitions and 0.02 K otherwise, with stabili-
sation period of 300s. The device was initially
calibrated by using bidistilled water and octylcyano-
biphenyl (8CB), for which high-resolution density
data from dilatometric measurements can be found in
the literature (24, 25).

3. Results and discussion
Thermal characterization at atmospheric pressure

Thermal measurements, not only in nOCB, but also
in some of their binary mixtures (10, 15, 18, 19) as a
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result of experimental determinations of the critical
behaviour at their mesophase-mesophase or meso-
phase—isotropic phase transitions, have already been
obtained.

In order to obtain valuable information about
phase transitions at atmospheric pressure in the
studied compounds, as already mentioned, the
modulated  differential  scanning  calorimetry
(MDSC) technique or the widely used ac calorimetry
(15, 26-28) has been proved to be very precise in
distinguishing the order of phase transitions through
phase shift changes. Additionally, the MDSC techni-
que, unlike ac calorimetry, provides the ability to
obtain latent heats, AH, in weakly first-order phase
transitions. For that purpose, in a given experiment it
is convenient to define (18)

AHror =AH + [AdeT, (1)

where the second term is the pre-transitional fluctua-
tion contribution [AC,=C,-C,(background) is the
excess specific heat due to the change in ordering that
is associated with the transition]. If a phase transition
is of second order, the latent heat AH vanishes. On
the other hand, for strongly first-order phase transi-
tions, the latent heat AH is much more higher than
the integrated pre-transitional fluctuation contribu-
tion (JAC,dT') in such a way that this term is assumed
to be negligible and the observed total enthalpy,
AHrtot, can be identified with the latent heat, AH.
This is the case of those transitions referred to as
crystal Cr-mesophase in the present study. However,
for weakly first-order phase transitions, such as the
mesophase—isotropic (I) transitions and the SmA-N
transition in 9OCB, both terms in equation (1) must
be considered. The latent heat, AH, can be obtained
from the MDSC technique by means of a special
calibration.

In Table 1, the results concerning the latent heats
and transition temperatures for all the studied
compounds are collected. Latent heats corresponding
to Cr-to-mesophase exhibit values two orders higher
than those from N-I transitions, whereas that
corresponding to the SmA-to-I phase transition (in
100CB) exhibits an intermediate value. This beha-
viour is in agreement with what is observed for the
volume jump data.

Thermal characterization under pressure

To the best of our knowledge, for all the studied
nOCB compounds (n=6-10), with the exception of
70CB, exist experimental determinations of their
thermal behaviour under pressure (29-31). However,
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Table 1. Enthalpies (AH), volume changes (AV) and
phase transition temperatures (7)) for nOCB compounds
(n=6-10).

Compound  Transition AH/kImol™' T /K  AViem®mol™!

60CB Cr-N 23.02 331.11 21.70

N-1 0.31 349.54 0.28

70CB Cr-N 29.20 327.22 21.51

N-I 0.33 347.31 0.29

80CB Cr-SmA 26.65 327.68 24.19
SmA-N <0.03 340.37 -

N-1 0.49 353.39 0.42

90CB Cr-SmA 39.84 336.95 31.62

SmA-N 0.16 351.08 0.10

N-1 0.84 353.22 0.71

100CB Cr-SmA 325 332.65 26.83

SmA-1 2.52 357.02 2.35

we present here new determinations of their pressure—
temperature phase diagrams enlarged up to 2.5-
2.8x10°MPa in order to perform a complete
thermodynamic treatment of their different phase
transitions. As an example, in Figure 1 typical DTA
traces for 60CB at 40MPa and 140 MPa are
displayed, showing the Cr—N and N-I phase transi-
tions, respectively, and this behaviour is maintained
over the whole experimental pressure range.

Figure 2 shows the phase behaviour of the nOCB
series between 320 and 440 K, where empty symbol
curves are the transition lines fitted by polynomials to
the experimental data from literature (29-37). Full
symbols correspond to experimental determinations
obtained in this work and full symbol curves are

S 60CB
T o 140 MPa

AV(V)
[e)
&
(z

i 125uv
[C_r]J INL [
L | ] | ]
320 350 380 410
T (K)

Figure 1. DTA curves of 60CB at 40 MPa and 140 MPa

for a heating rate of 2 K min™".
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Figure 2. Temperature—pressure phase diagrams (full symbols) for 60CB, 70CB, 80CB, 90CB and 100CB. Full symbol
curves are polynomial fittings to experimental data. Empty symbol curves are experimental data from the literature (26-28).

referred to polynomial fittings. There are two striking
characteristics of these diagrams. On the one hand,
the nematic range, defined by the temperature
interval in which the nematic phase exists at a given
pressure, becomes somewhat broader with increasing
pressure, this phenomenon being usual for conven-
tional liquid crystals (32-34).

