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Diffusion and Orientability of Rigid-Rodlike Molecules in Solution
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ABSTRACT: Dilute and semidilute solutions of poly(p-phenylenebenzbisthiazole) (PBT) have been subjected
to the elongational flow field created by a Taylor four-roll mill, yielding significant new information on the
orientability and diffusion of this near-ideal rigid-rod molecule. The results show that for sufficiently long
residence times in the elongational flow field PBT exhibits a transition between isotropic solution and
liquid-crystal-like behavior at low concentrations. The rotational diffusion coefficient (D,) is found to increase
with orientation, in qualitative agreement with existing theories which incorporate mean constraints for rod-rod
interaction. However, the measured value of D, is >3 orders of magnitude higher than that predicted by these
theories, pointing to much lower interference between neighboring rods than had been previously assumed.
Modifications to these assumptions are proposed which relax mutual interference constraints and yield good
agreement with the measured value of D.. In spite of this fit computer simulations indicate that the rods
will tend to escape through instantaneous gaps opening up statistically, rather than be contained by any mean
constraint. This calls for an altogether different basis for the interpretation of the interaction between rodlike
molecules than is presently provided by mean value theories.

1. Introduction

The work presented here is a study of the response of
rigid-rod molecules to the orienting influence of a pure
elongational flow field. The initial direction of the work
was to explore the enhancement of liquid-crystal formation
which is anticipated to arise from such flow fields. This
subject will indeed be touched upon; nevertheless the main
part of the work became concerned with the primary
mechanisms of orientation and diffusion of entangled
rodlike molecules after it was realized that our experiments
offered a fruitful approach to this fundamental issue. Such
mechanisms are central to the behavior of rigid-rod mol-
ecules as well as to the processing and orientability of such
materials and are a precondition for liquid-crystal for-
mation when this takes place. A preliminary note of our
results has already been published.! The present contri-
bution represents the full work underlying that note.

The material of our investigation is poly(p-phenylene-
benzbisthiazole) (PBT), a member of a new class of aro-
matic heterocyclic polymers possessing extremely rigid
backbone chains. The chemical structure of PBT is shown
in Figure 1. Such polymers form liquid-crystal-like so-
lutions in strong-acid solvents. The rheology of such so-
lutions has been extensively investigated.>* The polymers
can be processed from the nematic phase into fibers and
films of exceptional stiffness and strength, together with
great thermal stability.’ The structure of oriented fibers
and films of PBT has been the subject of much previous
work.5®

The PBT molecule itself has been shown to be among
the most rigid and linear in this class and, for most pur-
poses, can be regarded as an ideal perfectly rigid-rodlike
molecule.’® For this reason PBT makes an excellent model
system for the examination of processes of orientation and
diffusion of rodlike molecules in solution.

A recent important theory by Doil! and Doi and Ed-
wards!'?!3 provides the framework for an understanding of
the behavior of such systems for the concentration range
in which the molecules are strongly entangled, but where
volume exclusion effects are still relatively unimportant.
This concentration domain can be expressed by

1/dL?>» ¢ >» 1/L3

where ¢ is the number of molecules per unit volume, L is
the length of the molecules, and d is the molecular diam-
eter.

The rotational diffusion coefficient (D,) of the rigid rods
in an entangled strongly interacting system is a parameter
that describes molecular motion, the perfection of orien-
tation in flowing solutions, and the consequent macroscopic
time constant of relaxation, 7., where by ref 14

TC i 1/6D1'

D, itself is expected to be a strongly correlated function
of solvent viscosity, concentration, molecular dimensions,
and the state of orientation of the molecules.

For an isotropic solution the Doi-Edwards theory pre-
dicts

D, ~ D, /(cL?)?

where D, is the unhindered rotational diffusion coefficient
of the molecule at infinite dilution and D, is the rotational
diffusion coefficient of an entangled but isotropic solution.
The theory calculates D, as a perturbation from the iso-
tropic case and predicts an increasing value of D, with
increasing orientation, qualitatively accounting for the
nonlinear viscoelasticity usually observed in liquid-crys-
talline solutions in general.

Previous work in this laboratory has examined the re-
sponse of flexible!>!® and semiflexible!” polymer molecules
to well-defined elongational flow fields. In the course of
this work we developed methods by which elongational
flow fields could be created and the resulting orientations
observed. One of these was the four-roll mill,'51819 which
generates an elongational flow field by pure shear in the
form of “stretching” the fluid elements containing the
polymer with one lateral direction held constant (Figure
2), corresponding to a pure elongational flow field with no
rotational component. While the stretching force, the
strain rate, is practically uniform throughout the interior
of the mill, the fluid element resides for the longest time
when passing through or near the center of the apparatus
and thus will be most elongated along the outgoing axis
(0-X in Figure 2). (The center of the apparatus, Y = X
= 0 in Figure 2, is a stagnation point with infinite residence
time.) With flexible molecules this had the consequence
that molecular elongation (which was practically full-chain
elongation) was localized as a thin sheet (as seen edgewise)
along the 0—X line. As will be seen, with rigid molecules
the orientation is not localized; nevertheless the 0—X line
will appear to be the site of rather special events.
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Figure 1. Repeating unit of poly(p-phenylenebenzbisthiazole)
(PBT).

(a) (b)

Figure 2. (a) Schematic plan view of the four-roll mill. (b)
Diagrammatic representation of the extension of a fluid element
along an arbitrary stream line in the four-roll mill.

The time dependence of the orientational distribution
function (p) for rigid-rod molecules in pure shear in the
X-Y plane (as in the four-roll mill) can be derived from

dp | dlpsin2¢) 1 L +
L, - -
at dp sin 6 d(p sin? @ cos 8 cos 26)

N 1 30 1 &

D, - + —
sin 6 ; dp sin? § 8¢?

8f sin § —

sin 30

where 6 is the angle with Z and ¢ is the angle with X
projected onto the X-Y plane. ¢ is the strain rate.?’ The
first term represents the response of the molecules to the
flow field, and the second term the disorientational
Brownian diffusion of molecules.

