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ABSTRACT: The dynamics 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). I t  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 recently1p2 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,3+ but its importance for polymers 
melts has been realized only r e~en t ly .~  

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 is related to the 
chain o r i en ta t i~n ,~*~  which is affected by the nematic 
interaction. Such modification has been done for the rep- 
tation dynamics by Merrill et al.7 and Doi et a1.'0 

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 
on a short time scale.* In the previous paper,"an equation 
of motion for the Rouse chain with nematic interaction 
was proposed. It waR 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.'Jo 

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. 

* To whom all correspondence should be addressed. 
t Nagoya University. 
f Osaka University. 

Consider a freely jointed chain consisting of No segments 
of length bo. Let ui (i = 1,2, ..., NO) be the unit vector in 
the direction of the ith segment. The orientational tensor 
of the ith segment is defined by 

(1) 
The average of qiugfor all segments in the system is denoted 

9,s = qiaB/(number of segments in the system) 

(2) 
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:12 

qiab = (uiuuib - '/36a@) 

by (?ab: 

all segments 
in the system 

(3) 

This potential becomes minimum when Ui 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 NR = No/N 
segments and represent the conformation of the chain by 
the position vector of the N selected segments R1, Rz, ..., 
RN. The part bound by the nth and (n + 1)th selected 
segments is called the nth Rouse submolecule. 

To derive an equation of motion, we need the free energy 
of the chain for fixed (Rn). This is the sum of the free 
energy of each submolecule, the nth one of which is given 
by 

where 

rn = 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 
(eq 3). (The excluded volume interaction can be neglected 
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in the mean field approximation.) For the freely jointed 
chain, U consists of UNI only. In this case, Jarry and 
Monnerie5 showed13 

3k,T 
2b2 As,&,,) = - toqag)rnarng + constant ( 5 )  

where 

(6) b2 = NRbo 
is the mean square end-to-end distance of the submole- 
cule and 

2 

(7) 

is a dimensionless parameter representing the nematic 
interaction. Also, the orientational tensor of a segment 
is calculated to be5 

(8) 

Let the orientational tensor of the nth submolecule be 
defined by 

(9) 
3 

Sna,  a G(rnarn6 - '/3r,26a@) 

The average of Snap for all the submolecules in the system 
is denoted by Sap It then follows from eqs 2 and 8 that 

or 

Thus eq 5 is written as 
3 k ~ T  

Asub(rn) = -(aa@ - tSaB)rnarnB + constant (12) 
2b2 

where 

The free energy of the Rouse chain in a matrix with an 
orientation Sa@ is given by 

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

3. Equation of Motion 

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

D,(r,t) = K,&)rg (15) 
Given the free energy, the equation of motion for the Rouse 
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chain is derived as8 

where t i s  the friction constant of a submolecule, and fn(t) 
is the random force characterized by 

(fn,(t)fm@(t')) = 2lk~T6nm6,@6(t - t') (17) 
Equations 14 and 16 give 

3 k ~ T  
-(aa@ - cSaB)(Rn+lp - 2Rn,9 + Rn-lp) + fn, (18) 

b2 
This form of the equation of motion is identical with that 
given in ref ll.14 

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

l N  

Nn=0 
X J t )  = - c c o s  (?)Rn(t) (p = 0, 1,2, ...) 

(19) 

Then eq 18 is rewritten as 

where 

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

or in terms of the normal coordinates 
- N  

Equations 22 and 24 give a complete set of equations for 
Sop and CXpaXpp). 

4. Stress Tensor 
The expression for the stress tensor is obtained by the 

procedure described in ref 8. Let Abt be the free energy 
of the system per unit volume. Consider a macroscopic 
deformation that displaces a point a t  r as 

' a  -w ra + ' E a f p  (25) 
and let 6Abt be the change of Abt under this deformation; 
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then the stress tensor a,@ is given by 

6Abt = Qa86CaB (26) 

In the mean field approximation, the free energy per 

(27) 
where nchain is the number of Rouse chains in unit volume 
and ANI 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, ANI is given by 

unit volume is given by 

= nchain ( Achain) - ANI 

where Nbt = Nnchdn is the number of Rouse submolecules 
in unit volume. Thus 

Under the hypothetical deformation (25), each submol- 
ecule is deformed affinely; i.e., Rna -+ Rna + 6t,gRn@ or rn, 
+ r,, + 6taprnp Thus 

6Ato, = kBTNtot[6t,@(S,@ + la,@) - 1/$s ,@6s ,@] (30) 
where 

On the other hand, from eq 23, we have 

6S,, = 6Ear(Sjjr + 16@J + 6E@r(Sar + 16,J - 

2/36aB6~fiu(Sru + 16,,J (32) 
Equation 30 then gives 

= kBTNb$E,@[(S,,j + 16,@) - E(S,ps& + lsa@)] 
(33) 

whence the stress tensor is obtained as 

gap = k~TNbt[s,@ - E(S,,S, + is,&] (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: 

