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Phase Diagram Including a Negative Pressure Region

for a Thermotropic Liquid Crystal in a Metal Berthelot

Tube

K. Hiro, T. Wada

Abstract—Thermodynamic properties of liquids under negative
pressures are interesting and important in fields of science and
technology. Here, phase transitions of a thermotropic liquid crystal are
investigated in a range from positive to negative pressures with a metal
Berthelot tube using a commercial pressure transducer. Two
co-existing lines, namely crystal (Kr) — nematic (N), and isotropic
liquid (I) - nematic (N) lines, were drawn in a pressure - temperature
plane. The I-N line was drawn to ca. -5 (MPa).
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1. INTRODUCTION

HERMODYNAMIC properties of liquids under absolute

negative pressures are dominated by attractive forces
among constituting molecules [1]. Therefore, the properties are
interesting and important in fields of science and technology.
Unfortunately, there have been fewer reports on negative
pressures than those on positive pressures because liquids
under negative pressures, which are over-expanded, tend to
generate cavities through heterogeneous nucleation [2]. This
phenomenon is called cavitation.

One of experiments to generate static negative pressures is
the Berthelot method [3]. When a container filled with a liquid
including no bubbles is cooled, its pressure decreases and can
sustain negative pressures because of differences of isobaric
expansion coefficients between the container and the liquid.
The containers are made of quartz, glasses, metals, and so on.
Metal tubes have three merits, namely high strengths as
pressure vessels, mechanical seals without torches, and
measurements of pressures by changing densities of liquids,
whereas it has been said that they are harder to generate
negative pressures than other materials, in particular, glasses
[4].

One of authors has purposed to investigate properties of any
liquids including polymer solutions under negative pressures.
Thus, techniques for metal tubes have been developed to
measure properties under negative pressures for any liquids,
and negative pressures were attained to ca. -18 (MPa) for water
and ca. -20 (MPa) for some organics [5]-[10]. Recently, some
properties under negative pressures have been investigated with
the techniques.

In this study, a phase diagram for a thermotropic liquid
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crystal is drawn with a metal tube made of a commercial
pressure transducer. It has been predicted that some
thermotropic liquid crystals have tri-critical points under
negative pressures [11]. They are also used in liquid crystal
displays. Since they are filled in cells, pressures can change
with surrounding temperatures. Thus, phase diagrams of
thermotropic liquid crystals give useful information on fields of
science and technology.

II. EXPERIMENTAL PROCEDURE

A. Metal Berthelot Tube

Fig. 1 shows the Berthelot method with a pressure (P)-
temperature (7) graph and a schematic diagram. As shown in
(a) of the right figure, when the system composed of a sample
liquid sealed in a tube is heated, the pressure of the sample
increases because it cannot expand sufficiently for a lower
isobaric expansion coefficient of the tube. Next, the system is
cooled, and the pressure decreases to (b) of the figure. If
cavitation nuclei, namely gases in crevices on the wall of the
tube contacting with the sample [10], is pre-reduced, the
pressure becomes negative as shown in (c) of the figure. When
negative pressure is high, cavitation occurs, and the sample is in
vapor-liquid co-existing state. By re-heating the system, the
pressure increases gradually to (b) for dissolving a vapor phase
to a liquid one and steeply from (b) to (a).

The P-T graph of the left figure shows a relation between
pressures and temperatures. Each point in the graph
corresponds to that in the right figure. At (c) of the graph, the
pressure jumps up to the saturation vapor pressure of the
temperature. At a period from (d) to (b), the saturation pressure
increases gradually. At (b), a liquid phase starts to occupy the
whole inner volume of the tube, and the pressure increases

steeply to (a). A process of (abcdba) is called temperature cycle.

A temperature of (b) where P=0 (0.1 MPa) was called 7.
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Fig. 1 Berthelot method: P-T graph (left) and liquid in tube (right) [9]
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Fig. 2 (a) shows a schematic diagram of the Berthelot tube.
The tube consists of a stainless-steel cap, a commercial
pressure transducer (Kyowa Elec. Inst. Co., PHL-A) of strain
gauges, a commercial brass ball (AKS Co.; 5/16 inch diameter)
for sealing a liquid crystal, an o-ring, a nut, and a stainless-steel
cup. A top of the transducer was used as a specimen chamber.

The sample was poured into the chamber of ca. 40 (mm?®) and
was sealed with the ball by compressing it against a sharp edge
at the opening of the chamber using the stainless steel thread as
shown in Fig. 2 (b). The ball was pre-heated in boiling water
and was sometimes pre-exposed to ultrasonic wave in the water
or acetone in order to reduce cavitation nuclei on the surface of
the ball. The tube was also pre-exposed to the wave.

