Molecular composites formed by solutions
of a rodlike polymer (PBT) in
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Nematic solutions of the rodlike poly(1,4-phenylene-2,6-benzobisthiazole), PBT, in polyphosphoric acid,
PPA, have been aligned in a shear flow to form a molecular composite. The tensile creep and recovery
behaviour are studied to reveal a solidlike behaviour (no viscous flow) with a substantial Young’s modulus
E. X-ray diffraction studies show PBT to be aligned in the flow direction, and suggest that PPA oligomers
may be oriented orthogonal to the PBT. The latter may reflect specific solvation of PBT by PPA. Values
of E are compared with predictions from composite theory.

(Keywords: molecular composites; rodlike polymers; creep; nematic)

INTRODUCTION

In the processing of solutions of rodlike poly(1,4-
phenylene-2,6-benzobisthiazole), PBT, to form fibres or
films, the solutions are oriented in some flow field and
then coagulated in a non-solvent’. Similar procedures
have been studied to form molecular composites
comprising mixtures of a rodlike polymer and a flexible
chain polymer?~3. Here we report on properties of a gel
phase formed before coagulation with solutions of PBT
processed in polyphosphoric acid, PPA (weight fraction
of P,O; in the PPA equal to 83%). As shown in the
following, this material has the attributes of a molecular
composite, made rigid by the presence of a small fraction
of a rigid, rodlike polymer.

EXPERIMENTAL

Solutions of PBT in PPA were formed into ribbons using
an apparatus in which the solution is (slowly) forced onto
the fact of a Mylar tape as the latter is pulled at constant
velocity v through a (long) rectangular slot. The sample
is subjected to shear flow in the gap between the tape
and the stationary face of the slot. In the arrangement
used, the width w and length L, of the shearing zone in
the slot were 0.6 cm and 6 cm, respectively, and the gap
A between the tape and opposite stationary wall was
0.012 cm. The Mylar tape is moved with a capstan, which
permits accurate control of v. The temperature of the slot
is controlied by heat transfer with a circulating liquid. A
nitrogen blanket is provided at the top of the shear zone
to suppress premature coagulation of the solution. In
this arrangement, the (nominal) shear rate x is given by
k=v/A, where v is the velocity of the Mylar tape, and
the (nominal) total shear strain y is equal to L /A, or 500
for the arrangement used in this study. In a steady-state
flow, the cross-sectional area of the processed ribbon is
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expected to be wA/2, or the weight W, of a ribbon of
length L is expected to be pwAL/2, with p the solution
density (approximately that of PPA); if W is expressed
in denier, 1 denier being the weight in grams of 9000 m
of ribbon, then W, is expected to be about 7400 denier
for the geometry used in this study.

Two nematic solutions were used, both prepared by
polymerization of PBT monomers in PPA. Solutions
were received through the courtesy of Dr J. F. Wolfe,
SRI, International. The intrinsic viscosities of the
polymers in these solutions were 2600 and 1400 cm® g~ *
in solution in methane sulphonic acid for PBT-20 and
PBT-32, respectively. The solutions of PBT-20 and
PBT-32 had weight fraction PBT of 0.100 and 0.092,
respectively. Rheological data on a solution of PBT-32
were obtained using methods and an apparatus described
elsewhere®’. Solutions were held under vacuum
(~1073 Torr; ~ 100 Pa) at 120°C for three days before
use. They were then placed into a glass centrifuge tube
(50 ml) and centrifuged at about 10*g to consolidate the
mass. This tube was placed in the pressure vessel at 160°C
to supply the solution to the ribbon forming device
(60-80 psi; 0.4-0.55 MPa).