A series expansion of this formula coupled with the
interpretation of p in terms of induced retardation (B)%
leads to

ﬁ - 2¢ . p-8Dt i <
B, ~ D2 frp sl W
where B, is the maximum retardation (perfect orientation).

A recent work by Peterlin?? leads to similar results as
a first approximation for rigid spheroids in pure shear flow.
The PBT molecule possesses extremely high intrinsic re-
tardation, so that in the four-roll mill the orientation in-
duced by the flow field and the disorientational diffusion
processes can be well monitored by measuring the optical
retardation. In principle, the examination of induced re-
tardation in response to a static or changing flow field of
known well-defined nature can enable the assessment of
D, as a function of molecular orientation and solution
concentration.

To a good approximation the almost uniform extensional
flow field inside the four-roll mill can be quantitifed ac-
cording to Torza®® by

e=gi"-1n(R+h) )
g h
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Figure 3. Four-roll mill cell built for PBT solutions.

where R is the roller radius, 2h is the roller separation, and
w is the angular velocity of the rollers (see Figure 2a).

As we shall see in ensuing sections, the four-roll mill
apparatus can yield information about D, and its depen-
dence on orientation by three distinct methods, all relying
on observation within the same field of view between the
rollers. The methods are outlined as follows:

(I) The induced retardation at the center of the mill
corresponds to a balance of orientational effects of the flow
field and disorientational effects of rotational diffusion,
broadly determined by eq 1 in the long-term equilibrium
limit.

(IT) The entrance region of the four-roll mill (the nip
region between the rollers on the incoming axis) yields
information on the dynamic response of the molecules to
a changing, but well-defined, flow field.

(III) The mill can be abruptly stopped and the decay
of retardation from an oriented state, in the absence of an
elongational flow field, yields the relaxation time of the
molecules 7., which is related to D, by

7.~ 1/6D,

2. Experimental Section

The polymer used in this study was synthesized by the Stanford
Research Institute. It is characterized by an intrinsic viscosity
of 32 dL/g. The rigorous exclusion of water during preparation
of PBT solutions is essential, since the presence of water is known
to cause molecular aggregation.® The polymer was dried under
vacuum at 100 °C for 7 days. Solutions were prepared by magnetic
stirring in sealed vessels with a solvent of 97.5% fresh meth-
anesulfonic acid + 2.5% chlorosulfonic acid, which has the effect
of scavenging residual water. Four concentrations have been used
in this study: 0.025% (w/w), representing the lowest concentration
that is presently practicable to run in the four-roll mill, 0.5%
(w/w), representing the upper limit of the stated range of ap-
plicability of the Doi-Edwards theory, 0.75% (w/w), and 1%
(w/w).

The first criterion to be met by the apparatus was to obviate,
as far as possible, any corrosion inside the four-roll mill. This
is important in the present case, since the evolution of even
microscopic gas bubbles in the cell can make optical observations
of low fields and molecular orientation impossible. This has been
achieved by making all surfaces in the four-roll mill cell of
poly(tetrafluoroethylene) (PTFE) or borosilicate glass. Both of
these materials are found to be highly resistant to methanesulfonic
acid and chlorosulfonic acid.

A diagram of the cell is shown in Figure 3. The containing
vessel is made from 6-mm borosilicate float glass selected specially
for its optical properties. The rollers are made of PTFE with
totally enclosed stainless steel reinforcing pins. The cell is as-
sembled with PTFE gaskets and an external stainless steel
clamping arrangement.

A further requirement of the cell is that it be hermetically
sealed, insofar as this is consistent with the provision of roller
drive arrangements. This requirement is necessary to prevent
the escape of highly corrosive (and toxic) acid vapors and to
prevent the ingress of water vapor, which can rapidly coagulate
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Figure 4. Optical arrangement for birefringence measurements.

PBT solutions, even in 1% proportions. This is achieved by the
use of PTFE seals around the roller-bearing surfaces and PTFE
plugs in the cell filling and cell vent holes.

The cell ancillary equipment, drive arrangements, and optical
system are shown in Figure 4. A parallel beam of light from a
laser, mercury, or tungsten halide lamp is directed vertically into
the cell by means of a mirror mounted at 45°. A rotatable analyzer
and polarizer are incorporated above and below the cell to enable
birefringence observations and measurements between crossed
polars.

3. Observations of Induced Orientation

3.1. Central Flow Field. Figure 5a shows the field of
view for a low shear rate (~3 s™!) with crossed polarizer
and analyzer positioned at 45° to the mill inlet and outlet
directions for a 0.5% (w/w) PBT solution. As predicted
for these stiff linear polymers the effect of the elongational
flow field (here realized by pure shear) is to produce a
nonlocalized orientation in the flow field, observed as a
uniformly bright field within the area enclosed by the
rollers. With the polarizer and analyzer directions parallel
and perpendicular to the entry and exit directions (0-Y
and 0-X in Figure 2b) the same area becomes uniformly
dark (Figure 5b). This indicates that the transmission axes
of the birefringent solution coincide with these two di-
rections. Insertion of a full-wave plate shows further that
the molecules are aligned with their long axes toward the
exit axis throughout the interior of the mill. Both the
uniformity and the sign of the orientation are consistent
with the pure elongational flow field, to be explained
further below. Figure 5c¢ shows the birefringent field
viewed at a higher shear rate (10 s™'). In this case bire-
fringent colors are observable as the retardation becomes
greater than one wavelength of the tungsten halide light.
It is interesting to note that the colors are not, contrary
to prior expectation, entirely uniform across the mill but
show concentric rings of varying retardation corresponding
to a small decrease in retardation approaching the center
of the mill and a corresponding increase toward the exit.
Figure 5¢ is printed through a colored filter to enhance the
contrast of the observed effect. A detailed examination
of earlier papers shows that the effect of reducing bire-
fringence in the center of the mill can be directly accounted
for by a small reduction in shear rate, documented by
Taylor in 1934,'® although not specifically commented
upon at the time.
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Figure 5. (a) Birefringence in the central flow field with crossed
polars at 45° to the mill inlet and outlet directions (¢ = 3 s7).
(b) With crossed polars at 90° to the inlet and outlet directions.
(c) Birefringence at higher strain rates (¢ = 10 57!, polars at 45°).
(d) Highly birefringent central band (¢ = 5 s7!; polars at 45°).

