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ABSTRACT: This paper is the first part of a two-part series investigating the flow dynamics of semidilute
solutions of rodlike chains. Specifically, the effects of polydispersity are considered. In this paper, numerical
solutions of the flow birefringence An and the average orientation angle x for the Doi-Edwards model for
monodisperse systems and the Doi-Edwards-Marrucci-Grizzuti model for polydisperse systems are studied.
These models, to be tested in part 2 by experimental results on rodlike collagen proteins using the method
of two-color flow birefringence, indicate that the rheooptical properties are very sensitive to the high molecular
weight components. A polydisperse solution with a small quantity of high molecular weight chains exhibits
substantially different behavior than a monodisperse solution, especially under transient flow conditions. In
addition, the birefringence overshoot predicted for the rodlike system was found to be much smaller compared

to that observed for flexible systems.

Introduction

The flow response to rodlike macromolecules has at-
tracted increased interest recently due to the unique and
important properties which can be achieved from incor-
porating such materials into the processing of a wide range
of products. Of particular note is the possibility of pro-
ducing high-strength fibers and composite materials.
Additionally, many biopolymers assume rodlike confor-
mations and the corresponding rheology of these systems
is also of interest. In a series of articles, Doi and Edwards!
have described a molecular model which attempts to de-
scribe the dynamics of semidilute solutions of rodlike
chains. This model, which is based on the simple rigid-
dumbbell model,? incorporates a mechanism by which the
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hindered rotational diffusion of rods in close proximity is
accounted for by encapsulating the rods within tubes which
restrict their translation normal to the chain axis but leave
translation along the axis unaffected. This simple model
has been shown to qualitatively predict a variety of ob-
served phenomena including the strong concentration and
molecular weight dependencies of many rheological and
dynamic properties.’*

In its original form, the Doi-Edwards model of con-
centrated rodlike chdins describes systems of uniform
chain length. For dilute solutions in which interparticle
interactions are negligible, polydispersity can be treated
as a simple extension of the monodisperse case. Any bulk
solution property is simply the weighted average of the
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contributions by the constituent components. Beyond the
dilute concentration range, however, polydispersity is a
much more complicated problem. Recently, Marrucci and
Grizzuti®® have proposed a method to incorporate poly-
dispersity into the Doi-Edwards model. They pointed out
that while polydispersity only broadens some features, it
can have a dramatic effect on other properties. Using a
preaveraging approximation to solve the moment equations
that describe the flow behavior of the system, Marrucci
and Grizzuti obtained the steady-state solutions for the
shear and normal stresses for bi- and trimodal systems to
illustrate their points.

This paper is the first in a two-part series describing the
response of semidilute rodlike chains subject to transient
shear flow. In part 2 the results of experiments utilizing
the method of two-color flow birefringence on rodlike
collagen proteins will be presented and compared against
the Doi-Edwards—-Marrucci—Grizzuti (DEMG) model. The
technique of flow birefringence provides a number of ad-
vantages over the mechanical devices which are used for
stress measurements. The temporal response of the me-
chanical measuring devices is often limited by the inherent
compliance of the instrument components which some-
times even distorts the measured signals. The flow bire-
fringence measurements, on the other hand, are localized,
nonintrusive, and capable of much faster response times.
Consequently, this optical technique provides more precise
measurements especially for small signals and for fast,
transient flow cases. In this paper the molecular model
itself is examined. In particular, the consequence of in-
troducing polydispersity into the model is considered and
found to produce qualitative differences in the model
predictions for the flow birefringence experiment under
transient flow conditions. In addition, the preaveraging
technique used by Marrucci and Grizzuti, which saves
substantial computation time, has been evaluated against
the exact solution. The accuracy and usefulness of this
approximation scheme will also be discussed.

Summary of Theories

Doi~-Edwards Model for Monodisperse Systems. In
the Doi-Edwards model for monodisperse, semidilute
rigid-rod polymer solutions, the concentration range con-
sidered as

1/L} < ¢ «< 1/dL? 1)

where c is the concentration in number of rods per unit
volume, L is the length, and d is the diameter of the thin
rods (d « L). The lower concentration limit means that
the rods are interacting with their neighbors, and the upper
limit restricts the concentration to that below the iso-
tropic-nematic phase transition so that the solution can
stil] be considered thermodynamically ideal at equilibrium.