Although in normal operation, the ribbons would be
coagulated immediately on exiting the shearing head, in
this study the ribbons were not coagulated, but collected
and placed in a desiccator over P,O; for storage until
further use. The ribbon was not removed from the Mylar
tape at this stage, and maintained the normal
yellow—green colour of a PBT solution (as opposed to
the red colour of the coagulated material). In most cases,
two forms of the processed ribbon were used for creep
studies: (1) the as-processed solution (removed from the
Mylar tape); and (2) the same material after being
coagulated, removed from the Mylar tape, and washed
in water. In two cases, the processed solution was allowed
to creep for & 10° s, under a stress of about 20 MPa, and
then coagulated, washed and dried, while still under
tension.
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A tensile creep apparatus described elsewhere® was
used to determine the tensile creep compliance D(t) of
the as-processed PBT ribbons, still containing PPA (but
removed from the Mylar tape), and the ribbon coagulated
in water. In the latter case, the water was not removed
from the coagulated ribbon. All measurements were at
30°C. With the creep apparatus, the ribbon is held
between two clamps, one stationary and one movable,
with a sample length Ly of about 4 cm. A weight W is
applied to cause creep, or removed after some time to
permit recovery. The applied tensile stress oy is calculated
as Wgp(9 x 10°)/W, in CGS units, where W, is the weight
(g) of 9km of the ribbon, i.e. W/W, is the stress in
g denier~!. Values of W, were determined by weighing
a section of the sample of known length removed from
the specimen between the two clamps. The strain &(t) is
calculated as Al(t)/Ly, where Al(z) is the displacement of
the movable clamp at time t. The displacement was
determined from the output of a linear variable
differential transformer attached to the movable clamp.
The creep compliance D(t) is caiculated as &(t)/or. The
strain was also determined as a function of the time
f@=t—t, after cessation of creep of duration t.. The
recoverable strain &(6, t.;) is calculated as &(t.)—e&(t) for
t>t.. In general, both ¢(t) and &(@, t.) were determined
over the range 10-6 x 10* s for a stress with W=100 g.

Aflat plate camera was used to collect X-ray diffraction
data on the processed ribbons. The sample was oriented
with the long axis orthogonal to the meridian of the
diffraction plane. Exposure times were typically 20 h.

RESULTS

Rheological data obtained® for PBT-32 at 40°C are
shown in Figure 1, where 5, is the steady-state viscosity
at shear rate «, and n4(w) is the linear dynamic viscosity
at frequency w. The properties of PBT-20 are similar,
with 5, larger. An unusual feature of the data in Figure
1 is the non-equivalance of #, and n4(w) for k=w. As
with flexible chain polymers'®, such equivalence is
usuaily observed with solutions of PBT in a solvent such
as methane sulphonic acid''. For these solutions, the
function n4(w)/n, versus n,w is nearly independent of
temperature, where n, is the viscosity of the PPA solvent
at temperature T (Reference 9). For the PPA used, 7, is
proportional to exp[C,/(T—C,)] over the temperature
range — 10-80°C, with C; =856 K and C, =200.5 K, and
y, is 8.5 Pa s at 40°C.,
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Figure 1 Rheological data on a solution of PBT-32 in PPA at 40°C
(w=0.092). &, ——, 1, versus k; ———, N*(w) versus w
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Figure 2 Tensile creep and recovery data on ribbons of PBT-20 in
PPA at 30°C. @, 100e(t)W /W versus t'/3; O, 100¢(6, t,)W, /W versus
N(8, t.); see equation (3). (a) Solution (v/A=5.3s71). (b) Upper data
set, wet coagulated ribbon (v/A=5.3s7!); and lower data set, dry
sample prepared under tension (v/A=6.5s5"")

The experimental W, for the processed solutions were
in the range 7001000 denier. Since this is much smaller
than the expected value (7400 denier), it appears that
solution was transported along only a small portion of
the gap, i.e. the effective gap A, computed from the
observed W as A./A=W /7400 is found to be about
0.1A to 0.15A, with A, tending to decrease with
increasing v. These results suggest that a thick, stagnant
boundary layer is formed adjacent to the stationary
surface. Values of W for the coagulated, wet ribbons are
about 30% of the values for the solution, showing that
the coagulated samples contain numerous voids, being
about two-thirds by weight water.