In the present instance we are operating with a solution
with a high rotational diffusion coefficient (of the order
of 20 s7'; see section 5.1). Through eq_ 1 this gives rise to
a very short time constant 7, = (1/6D,) of about 10 ms,
so that the orientation of the molecules, and hence the
observed birefringence, can respond almost instantly to
changes in strain rate in the mill compared with the res-
idence time along any stream line through the mill. This
is the reason why the birefringence is not confined (i.e.,
localized) to stream lines that pass through the stagnation
point, as in the case of flexible molecules which tequire
a long residence time to achieve an oriented state.!”'® The
rapid response also explains why the retardation is found
to decrease almost immediately in response to the slight
nonuniformity of the central flow field. The small varia-
tion of the strain rate in the central flow field has not
previously been recognized earlier because previous sys-
tems examined in the four-roll mill have had much longer
time constants and so could not respond instantaneously
to changes in the flow field.

3.2. Central Dark Band. An interesting departure
from the uniform flow field is the observation of a highly
localized dark band lying along the exit axis of the mill.
Occasionally the band has been observed to have an overall
higher birefringence than the rest of the field where the
retardation (B) in the band shows up as colors (B > \)
against a light background (B < A\) (Figure 5d). This band
is envisaged as the projection of a thin sheet extending
down through the mill. It may always possess a higher
birefringence than the rest of the flow field, but because
of the difficulty of observing directly down a sheet ~50
pm thick and 2 cm deep, it is normally seen as a discon-
tinuity in overall refractive index, i.e., a dark band. (We
expect this thin sheet lying along the exit symmetry axis
to be flexing slightly due to flow perturbations, so that
during observations at grazing incidence the image and
birefringence become somewhat confused.)

The origin of this band is at present still uncertain, but
it most probably represents the liquid-crystalline state.
The only property unique to the exit axis is that molecules
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Figure 6. Retardation vs, strain rate in the center of the mill
for 0.5% solution.

passing along this axis go through a stagnation point (the
center point (0)); hence they have a much longer residence
time in the flow field than do molecules that pass along
any other stream line. As stated earlier, D, is of the order
of 20 s}, giving a 7, time constant of about 10 ms, so that
we would expect all time-dependent effects to have dis-
appeared after about 100 ms, which is small compared with
the residence time along any stream line through the mill.
The phenomenon does however appear to have a certain
generality since similar dark bands (though not explicitly
of greater An) have been seen in poly(y-benzyl L-
glutamate) (PBLG) solutions, also well below liquid-crystal
concentrations.

It is well-known that in a stationary system there is an
isotropic solution — liquid crystal transformation on in-
crease of concentration. It is anticipated that this tran-
sition will be promoted by orientational flow; i.e., a solution
sufficiently dilute to be on the isotropic liquid side of the
phase boundary could become liquid crystal through a
displacement of the isotropic solution-liquid crystal
coexistence curve to lower concentrations. It will be evi-
dent that the method offers a direct approach to this
flow-promoted liquid-crystal formation. The reason why
this effect should be localized in the four-roll mill is more
likely the increased residence time along the exit axis al-
lowing the phase transformation to proceed, rather than
more pronounced chain orientation in itself.

4. Measurement of Rotational Diffusion
Coefficients

4.1. Central Flow Field (Method I). In the central
field of the four-roll mill the observed retardation is ex-
pected to be related to the maximum retardation as a
function of strain rate ¢ by eq 1. In the central region of
the four-roll mill, where the strain rate is essentially con-
stant for long residence times, the time-dependent term
(in parentheses in eq 1) rapidly approaches unity, so that

B/B, = 2¢/15D, (3)

Given a knowledge of By, which we have deduced from
direct measurements on oriented and extremely thin films,
we can find D, as a function of strain rate and hence as
a function of molecular orientation.

This is, of course, only the case when B is small; as B
approaches its limiting value B, the relationship between
B and 1/D, (eq 3) becomes nonlinear. In the present case
however, B/B, never exceeds 0.03.

As an illustration, Figure 6 shows the retardation mea-
sured in the center of the mill as a function of the applied
strain rate for a 0.5% solution. The relationship is non-
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Figure 8. Variation of rotational diffusion coefficient with re-
tardation from the center of the mill (equilibrium method) and
the nip region (dynamic method).

linear, contrary to what would be expected from eq 3 for
a constant value of D,. We interpret this as I, changing
as a function of orientation and apply eq 3 to evaluate D,.
Figure 7 shows D, as a function of strain rate and Figure
8 plots D, as a function of retardation (orientation) in the
center of the mill. D, is clearly an increasing function of
orientation, indicating the reduced molecular interactions
in an oriented solution. This qualitatively supports the
predictions of the Doi~Edwards theory.!1"13

4.2. Nip Region (Method IT). An effect that has been
noticed during experimental observations that we judge
is of considerable importance relates to changes in the
character of the orientation in the nip region of the mill,
that is as the solution passes the line joining the centers
of adjacent rollers.

When the nip region is viewed between crossed polars
with the incorporation of a full-wave plate, the observed
retardation colors change from addition (B > A) to sub-
traction (B < \A) (or vice versa, depending upon the full-
wave plate direction) when passing from outside the nip
into the mill interior. Between these two birefringent
regions there exists a narrow zone of true optical isotropy
close to but slightly displaced from the precise nip position.
Figure 9 shows a diagrammatic representation of the whole
of the four-roll mill.

