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Abstract

Kinetics of the phase transition from isotropic to liquid crystal state, which is by analogy termed as liquid
crystallization, was reported for the poly( p-phenylene terephthalamide)/H,SO, system. Experimental results show
that the effect of the temperature on the liquid crystallization process is marked while the polymer concentration
within the experimental condition employed has a negligible influence. Some preliminary results also indicate that
the liquid crystallization process is accelerated considerably after an external shearing is applied. Assuming that the
liquid crystallization is a nucleation followed by the growth process, a theoretical approach was attempted in this
work. The theory developed provides a reasonable interpretation of the liquid crystallization kinetics in the lyotropic
liquid crystalline polymers. © 1999 Elsevier Science Ltd. All rights reserved.

1. Introduction

Lyotropic liquid crystalline polymers are of commer-
cial interest due to their ability to form anisotropic
state which yields good spinning properties and the
possibility to form high strength fibers. They are also
of interest academically since they provide an opportu-
nity to study the nature of the liquid crystal polymeric
materials. The kinetics of phase transitions of lyotropic
liquid crystalline polymers has been a matter of inter-
est in recent times [1-5]. The major phase transitions
are crystallization from the anisotropic state, anisotro-
pic—isotropic transition, and transition from the isotro-
pic state to the liquid crystalline state, which may be
by analogy termed as liquid crystallization.

As for the liquid crystallization, less attention has
been paid so far especially from the theoretical aspect.
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It is through investigation of the kinetics of the liquid
crystallization that the information about the nuclea-
tion process and the growth of the liquid crystalline
mesophase can be gained, and such information would
be of great interest from both theoretical and techno-
logical standpoints. Recently, a study of liquid crystal-
lization in a solution of a rigid-rod polyimide was
performed by Cheng et al. [1,2]. In that system, during
cooling, the hot and isotropic solutions first underwent
a mechanical sol/gel transition through liquid-liquid
phase separation, followed by a development of lyotro-
pic liquid crystalline spherulites through a nucleation
and growth mechanism. Lin et al. [4] have reported a
kinetic study of liquid crystallization for poly( p-benza-
mide) (PBA)/H,SO4 and PBA/Nylon 6/H,SO, systems.
The results obtained by depolarized light intensity
(DLI) measurement show that the mechanism of liquid
crystallization in the lyotropics is a nucleation followed
by the liquid crystal growth process. In the study, the
well-known Avrami equation was also borrowed to
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analyze the experimental data. The calculated Avrami
exponent is about 1 for both PBA/H,SO, and PBA/
Nylon 6/H,SO4 systems.

In the present work, the liquid crystallization of
PPTA was investigated by the DLI technique which
has been proved to be a valuable method in following
the phase transitions in lyotropic liquid crystalline
polymers [3—5]. The influence of temperature and poly-
mer concentration on the liquid crystallization process
has been studied. Assuming that the liquid crystalliza-
tion is a nucleation followed by the growth process, a
theoretical consideration was proposed. It presents a
reasonable explanation to the isotropic—anisotropic
transition kinetics in the lyotropic liquid crystalline
polymers.

2. Experimental

PPTA sample used in the experiments has intrinsic
viscosity of 0.67 dL g~' measured in 96% H,SO, at
25°C. The molecular weight was estimated to be 5700
according to the Schaefgen et al. relation [6]. The poly-
mer was dried in a vacuum oven at 80°C for 72 h
before use. Liquid crystal solutions were prepared by
dissolving the polymer sample in 100% H,SO,4 under
dry N, atmosphere at 60°C for about one day. In each
case about 2 ml of solution was made. The polymer
concentration expressed in volume fraction in the pre-
sent study was estimated from the density (1.44 g/cm?)
of PPTA.

Isothermal experiments to study the liquid crystalli-
zation were conducted with the DLI apparatus
designed by the Institute of Chemistry, Academia
Sinica and Leitz-Ortholux II polarized light micro-
scope. The detailed description of the DLI apparatus
is available in the literature [7,8]. DLI sample prep-
aration was processed in a dry box under N, atmos-
phere to avoid the moisture contamination. The
anisotropic solution was put between two cover glass
slides and sealed. The sample was heated in a built-in
hot stage to 80°C at which the anisotropic—isotropic
transition occurred, kept at this temperature for 15 s
to destroy the anisotropic phase completely and then
quenched the sample to a desired temperature to fol-
low the liquid crystallization process by detecting the
DLI changes at these temperatures. The temperature
range of interest is between 30 and 50°C, where pure
anisotropic phase can be observed. The effect of exter-
nal shearing on the liquid crystallization was examined
by shearing the isotropic solution at 80°C between two
slides and subsequently quenching to the isothermal
liquid crystallization temperature. The shear rate is of

magnitude of order 100 s™'.

