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Effect of Nematic Interaction on the Rouse Dynamics
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ABSTRACT: Thedynamics of Rouse chains that interact with each other by a nematic potential is formulated.
The formulation leads to a unique expression for the stress tensor and resolves the controversy on the stress
expression. The relaxation modulus for the linear viscoelasticity agrees with that given in the previous paper
(Watanabe et al. Macromolecules). It is shown that the effect of the nematic interaction is small for the
rheological properties but significant for the orientation of polymer segments.

1. Introduction

Various experiments done recently’? suggested that
there is a specific interaction in polymer melts, called the
nematic interaction, which tends to orient the neighboring
polymer segments in melts toward the same direction. Such
an orientational coupling has been known to exist for
rubbers for a long time,>% but its importance for polymers
melts has been realized only recently.’

If the nematic interaction exists in polymer melts, it
would require a modification of the conventional theories.
For example, the theory of viscoelasticity should be
modified since the stress in polymer melts isrelated to the
chain orientation,®® which is affected by the nematic
interaction. Such modification has been done for the rep-
tation dynamics by Merrill et al.” and Doi et al.10

On the other hand, it is also important to study the
effect of the nematic interaction on the Rouse dynamics
since (i) the dynamics of short polymers in melts is
described by the Rouse model and (ii) even for long
polymers, the dynamics is described by the Rouse model
onashorttimescale.® Inthe previous paper,!! anequation
of motion for the Rouse chain with nematic interaction
was proposed. It was shown that the effect of the nematic
interaction is large for the optical properties but small for
the viscoelastic properties, particularly in the long-time
behavior.,

In the previous paper,!! however, the basic equation
was derived on a rather intuitive basis. In this paper, we
give a more refined formulation for the nematic interaction
for the Rouse dynamics based on the general kinetic theory.
For linear viscoelasticity, this formulation leads to a
relaxation modulus identical with the previous one.!! An
advantage of this formulation is that the expression for
the stress tensor can be derived without any additional
assumptions. This also resolves the previous controversy
on the expression for the stress tensor in the reptation
dynamics.”10

2. Free Energy of the Rouse Chain with Nematic
Interaction

To handle the nematic interaction, we need a model
that describes the local structure of the polymer molecule.
Here, for simplicity, we use the model of a freely jointed
chain, but the theory can be developed for a more realistic
model.
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Consider a freely jointed chain consisting of Ngsegments
of length by. Let u; G =1, 2, ..., Np) be the unit vector in
the direction of the ith segment. The orientational tensor
of the ith segment is defined by

Ting = (Uiglhig = 1/36aﬂ) 0y
The average of g;.g for all segments in the system is denoted
by gas:

Qo = Z q.¢/ (number of segments in the system)
all segments
(2)

in the system
To express the nematic interaction, we use the following
mean field potential (Maier-Saupe potential) as is usually
done in the theory of liquid crystals:!2

Uni = _ZEqaﬁ(uiauiﬂ -1 3028 3)

This potential becomes minimum when u; is in the average
direction of the surrounding medium. The parameter E
denotes the strength of the nematic interaction.

Now it is generally believed that if the dynamics of a
chain is determined locally, its behavior on a large length
scale can be described by the Rouse model. To relate the
freely jointed chain with the Rouse model, we select N
segments evenly along the chain at every Ng = No/N
segments and represent the conformation of the chain by
the position vector of the N selected segments R;, R, ...,
Ry. The part bound by the nth and (n + 1)th selected
segments is called the nth Rouse submolecule.

Toderive an equation of motion, we need the free energy
of the chain for fixed {R,). This is the sum of the free
energy of each submolecule, the nth one of which is given
by

Asub(rn) =
~kgT In fd[u,-] exp(—

where

U(lll,-})

T )a(r,,—bOZu,.) (4)

r,= Rn+1 _Rn

is the vector joining the ends of the submolecule, U is the
energy of the segments, and the index i runs over all the
bonds in the submolecule.