(35) - { y ( t )  if CY = x and P = y 
otherwise K,,&t) - 

In this case, only the xy (and y x )  components of the ten- 
sors ( X p , X p ~ )  and Sap are of the order of y ;  the rest 
components may be set to  the equilibrium value: 

which is solved as 

(X,,X,) = 
k,T 

dt’ exp[-(t - t ’ ) / rp]  [ &’) + %’,,(t’)] (38) 
-Jm k P  T P  

where 

T p  = l p / 2 k p  (39) 
Equations 24 and 38 lead to an integral equation for 
S * y ( t ) :  

where 

Since S’,,(t) is a linear functional of +(t), the solution of 
eq 40 can be written as 

S,,(t) = S_cdt’p(t - t’)y(t’) (42) 

where the memory kernel&) is the solution of the integral 
equation: 

d t )  = clo(t) + c c d t ’  [ $r& - t’)]dt’) (43) 

(This equation is obtained from eq 40 by putting +(t) equal 
to 6( t ) . )  

From eq 34, the shear stress is given by 

U,,(t) = kBTNbt(1 - E)szy(t )  (44) 

= k B T N b t ( l  - E) Jkdt’p(t - t’)+(t’) (45) 

Thus the relaxation modulus G N I ( ~ )  for the Rouse chain 
with the nematic interaction is obtained as 

G,,(t) = kBTNbt(1- E ) P ( ~ )  (46) 
This result agrees completely with that in ref 11. The 
equation for p ( 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 

(47) r&O) = P(0) = 1 
By integration by parts 

Equation 43 is then rewritten as 
E a d t )  = P&) - iq S,Ldt’  PO(^ - t ’ ) p ( t ’ )  (48) 

If there is no nematic interaction, the relaxation modulus 
which agrees with eq 25 in ref 11. 

is given by 

cR(t) = k,TN&O(t) (49) 
Given &), we can solve eq 43 for p ( t )  numerically. 

The result of the numerical calculation is schematically 
shown in Figure 1, where GNI(t) is compared with CR(~) .  
Notice that (i) a t  t = 0, G N I ( ~ )  is smaller than &(t) by a 
factor (1 - e) but (ii) as t increases, CNI (~)  approaches 
G R ( ~ )  quickly. 
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ln(t) 

Figure 1. Relaxation modulus of the Rouse model with the nem- 
atic interaction, G N I ( ~ )  (the solid line), is compared with the 
conventional relaxation modulus without the nematic interaction, 
&(t) (dashed line). The long-time behavior changes as the 
molecular weight changes from M I  to M2, 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 po(t) is 
proportional to t-l/*,* the integral in eq 43 is dominated 
by the contribution near t’ N t and may be approximated 
as 

Hence eq 43 is solved as 

Thus when po(t) << 1, ~ ( t )  is larger than po(t) by a factor 
1/(1- t). This cancels with the front factor (1 - t) in the 
stress expression, so that and G R ( ~ )  agree with each 
other precisely. 

Equation 51 is valid for t larger than a certain char- 
acteristic time T ~ ,  but it is also valid a t  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 - t) 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 - t) 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 T~). 

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 t depends on the size of the Rouse submolecule 

Effect of Nematic Interaction on the Rouse Dynamics 743 

NR. On the long time scale, one can choose a larger sub- 
molecule consisting of, say, NR‘ segments. The rheolog- 
ical properties are unaffected by this renormalization of 
the submolecules, but the nematic interaction parameter 
t’ 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 4~ 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, NA is the number 
of submolecules in the A chain. The free energy of the A 
chain is written as 

3 k ~ T  N A  

2b2 n=O 
chain = -c(’afl- tsafl)rAnarAnfl (52) 

where Sub is the overall orientational tensor of the sub- 
molecule and is given by the volume average of the tensor 
of each component: 

( 5 3 )  ‘afl = 4ASAafl + 4BSBafl 

where 

For this definition of Sap, 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. 

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

where 

~ o ( t )  = ~ A P A O ( ~ )  + 4g~lgo(t )  (56) 
and PA&) is the relaxation function of component A 
without the nematic interaction. From eqs 55 and 56, it 
follows that p ( t )  $ w A ( ~ )  + $ ~ p ~ ( t )  satisfies precisely the 
same equation as eq 43, and the relaxation modulus is 
again given by eq 46, the only distinction being that p&) 
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 

interaction is formulated. From the expression of the free 
energy, the equation of motion and the expression for the 
stress tensor are derived straightforwardly. As an example, 
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.3-6 It has been shown that the effect of the nem- 
atic interaction on the modulus of the rubber is of the 
order of l/Nx, where N. 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 
l/Nm&), where Nm&) 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- to/3) on the orientation of segments (see eq 
ll), and this factor is independent of time. 
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