3. Results and discussion
3.1. Experimental results

It is well known that PPTA molecules take rigid-rod
conformation [9]. As viewed by microscope, PPTA/
H,SO, solution shows typical nematic texture above a
critical volume fraction v, of 0.184 for the sample used
in the present studies. Heating the lyotropics to about
80°C, anisotropic—isotropic transition results in a uni-
form isotropic phase. Quenching such isotropic sol-
ution to a temperature where anisotropic phase can be
stable, first anisotropy is observed in the form of
specks of light in the dark field of vision, then the ani-
sotropic domains with nematic texture are gradually
developed from the specks. For the PPTA/H,SO,4 with
vp from 0.196 to 0.231, a pure nematics can be formed
with time as it is quenched to a temperature range
from 30 to 50°C.

The intensity of transmitted depolarized light is
quite sensitive to the appearance of ordered texture
during the formation of the nematic mesophase. The
intensity of depolarized light () is recorded as a func-
tion of time ¢ in the isothermal liquid crystallization
experiments. Assuming that I is proportional to the
fraction of liquid crystals formed at time 7z, at any
stage of the transition, the fraction of the liquid crys-
talline component can be expressed as

Xe = —Iy)/(U — 1) (1

where 7, is the intensity of the depolarized light at time
t, and I and I, are the intensity values before and
after the transformation. Fig. 1 shows a typical plot of
the fraction of liquid crystals formed versus time for
PPTA/H,SO, with concentration of v, =0.207 at var-
ious temperatures where stable anisotropic phase is
observed. The effect of temperature on the liquid crys-
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Fig. 1. Isothermal curves for the liquid crystallization of

PPTA/H,SO,4 system at 30°C (a), 35°C (b), 40°C (c), and
45°C (d).
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Fig. 2. Dependence of half-time of liquid crystallization on
the temperature for PPTA/H,SO, system with various con-
centrations, v, = 0.196 (a), 0.207 (b), 0.219 (c), and 0.231 (d).

tallization process within the experimental temperature
range employed is marked. As temperature is
increased, the liquid crystal forming process slows
down.

The half-times of the liquid crystallization for the
samples with different concentrations are given in Fig.
2 as functions of temperature. The values of ¢,
increase with isothermal crystallization temperature for
all the concentrations examined. However, it can be
seen that there is no evident influence of the concen-
tration on the isothermal liquid crystallization rates.

A typical result of the external shearing effect on the
liquid crystallization is demonstrated in Fig. 3 for a
lyotropics of v, =0.202 with and without shearing
treatment. The liquid crystallization process is acceler-
ated considerably after an external shearing treatment
is applied.

3.2. Theoretical consideration

If an isotropic solution is temperature-jumped across
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Fig. 3. Isothermal liquid crystallization curves for PPTA/
H,S04 system of v, = 0.202 with and without shearing treat-
ment.

the biphasic phase into the region where the pure
ordered phase can be formed, an isotropic to liquid
crystal transition may take place. Let dW| be the mass
that is transformed during time df, in the approxi-
mation that there is no impingement of growing cen-
ters. The expected actual liquid crystal mass formed
can be given by

AW, = (W,/ W) dW | @)

where W,/W, is the fraction of the mass untrans-
formed at time ¢, W, is the total mass of the system
and W, is the mass untransformed at time 7. As
revealed by the experimental studies [10], the trans-
forming mass in the liquid crystal system may not
expend with constant rate due to the restriction of pre-
viously formed substance. In the present study, the
liquid crystal growth rate, G, is assumed not only to
be diffusion controlled as in the case of crystallization
[11,12], but also slows down with respect to time and
being proportional to ~!. According to the literature
[11,12], the diffusion-controlled G may be given by