In this model the steric hindrance imposed by neigh-
boring rods is incorporated by enclosing a test rod within
an imaginary tube, the dimensions of which are specified
by the concentration and length of the rods. The encap-
sulated rod is allowed to diffuse freely along its axis, but
diffusion perpendicular to the axis is restricted. In order
for the test rod to perform an elementary rotation, either
the test rod or the impeding rod has to diffuse a distance
of order L to free the constraint. As a result, the rotary
diffusion coefficient for the rods is lowered. If the test rod
is assigned an orientation vector u(t), the diffusion equa-
tion governing the orientation probability distribution
function, f(u,t), of the rod is given by

6f(u,t)
ot

+ div (fa(t) - D,vH) =0 )
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u(?) = gt)u(t) - (u-g-uju 3)

where g(t) is the velocity gradient tensor of the applied
flow field and D, is the rotary diffusion coefficient of the
rods. The second term in the diffusion equation (eq 2)
accounts for the convective flux due to the flow while the
third term represents the diffusive flux due to Brownian
motions. This diffusion equation has a form identical with
that for an isolated, rigid dumbbell,? except that the dif-
fusion coefficient D, is given by

By(uf) = D 4/m fdow fw) sin )| (@)

Here, the symbol (uu’) denotes the angle between the test
rod and a neighboring rod with orientation vector u’. D,
is the rotary diffusion coefficient for a quiescent concen-
trated solution, which is related to D,y the diffusion
coefficient for a single, isolated rod, by the following re-
lation:

D, = B(cL?)™Dy 6)]

Here § is an undetermined numerical constant. Thus, eq
4 accounts for the hindered rotation of the test rod re-
sulting from the close proximity of neighboring rods.

If one can solve the time-dependent kinetic equations,
eq 2-4, with the appropriate initial conditions, moments
of the probability function f can be obtained. Conse-
quently, many of the bulk solution properties, such as the
flow birefringence and the orientation angle, can be pre-
dicted.

DEMG Model for Polydisperse Systems. In a poly-
disperse solution where rods of different lengths coexist,
a test rod of length L; can be hindered by rods of any
length L., To remove this constraint, either the impeding
rod or ti1e test rod itself must diffuse longitudinally a
distance of order of its own length. These two processes
are no longer equivalent as in the monodisperse case. The
faster of the two diffusion processes determines the
characteristic time needed for the test rod to perform an
elementary rotation. Equation 4 describing the rotational
diffusivity is then replaced by the following expression for
the i-rod of length L;:%¢

Dy ~
Li{(ZepLp(sin (uw))) X ¢;L3(sin (uw’));/Dy; +
m jsi
(L#/Dy) g ¢;Li(sin (uu))}? (8)
>i

Here, c,, is the number concentration of the m-rods, and
D,,, is the translational diffusivity of an isolated m-rod.
In addition, it is understood that j < i implies L; < L;. The
angular brackets (), refer to the configurational average
over f,(u,t) which is the probability that a rod of length
L,, has an orientation u at time ¢.

Methods of Solution

Infinite Series Expansion. Doi and Edwards have
solved the monodisperse problem by the method of infinite
series expansion for simple shear flow.” The details of
the mathematics can be found in their papers and we will
only summarize their results here.

A simplifying approximation is first made to replace the
orientation-dependent diffusion constant D, (u,[f]} by an
effective diffusion constant D, that only depends on the
shear rate g:

D, = (B,) = D[ (4/m [ dPu &’ fw) f(w) sin (uw)]”
™



788 Chow and Fuller

The orientation probability f(u,t) is then expanded in
terms of an infinite series of spherical harmonics Y,,,(6,%)

© 1
f60,8) = £ T bn(®)lim) ®)
where
|lm) = Y,,,(0,8) form=20

= (1/2Y9)[Y1n(6,8) + (-1)"Y,_,(6,8)]
forl<m<|

Such an expansion reduces the partial differential equation
of eq 2 into a set of nonlinear, ordinary, first-order dif-
ferential equations for the time-dependent coefficients b,

db,,(t)/dt = -DU(l + )b, — g Z Z (UmiT)'m" )by

=0 m'=0
9)
where
= L fl-1 (-3 -2
D, = D(l 87 :,_“ Z= (z+2)[—zn_]'b‘""2)
(10)

The operator T' and the matrix element (Im|T|I’m’) are
defined in eq B.1-B.4 of ref 1.