These observations mean that the direction of maximum
polarizability rotates through 90° on passage through the
nip, which must reflect a corresponding change in rod
orientation. As can be readily assessed from the colors,
the orientation is such as to correspond to a rod alighment
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Figure 9. Schematic representation of the whole field of view
in the four-roll mill. Single arrows show the flow direction and
double arrows show the direction of the optic axis of the flowing
PBT solution. The shaded areas represent the optically isotropic
bands in the “nip” regions displaced inward between the inlet
rollers and outward between the exit rollers, the magnitude of
the displacement being exaggerated for the purpose of the sketch.
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Figure 10. Calculated (strain rate)/(angular velocity) as a
function of distance from the nip of the four-roll mill.

along the inflow direction outside the nip and along the
outflow direction inside the nip, the latter already having
been stated when describing the orientation within the mill
interior,

Thus over a small localized region, the rigid molecules
must “flip” from one orientation to the other in response
to the changing flow field. Between the two areas of
uniform orientation inside and outside the mill the mo-
lecular orientation is changing, passing through an isotropic
region close to the precise nip position. It is readily vis-
ualized (Figure 9) that this flipover is the consequence of
the changing nature of the flow, which will extend a given
fluid element along the inflow and outflow directions
outside and inside the nip (with relation to the roller),
respectively. To our knowledge this observation is quite
novel. It offers the possibility of exploring the response
of the PBT molecule to a rapidly changing flow field and
so determining its dynamic rotational diffusion and time
constant parameters. As we shall see in ensuing sections
this has consequences not only for PBT processing but to
the theories describing the behavior of rigid macromole-
cules in solution.

4.2.1. Flow Field in the Nip Region. The flow field
in the nip can be regarded as a pure extensional flow field
that changes sign abruptly at the nip position. The cor-
responding shear rates have been calculated for the
four-roll mill and the nature of the flow-field is illustrated
in Figure 10 by plotting the shear rate normalized to the
angular velocity of the rollers against distance from the
nip along the inlet axis. (These precise values only apply
to the present diameter of the rollers.) As can be seen the
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Figure 11. Retardation vs. distance from the nip: solid line,
theoretical prediction; points, experimental results.

shear reverses sign on passing through the nip region and
reaches a maximum.

It is actually observed that the isotropic dark band does
not occur at the precise nip position but is displaced
downstream by a distance that depends on shear rate and
polymer concentration and is characteristic of the time
constant of response of the molecules to the changing flow
field. This displacement is incorporated in Figure 9, for
sake of clarity, in a rather exaggerated form. There is a
corresponding effect with the displacement in the opposite
sense at the nip region along the outgoing axis arising from
an analogous argument. The analysis to follow will be
confined to the effect at the inlet region only.

Close to the nip position for the present dimensions of
the mill (roller diameter 0.4 cm, separation 1 cm) we can
approximate the extensional flow field as?

[ 0.04x
w  f(0.5-52

where f = (R? - x%)'/2 and x is the distance from the nip
position (positive x downstream). For small x this reduces
simply to ¢/w =~ 10x.

The change in response of the retardation to the
changing flow field is given at any instance by eq 1. The
integration of this equation over the changing flow field
of eq 4 is similar to the problem of creep responding to an
applied stress history, giving

B(t) 8uw? gDt _ 1
B, _151"7,[t+ 6D, +C ®)

4)

where C is a constant of integration equal to -1/6D, and

the time delay to the isotropic state (t’) is given by

equating B(t) to zero

et -1 1
6D, ~ 6D,

t'+

To a good approximation this reduces to
t’=1.85/6D, (6)

In the integration we have assumed D, constant, even
though in reality we know that it is changing in response
to the (small) change in shear rate over this region. We
expect that the value of D, appropriate to the orientation
at the nip position will dominate. D, for the isotropic state
is lower but the system is rapidly forced through this value
by the now nonzero strain rate.

4.2.2. Retardation in the Nip Region. We are now
able to measure the change in retardation as the solution
responds to this well-defined flow field. Figure 11 shows



1448 Odell, Keller, and Atkins

304
)
3
c 201
.9
g
c
7 104
[}
=
0 - r \
0 5 10 15

Time Delay From Nip (ms)

Figure 12. Maximum strain rate vs. time from nip to optical
isotropy.

the measured retardation values as a function of distance
dowstream (into the mill) from the precise nip position for
a 0.5% solution. The isotropic state (zero retardation) is
displaced by approximately 0.2 mm from the nip; from
there on the retardation increases in response to the ap-
plied flow field. The solid line in Figure 11 shows the
behavior predicted by the approximate theory above (eq
5), where D, has been fitted to give the correct position
of the isotropic state according to eq 6 and time from the
nip has been converted to distance, by the knowledge of
the applied flow field (eq 4).

The value of B, used was that derived from measure-
ment of birefringence of highly oriented thin films of solid
PBT, corrected for solution concentration.

We can in effect quantity D, as a function of orientation
by careful measurements of the time taken to achieve the
isotropic state in response to the change in sign of the
elongational flow field for a range of angular velocities of
the rollers. Figure 12 shows a plot of the time lag of the
isotropic band from the nip position for various maximum
strain rates seen at that position. The time lag is a function
of strain rate, and the predicted high strain rates give
corresponding short time lags.

From eq 6 we know that the time constant of response
should be ¢’ =~ 1.85/6D, so we can calculate the rotational
diffusion coefficient as a function of retardation at the nip.
This is illustrated in Figure 8. D, is clearly increasing with
retardation and hence with the orientation of the mole-
cules, varying from ~20 s at zero retardation to 60 s at
500-nm retardation. As for the equilibrium results for D,
from the center of the mill, this is qualitatively in agree-
ment with the Doi~-Edwards theory, which predicts a
progressive reduction in molecular interaction (increase
in D,) with increasing orientation.

4.3, Decay of Orientation on Cessation of Flow
(Method III). A third and quite direct method of as-
sessing D, is simply to observe the decay of retardation
after the flow field is abruptly discontinued and observe
the return to the unoriented state in the absence of ex-
ternal forces.