G = Go exp( — Ed/RT) 3)

where Gy is a constant. Ed is the apparent activation
energy of viscous flow per molecule, serves as an ap-
proximation for the energy of activation for transport
across the isotropic—anisotropic interface. Ed is
assumed to be temperature independent for the tem-
perature intervals of present interest, but it is function
of concentration for lyotropic liquid crystalline poly-
mers. Since the liquid crystal growth rate is also con-
sidered to be proportional to t~!, G should be replaced
by

G I = G[ﬁl (4)

In accordance with the one-dimensional (1D) order of
the nematic liquid crystals which are confined to grow
between two cover glasses, it is reasonable to postulate
that the liquid crystal growing centre takes cylindrical
shape and is restricted to grow in one dimension.
Then, in the approximation of no impingement, the
volume V(t,z) at time ¢ of a given cylindrically growing
center which was initiated at time z is

V(t,z) = mr? Jf Go exp( — Ed/RT)¢™" dt ®)

where r is the radius of the cylinder. The mass W]
transformed at time ¢ in the approximation of no
impingement can be given by

t

W= (Wo/p)dps | ey as ©

where A is the rate of the formation of nuclei per unit
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of volume, the density of the isotropic phase is p; and
that of the liquid crystalline phase is p,.

By substituting Eq. (5) into Eq. (6) and the resultant
into Eq. (2), one obtains by integration

In(1/(1 = X,)) = nr’ AG(py/py)t = kt ()

where X, = W /W, is the fraction of the mass trans-
formed at time ¢, k is defined as the rate constant of
liquid crystallization. If the isothermal liquid crystalli-
zation temperature is adjusted so that the final state is
biphasic region. Eq. (7) can be further improved in
consideration with the fact that the systems do not
transform completely.

The variation of the liquid crystallization rate con-
stant with either temperature or concentration is gov-
erned by the dependence of the growth and nucleation
rate on these variables. The free energy change
required for the formation of a small nucleus within
the bulk of a mother liquor is the resultant of the con-
tributions of two terms: the bulk free energy which is
negative and the surface free energy which is positive.
The free energy, AF, of the formation of a cylindrical
nucleus of length / and radius r is given by

AF = 2nrloy + 2nrtor — ntIBAS 8)

where Af'is the free energy difference between isotropic
and anisotropic state, f§ is a scaling constant, and a1,0;
are the interfacial free energies per unit area for the
cylindrical surface and the two end surface, respect-
ively. In the classical development of nucleation theory
[13], the free energy of the formation of liquid crystal
may possess a maximum with respect to nucleus size.
The maximum value of the free energy of formation,
AF*, is the height of the free energy barrier that must
be surmounted in order for stable nuclei to be formed.
Maximizing Eq. (8) with respect to / and r, we
obtained

AF* = 87‘(0’%0’2//32Af 2 )

In the formation of liquid crystals, the driving force Af

can be obtained according to the explicit formula de-
rived by Flory [14,15]. The energy expression appli-
cable to a polymer chain with large axial ratio which
may form anisotropic state is given by

Saniso = (1 = vp)In(1 —vp) + vpln vy +2(1 = wp) /v
—vp[In(?) =y —1] (10)

where v}, is the volume fraction of polymer component,

x is the axial ratio, y is the disorder index and it can

be obtained by iteration at a given polymer concen-
tration [14]. For the isotropic phase y = x [14], hence

In(1/(1-X))
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Fig. 4. (A): Plots of In(1/(l — X,)) versus ¢ for isothermal
liquid crystallization of PPTA/H,SO, with concentration of
vp = 0.207 at 30°C (a), 35°C (b), 45°C (c), 50°C (d). (B): plots
of In(1/(1 — X)) versus ¢ for isothermal liquid crystallization
of PPTA/H,SO, with concentration of v, = 0.231 at 35°C (a),
38°C (b), 43°C (c), 48°C (d).

fiso = (1= vp)In(1 —vp) + vpln vy +2(1 — ) /x

— v [InG:?) —x = 1] (11)
p

The driving force, Af, can now be readily obtained and
is found to be

Af=2(1—=vp)/x— vp[ln(x3) —x—1]- 2(1
=)y +wplin(xy?) =y 1] (12)