On the other hand, there is evidence of an
opposite effect on the phase behaviour with increas-
ing pressure: whereas the SmA phase disappears in
the 80CB starting at pressures above 120 MPa, a
nematic phase is induced in 100CB for pressures
above 40 MPa. From the continuous curves it is
possible to obtain their slopes, d7/dp, at atmospheric
pressure, which will be used later in order to establish
the coherence of all the thermal data concerning the
studied compounds. The values thus obtained are
gathered in Table 2.

Molar volume behaviour

Although some published experimental data (35-42)
exists concerning the molar volume of nOCB

compounds, mainly in the mesophases, new and
complementary data have been obtained in order to
determine the molar volume jumps at the different
first-order phase transitions.

Table 2. Slope of the two-phase coexistence lines in the
pressure—temperature diagram and the term AH/TAV, both
at atmospheric pressure, where AH is the latent heat in
Jmol ™!, AV the jump in molar volume in m*mol ! and T
the transition temperature in K corresponding to the first-
order phase transitions for 60CB, 70CB, 80CB, 90CB

and 100CB.
X 107 PaK™!

Com- (d—p> xlof’/PaIcl AH
pound  Transition \d7/,, TAV

60CB Cr-N 3.28 3.20
N-1 3.14 3.16

70CB Cr-N 3.95 4.15
N-1 3.11 3.23

80CB Cr-SmA 3.34 3.36
N-I 3.26 3.27

90CB Cr-SmA 3.74 3.74
SmA-N 4.19 4.56

N-1I 3.24 3.37

100CB Cr-SmA 3.53 3.64
SmA-I 3.12 3.00
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As far as crystal phases are concerned, X-ray
powder diffraction measurements have been carried
out on heating the samples. The corresponding X-ray
powder diffraction profiles were obtained at several
temperatures. To do so, literature information was
used to obtain crystal symmetry and lattice para-
meters (43-47). Lattice parameter refinements to

280
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obtain molar volumes were made by using the
AFMAIL program (46).

As for the mesophases (either SmA or N) and for
the isotropic phase, the molar volume as a function of
temperature was obtained from density measure-
ments. The results at atmospheric pressure as a
function of temperature are displayed in Figure 3. In
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Figure 3. Molar volume as a function of temperature for the crystal, mesogenic (SmA and/or N) and I phases for (a) 60CB
(open circles) and 70CB (filled squares), (b) SOCB (empty squares) and 9OCB (full circles) and (c) 100CB (empty diamonds).
Filled and empty star symbols are some literature data for the crystal and mesophases.
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such a figure, volume jumps at the different N-to-I
phase transitions are enlarged in the insets of
figures 3A and 3B. In the latter, additionally, the
volume jump corresponding to the SmA-N phase
transition of 9OCB, which has been recently proved
to be first order (/6), is also displayed. On the other
hand, the inset of figure 3 C displays the SmA-I phase
transition of 100CB. Furthermore, and as a com-
parison, experimental molar volume data from
literature are shown, not only in the crystal phase
(43—47), but also in the mesophases. In the first case,
the agreement with our measurements is evident,
although it must be remarked that for the 7OCB the
corresponding value has not been included because it
was obtained at a temperature out of the range shown
in figure 3 A. Concerning the mesophase literature
data (36, 38-40, 42), as can be seen from figure 3,
there seems to be a reasonable agreement between the
data and the results reported here, with the exception
of 90CB and 100CB. The literature data concerning
to these compounds do not appear in the figure
because they are remarkably different, probably as a
result of the experimental methodology (16, 36, 40)
used.

As for the SmA-to-N phase transition of 8OCB,
no appreciable volume jump (AV) has been detected
as it is expected due to its second order character in
nature (10, 41). Our volume jump data are sum-
marised in Table 1. It must be remarked that the AV
values for the crystal-mesophase transitions are
about two orders of magnitude higher than those
corresponding to the mesophase-to-mesophase or
mesophase-isotropic phase transitions.

4. Overall discussion and concluding remarks

It is well known that the so called Clausius—
Clapeyron equation,

dp AH
dT ~ TAV’ (2)

holds for the pressure—temperature curves belonging
to a first-order phase transition, where dp/dT is the
slope of such curves, and AH, AV and T are,
respectively, the latent heat, the jump in molar
volume and the temperature of the phase transition.
By means of this equation it is possible to test the
overall coherence of the corresponding experimental
values of these magnitudes, which have been collated
in section 3 for the nOCB series of liquid crystals
(n=6-10). For that purpose, in Figure 4 the left hand
part of the Clausius—Clapeyron equation is plotted
against the right hand one. The dashed diagonal line
in the figure represents the exact matching among the

5
&7
5 Qﬁ/z
45} p}"ﬁQ’
R
i | ‘b\)%\\),
-\
o 7/
g B
/
'S 35 b
o B
© i 4 !_ I
3F //_ 1
/
| /
7/
25 d 1 ] 1 ] 1 | 1 ] 1
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AH/(TAV)(MPa-K-1)