In this study, the sample was 4-(methoxy
phenyl)-trans-4-propyl-cyclohexane-1- carboxylate (Merck Co.
D301) as shown in Fig. 3. Reported transition points were
Kr57N60.21 at 0.1 (MPa), where each point was expressed in
degrees centigrade, and Kr, N, and I denote crystalline, nematic,
and isotropic liquid phases respectively. The small difference
of ca. 3 (°C) implies that a tri-critical point of I-N transition is
hidden in the negative pressure regions which may be
experimentally reached [11].
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Fig. 2 Metal Berthelot tube
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Fig. 3 Thermotropic liquid crystal

The sample liquid crystal, which had been heated so as not to
be in Kr phase, was poured into the chamber carefully. The ball
was compressed with the metal cap.

The Berthelot system underwent a number of temperature
cycles because a repetition of the cycle was indispensable for
generation of negative pressures higher than ca. -10 (MPa) [10].

Fig. 4 shows a trend of negative pressures with temperature
cycles. Negative pressures increased with temperature cycles.
The trend was similar to that reported before [10]. This result
indicates that cavitation nuclei in current system were gases in
crevices on the wall of the tube contacting with the sample.
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Fig. 4 A trend of negative pressures with temperature cycles

B. Relation between Pressure and Temperature

A pressure-temperature relation of the liquid crystal was
measured by immersing the system in a bath which was able to
be thermo-controlled with a heater from ca. 30 (°C) to ca. 80
(°C). A platinum resistance thermometer (Sanwa Co., TH3)
was located near the system in the bath.

First, the bath temperature was set to a temperature, 7;. The
temperature was higher than 7 and, therefore, a pressure signal
from the transducer in Fig. 2 increased steeply and became
almost constant after a while. Then, the pressure and the
temperature from the thermometer were measured. The
fluctuation of the temperature was within £0.1 (°C) and caused
that of the pressure signal within +0.1 (MPa).

Second, the bath temperature was set to a temperature, 75,
lower than 7. By the same method as 77, the pressure and the
temperature were measured. Thus, data of pressures and
temperatures for a density of the sample liquid crystal in the
system were measured until pressures became negative, and a
cavitation event occurred at a magnitude of negative pressure.

Next, by compressing the ball further with the metal cap in
Fig. 2, another relation at a lower 7, was drawn. The density of
the D301 became higher because the volume of the sample
became smaller by the compression.

ITII. RESULTS AND DISCUSSION

Fig. 5 shows a relation between pressure P and temperature 7
for a density of the sample in the system. Pressure increases

with temperature with two slopes, namely a steep slope from ca.

60 ('C) to ca. 62.5 (‘C) shown as a period B, and two other
gradual slopes shown as periods of A and C.
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Fig. 5 A P-Trelation having different slopes with three periods
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The Berthelot system imposes two constraints about two
volumes and their changes; the inner volume of the tube V; and
its change dV, must be equal to those of the sample V; and dV;
respectively as shown below.

V=V, ()
dVs = dV; @

The constraints give ratios of pressure increase to
temperature one, dP/dTs, corresponding to states of phases in
the sample as described below.

At (b) of the right in Fig. 1, ¥ is equal to V.

Vi=Ve=Vp ©)

where V}, is the volume of the tube and the sample at (b).

For given changes of temperature d7 and, accordingly,
pressure dP, volume changes of dV; and dV, can be determined
as follows:

dv, = (‘;—VT)P dr + (";—Z)T dP = V,(B,dT — k,dP) (4)
v, = (%)P dT + (%)T dP = V,(B.dT + k,dP) (5)

where S and xrepresent the isobaric expansion coefficient and
isothermal compressibility, and s and ¢ mean sample and tube.
It is important that the latter equation has a positive sign of .
The reason is that the pressure increase in the system, dP,
increases dV; and decreases dV [12].

By substituting (4) and (5) to (2), next equation is obtained.

dpP -
i ®)
s+t
Now, at (b) in the right of Fig. 1, let’s assume that two phases
co-exist in the tube like nematic and isotropic liquid phases of a
thermotropic liquid crystal. Then, V; and dV; are expressed as
follows:

Vo = Nxvyp + N(1 = x)vzp = Ve (6)

dV, = Nxdvy, + N(1 — x)dvy, + N(vy;, — v55)dx
= Nxvlb(ﬂldT - Kldp) + N(l - x)Uzb(ﬂsz - szp) +
N(vyp — vpp)dx @)

where N is the number of moles in the sample, x is a molar

fraction of a higher-temperature phase, and v;, and v,, are

molar volumes of higher- and lower- temperature phases at (b).
The tube’s volume change dV; is given as shown below.

dV, = Vi (B:dT + k.dP)
= Ve(B:dT + K.dP) (®)
= {Nxvy, + N(1 — x)v,, }(B:dT + k,dP)

By substituting. (7) and (8) to (2) next equation is given [7].

apr _ (B)—Pt
ar — (K)+Kt

né ) ax
(K)+K AT

©

where
(4) = xv1pA1 + (1 = x)v2A; (10)

N
n= 7,5(17) = V1ip — V2p- (11)
s

Here, brackets < > mean volume average of two co-existing
phases, and 4 is Sor k.