In this case B/B, decays as e8Dit so that a plot of In
(B/By) vs. time yields a gradient of -6D,. In principle such
a curve should provide a complete record of the process
of disorientation; however, purely operational considera-
tions restrict the range and accuracy of results based upon
cessation of flow in the four-roll mill. For this reason the
results have been supplemented with data from other ex-
periments on sheared PBT solutions which enable the
whole relaxation process to be monitored. That work will
form the basis of a subsequent publication;?* a few figures
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from that work will be included in the present paper for
completeness.

5. Dependence of b, on Concentration and
Orientation

5.1. 0.5% (w/w) Solution. All three methods (I), (II),
and (III) above reveal that D, is an increasing function of
strain rate, in qualitative agreement with the Doi-Edwards
theory. With all three techniques we can obtain D, for the
isotropic state by extrapolations in a way appropriate to
the three different methods of assessment. In the case of
method I we extrapolate D, from curves such as Figure 7
to the zero strain rate or isotropic condition, in this in-
stance yielding a value of D, ~ 15 s™. Similarly, in the case
of method II we extrapolate D, to the isotropic state from
curves such as Figure 8, yielding D, =~ 20-s™!. Method III
can yield much novel information about the decay pro-
cesses, particularly from nearly perfect orientation;** for
the present purpose however, we may obtain D, simply by
observing the decay of birefringence from very small levels
of orientation toward the isotropic state.

Thus for the isotropic case, these three techniques are
all available essentially simultaneously from the four-roll
mill and yield consistent results, suggesting D, values
bounded by the region 1.6-20 s™. By all three methods
this value increases toward 70 s as the orientation is
increased.

5.2. 0.025% (w/w) Solution. Again we have three
techniques I, I, and III for estimating D,. At the center
of the mill (now because of the low concentration) the
orientation is always much lower; hence the approximation
to the isotropic state is even better. Over a range of strain
rates the curves of B/B, vs. ¢ were found linear and the
value of D,, using eq 3, is essentially constant at 150 s7..
This constant value shows that although the orientation
itself is still strongly dependent on shear rate, the mo-
lecular interactions are never significantly altered from
those observed in the isotropic state. We can therefore
take D, = D, = 150 s! (as obtained by method I), which
accordingly should correspond to that appropriate to the
totally unimpeded chain as expected in extreme dilutions
(D,,; see below).

By method II utilizing the nip region, the orientations
are again small, and so the estimation of 7., and hence D,,
is essentially that applicable to the isotropic state. We find
7.~ 1.2 ms and hence D, = D, ~ 140 s'%. This is in good
agreement with the result found from birefringence mea-
surements within the mill interior by method I above.

Cessation of flow in the four-roll mill (method III)
cannot yield much information in this particular case since
the time constants are so short. However, the decay
process can be observed in the case of thin sheared PBT
solutions,? yielding a value of D, =~ 160 s7%.

5.3. Higher Concentrations. At higher concentrations
the molecular interactions have increased markedly, and
this is reflected in the much lower values of D, obtained.
From the center of the mill D, is again an increasing
function of strain rate and orientation. By method I the
extrapolated results for zero strain rate (D,) are 0.4 and
2.2 s at 1% and 0.75% concentrations, respectively.

Much larger displacements of the isotropic state from
the nip position (method II) are observed. Again the re-
sults show a marked dependence on orientation, the
zero-orientation values being 0.5 and 3.1 s°! for concen-
trations of 1% and 0.75%, respectively. B

In the case of concentrated solution the much lower D,
values (longer time constants) enable an estimation of the
value of D, from the optical relaxation time (method III)
when the flow in the mill is abruptly stopped. This value
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Table 1
Isotropic Rotational Diffusion Constant (D,) (s7)
from center from

concen, of mill from nip relaxation modified
% w/w (method I) (method 1II) (method III) Doi-Edwards theory
0.025 150 140 160 0.08 ~D, (160)
0.5 15 20 5 1.8 X 1074 1

0.75 2.2 3.1 1.2 09 x 10 0.5

1.0 0.4 0.5 0.3 0.5 X 10™ 0.3

is now in very good agreement with the results from the
center of the mill and the nip region at D, ~ 0.3 and 1-2
s for 1% and 0.75% concentrations, respectively.

5.4. Summary of Results. In summary we have ob-
tained values for D, as a function of strain rate and ex-
trapolated to the isotropic state (D,) by three techniques.
First the measurements of retardation in the center of the
mill, which gives D, for the equilibrium case, when flow-
induced orientation and Brownian diffusion disorientation
are equal. Second, the nip region gives a measure of the
dynamic response of the solution, which is determined by
the rate at which molecules can diffuse through each other
to respond to the applied flow field. Third, measurement
of relaxation of induced birefringence in the absence of
elongational flow enables the diffusion processes alone to
be observed.

Table I summarizes the results for isotropic D, values
for the four concentrations of solution. In what follows
we shall consider these isotropic values for comparison with
expectation from theory.

6. Doi-Edwards Theory

The Doi-Edwards model considers a test rod in solution
surrounded by other rodlike molecules that contrain its
rotational diffusion, The theory postulates that the test
rod will only be released from its local constraints by the
diffusion away of one of the constraining rods. Because
the solution is quite strongly entangled, Doi and Edwards
consider that rotational diffusion and lateral translational
diffusion of the constraining rods are unlikely, leaving
longitudinal diffusion (which is little affected by entan-
glements) as the dominant process for release of con-
straints. They consider that a constraint will be released
when the rods have diffused a distance L along their
lengths. This will be followed by an effectively instant
rotational jump of the rod to a new location. The size of
the jump is determined from the radius (a) of an imaginary
cylinder surrounding the test rod that will be expected on
average to contact one other rod. This is then interpreted
as an angular jump a/L. This process, repeated in suc-
cessive releases of constraints, yields a random walk of
jump size a/L and with a jump frequency determined by
the time scale of diffusion by a distance L along the mo-
lecular length. The overall result may be expressed as

D, ~ D, /c2L® (7)

where D, is the unconstrained rotational diffusion coef-
ficient (tti)at applicable to infinite dilution), D, is the
predicted value, ¢ is the number of rods per unit volume,
and L is the length of the rod. No allowance is made in
the theory for spatial constraints due to the diameter of
the rod.