With the appropriate initial conditions b,,,(0), eq 9 and
10 can be solved by truncating b,, at | = [,,,. In our
calculations, [,,, was taken as 12-24 depending on the
shear rate. From the normalization condition of the
probability function, by, = 1/(4x)'/2. All other coefficients
b, are zero at the isotropic state.

Using the Lorentz-Lorenz rule which assumes coaxiality
of the molecular polarizability tensor and the refractive
index tensor, one can relate the birefringence An and the
orientation angle x to the moments of f as follows:

= cM[(u,? - u,?)? + 4(u,u,)4? (11)
X = Yo tan™ ((u,u,) /(u? - uy?)) (12)

where M is a constant associated with the intrinsic an-
isotropy of the polarizability of the polymer solution. u,
and u, are the components of the unit vector of the test
rod along the flow and shear directions, respectively. They
are related to the coefficients b, by

(uxuy) = “(4#/15)1/21721 (13)

(U2 - w,2) = (4m/15)1/%(byy — 31/2byy) (14)
The above problem has been nondimensionalized by the
characteristic time D, and the characteristic length L.

We have followed a similar procedure to solve the dif-
fusion equations for the DEMG model. The characteristic
time and length scales for the polydisperse system, fol-
lowing Marrucci and Grizzuti’s notation, are now defined
as

D' = (Zem/Dond) /(X em/Dom) (15)
L?=(1/c)Xc,Ly? (16)

where Dy; is the rotational diffusivity at isotropic conditions
defined as
kT 1

Dy, B— -C—EL"4{ZCL4+L32cJ gt an

Here, k is the Boltzmann constant, T is the absolute tem-
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perature, 7, is the solvent viscosity, 8 is a proportionality
constant, and

c=2cn, =(1/c)Xc,L, (18)
m m
For the polydisperse system, each probability function
f; for rods of length L; is expanded in spherical harmonics.
This procedure yields a system of equations for each set
of coefficients by, ;

blm,i(t)/dt = "D_n'l(l + 1)blm,i 4 IZ Z (lm]l‘ll’m’)blm,i
‘=0 m'=0

(19)
D, ~ Li_4(§cmLinm)_1{jZ<i c;LfQ; + L} E ¢;LiQu"
(20)
= 1 f14+1\[+3)N)?
R (=) (o) [ et

Although the above procedure does contain the simplifying
assumption of eq 7, it shall be referred to in later sections
as the “exact” solution in comparison to the preaveraging
approximation described in the next section. The equa-
tions relating An and x to by, ; become

An = cM{[%cm milt = u?) )% + 4[Zc Lo (ugtt,) n]312
(22)

x = Y% tan™ (ZEZC,,,L,,,(u,,uy),,,/gnjcmL,,,(u,;2 -u,2),)
(23)
(Uuy); = —(4m /15)1/2byy (24)

(u? - w?); = (4n /16)Y2%(byy; — 3Y/2by,)  (25)

Preaveraging Approximation. In order to facilitate
the solution of the equations governing the time evolution
of the moments of the orientation distribution function,
Doi® has introduced a preaveraging approximation which
has been worked out in detail for both the monodisperse
and polydisperse cases by Marrucci and Grizutti.® An
order parameter tensor S is introduced:

S = (uu - %I) (26)

When eq 2 is multiplied throughout by uu — !/,I and
integrated over u, the resulting equation contains a
fourth-order tensor (wuuu). This tensor is then approx-
imated by the second-order tensor (uu) as follows:

{uuuu) = (uu)(uu) 27

As a result, the diffusion equation for the monodisperse
solutions becomes

dS/dt = -6D,S + G(S) (28)
where

GS) =Yg+ g") + &S+ Sg"-%gSHI-2gSS

(29)

with g+ and transpose of g. The rotational diffusivity may
now be written as

D, = D,(1 - %8:8)2 (30)

As explained in ref 6, the constant 3/, corresponds to the
limit of strong ahgnment of all rods. At the weak-flow limit
where the system is near isotropic state, the constant
should be replaced by 15/16.
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Figure 1. Steady-state birefringence as a function of the di-
mensionless shear rate by the Doi-Edwards model: (a) Exact
solution, (b) weak-flow preaveraged approximation, and (c)
strong-flow preaveraged approximation.

ANGLE (deg)

@ 20 49 629 BO 100 129 140 180 180 200
SHEAR RATE (g/D.)
Figure 2. Steady-state angle of orientation as a function of the

dimensionless shear rate by the Doi-Edwards model. The no-
tations are the same as in Figure 1.

When the above manipulation is extended to the DEMG
model, the equation describing the rate of change of S; for
the i-rods is

dS,/dt = -6D,S; + G(S) (31)

where §(S)) is the same function as eq 29. The average
rotational diffusivity for the i-rods is

-1
D"' ~ Li_4 ZCmLm(l - ES,-:S,,,) Z Cij4(1 -
m 16 j<i

15 15 .
ES;.S]) + Li3 JE CJL](l - ES,:SJ)} (32)
In the isotropic state, the order parameter tensor is zero.
The birefringence and the orientation angle can be cal-
culated from eq 22 and 23.

Numerical Solutions

Monodisperse Solution. Figures 1 and 2 are the
Doi-Edwards model predictions of the steady-state bire-
fringence and orientation angle as a function of the nor-
malized shear rate, g/D,. In these two plots, curve a is the
numerical solution using the method of infinite series ex-
pansion; curves b and c are the weak- and strong-flow
approximations using the preaveraging technique. The
model predicts that the birefringence increases monoton-
ically with the shear rate as more and more rods are aligned
by the flow. The function levels off at higher shear rate
when the orientation effect saturates. The average ori-
entation angle, on the other hand, decreases sharply at low
shear rate and then approaches zero asymptotically at
infinite value of g/D,, at which all the rods are aligned in
the flow direction.

The preaveraging approximation, using either the
weak-flow or the strong-flow limit, overestimates the bi-
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0 0.1 02 03 04
of

Figure 3. Birefringence as a function of the dimensionless time
upon the inception of shear flow by the Doi-Edwards model. Solid
line is the exact solution and the broken line is the weak-flow
preaveraged approximation.

1
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Figure 4. Percent overshoot in the birefringence upon the in-

ception of shear as a function of the dimensionless shear rate

predicted by the Doi-Edwards model. The notations are the same

as in Figure 1.

an OVERSHOOT ¢4

refringence over the whole range of g/D,. The discrepancy
is as high as 70%. The orientation angle predicted by the
approximation is also always higher than the exact solu-
tion.

Figure 3 is a plot of the time-dependent birefringence
following the inception of shear at different values of g/D..
The birefringence has been normalized by the steady-state
value at that shear rate, and time has been normalized by
the characteristic time scale D,. The solid lines in this
figure are the exact solutions, and the broken lines are the
weak-flow preaveraged approximations. The strong-flow
preaveraged approximation consistently gives poorer
agreement with the exact solution because simple shear
flow is inherently a weak flow. At g/D, < 1 where the
convective time scale is greater than or comparable to the
diffusive time scale, the birefringence is a monotonically
increasing function with time. At higher values of g/D,,
however, An exhibits an overshoot before it levels off to
its steady-state value. This overshoot occurs because the
convective time scale is now less than the diffusive time,
and therefore the orientation effect by the flow dominates
at short time. The magnitude of the overshoot is calcu-
lated to be as high as ~12% by the eact solution. This
overshoot is very small in contrast with that exhibited by
flexible systems, which are capable of an additional mode
of deformation by stretching from the coiled configuration.
For polystyrene, the overshoot in the birefringence has
been reported to be as high as 250% following the incep-
tion of high shear rates.’

