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ABSTRACT:

Molecular weight enhancement by shearing of a liquid crystalline polymer was studied. The modification

of Agarwal and Khakhar’s reactor was used as a shear induced reactor for polymerization. It was found that shearing a
reaction solution induces an increase in the number of growing liquid crystalline polyester molecules with the proper orientation
to react with each other, and thus increases the molecular weight of the polymer. The enhancement was found to increase

with increasing shear rates.
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Rigid rod-like high molecular weight polymers are of
considerable importance in the production of ultra high
strength/modulus materials because they show liquid
crystalline behavior in certain solutions or temperature
range. Such properties originate from the easy orientation
of the rigid molecules during processing, due to the
rigidity and the high aspect ratio of the mesogens. Ori-
entation of molecules may also play an important role
in the polymerization of rigid rod-like mesogen mole-
cules.

Some polymerization procedures may be diffusion
controlled, and diffusion of the growing molecules de-
creases as the polymerization proceeds. Several dif-
fusion controlled, step-growth polymerization methods
for rod-like polymers have been reported.’ ~* The po-
lymerizations generally require near-parallel orientation
of the molecules to enhance the molecular weights of
resulting polymers.® After an initial period of time, in
which the rate of the polymerization is relatively fast,
slow rotational diffusion of the molecules is found to
limit the rate of reaction; thus, the molecular weight of
polymer increases very siowly with time.* Doi and
Edwards showed that the steady-state orientation dis-
tribution under a shear flow depends on only one pa-
rameter if the rotational diffusivity is only a function
of the shear rate (), i.e., y/D,o, Where D, is the rota-
tional diffiusion constant.® In the semidilute regime, D,
decreases sharply with the length of a growing polymer
molecule, i.e., D,,,~L~’, and the proximity of reactive
end groups and near parallel alignment of molecules be-
come difficult. Vigorous stirring during such a polym-
erization is found to be necessary to obtain high mo-
lecular weights,®” and the type of agitator used affects
the molecular weight.

In this work we have conducted a study of the effect
of a shear flow on the polymerization on the basis of
polycondensation between acid chloride and rigid rod
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mesogenic molecules, having a substituent on a phen-
ylene ring. A polymer with a fiexible methylene spacer
was also synthesized in a shear flow to investigate the
effect of chain flexibility on the polymerization rate.

EXPERIMENTAL

Shear Induced Reactor

The reactors used in this experiment are shown in
Figure 1, which are the modification of Agarwal and
Khakhar’s.* Reactor T was designed as an ordinary
reactor for polycondensation equipped with a mixer, a
thermocouple, a temperature controlling unit and a gas
inlet tube. Reactor II has an additional rotor operated
by a high torque motor to give various shear rates to the
polymerizing reactants.

Polymerization

The polymerization was carried out according to the
following reactions®® in the two reactor system. The
solvent used in the polymerization was a mixture of
1,1,2,2-tetrachloroethane (TCE) and pyridine (8/2, w/w).
A diol compound was dissolved in the solvent mixture
to yield a solution containing 0.05mole of diol. The
solution was poured into reactor I, and was cooled
down to 5°C. 0.051 moles of terephthaloyl chloride were
dissolved in the same solvent mixture and was added to
the first solution in the reactor I. Stirring of the solution
was then started by means of a high-speed stirrer. In ca.
105, the temperature of the reaction mixture rose to ca.
20°C; it then dropped rapidly down to 10°C in 1min
under cooling. After that, the temperature of reactors I
and IT was increased to 60+ 2°C. A part of polymerizing
mixture was transferred from reactor I to reactor II.
After the stirrer of the reactor I was stopped, the rotor
of the reactor II was started at the desired speed. A very
brief reaction route and sample designation are shown
in the scheme below.

245



B.-W. Jo et al.

High
Torque
Motor
Motor Inert
gas
Inert
Reactants gas —
Solvents Peristaltic A
‘ “l Pump l]
Thermocouple ‘,/ U
L
¥ —
S Heating fluid
s
Reactor II
Reactor I -
Thermocouple
—_— Cooler Pump
Figure 1. Schematic diagram of the polymerization apparatus.
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The kinetics of polymerization were studied by
quenching the reaction with methanol at certain times.
The polymers were dried at 90°C under vacuum for 24 h.
The inherent viscosities of the polymers in a mixture of
TCE and phenol (7/3, w/w) were measured to obtain
relative molecular weights. All the polymers revealed

liquid crystalline behavior in their melts as identified
previously.8-°

RESULTS AND DISCUSSION

The inherent viscosities of rigid rod-like polymers, i.e.,
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function of reaction time. Each data point is obtained
from a different experiment. As shown in the figures, the
inherent viscosities of the polymers initially increase
significantly and then reach at plateau values. Doi and
Edwards suggested that the rotational and translational
diffusivities of the polymer decrease dramatically with
increasing the size of molecules, leading to a diffusion
controlled, slow reaction rate.!® This accounts for the
leveling-off of the viscosity as a function of time.