Let’s note that (9) is equal to (5) in a case that only a single
phase exists in the sample because dx/dT is zero for such case.

The second term of (9) implies that the ratio for a co-existing
phase is larger than that for a single one. The reason is as
follows: when an amount of the sample in N phase in the
co-existing state changes the same amount in I phase with an
increase in temperature, the volume of I phase is larger than that
of N phase because of the larger molar volume. The
contribution is expressed as nd(v) in the term.

The ratios are sensible to states of phases of the sample; the
steep period B in Fig. 5 indicates that the phase is in a
co-existing state between N and I phases, while the gradual
ones A and C in the figure exhibits single phases, namely N and
I phases.

By combining steep slopes of relations obtained for various
densities, two co-existing lines, namely I-N and Kr-N lines,
were drawn in a P-T plane.

Fig. 6 shows seven P-T relations numbered in order of low
densities. The relations 1 and 2 indicated different slopes. The
former had only a gradual slope, whereas the latter did a steep
one. The relations 3, 4, and 5 had two gradual slopes and one
steep slope as shown in Fig. 3. The relation 6 had two steep
slopes.

The relation 1 with the gradual slope had a T} of ca. 64 ('C)
higher than an I-N transition temperature of 60.2 ("C). So, the
sample existed in an isotropic liquid state.

The relation 2 had a steep slope in a negative pressure region;

the sample was in a co-existing state in a pressure range from ca.

-6 (MPa) to ca. -2 (MPa).

The relations 3 had two gradual slopes and one steep slope.
The steep slope crossed at ca. 60 ('C) with the axis of P=0 (0.1
MPa). The temperature was almost equal to I-N phase
transition point, 60.2 ("C). So, the relation 3 indicates that the
sample was in [-N co-existing state at the steep slope and, at the
gradual slopes, in I phase at higher temperatures and pressures
and in N phase at lower them.

The relations 4 and 5 for higher densities crossed at ca. 57.5
(‘C) and ca. 59 (‘C) with the axis of P=0. The temperatures
were higher than Kr-N phase transition point of 57 ('C), and
crossed with the gradual slopes. Thus, in these relations, the
sample was in I, I-N, and N phases with decrease in
temperature.

The relation 6 for the highest density in Fig. 6 was drawn
through a cooling and heating path [7]. The system was cooled
until a cavitation event occurred at ca. 50 ('C), and the
temperature lowered to ca. 47 ("C) further because this excess
cooling after the cavitation was reported to be effective to
crystalize the sample. Next, the system was heated step by step,
and data of temperatures and pressures were measured to ca. 30
(MPa).

650



International Journal of Chemical, Materials and Biomolecular Sciences
ISSN: 2415-6620
Vol:8, No:7, 2014

In the relation 6, there were two steep slopes, namely one
from ca. 57 ('C) to 59 ("C), and the other from ca. 70 ("C) to ca.
72 ('C). The former slope crossed at ca. 57 ('C) and P=0 where
Kr-N phase transition point exists. Therefore, the slope
indicates that the sample was in Kr-N co-existing state.
Subsequent slopes indicate that the sample was in N, N-I, and [
with increase in temperature.

Combinations of the steep slopes in Fig. 6 give co-existing
lines. The steep slope in the relation 2 was in accordance with
that obtained by extrapolating those in the relations 3-6; the
slope corresponds to a co-existing line under negative
pressures.

Fig. 7 shows two lines calculated with a least square method.
The right line is I-N co-existing line, while the left is Kr-N line.
The I-N line was drawn to at least ca. -5 (MPa). However, the
two lines were not intersected within the magnitude of negative
pressure. Higher negative pressures, ca. -40 (MPa), had to been
achieved to observe tri-critical point.
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Fig. 6 Six P-T relations numbered in order of low densities
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Fig. 7 Two co-existing lines

IV. CONCLUSIONS

A phase diagram including a negative pressure region to ca.
-5 (MPa) for a thermotropic liquid crystal, namely 4-(methoxy
phenyl)-trans-4-propyl-cyclohexane-1-carboxylate, was
depicted with the Berthelot method of a metal tube using a
commercial pressure transducer. Two co-existing lines, namely
Kr-N and I-N lines, were obtained, but were not intersected
within the magnitude of negative pressure. Higher negative

pressures, ca -40 (MPa), had to been achieved to observe
tri-critical point. Techniques to generate such magnitude of
negative pressures are desirable and seem to be more useful as
tools for drawing the diagrams for any liquids including
thermotropic liquid crystals.
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