The solution based on the preaveraging approximation,
on the other hand, deviates quite markedly from the exact
solution. The magnitude of the overshoot is always un-
derestimated as summarized in Figure 4. In this figure,
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Figure 5. Orientation angle as a function of the dimensionless

time by the Doi~Edwards model. The notations are the same as
in Figure 3.
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Figure 6. Undershoot in the angle of orientation upon the in-
ception of shear as a function of the dimensionless shear rate
predicted by the Doi-Edwards model. The notations are the same
as in Figure 1.

curve a is again the exact solution, and curves b and ¢ are
the weak- and strong-flow preaveraged approximations.
Moreover, the estimated temporal position at which the
maximum of the overshoot occurs differs from the eact
solution by as much as 20%.

Figure 5 is a plot of the orientation angle vs. time fol-
lowing the inception of shear. The angle also exhibits
nonlinear behavior as an undershoot is predicted at high
values of g/D,. The preaveraged-approximation solutions,
however, show an undershoot in the angle 2 orders of
magnitude smaller than the prediction by the exact solu-
tion. It is practically zero in Figure 6 (curves b and c),
where the undershoot is plotted as a function of the applied
shear rate. The time at which the undershoot occurs is
overestimated by the preaveraged approximation by ~
30% over the range of g/D, studied.

Following the cessation of shear, the birefringence is
predicted to relax back to the isotropic state as in Figure
7. The exact solution (solid line) indicates a shear-rate-
insensitive relaxation rate, while the preaveraged-ap-
proximation solution (broken line) predicts a stronger
dependence of the relaxation rate on the applied shear rate.
The orientation angle, on the other hand, is predicted by
both solutions to remain unchanged from its value prior
to the cessation of flow during the relaxation process. The
angle remains unchanged because there is an equal like-
lihood that the rods will disorient by rotating in any di-
rection.

From the above comparison of the preaveraging ap-
proximations to the exact solution, we conclude that both
the strong-flow and the weak-flow approximations resem-
ble the exact solution qualitatively for both steady-state
and transient flow conditions. Quantitatively, however,
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Figure 7. Birefringence as a function of time upon the cessation
of flow by the Doi-Edwards model. The notations are the same
as in Figure 3.
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Figure 8. Steady-state birefringence for a bimodal system of 85%
short rods and 15% long rods predicted by the DEMG model.

the comparison is poor. The preaveraging approximation,
while preserving the overshoot and undershoot in the
birefringence and orientation angle, substantially reduces
these features. Similar results were reported by Leal and
Hinch!® in their attempt to solve the diffusion equation
for dilute suspensions of rigid spheroidal particles (which
reduces to the rigid-dumbbell model when the particle
aspect ratio approaches infinity). They have tried various
forms using the second-order tensor (uu) to approximate
the fourth-order tensor (uuuu) but found only fair
quantitative agreement between the preaveraged approx-
imations and the exact solution. The peraveraging-ap-
proximation scheme is nonetheless useful for a quick
qualitative estimate of the model predictions since the
requuired computing time is 3-4 orders of magnitude
shorter than that needed for the exact solution.

Polydisperse Solutions. The Doi-Edwards theory
suggests a strong length dependence of the rotational
diffusivity. As a result, in a bimodal system where two
different rod lengths coexist, the dynamics of the two
constituents can be drastically different from one another.
This disparity brings forth some interesting results that
are not predicted by the monodisperse model.