In order to apply this theory to our results we need two
parameters: D, , the unconstrained rotational diffusion
coefficient, and L, the molecular length.

6.1. Value of D,. There are a number of theories for
the calculation of D, due to Perrin,® Kirkwood and Auer,?
Brenner,” and others. The relationships are similar and
depend strongly on molecular length L, solvent viscosity
7 and to a lesser extent molecular diameter d. The gen-

eral form is D, = A[ln (L/d)/n,L?], where A is a constant
for a given temperature. The single most important pa-
rameter in this equation is the molecular length L. This
can be ascertained from the measured intrinsic viscosity
(770)~

Following the formula of Kirkwood and Auer? and
detailed by Bird*

ol = = 2y L
71~ 45 oM n (L/d)

where N is Avogadro’s number and M is molecular weight.
In many complex systems (e.g., meromyosin) this has en-
abled the accurate prediction of [7,] (or conversely L) with
no adjustable parameters.!¢

If we apply this relationship to the present case (intrinsic
viscosity 32 dL/g), we predict L to be of the order of 210
nm for our particular PBT polymer sample. Undoubtedly
the polymer is polydisperse (though we have learned
subsequently that this polydispersity may be small), so one
should be aware that the value for L is a weighted mean.
Knowing L, we need only the values of the solvent viscosity
and d to estimate D,. We have measured the viscosity of
the solvent as 16 cP and take d as ~0.6 nm (though the
dependence on d is slight). We thus predict from different
treatments that D, for intrinsic viscosity 32 dL./g PBT in
methanesulfonic acid/chlorosulfonic acid should be as
follows: Perrin, 156.9 s71; Kirkwood and Auer, 151.3 s71;
Breenner, ellipsoid, 156.9 s71; Brenner, rod, 160.2 s™.

Note that the different theoretical treatments give
closely corresponding results for D, ; we may say with some
confidence that D, is of the order of 160 s for this
polymer in methanesulfonic acid/chlorosulfonic acid so-
lutions.

6.2. Comparison of Doi—-Edwards Theory with Re-
sults, We can now compare the predictions of the Doi-
Edwards theory for isotropic rotational diffusion coefficient
with out experimental observations. Applying Doi and
Edwards’ relation for D, to the 0.5% solution, we obtain
D, =1.47 X 10D, = 1.7 X 10™* s, which is less than the
measured result (~20 s7!) by a factor greater than 10%.

For the 0.025% (w/w) solution the Doi-Edwards theory
yields D, = 5.9 X 10™D,, whereas experiment shows that
D, is significantly almost equal to D,

The 0.75% and 1% solutions are probably beyond the
range of applicability for the Doi-Edwards theory; how-
ever, the values of D, predicted are 0.9 X 10~ and 0.5 X
10™ s7! compared with the experimentally observed values
of 2 and 0.4 571, respectively. The values of D, predicted
by the theory are summarized in Table L.

The values of D, for PBT could be increased by aggre-
gation of the molecules, which effectively increases the
dimensions of the orienting objects while decreasing con-
centration in terms of number of rodlike objects per unit
volume. Reported degrees of association® are of the order
of 1.5 for a carefully prepared solution, which is not great
enough to account for the discrepancy between observed
and predicted values of D..

It seems in general that the Doi~Edwards theory seri-
ously overestimates the degree of molecular interaction and
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Figure 13. Environment of the test rod in the modified theory.

correspondingly underestimates the molecular mobility in
this rodlike polymer solution. Thus the constraints in the
theory must be far too severe.

The need to introduce a large numerical factor in the
doi-Edwards expression has been observed previously.?-3
Indeed recent Monte Carlo computer modeling of rigid-rod
solutions has also shown the need for large correction
factors.??

In what follows we shall attempt to resolve this problem
along two lines. First we shall keep to the conceptual
framework of the Doi-Edwards theory and shall attempt
to reduce the mean constraints in their model. As we shall
see there are good reasons for doing so, and in fact a rea-
sonable fit between our data and theory can be achieved.
Nevertheless as a further step we shall scrutinize the basic
concept of a mean constraint theory. As will be seen its
applicability to the present problem will appear seriously
questionable as a result of it.

7. Reexamination of Doi-Edwards Theory:
Relaxation of the Mean Constraints

The Doi-Edwards theory treats the test rod as stationary
and awaits the diffusion away of constraining rods to de-
termine the jump frequency. The converse case is to
consider the constraining rods as essentially stationary and
examine the diffusion through these rods of the test rod.
The most effective entanglement constraints to rotation
of the test rod about its center are confined to the end
region of the rod, as illustrated in Figure 13.

Rods near the center of the test rod would need to be
very much closer to prevent angular rotation. Suppose we
say that the test rod is bound on average by four effective
constraints which we expect to be, on average, in the last
quarter section of the rod. In this case if the rods are
positioned at random, we would expect one constraint to
be released if the test rod diffused L/16 along its own
length. Granted the test rod can expect to encounter a new
constraint during this diffusion, but it is extremely im-
probable that the new constraint will be in such a position
as to prevent the test rod jumping into the newly available
space.

If the time taken to diffuse L/16 is 7,

7o = L2/256D,,

where D, is the longitudinal translation diffusion coeffi-
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cient. D, =%/,D, L? (from basic diffusion theory®). Hence
the jump frequency

1 256D, (3L?)
— = ————~ =384D

To 2L2 0 ®

By a similar argument the size of the angular jump should
be based on consideration of the most effective constraints,
which occur near the rod ends. Again using the chosen
criterion, that we will consider constraints occurring at the
last quarter sections of the rod, we can calculate a jump
size of

a =8/mcL?

