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Abstract : Rotational diffusivity of rod-like macromolecules in concentrated solutions is
severely affected by the entanglement of those molecules. The kinetic theory to describe
this effect is recaptured to include the side wall effect of the test rod argument of Doi,
which turned out to be very important in case of strong extensional flow. The initial re-

laxation time 71 of the Kerr effect depends on the concentration # and the molecular
weight M such that 7, o o M® instead of p2M’ given by Doi, which is good for the

relaxation time for the final stage.

INTRODUCTION

The importance of the entanglement effect
on the concentrated polymer solutions has been
well studied by Doi et. al. for both flexible !
and rigid2 system. As far as the rigid macro-
molecule is concerned, the translational motion
along the rod axis is almost free and translational
motion perpendicular to its axis is almost hinder—
ed so that the rotational diffusion governs the
whole dynamics of the system. During the con-
sideration of the rotational diffusion in Doi's
elegant paperz, there was an important factor
neglected from the beginning so that it seems
to appear some unusal nonexponential relaxation
phenomenon predicted in the case of perfectly
aligned macromolecules. This kind of perfect al-
ignment can be achieved by either hydro-
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dynamically or electrically. Here I am going to
reconsider the problem from the beginning to
correct this discrepency for the further researches
on the concentration effect of the rigid ma-
cromolecule solution under shear and electric fi-
leld. The couping effect on the rheological pro-
perties of the concentrated rigid polymer solution
is under study in this laboratory, now.

The Kinetic Equations

In concentrated regime(1/L3<<C<<1/dL?),
the kinetic equation describing the Brownian mo-
tion of each rod can be given by*

oF
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Here r denotes the position vector of the center
of the mass and u stands for the unit vector para-
llel to the rod axis. Dy, is the translational di-
ffusivity of the rod at dilute regime and D, is
the rotaticnal diffusivity of the rod at con-
centrated regime given above. The distribution

function F(ryu :t) would be normalized as

far fdu Pl s t)=1 (4)

If we are interested in the orientational dis-
tribution function f(u : t) defined by

flait)= [drF(ru: ) (5)

then the translational term given by equation
(2) can be neglected in the unbounded solution.

According to the test rod argument by Doi
the dimensionless rotational diffusivity D./Drg
is given by

D,/Dyy=[ac/LJ (6)

Details can be found in reference® and here Dig
is the rotational diffusivity in dilute regime and
L is the length of the rigid rod macromolecule
and a; is the radius of an imagined cylinder en-
veloping the test rod such that if we construct
N(a) equation for the number of rods crossing
that cylinder, then ac can be obtained from the
equation

N(a;)=1 (7)

For convenience, let us define two dimensionless
parameters as

€1=d/L (8)
ez=1/CL3 (9)
a*=a /L (10)
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Here d is the diameter of rigid rod and ¢ is the
number density of rod. And in the given con-
centration regime of Doi, it is clear that

€ << €2<<1 (11)

N(a*) Equation

If we consider the side wall of the previously
mentioned cylinder, the following equation for
N(a*) can be easily obtained from the ge-

ometrical argument.

2% us (1) =22 2 a1
27[(3.*) fd’f

Here (u u’) is the angle between u and u’ The
first term of left side of equation (12) is the
term considered by Doi and the second one is

t) sin{u u’)

t)cos(u u’) (12)

due to the side wall effect which was neglected
Now it is obvious that if the first
would be O(€,) and then
D;/Drg be 0(622) as given by Doi, because the
integrals in equation (12) are all O(1). If the
second term is dominant, a* would be O(e€41/2),
and then D,./D,, be O(e€y).

Let us take a few simple examples using vari-

previously.
term is dominant a*

ables 9 and ¢ for u. First of all at equilibrium,
first term in (12) is dominant so that a*=(2/
m) € and D./D;y=(4/7?) €5 with f(9, ¢)
=1/47. Next for a strong shear flow f(8,¢)

can be assumed by %}5(6’) and then D,/

D;, does not depend on the orientation of the
test rod so that

Z(a )?
*

N@h =t +22) (13)
If the first tem is dominant, a* is of O(ey)
and then the second term becomes O{€3g) so

that it can be neglected for the first ap-

proximation,
a* =" (140 (e )] (14)
Dl 2
T)—m—=(%) (140(e,)) (15)
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Finally, let us consider the strong extensional
flow considered by M. Doi when he dealt with
the relaxation of the Kerr effect. In this case,
it is obvious that f(0,¢) can be assumed & (g)d(¢)
for the extreme situation. Then the first term
in (12) becomes zero so that from the second
term a* would be [62/27r]1/2, Now it is clear
that the entanglement effect on the roational di-
ffusivity of the rigid rod is less severe in the case
of extensional flow than shear flow. The con-
sequence of this fact shall be discussed in for the
relaxation of the Kerr effect in the next section.

Relaxation of the Kerr Effect

As the simplest application of the theory, Dol
considered the relaxation of the Kerr effect and
I am going to just reconsider it, As a static ele—
ctric field is applied to the solution of rod-like
macromolecules, the rods will be aligned in the
direction of external field due to the permanent
dipole or anisotropy of the polarizability of the
macromolecules, Then the electric fileld is off
at t=0, the orientation of the rods will be re-
laxed to the equilibrium state. This relaxation
is detected by the birefringence, which is pro-
portional to

K(t)=<Py(cos 9)>'=.‘é—<3 cos’ -1> (17)
where P, is a Legendre polynomial. As mentioned
by M. Doi, the relaxation time for the dilute system
wolud be (1/6Dry), but the case of the con-
centrated system is different because the diffusivity
depends on the orientational distribution of rods.
At the final stage close to equilibrium, the re-
laxation time would be related to the rotational
diffusivity of the concentrated system given before
so that

K(t)=exp(-6D,t) (18)

and the relaxation time would be ~p=1/(6D,)
and proportional to c?L® or p*M’ where @ is
the density of the polymer solution and M is
the molecular weight. Consider the case of the
early stage close to the perfect alignment. The
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kinetic equation can be simplified into

o 12

of
ESET) ) (19)

(005,
and if we assume f(0:t) has a gaussian form,
then f(@:t) can be obtained by the self-
consistancy analysis of M. Doi,
1 6?
PR E (R
(6:1) g () P 72 (1) (20)

The equation for g(t) is

e —2x fowd9<D,o‘gf5>

_ Py H! 62
=0.), a0 e (= 7)) )
Then
dg £
£=2Dr= T Dro (22)

And if we use the result of the previous section
for the diffusivity, the last equality in (22) holds
so that

m

g(t)= - Dro t+g(0) (23)
and
K({t) 3e,D .t
Ka=0) _ °*P [—‘—er (24)

Therefore the relaxation time for the early stage
is

2
T 3Dne, o Lt ec pM® (25)

CONCLUSION

It is clear now that there is still exponential
decay from the beginning but much faster than
the final stage relaxation. The molecular weight
dependence of the relaxation time would be useful
to be checked by the future experimental work
for the validity of the theory. In fact, ex-
perimental works are under consideration in this
laboratory. And it is also interesting to see the
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response of the concentrated rod-like ma-
cromolecule solution in the electrohydrodynamic
field, because the restricted rotational diffusivity

affects both electric and hydrodynamic responses.
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