The energy U consists of two parts: (i) the energy
associated with the internal rotation of segments and (ii)
the energy associated with the nematic interaction, Uni
(eq3). (The excluded volume interaction can be neglected
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in the mean field approximation.) For the freely jointed
chain, U consists of Unj only. In this case, Jarry and
Monnerie® showed!3

AT, = -—Z;(éaﬂ = €Q,p) nalng T constant  (5)

where
b= NRbo2 6

is the mean square end-to-end distance of the submole-
cule and

. = 2E
0 5kgT
is a dimensionless parameter representing the nematic

interaction. Also, the orientational tensor of a segment
is calculated to be®

)

U
f dfu} exp(— ;_r;_: )6(1-" - bOZuj)(uiau,-ﬁ — 1/ 484g)
J

B
Qiap =
Uni
fd{uj} exp(— —)6(r,, - boZuj)
———Pralng = / s’ nzaaﬂ) + 1/ 3€0%ag (8

5NRb2

Let the orientational tensor of the nth submolecule be
defined by

Snaﬂ = %(rnarnﬁ - 1/3rn26a6> 9

The average of S,,s for all the submolecules in the system
is denoted by S.s. It then follows from eqs 2 and 8 that

1
qaﬁ = BFRSaﬂ + l/3€OQ¢xﬁ (10)
or
Qo = o — (11)

—_ 8
5Np1- 1/3‘0 “
Thus eq 5 is written as

Agplr,) = %(601& — €S, 90Tl + constant  (12)
where
1 €0
= (13)
5Ng1-1/ 3o

The free energy of the Rouse chain in a matrix with an
orientation S,z is given by
3kgT N
Acham - 9 Z(rn
2b° n=1

- €S, g naT ) (14)

The first term in the parentheses is the intramolecular
entropic contribution, and the second term represents the
nematic interaction.

3. Equation of Motion

We now consider the dynamics of the Rouse chain in
the macroscopic flow field

Do(r)t) = &, 4(t)rg (15)
Given the free energy, the equation of motion for the Rouse
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chain is derived as®

(aR aﬁRnﬂ)

where ¢ is the friction constant of a submolecule, and f,,(t)
is the random force characterized by

FraDFmgt)) = 20kgT8,dodE — ) (17)
Equations 14 and 16 give

(aR Tk ﬁRnﬁ)

3kgT
-—5—(50‘5 - €Saﬁ) (Rn+1ﬂ - 2Rnﬂ + Rn_lﬁ) + fna (18)

aAcham

+ fra (16)

This form of the equation of motion is identical with that
given in ref 11.14

To handle the Rouse equation, it is convenient to use
the normal coordinate

X,(t) = —Zcos( )R ®) ©=01,2..)
n=0

(19)

Then eq 18 is rewritten as

§(<9 Kaﬁxpﬁ)_ k(3,5 €Su5) X + fr (20)

P\gt” P
where
_ oNE - 24NkgT (pr)
g‘p = g_) p = b2 SIn 2N ’
pa = 2Zcos ( ) P=12.)

n=0

(21)

From eq 20, the equation for the second moment can be
derived by the same procedure described in ref 8, p 112.

d
{p(&(xpaxpﬂ) = Kau{ X5 X pg) = (X p, pa})
2kBT6aﬁ - kp(2<Xanpﬂ) - 6'SL!M(‘XPM Pﬁ>
CSB“(XP“XPQ)) (22)

Equation 22 involves an unknown quantity S,s(t), which
is determined self-consistently. For example, for a mon-
odisperse system, S,4(t) is given by

= —Z a8 = ——Z<r,.ar,.a U ougt?) (23)

n=1 n=1

or in terms of the normal coordinates

Sus = Z'H o Xog— XD (24)
NkB oe1

Equations 22 and 24 give a complete set of equations for
Saﬁ and (Xanpg).

4. Stress Tensor

The expression for the stress tensor is obtained by the
procedure described in ref 8. Let Ay be the free energy
of the system per unit volume. Consider a macroscopic
deformation that displaces a point at r as

o= Ty ¥ Begls (25)

and let § A, be the change of A, under this deformation;
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then the stress tensor o, is given by
0A = 0,50€,5 (26)

In the mean field approximation, the free energy per
unit volume is given by

Aot = Mehain{Achain’ ~ AN 27

where ncnain is the number of Rouse chains in unit volume
and An is the energy of the nematic interaction; the term
Ani is needed to compensate for the double counting of
the interaction energy. In particular, for a monodisperse
system, Anj is given by

N
1
ANI = - ;—kBTnchamZ aﬂ<rnarnﬂ> =- ZkBT]\/vt.otESmS2
" (28)

where Nyt = NNghain is the number of Rouse submolecules
in unit volume. Thus

3 & o 1o
Ay = kBTNwz 2 :<rn )= ~€S.g (29)
b2"=1 2

Under the hypothetical deformation (25), each submol-
ecule is deformed affinely; i.e., Rno — Rpo + €agRng OF rny
= Ina + S€qgrng. Thus