In the last section, the preaveraging technique of eq 27
has been found to be only a fair approximation of the exact
solution. Consequently, the solutions discussed in this
section are based on the method of infinite series expan-
sion. Figures 8 and 9 are plots of the steady-state bire-
fringence and orientation angle for a bimodal system that
consist of 85% rods of length L; and 15% rods of length
L,. In this examaple, L, is twice L,. This particular bi-
modal distribution was chosen as it corresponds to one of
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Figure 9. Steady-state angle of orientation for a himodal system
of 85% short rods and 15% long rods by the DEMG model.
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Figure 10. Time-dependent birefringence upon the inception
of shear with g/D, = 60 for a bimodal system of 85% short rods
and 15% long rods by the DEMG model.

the experimental systems discussed in part 2. In this case,
the rotational diffusivity of the short rods, D,,, is 30-50
times higher than that of the long rods, D,. The solid lines
in these two plots show the change in An for the bimodal
gystem as a function of g/D,, where D, is the average ro-
tational diffusivity as defined in eq 15-18. Since Dy is
much lower, the effective shear rate experienced by the
long rods (g/D,,) is much higher than the effective shear
rate experienced by the short rods (g/D,;). Consequently,
the long rods are always more aligned and are oriented at
a lower angle than the shorter rods at any given value of
g/D,.

For this sample bimodal system, Figure 8 shows that the
birefringence is a monotonically increasing function of the
shear rate. However, the shape of the function is different
from that characterizing the monodisperse system. At high
shear rate, the average An does not level off but rather
increases at a moderate rate over a wide range of g/D, until
the orientation effect of the short rods also saturates.

The orientation angle, as shown in Figure 9, exhibits
more peculiar behavior. The average angle (solid line) first
drops rapidly at low shear rate where the dynamics of the
long rods dominate. The function then shows a slight
increase before it decreases again at very high shear rates.
This is because at lower values of g/D; the measured angle
is more greatly influenced by the longer rods which are
more highly aligned and at a lower angle than the shorter
rods. As the shear rate increases, more short rods are
oriented, and therefore the statistical average places a
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Figure 11. Time-dependent angle of orientation upon the in-
ception of shear with g/D, = 60 for a bimodal system of 85% short
rods and 15% long rods by the DEMG model.
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Figure 12. Time-dependent birefringence upon the inception
of shedar with g/D, = 60 for a bimodal system of 50% short rods
and 50% long rods by the DEMG model.
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Figure 13. Time-dependent orientation angle upon the inception
of shear with g/D, = 60 for a bimodal system of 50% short rods
and 50% long rods by the DEMG model.

greater weight on the contribution from the short rods. A
local maximum in the orientation angle occurs when the
dynamics of the short rods begin to dominate.

Figures 10 and 11 are the time-dependent plots of the
birefringence and the orientation angle of the sample bi-
modal system following the inception of shear with g/D,
= 60. These two plots show somewhat unexpected results
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Figure 14. Time-dependent birefringence upon the cessation
of shear with g/D, = 60 for a bimodal system of 85% short rods
and 15% long rods by the DEMG model. The birefringence has
been normalized by its steady-state value prior to the cessation
of flow.

45,00 -

shcrt rods

30.00 c, = B3%, c_ = 15%

;\ both rcds

ANGLE (deg)
i

long rods

00 .08 s =0 Tes

.10
D.t
Figure 15. Time-dependent orientation angle upon the cessation

of shear with g/D, = 60 for a bimodal system of 85% short rods
and 15% long rods by the DEMG model.

in that the time-dependent behavior of the mixture is more
sensitive to the dynamics of the long rods, even though
they only account for 15% of the total number concen-
tration. Figures 12 and 13 show similar time-dependent
functions for another bimodal system consisting of 50%
single rods and 50% double rods. In this case the dy-
namics of the mixture almost entirely resemble those of
the long rods.

Since polydispersity introduces multiple relaxation
times, the relaxation process of a olydisperse system is
dramatically different from that predicted for a mono-
disperse system. Figure 14 is a plot of the normalized
birefringence following the cessation of shear at g/D, =
60. Since the two diffusive time scales, D,;™! and D,,7}, are
well separated, the relaxation of An is characterized by two
distinct relaxation rates. The function An (solid line of
Figure 14) shows a rapid initial drop followed by a much
sloer decay. The orientation angle, shown as Figure 15,
exhibits a decrease during the relaxation process when
polydispersity is included. The decrease in the angle is
also the result of having two relaxation times. Upon the
cessation of flow, the short rods are disoriented by the
Brownian motions at a much faster rate. As a result, the
statistical average of the orientation angle shifts to the
orientation of the long rods with time until the short rods
are totally relaxed. At this point, the angle remains con-
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Figure 16. Time-dependent birefringence (normalized by the
steady-state value) upon the cessation of shear with g/D, = 60

for a bimodal system of 50% short rods and 50% long rods by
the DEMG model.
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Figure 17. Time-dependent orientation angle upon the cessation

of shear with g/D, = 60 for a bimodal system of 50% short rods
and 50% long rods by the DEMG model.

stant at the average orientation of the long rods.