Bilogarithmic plots of &(t) versus t or &8, t.) versus 6
were nearly straight lines, with slope of 0.1 or less, and
with ¢(¢) larger than ¢(6,t.) for =¢. In all cases, the
recoverable creep had the form expected of Andrade
creep. Thus, if D(z) is given by

D(t)=Dyx(t) + D(t) (1)

with Dyg(t) and Dy(t) the non-recoverable and recoverable
creep, respectively, then for Andrade creep'?,

De(t)=Do[1+(t/za)""’] )

for t < 1, and Dg(t) = Dg(t,) for ¢ = 7,. Use of these relations
and the assumption that &(6,t,) may be computed
according to formulae of linear viscoelasticity!? gives®

e(0, S)=0arDo[1+ N(8, t.)/t3'*] (3a)
N, S)=t13+0"3 —(t,+0)'/3 (3b)

if t,<1,. As shown in Figure 2, the data on ¢(8,t.)/o
versus N(0,t.) exhibit the expected linearity; similar
behaviour was observed for all of the materials studied,
resulting in the entries for E,=Ds ! and 1, listed in
Table 1. In these entries p, is equal to the estimated p.

For linear viscoelastic behaviour, Dy (t)=t/ng, but as
seen in Figure 2, the observed &(¢) in creep do not increase
linearly with t for large ¢t and, in fact, £(¢) increases more
rapidly at small ¢t than would be expected for the data
on &(f,t.). In all cases but one (see Table 1), the data
obtained here can be fitted by a nonlinear form for Dyg(t)

given by
Dyg(t)=De{1 —exp[ —(¢/e)"/*]} 4)

where Dy < D, and ¢ <1, for all of the samples studied.
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Table 1 Parameters determined in creep and recovery

Solution Wet coagulated Dry*
Polymer vATY (po/p)E” T4 EoDg g (po/P)Eo" T4 EoDg g (Po/PYES" T EoDy g
7' (GPa) (ms) (s) (GPa) (ms) (s) (GPa) (ms) (s)
PBT-32 (92gkg™ 1) 52 9.4 0.026 0.54 244 239 129 c c 72.6 017 025 -
83 11.7 0.024 0.57 91 - ~ - - - - - -
PBT-20 (100 gkg™!) 5.3 14.0 0.16 191 91  30.1 0.76 048 216 - - - -
65 - - - - 24 1.12 045 145 77.2 019 0.8 1000
83 11.5 010 1.83 48 - - - - - - - -
9.5 203 034 097 215 252 1109 052 420 - - - -
180 230 008 152 2300 285 369 112 145 - - - -

® Calculated with p, equal to 2.3, 1.1 and 1.4 g cm ™3 for the solutions, the wet coagulated, and the dry ribbons, respectively

b Coagulated, washed and dried under tension

¢ The creep could not be fitted with equation (4), but dDyg(t)/0t decreased with increasing ¢

Figure 3 X-ray diffraction patterns for ribbons of PBT-20 in PPA.
The ribbon longitudinal axis is along the meridian, with plane of the
ribbon orthogonal to the incident beam. (a) Solution; (b) wet
coagulated ribbon

Precedent for the use of a nonlinear form for Dyg(t) to
compute (6, t,) from D(t) and the formulae of linear
viscoelasticity exists for a number of cases®. For small ¢,
equation (4) reduces to non-recoverable Andrade creep,
also a nonlinear form, but with precedent in other
materials®. Thus equation (4) may be considered to
represent saturable, non-recoverable Andrade creep.

As seen in Table 1, similar behaviour was observed for
the dried polymer and the solutions, though E, was
larger and the creep smaller for the former. An
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appreciable increase in E, and decrease in creep was
observed for the sample coagulated under tension.

The X-ray diffraction patterns obtained with an
oriented solution and with a wet polymer recovered by
coagulation are shown in Figure 3. Patterns similar to
that for the solution were observed with all oriented
solutions. The features shown in Figure 3 are all absent
in the scattering from an unoriented solution, and the
arcs extend over a wider angle with samples less well
oriented. The pattern for the solution exhibits meridional
layer lines, at Bragg spacings of 0.62 and 0.41 nm, and
two relatively sharp equatorial arcs at 0.52 and 0.345 nm
(see Figure 3). For the dry polymer, the equatorial arc
at 0.52 nm disappears and one at 0.59 nm appears, the
layer line at 0.62 nm is absent, and that at 0.41 nm is less
intense. These features are also seen in the X-ray pattern
in Figure 3 for the wet coagulated material.