Thus we have (as Doi and Edwards) a random walk of step
size a and jump frequency 1/7,, yielding an effective ro-
tational diffusion constant of

D, = 24576D, /r??L8 9)

For a 0.5% (w/w) solution this predicts D, ~ 1 s, now
in good agreement with the experimental result.

For the 0.025% (w/w) solution we predict D, = 200 s™.
This is actually higher than D, (150 s™). The approxi-
mation that jumps will occur essentially instantaneously
once a constraint is released is only valid as long as D, >
D,. Over a large range of applicability this would not seem
to be the case, so that in these dilute solutions the value
of D, should be limited not only by the jump frequency
and size but also by the finite time required to make the
jump, so that D, can clearly never exceed D,. In close
agreement with experiment we therefore expect D, to be
very close to D, for 0.025% (w/w) solutions.

When the condition that D, >> D, is not satisfied, so the
jumps can no longer be considered instantaneous, the
predicted dependence of D, upon the other parameters
(especially molecular length, L) may be expected to break
down. In particular, the power dependence of D, upon L
should be reduced from the predicted ninth power (eq 7,
substituting for D, ).

The adjusted theory predicts that rotational diffusion
is much closer to longitudinal translation diffusion values;
this means that the initial assumption that translational
diffusion is the only effective means of releasing constraints
does not rigidly hold. The constraints can be released
appreciably by the rotational diffusion of the constraining
rods, a cooperative process that will yield yet higher values
for the predicted D,.

Even for the 1% solution the adjusted theory predicts
D, of 0.3 571, which agrees very closely with the measured
values (0.3-0.5 s71), even though the concentration should
be too high to be treated by the Doi~-Edwards theory. Over
what range of concentrations can we expect such theories
to hold, and how do the adjustments to the Doi~-Edwards
theory affect this?

Clear the first assumption by which the theory would
break down is that of unrestricted diffusion of rods along
their lengths. Indeed in the isotropic case it is relatively
easy to calculate how far we expect a rod of a given diam-
eter to diffuse along its length before it meets another rod,
independently of the mechanism of diffusion.

The theories will break down when the distance of free
diffusion becomes less than the mean expected diffusion
distance needed to release one constraint, which is L in
the Doi-Edwards theory and L/16 in the adjusted theory.
The expected translational diffusion distance before end
clash falls below L/16 for concentrations 21.5%. Con-
versely, we can ask how much freedom does a rod need in
order to get around such an obstacle when it is encoun-
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Figure 14. Log-log plot of D, vs. concentration for Doi~Edwards
theory, modified theory, and experiment.

tered; this clearly corresponds to an angular jump of the
order of d/L. The calculated jump size falls below d/L
for concentrations greater than ~1.5%.

We can define an effective rotational diffusion coeffi-
cient D, , which is based upon the frequency of end clashes
and the jump size needed to get around an end clash as
a function of concentration. This corresponds to the
minimum value of D, at each concentration in order that
the effects of end clashes should not dominate the process
of diffusion. Figure 14 summarizes both experimental
results and the theories and demonstrates the effect of
restrictions on free diffusion along the length of the rod.
The figure is plotted as log (D,) vs. log (concentration) so
that the theories reduce to straight-line plots. The solid
line shows the prediction of the Doi-Edwards theory (eq
7) and the broken line shows that of the adjusted theory
(eq 9). The horizontal broken line shows the limiting value
of D,, the rotational diffusion coefficient for noninteracting
rods.

The theories should be applicable up to that concen-
tration beyond which the value D, necessary to avoid end
clashes exceeds the theoretical prediction for D: 0.2%
concentration for the Doi-Edwards theory and 2.7%
concentration for the adjusted theory. Beyond these
concentrations we would expect end collisions to occur
more frequently than release of constraints and that the
size of available jump angles will be too small to get around
an obstacle when it is encountered, thus giving rise to a
dramatic decrease in molecular mobility.

The measurements from the four-roll mill lie close to
the modified theory up to 1%, the highest concentration
studied. Beyond this concentration, results are available
for the rheological time constants of very similar PBT
solutions at zero strain rate from the work of Chu et al.;?8
these are shown as circles in Figure 14. As can be seen
above 2% concentration there is a dramatic decrease in
molecular mobility, D, decreasing by 2 orders of magnitude
between 2 and 3%. All arguments of this type are based
upon approximations and would be expected to yield at
best the correct power dependence of D, upon parameters
and a rough estimate of numerical factors.

8. Computer Model of Diffusion of Rigid Rods:
Indication of the Inadequacy of the Mean
Constraint Approach

In order to gain a greater insight into the mechanism
of diffusion of rigid rods a computer program has been
developed that models this system. The computer first
establishes a “solution” of randomly positioned rods 100
nm X 1 nm, ensuring by contact criteria that rods cannot
overlap. The solutions tested have all been isotropic in
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Figure 15. Polar diagram of the computer prediction of available
disorientation angles for 100 1-nm rods at concentrations of (a)
0.01%, (b) 0.02%, and (c) 0.1%. The angular scale is linear, the
origin represents 0°, and the outer circle represents 90° rotation.
The innermost circle shows the jump size envisaged by the
Doi-Edwards theory and the intermediate circle that from our
modified constraints applied to the same theory.

the first instance, but this is not a necessary restriction.
The model then simulates diffusion through this solution
of another single rod, continuously exploring the space
available around the test rod by tilting the rod in all di-
rections until constraints are encountered according to our
contact criteria. The rod is allowed to diffuse along its own
length by set fractions of the rod length (usually L/8) and
its new environment is explored. The model and contact
criteria assume a finite diameter of 1 nm for the rods and
that the constraining rods form a fixed network. For such
a solution the Doi-Edwards regime applies over the con-
centration range 0.003-0.3% (w/w) (assuming the same
mass per unit length as PBT).