6At07. = kBTNtot[aeaﬁ(saﬁ + léaﬂ)

where

~1/,68,488,5] (30)

1
l=—) (r,% (81)
e

On the other hand, from eq 23, we have
68,5 = 0e,,(Sy, + 105,) + e (S, +15,) -
2/ $0agPe,,(S,, + 18,,) (32)
Equation 30 then gives
0A o, = RgTNyde 5[ (S5 + 18,5) - €(S,,S,, + lSaﬂ)](33)

whence the stress tensor is obtained as

0o = kpTN [ S5 = €(S,,Sp, + 1S,4)] (34)

5. Linear Viscoelasticity for a Monodisperse
System

Now let us examine the linear viscoelasticity of the
system using the above formulation. Consider the shear

flow:
Kaﬂ(t) = { g(t)

In this case, only the xy (and yx) components of the ten-
sors (XpaXps) and S.s are of the order of v; the rest
components may be set to the equilibrium value:

kyT
B - 8. S
p

ifa=xandB=y

otherwise (35)

(Xp Xpﬂ) =0, =1 atequilibrium

(36)

af

Hence eq 22 gives

kpT.
{pat(<pr py) p ) = —2kp<prXpy> + 2ekBTS:¢y

(37)
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which is solved as
(X, X ) =

-l f dt’ exp[~(t - t') /7 ][‘y(t’)+—S (t’)] (38)

where
7, = §,/ 2k, (39)

Equations 24 and 38 lead to an integral equation for
S.y(t):

Siptt) = J2a [uolt = 0976 + e[gmfe - c'))s,y(t'()4l)

where

u(t) = —Z exp(-t/7,) (41)

P=1
Since 8S,,(t) is a linear functional of ~(t), the solution of
eq 40 can be written as

S,() = f 1t u(t - )3(t) (42)
where the memory kernel u(¢) is the solution of the integral

equation:

we) = uolt) + e it [ Suge-r Jur) @)

(This equation is obtained from eq 40 by putting v(t) equal
to 6(t).)
From eq 34, the shear stress is given by

0,5(8) = BgTNy (1~ S, (8) (44)

=kg TNy (1 - 0 " dt'u(t - t)7() (45)

Thus the relaxation modulus Gni(t) for the Rouse chain
with the nematic interaction is obtained as

Grilt) = BgTN,,(1 - hult) (46)

This result agrees completely with that in ref 11. The
equation for u(t) in ref 11 is superficially different from
eq 43, but the equivalence can be shown as follows. From
eqs 41 and 43, it follows

#o(0) = u(0) = 1 (47)
By integration by parts

ta a Y Y =
Joae [ Sue -0 |ue) =
t ’ a 4
Bl = uolt) ~ f'd ult - ¢)5u(t)
Equation 43 is then rewritten as

blt) = uo(t) = 7= fd uolt - £)ue)  (49)

which agrees with eq 25 in ref 11.
If thereis nonematicinteraction, the relaxation modulus
is given by

Gr(t) = kgT N, uo(t) (49)

Given uo(t), we can solve eq 43 for u(t) numerically.
The result of the numerical calculation is schematically
shown in Figure 1, where Gni(t) is compared with Gr(t).
Notice that (i) at ¢t = 0, Gni(t) is smaller than Gr(¢) by a
factor (1 — ¢) but (ii) as ¢ increases, Gni(t) approaches
Gr(t) quickly.
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Figure 1. Relaxation modulus of the Rouse model with the nem-
atic interaction, Gni(t) (the solid line), is compared with the
conventional relaxation modulus without the nematicinteraction,
Gr(t) (dashed line). The long-time behavior changes as the
molecular weight changes from M, to M,, but the short-time
behavior is independent of the molecular weight.

The first point is obvious from eq 47. It is consistent
with the result of the theory of liquid crystalline polymers
that the initial relaxation modulus decreases if there is
the nematic interaction (see ref 8, p 366).

The second point is seen as follows. Since wo(t) is
proportional to t-1/28 the integral in eq 43 is dominated
by the contribution near ¢’ ~ t and may be approximated
as

S [ Zuote - Juie) = wio) fyfde [ Suoe -] =
r(t)(1 - po(t)) (50)
Hence eq 43 is solved as

#o(t)
1= e(1- wol))

Thus when uo(t) <« 1, u(t) is larger than ug(t) by a factor
1/(1-¢). This cancels with the front factor (1 — ¢) in the
stress expression, so that Gni(t) and Gg(¢) agree with each
other precisely.