DISCUSSION

The very low creep rate of the solutions is unexpected
in view of the relatively high stress (=20 MPa) and the
anticipated viscosity. The shear viscosity of the PPA
solvent is about 18 Pas at 30°C. Consequently, tensile
creep measurements of the sort performed here would be
impossible for the pure solvent. For a nematic fluid with
a director alignment along the longitudinal axis, the
elongational viscosity ng and the shear viscosity # in slow
flows are each functions of the order parameter of the
equilibrium nematic fluid!3-¢:

n=1"Hy(S) )
g = 31" Hg(S) = 31 H(S)/Hon(S) (6)

where #'* depends on chain length and concentration,
and H,(S) and Hg(S) each depend only on the
(equilibrium) order parameter S, both being less than
unity for S near unity. With one model*+~'8,

ne="3n(1+5/2)*/(1-5)(1+35/2) (7)

so that #; may be much larger than # if S approaches
unity. For sample PBT-32, # is of the order 10° Pa s at
27°C, so that except for very small ¢, t/35 (the value of
t/ng for an isotropic fluid) far exceeds the observable D(¢);
see Figure 2. For example, for the data in Figure 2, ng
would have to be of the order 10'° Pas in order for the
usual linear term /55 not to be evident in the measured
D(z). This is much larger than would be expected given
the data on .
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The meridional lines in the X-ray diffraction from the
solution are characteristic of PBT, and indicate that the
molecular axis is aligned along the longitudinal axis of
the ribbon!7-'°, The X-ray diffraction patterns from the
solutions also exhibit a strongly oriented equatorial
spacing at 0.52 nm. Whereas this spacing is absent in
oriented PBT!7-1?, it is characteristic of one form of
ordered PPA, representing the repeat unit in a crystalline
form of oligomers of the lithium salt of PPAZ°. In this
structure, the PO, tetrahedra are linked with the 0.52 nm
repeat corresponding to the span across two tetrahedra,
with one edge of each tetrahedron on the PPA chain
axis. The X-ray pattern suggests that the PPA oligomers
giving the X-ray diffraction are oriented orthogonal to
the axis of the oriented rodlike PBT chains. The
equatorial 0.345 nm spacing is similar to a 0.362 nm
spacing reported for oriented PBT!"~!°, but may be from
an entirely different origin, here originating in a distance
of close approach of the PPA oligomer to the PBT chain.

The volume fraction ¢ of PBT estimated from the
weight fraction w on the basis of volume additivity is

given by
d=w(p,/p)[1—(1—pi/px)w]™} (8)

where p, and p, are the densities of PPA and PBT,
respectively. Thus, for solutions of PBT in PPA, ¢ =~ 1.5w
for wx0.1. The cross-sectional area A_ of the volume
occupied per chain is given by M, /¢p,N,, with M; equal
to the mass per unit length, or A,= 1.6 nm? for ¢ =0.16,
for PBT. In a well aligned sample with all chains parallel,
A, may be expressed as gd,d,, where g is a geometric
factor of order unity, and d, and d, represent mutually
orthogonal mean chain separations perpendicular to the
chain axis. In this case, 4, is large enough that the chains
may be well separated on average, unless the chain is
construed to include a coordinated solvent. A minimum
value of 0.35 nm for d,, corresponding to stacking of the
PBT planes, would give a maximum d; of 4.5 nm. It is
likely that d, is smaller and d, larger than these estimates,
and that the coordinated PPA oligomers on adjacent
chains are close enough to interact with each other.
Longer oligomers may coordinate with adjacent chains,
forming a crosslink. This postulate is enforced by the
observation that n%(w)>n, for k= . The smaller n, may
result from the (partial) destruction of structure in steady
flow, whereas that structure remains intact under low
amplitude sinusoidal deformation. Either substantial
interaction among the PPA on the solvated chains, or
crosslinking involving the PPA, could be responsible for
the low creep and the absence of flow (i.e. apparently
infinite #g) found for the processed solutions. Other forms
of PBT-PPA solvation have been examined by X-ray
studies on solutions containing various amounts of
water??!,