Figures 16 and 17 are plots of the relaxation behavior
of the bimodal system containing an equal number of
single and double rods following the cessation of shear with
g/D, = 60. These two figures again indicate that the
time-dependent flow properties of a polydisperse system
areemuch more sensitive to the contribution from the long
rods. The decrease in the angle during relaxation for this
particular composition, as shown in Figure 17, is much
smaller than that for the other solution shown in Figure
15.

Summary

We have examined the predictions of the flow dynamics
of rodlike chains in semidilute solutions by the Doi—-Ed-
wards model and the DEAMG model. Specifically, we have
calculated the numerical solutions of the flow birefringence
and the average orientation angle using two different
methods of solution. The dynamics of a polydisperse
system were found to be very sensitive to the presence of
the high molecular weight chains. The numerical solutions
indicated that a polydisperse system with a small amount
of longer chains exhibits very different flow properties from
its monodisperse counterpart, especially under transient
flow conditions. In particular, the orientation angle for
a polydisperse system always exhibits decrease during the
relaxattion process, while this angle is predicted to remain
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unchanged for a monodisperse system. Moreover, a local
maximum in the steady-state angle can occur when the
statistical average shifts its weight with shear rate from
longer rods to shorter rods. Additionally, both the Doi-
Edwards and the EEMG models predict a substantially
smaller overshoot in the birefringence compared to that
measured for flexible systems.

We have also shown that the preaveraging approxima-
tion using eq 27 to solve the diffusion equation produces
very poor quantitative predictions. It does, however,
provide a quick way to estimate the flow properties
qualitatively.

In the second part of this series, the DEMG model will
be tested against the transient flow results obtained on
rodlike collagen proteins using the method of two-color
flow birefringence by which fast, transient-flow measure-
ments are possible.
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ABSTRACT: Two-color flow birefringence measurements under steady-state and transient shear flow have
been obtained on two collagen samples with different molecular weight distributions. The results have been
compared to models describing solutions of strongly interacting rodlike polymers, the Doi-Edwards and
Doi-Edwards—Marrucci-Grizzuti (DEMG) models, which were studied in detail in part 1 of this two-part series.
We have found that only the DEMG model is successful in deseribing the flow dynamics of the polydisperse
collagen solutions. Quantitative comparison of the model to the steady state and the inception of shear results
is very good, and the agreement is somewhat poorer with data obtained upon the cessation of shear flow. The
quantitative discrepancies in the comparison could be attributed to the finite but limited flexibility of the

collagen molecules.

Introduction

The flow response of rodlike and semiflexible polymer
chains is of importance to a number of processes utilizing
both synthetic and naturally occurring materials to fa-
bricate products with important and unique properties.
For example, ultrahigh-strength fibers can be spun from
solutions of rodlike aromatic polymer molecules and the
possibility of producing such fibers has attracted a great
deal of interest from the aircraft and automotive indus-
tries.! On the other hand, several naturally occurring
macromolecules (some proteins and viruses) have rodlike
or semiflexible conformations and the flow properties of
such systems are also of interest. Collagen protein is one
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specific example of such a macromolecule which has found
application in the fabrication of artificial skin for use in
the treatment of burns? and as an injectable substance in
many cosmetic and reconstructive surgery applications.?

The addition of stiff macromolecules in moderate con-
centration, below any liquid crystalline formation, leads
to profound changes in the flow properties of these solu-
tions. Subsequently, there has been a marked increase in
the research directed toward understanding the dynamics
of rodlike polymer solutions in the semidilute regime.
Advances in both experimental and theoretical approaches
have been made in recent years, especially with regard to
the nature of the interactions between separate chains and
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