Figure 4. Slope, dp/dT at normal pressure, versus AH/TAV
for the first-order phase transitions in the nOCB (n=6-10)
liquid crystals. l Cr-N 60CB, O N-I 60CB, A Cr-N
70CB, A N-170CB, @ Cr-SmA 80CB, O N-1 8OCB, =%
Cr-SmA 90CB, % SmA-N 90CB, &5 N-I1 90CB, ¢ Cr-
SmA 100CB, & SmA-I 100CB. The diagonal dashed line
represents the Clausius—Clapeyron equation.

physical magnitudes (dp/dT, AH, T and AV) accord-
ing to equation (2). The matching or not between the
experimental data and this master line reveals their
coherence and, to assist the reader in such a
comparison, estimated experimental error bars are
included in Figure 4. The error quoted for dp/dT data
arises from the fitting procedure of experimental
data, whereas the other errors have been estimated
according to the methodology used. Experimental
points corresponding to Cr-mesophase transitions are
represented by means of full symbols and although
they seem to be well-distributed along the master line,
they do not exhibit a regular correspondence with
the chain length (n) in the nOCB series. As for the
mesophase-I phase transitions, the data are repre-
sented by empty symbols and are located onto the
master line but in the left-lower side in a more or less
random fashion in relation to the chain length, (n).
Additionally, the only datum corresponding to first-
order SmA-N phase transition in 9OCB, represented
by an empty-full cross, is located at the top right side
of Figure 4. Its matching with the master line is less
evident despite the error bars and it is likely due to its
very weak first-order character in concordance with
the extremely low values in latent heat and molar
volume jump in the transition.

To explain the apparent random distribution of
data in Figure 4 along the master line, it is important
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to remember that, in general, materials belonging to
homologous series of low molar mass mesogens
exhibit transitional properties (such as, for example,
temperature, enthalpy or entropy, order parameter
and thermal conductivity) that are strongly depen-
dent on the length of the alkyl tail (n), in such a way
that they can exhibit on average a bit higher/lower
values in even-numbered lengths than in odd ones,
i.e. what is known as the odd-even effect (49-52).
From a theoretical point of view (53, 54), the odd-
even effect, depending on the physical magnitude, can
be attributed to enthalpic and/or steric factors,
among others.

Liquid Crystals 701

In Figure 5, the slope dp/dT at normal pres-
sure for the Cr-to-mesophase as well as for the
mesophase-I phase transitions is presented as a
function of the number n of carbon atoms in the
alkyl chain of the nOCB series (n=6-10). A pro-
nounced odd-even effect is observed for dp/dT at
normal pressure at the Cr-mesophase phase transi-
tions. Nevertheless, it is important to realise that the
Cr-mesophase transition temperatures for the same
compounds behave in an irregular manner. In the
inset of figure 5A, both the latent heat (AH) and
TAV for the same phase transitions are plotted as a
function of n for the nOCBs. The latent heat shows a
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Figure 5. Slope, dp/dT at normal pressure, as a function of the number # of carbon atoms in the alkoxy chain length of the
nOCB homologous series (n=6-10) referred to the (a) crystal-mesophase and (b) mesophase—isotropic phase transitions. The
inset in (a) represents the dependence of the enthalpy, AH (open circles), and the term TAV (filled squares) at the crystal—
mesophase phase transitions as a function of n. The top inset in (b) represents the evolution of the transition temperatures at
the mesophase—isotropic phase transitions as a function of n. The bottom inset in (b) represents the dependence of the
enthalpy, AH (filled circles), and the term TAV (open squares) at the mesophase—isotropic phase transitions as a function of n.
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similar pronounced alternation as dp/dT, whereas the
steric factors via TAV seem to be only responsible of
the attenuation in the odd—even effect in dp/dT. The
apparent lack of odd—even effect in the Cr-mesophase
transition temperatures in the nOCB series is similar
to the evolution in the molar volume jump along the
series (see Table 1).

From Figure 5B, a less pronounced odd-even
effect seems to be present for dp/dT at normal
pressure for the mesophase-I phase transition, with
the exception of the SmA-I transition (r=10). In such
a case, neither enthalpic (latent heat) nor steric
(TAV) effects seem to be responsible of the slight
attenuation presented in dp/dT, as can be seen in the
bottom inset of Figure 5B. Nevertheless, from the
top-inset of the same figure, it can be concluded that
the observed odd-even effect in the mesophase-I
transition temperatures is similar to that observed for
dpldT at normal pressure, at least, up to n=9.

In summary, an overall analysis concerning the
first-order crystal-mesophase and mesophase-I phase
transitions in nOCB (n=6-10) liquid crystals has been
carried out by means of experimental determinations
of the magnitudes involved in the Clausius—
Clapeyron equation. It seems evident that all data
concerning the involved phase transitions match up
the theoretical Clausius—Clapeyron equation but in
an irregular correspondence with the alkoxy chain
length of the compounds. Figure 5 clearly shows this
fact in such way that an odd-even effect in dp/dT at
normal pressure must be reported for the crystal-
mesophase and in a lesser extent for the mesophase-I
phase transitions. The analysis of the data seems to
reflect a different role played by the enthalpic or
steric factors in the crystal-to-mesophase transitions
in comparison with the mesophase-I phase ones.
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