The preceding suggests that the solutions be considered
a molecular composite, with rodlike PBT aligned in a
low modulus solid. The E,=D(0)"! exhibit a tendency
to increase with increasing v, as would be expected if the
alignment increased with increasing v. Further, as seen
in Table 1, E, is enhanced by coagulation and drying
under tension. This may correspond to enhanced
alignment during the small creep that does occur. In the
context, E, might be estimated from the moduli of the
two components using relations developed for a
composite comprising rods dispersed in a solid matrix.
According to the analysis of Halpin and Tsai*? for the

modulus E, of a composite comprising an isotropic
matrix (modulus E,) with completely aligned dispersed
rods (modulus Eg, length L, and diameter d)

E =En(1+n¢)/(1-n¢) (%a)
n=(R-1)/(R+¢) (b)

where ¢ =2L/d and R=Ey/E,,. In the limit of infinite &,
equation (9) reduces to

E;=(1-9)E,+¢Ex (10)

corresponding to the often cited ‘rule-of-mixtures’
approximation for E..

Theoretical estimates give a modulus Epgy 2600 GPa
for the PBT chain?3. If this value is used as Eg in equation
(10), then with neglect of E < Epgr, E.xX@Epgr is
calculated to be 96 GPa, which is larger than the
maximum modulus E, =23 GPa observed for a processed
solution. Several factors may contribute to this
discrepancy including: (1) the use of equations (9) and
(10) for a molecularly dispersed system, whereas they
were developed for a dispersion of macroscopic particles
in a continuum; (2) the effects of a finite L/d ratio for
the dispersed rodlike chains; (3) the effects of imperfect
alignment of the rodlike chains; and (4) an erroneous
estimate of Epgr. Since the modulus of well aligned PBT
fibres approaches 0.4Epgr (Reference 23), the estimate for
Eppr seems to be acceptable at present. The calculated
value is also in reasonable accord with measurements of
Eo=x0.7Epgy for fibres based on the change in the layer
line spacing under a tensile load?*. The effects of finite
L/d given by equation (9) take the form

E.xXEzo/(1+X) (11)

for small ¢, £ 1 and Eg» E_, where X =£E_ /E;. In this
case, E. may be substantially reduced from the value
given by equation (10). If E,, is taken to be the value of
the tensile modulus E(t) at 0.1s for PPA, then
E,~250Pa, or E_ /Epgr~4x1071° Thus, for any
reasonable ¢, equation (11) reduces to E_~¢E, ¢. This
is much smaller than the observed E, if ¢~ 10%, which
is in the expected range.

Alternatively, the low value of E_ could result from
distribution of L among the chains, or imperfect
alignment of the PBT rods along the longitudinal ribbon
axis. Such effects have been estimated by calculations
based on the laminate analogy, in which the composite
behaviour is modelled as that for a material comprising
layers, each layer with well aligned monodisperse rods,
the number of each such layer being proportional to the
fraction of such alignments in the composite??-24:25,
Calculations of misalignment effect on E, for a certain
distribution of the alignment angle a of the rods relative
to the ribbon axis?® give results that may be expressed
in the form of equation (11) (for the stipulated ¢ <1,
{»1 and Eg»E,), with ¢E_/E; in the denominator
replaced by a function P(¢E,,/Eg, {cos® «), ¢) dependent
on the distribution of a, as well as on ¢E,,/Eg and ¢. As
expected, misalignment reduces E_ below the value given
by equation (11). Consequently, such effects would not
seem to be the cause of the large E, observed here.

The observed E, =23 GPa would require ¢E,,/Ex~0.24,
using equation (9). Use of the preceding estimate of
E./Epgr for E,/Eg would correspond to an unreasonably
large L/d based on molecular dimensions. On the other
hand, use of £E /Eg ~0.24 with L/d =100 would require
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Eg/E,~800 to reproduce the experimental data. This
could imply that E_ for PPA in the composite is much
greater than E(t) for bulk PPA at t=0.1s, which could
occur if the PPA is ordered in the solution, as suggested
by the X-ray data. Thus, the high values of E, appear
to result from the combined effects of reinforcement from
the stiff PBT chains and enhanced E, for the matrix
forming the molecular composite.
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