The polymers obtained from reactor II show higher
viscosities than those obtained from reactor I, and also
higher molecular weights with increasing the shear rate.
Agarwal and Khakhar reported that if the shear rate is
high enough (y/D,,,> 1), and the sizes of the molecules
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Figure 3. Inherent viscosities of polymer II in reactors I and II with
time at different shear rates.
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Figure 4. Inherent viscosities of polymer III in reactors I and II with
time at different shear rates.

are large enough, significant orientation of the mole-
cules occurs locally.? It increases the number of pairs of
molecules with orientation suitable for reaction and thus
increases the reaction rate. Furthermore, the viscosity
of the polymer increases with increasing the shear rate.
More detailed interpretation of the data obtained from
each sample in the present work is given below.

In Figure 2 the inherent viscosities of the polymer I
(having a phenyl group as a substituent on the phenylene
ring) solution are shown as a function of time. It was
found that the inherent viscosity of the polymer I solu-
tion increases dramatically with increasing shear rate
from 0.47dL g~ ! or zero shear rate to 1.23dLg™ ' for
380s™'. The inherent viscosities of the polymer II and
III (having long flexible side chains) are shown as a
function of time in Figures 3 and 4. The increases in the
viscosity values in the plateau region are not large,
compared with that of the polymer I. 1t seems likely that
the bulky, long flexible side substituents in polymers II
and III make molecular orientation difficult even at a
high shear rate; thus, the viscosities of polymers II and
IIT are lower than those of polymer I. When one com-
pares the inherent viscosities of polymer IT with those of
polymer III, it is found that the viscosities of polymer
IT are higher than those of polymer III under the same
reaction conditions. This may be due to the longer flex-
ible substituent on the main chain of the rigid rod
molecules, i.e., polymer III, which makes molecular
orientation of the polymer chain more difficult. The
longer flexible side chain may also cause more steric
hindrance for the end groups of the growing polymer
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Figure 5. Inherent viscosities of polymer IV in reactors I and IT with
time at different shear rates.

Table I. Inherent viscosities (i.v.) of polymers I and II
with different shearing histories

Shear rate/s ™! iv/dLg™!
Sample

I—5min 5—10min 10—I15min Polymer I Polymer II

A 25 130 380 0.97 0.69
B 25 380 380 0.98 0.67
C 380 380 25 0.53 0.40
D 380 380 380 0.98 0.69

than for a shorter flexible substituent material, i.e.,
polymer II. Thus, the reaction rate (i.e., viscosity) of
polymer II is higher than that of polymer III.

Agarwal and Khakhar suggested that enhancement of
the polymerization rate can be explained by mixing at
the high shear rates, which may reduce local stoichio-
metric imbalances of the monomers.* Therefore, to find
out which of mixing or orientation is responsible for
the molecular weight enhancement, the viscosity of a
semi-rigid rod-like polymer was studied. The semi-rigid
rod-like polymer was expected to show relatively pure
effects of mixing on the viscosity. Polymer IV is a semi-
rigid rod-like polymer; it has a flexible tetramethylene
unit in the main chain. The viscosities of the polymer
solution are shown in Figure 5, which does not show
a signiffcant enhancement of the molecular weight.
Therefore, the present work shows that the molecular
orientation rather than mixing, is probably responsible
for the high polymerization rates.

Another experiment, involving four different histories
of shearing, was conducted, in which the overall strain,
y=|ydz, was the same (see Table I). Table 1 shows the
evolution of the inherent viscosities of the polymers I
and II with different shearing histories. In case of the
polymer I, the gradual increase in a shear rate from
255! to 380s™! (A in Table I) gives a high molecular
weight (inherent viscosity =0.97). The inherent viscosity
obtained from shear rates of 25 (1—5min), 380 (5—10
min), and 380s~' (10—15min) (B in Table I) is nearly
the same (inherent viscosity =0.98). High initial and low
final shear rates (C in Table I) give a low inherent vis-
cosity value. The sample with only the high shear rate,
i.e., 380cm ™! (D in Table I), shows 0.98dLg™ ! as an
inherent viscosity. Therefore, it can be concluded that it
is the final shear rate that is important in molecular
weight enhancement of the present system. Polymer II
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shows a similar trend (see Table I).

From the experimental results, the following mech-
anism can be proposed. The initial step of the polym-
erization (~ 10min), in which the reaction rate is rel-
atively high, is controlled by a general reaction kine-
tics. The molecular orientation induced by shearing
increases the rotational diffusivity even for rigid rod
main chain polymers having stiff or bulky flexible sub-
stituents, and thus it increases the number of pairs of
molecules which can react with each other. This results
in an increase in the reaction rate.

CONCLUSIONS

The molecular weights of liquid crystalline polymers
were increased by shearing during polymerization. A
long flexible substituent on the phenylene group in the
polymer main chain reduced the molecular weight en-
hancement, since it makes the molecular orientation
difficult. The polymer, with a flexible spacer in the main
chain, did not show a significant increase in molecular
weight. This implies that the molecular orientation rather
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than mixing is the crucial factor for increasing the
molecular weight of the final polymer.
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