In this way we can obtain polar diagrams of available
disorientation angles at any instant in the rod diffusion.
Figure 15a shows such a diagram for a 0.01% solution. The
rod is initially normal to the paper (along the z axis) at
the center of the circle; the curved boundaries represent
the greatest angular inclination to the z axis that can occur
in any given direction. The outer circle represents an
available rotation of 7/2 from z, that is free rotation on
the time scale of the existing constraints. The smallest
circle shows the jump size envisaged by the Doi-Edwards
theory and the intermediate circle that from the modified
theory. As can be seen the constraints operating upon the
rod are extremely anisotropic; in some directions the rod
can disorient unconstrained, while in others the constraints
to rotation are severe.

Figure 15b shows a 0.02% solution and Figure 15¢ a
0.1% solution. While the average constraint is clearly
increasing, the actual space that the rod can explore is still
extremely anisotropic. Figure 16 shows how the space
available to a rod for disorientational rotation changes as
it diffuses along its own length for a concentration of
0.05%. Successive plots represent diffusion by L/8. As
it diffuses constraints are lost and new constraints en-
countered, approximately at the rates envisaged by the
modified Doi-Edwards theory. It is important though that
a direction of relatively free rotation persists during this
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Figure 16. (a) As Figure 15 at 0.05% concentration. (b) Test
rod diffused L/8 along its length. (c) Test rod diffused L/4 along
its length. (d) Test rod diffused 3L/8 along its legnth.

period of release of several constraints: diffusion into this
“gap” is likely to dominate the disorientational process.
Indicated in Figure 14 is the region of concentration over
which we would expect diffusion into “gaps” to be the
dominant process.

Relative Frequency of Limiting Angles
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These diagrams clearly delineate the problems associ-
ated with the existing theories based upon mean values
of jump frequency and jump size. First, at low concen-
trations the rods are unconstrained in some directions. In
these cases it is more probable that a rod will diffuse un-
constrained into one of these directions with a component
of D, rather than await the relatively infrequent release
of a nearby constraint by longitudinal diffusion. This has
significant consequences: the Doi-Edwards theory predicts
an L? dependence on molecular length, through the agency
of a random walk of jump frequency determined by D,
If this is not the dominant process, but rotational diffusion
is governed by a component of D,, then the molecular
length dependence will be closer to the L? dependence of
D,, Indeed Zero and Pecora have recently observed lower
power dependencies of D, upon length for poly(y-benzyl
L-glutamate).®® Second, at higher concentrations the
probable distribution of disorientation angles will be an
extremely uneven one for any chosen rod. Any theoretical
treatment must incorporate this effect; taking merely a
selected mean jump size and frequency is clearly inap-
propriate. It is necessary to consider the distributions of
available disorientations.

In the course of our computer simulations we have been
able to establish the form of these distributions by ex-
ploring many test rods and examining the frequency of
occurrence of particular limiting angles of rotation. Figure
17a shows a histogram demonstrating the statistics gath-
ered for a 0.01% solution. The frequency of limiting angles
is quite constant, except for w/2 (free rotation) where there
is a considerable peak, showing a large probability of

Relative Frequency of Limiting Angles
Q2% wiw
[ 8
0 Angle n/z
b
Relative Frequercy of Limiting Angles
0-1% whw
[t
-
0 Angle 2
d

Figure 17. Histograms of relative frequency of limiting angles at concentrations (a) 0.01%, (b) 0.02%, (¢) 0.05%, and (d) 0.1%.
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relatively free rotation. Parts b—d of Figure 17 show similar
histograms for 0.2, 0.5, and 0.1% concentrations, respec-
tively. The probability of free rotations sharply reduces
for increasing concentration, but the distribution curves
still represent considerable unevenness.

While we have shown that the adjusted Doi~-Edwards
theory can account quite well for the experimental results
in terms of concentration dependence (although over a
higher concentration range than originally envisaged), the
implication of the computer simulations is that the general
method of diffusion (particularly at lower concentrations)
will not be the release of constraints based upon a par-
ticular diffusion of rods lengthwise but that the rods will
percolate into “windows” with a component of their un-
inhibited rotational diffusion coefficients (D,). This is
particularly important as D, (and D,) would ot be ex-
pected to show the nlnth-power dependence on molecular
length as envisaged in the original theory, but some lower
power tending toward the cubic dependence of D,

9. Conclusion

The orientability and diffusion of rigid rods in solution
has been directly determined by registering the location
and magnitude of the birefringence in a pure elongational
flow field, as realized by a Taylor four-roll mill. The ro-
tational diffusion coefficient (D,) increases with orientation
as envisaged by the Doi-Edwards theory, but absolute
values are orders of magnitude greater than predicted; that
is, the molecules are much less hindered than originally
anticipated. The more detailed theoretical comparison is
confined to the isotropic case (D,). While a realistic
modification was successfully applied to the existing the-
ory, nevertheless computer simulations lead to a better
physical insight into the process of diffusion and question
the applicability of the existing theoretical approach re-
lying on mean constraint.

At sufficiently long residence times in the flow field our
results suggest that an initially isotropic solution may
undergo a transition to a liquid-crystallike state. The
technique has much potential for the study of such ori-
entation-induced phase transitions.
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Glossary of Terms

D, rotational diffusion coefficient of rigid-rodlike
. molecules in an entangled isotropic solution
D, rotational diffusion coefficient of rigid-rodlike
molecules in a nonisotropic entangled solution
(a function of overall orientation)
D, rotational diffusion coefficient of rigid-rodlike
molecules in a dilute isotropic solution
minimum value of rotational diffusion coefficient
required to avoid end clashes
D,,  longitudinal translational diffusion coefficient of
a dilute solution of rigid-rodlike molecules
rod length
rod diameter
number of rods per unit volume
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orientational relaxation time

strain rate

orientational distribution function

time

time from the nip to the isotropic state

induced retardation

maximum retardation (perfect orientation)

angular velocity of rollers

roller radius

half the separation of adjacent rollers

birefringence

distance downstream from the nip position

radius of an imaginary cylinder around a rod that
touches only one other rod

intrinsic viscosity

Avogadro’s number

molecular weight

wavelength of light

Registry No. PBT (SRU), 69794-31-6.
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