Adopting the formula written by Turnbull and Fisher
[16], the steady state rate of nucleation in the isotropic
solution may be expressed as

A = Aoexp(— Ed/RT — AF*/RT) (13)

where A4 is a constant.
For the formation of nematic phase with 1D order,
it is found from Egs. (3), (7) and (14) that

k = mr*(py/p,)AoGoexp( — 2Ed/RT — AF*/RT)  (14)
Eq. (14) can be further written in form of

Ink =B — C/RT — D/Af *RT (15)
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where B = In(nr?p,/p,)A0Go, C = 2Ed, D = 87‘[6%62/[32.
Eq. (15) is of immediate interest, since it predicts a lin-
ear dependence of In(k) on 1/T.

3.3. Comparison with experimental results

The theory developed above is ready to analyze the
obtained experimental data. Typical plots of In(1/(1 —
X)) versus z, according to Eq. (7), are shown in Fig. 4
for lyotropic solutions with concentrations of v, =
0.207 (A) and v, = 0.231 (B). As it can be seen from
the plots, linear fittings are obtained at lower liquid
crystallization temperatures, indicating the theory
works well in describing the development of the liquid
crystallinity. At higher temperatures, some deviations
from the linear agreements are noted. In the present
work, the liquid crystal growth rate is assumed to be
proportional to 7", where n equals 1. However, n may
be time-dependent due to the restriction of the formed
substance. On the other hand, the growth of the liquid
crystals is also possible to deviate from 1D growth
model, since the orientation order of the liquid crystal
polymer is usually not perfect especially at higher tem-
peratures and decreases with temperature [17,18]. All
these effects may contribute to the discrepancy between
the theory and the experimental results. Fitting of
In(1/(1 — X;)) versus ¢ also allows us to determine the
rate constant of the liquid crystallization. The obtained
k values for all polymer concentrations examined were
used to construct a plot where In(k) is plotted against
1/T. As predicated by Eq. (15), the result demonstrated
in Fig. 5 shows that approximately a straight line is
obtained. The In(k) increases linearly with 1/T for all
samples studied.

The effect of polymer concentration on the liquid
crystallization process can be discussed on the basis of
Egs. (14) and (15). As the diluent is added to the sol-
utions, the activation energy Ed becomes lower due to
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Fig. 5. Plots of In(k) versus 1/T for PPTA/H,SO,4 with various
concentrations, v, = 0.196 (a), 0.207 (b), 0.219 (c), 0.231 (d).

the decrease of viscosity of the medium. This would be
expected to result in an increase in the crystallization
rate. However, the steady-state nucleation will decrease
with increasing diluent concentration because of the
dependence of Af on the concentration according to
Egs. (9) and (12). These opposing effects appear to
counteract each other over the concentration range
examined in which the rate constant appears to be
independent of concentration as it is noted in Fig. 5.

Preliminary studies show that the liquid crystalliza-
tion process can be accelerated considerably with a
shearing treatment. It is most likely that the shearing
force which may induce higher orientations of the
formed liquid crystals might lower the free energy bar-
rier for the nucleation. i.e. an extra term associated
with the shearing energy should be added to Eq. (12)
to increase the value of Af. It is readily deduced from
Eq. (9) that a higher value of Af gives rise to a smaller
value of AF*.

A plot of In(1/(1 — X)) versus ¢ is shown in Fig. 6
for the liquid crystallization experimental data of Fig.
3 where a shearing treatment is applied. For compari-
son, the result for the corresponding quiescent sample
is also shown. It is noted that better agreement
between experimental and theory is achieved for the
liquid crystallization with a shearing treatment. This
indicates that the nucleation and liquid crystal growth
more exactly follow the proposed model after an exter-
nal shearing treatment is applied. The result seems jus-
tified as the shearing can reduce the deviations from
1D growth and giving rise to higher degree orientation
of the formed liquid crystals.

The effect of the external force on the liquid crystal
forming process presents an interesting problem in re-
lation to the fabrication of stiff-chain polymers. To
our knowledge, no kinetic study has been reported so
far concerning such effects. Some further attempts are
being made and the results relating to this topic will be
reported in the near future.
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Fig. 6. Plots of In(1/(1 — X)) versus ¢t for PPTA/H,SO, sys-
tem of v, = 0.202 with and without shearing treatment.
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