Equation 51 is valid for t larger than a certain char-
acteristic time ., but it is also valid at t = 0. Thus eq 51
is expected to be a good approximation over the entire
time region.

The above result resolves the previous controversy
whether one should have a factor (1 - ¢) in the expression
for the stress tensor. The present formulation shows that
there is such a factor and supports the argument in ref 7.
On the other hand, if one considers the dynamics, the
factor in the stress expression cancels precisely with the
factor arising from the dynamics, and the nematic inter-
action plays no role in the rheological properties on a long
time scale. Thus the argument in ref 10 is valid also.
Actually, the question whether one should have the factor
(1 - ¢) in the stress expression is an ill-posed problem
because the answer depends on the time scale for which
the model equation is proposed. Therefore there is no
essential difference in the final results in refs 7 and 11.
The present paper showed that the effect of the nematic
interaction on the rheological properties can be neglected
in the regime where reptation motion is dominant (since
the characteristic relaxation time of the chain between
the entanglement point is considered to be much longer
than 7).

That the rheological properties of the Rouse chains on
the long time scale are unaffected by the nematic inter-
action can be shown more directly. Notice that the
parameter ¢ depends on the size of the Rouse submolecule

u(t) = (61)
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Ng. On the long time scale, one can choose a larger sub-
molecule consisting of, say, Ng’ segments. The rheolog-
ical properties are unaffected by this renormalization of
the submolecules, but the nematic interaction parameter
¢ becomes smaller. Thus on the long time scale, the effect
of the nematic interaction is neglected.

6. Linear Viscoelasticity of a Polymer Blend

The above theory can be easily generalized to a mixture
of Rouse chains with different molecular weights. Let ¢4
and ¢p be the volume fraction of each component. In this
section, the quantities of each component are distinguished
by the subscripts A and B; for example, N, is the number
of submolecules in the A chain. The free energy of the A
chain is written as

3k T Na
Ap chain = 2 _ (005 = 6S0p) anaT ans (52)
n=0
where S, is the overall orientational tensor of the sub-
molecule and is given by the volume average of the tensor
of each component:

Saﬁ = ¢ASAaB + ¢BSBaB (53)
where

3
Saws = 22 (TAnaTAng = ' 30T Anl) (54)
NAb n=1

For this definition of S, the equation of motion for each
component is given by the same equation as eq 18, and the
stress is again given by eq 34.

Inthe case of linear viscoelasticity, the memory function
for each component satisfies

1a(®) = mao® + € f1at" [ uolt - 1) Jualt)  (59)
where

#o(t) = ¢AﬂAo(t) + ¢Bﬂ-30(t) (56)

and pao(t) is the relaxation function of component A
without the nematic interaction. From egs 55 and 56, it
follows that u(t) = paua(t) + ¢pup(t) satisfies precisely the
same equation as eq 43, and the relaxation modulus is
again given by eq 46, the only distinction being that uo(t)
is given by eq 56. Thus the comments given for the mon-
odisperse case holds for polymer blends also. In particular,
the total stress is not affected by the nematic interaction
on the long time scale.

7. Conclusion

In this paper, the Rouse dynamics with the nematic
interactionis formulated. From the expression of the free
energy, the equation of motion and the expression for the
stress tensor are derived straightforwardly. Asanexample,
the relaxation modulus in linear viscoelasticity is calcu-
lated, and this agrees with that given in the previous
paper.!! Thus the formulation in this paper includes that
in the previous paper for small shear strain as a special
case.

One of the main conclusions in the previous and this
work is that the rheological properties on the long time
scale are very insensitive to the nematic interaction. This
insensitivity has been known in the theory of rubber
elasticity.> It has been shown that the effect of the nem-
atic interaction on the modulus of the rubber is of the
orderof 1/ Ny, where Ny is the number of segments between
the cross-links. Although this result is for the equlibrium
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situation, it can be translated to the nonequilibrium
situation: one expects that the effect of the nematic
interaction on the relaxation modulus is of the order of
1/ Nrelax(t), where Nyelar(t) is the number of submolecules
relaxed at time ¢t. Thus one can anticipate that the nem-
atic interaction is negligible on the long time scale. The
present formulation demonstrated quantitatively that this
anticipation is correct.

Although the nematic interaction becomes negligible in
the rheological properties on the long scale, it should be
mentioned that the effect is significant for the orientation
of segments. Indeed, the nematic interaction gives the
factor 1/(1 - ¢o/3) on the orientation of segments (see eq
11), and this factor is independent of time.
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