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A calculation of the diffusion coefficient based on (33) 
including the correlations of inter- and intramolecular 
distributions will be presented in a subsequent paper 
together with the recent data on the concentration de- 
pendence of D(c) obtained by light-scattering experi- 
m e n t ~ . ~ ~  

V. Discussions 
In this paper we investigated the concentration de- 

pendence of the characteristic frequency in all regions of 
the momentum transfer in the case of coherent scattering 
from a single labeled chain among other chains in a good 
solvent. We have demonstrated the existence of a 
crossover momentum transfer q* in the q dependence of 
the characteristic frequency t2 in the semidilute regime and 
examined its asymptotic behavior above and below q*. 
These results are relevant, in particular, to the inter- 
pretation of neutron scattering experiments. 

We have investigated the concentration dependence of 
t2 in the case of scattering from identical chains only for 
small momentum transfers and in the dilute regime. We 
have shown that the diffusion coefficient increases with 
concentration in a good solvent whereas it decreases in a 
poor solvent. We have determined the slope of D ( c )  as a 
function of the second virial coefficient. These results are 
directly applicable to the interpretation of light-scattering 
experiments. 

Since entanglement is not included in the dynamical 
model, the results of this paper are expected to be valid 
for all q values in dilute solutions, and for qt: 2 1, and in 
the vicinity of the crossover line qE i2: 1 in semidilute 
solutions. In these regions the results are in agreement 
with the predictions of the dynamical scaling approach. 
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ABSTRACT: The dynamic flow birefringence and the flow dichroism of block-copolymer molecules in solution 
have been calculated by modifying the bead-spring model theory of Zimm to take into account the existence 
of dissimilar segments in block copolymers. The expressions for the birefringence and the dichroism properties 
have been found to  be the same as those for homopolymers except that the contributions of normal modes 
are weighted by generally different factors. Some calculated results in the free-draining limit are given to  
illustrate how the inhomogeneity in segmental optical properties is expected to affect the flow birefringence 
and the flow dichroism. 

Recently, there has been much interest in the theoretical 
investigation of the dynamics of block copolymers. For 
example, Hall and DeWames,l Shen and Hansen,2 
Stockmayer and Kennedy: and Wang and DiMarzio4 have 
all discussed the dynamics of free-draining block co- 
polymers. In our previous  paper^,^^^ we have extended the 
bead-spring model theory of Zimm7 to treat the viscoe- 

lasticity and the translational diffusion of non-free-draining 
block copolymers in dilute solutions. In this paper the 
bead-spring model is again used to discuss the flow bi- 
refringence and the flow dichroism of block copolymers 
in solution. In treating the viscoelasticity and the 
translational diffusion of block  copolymer^,*-^ we have 
taken into account the differences in flexibility and 
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cross-sectional size of the dissimilar blocks. In discussing 
the flow birefringence and the flow dichroism of block 
copolymers, we must consider not only these differences, 
but also differences in optical properties. We shall show 
here that these additional differences may in some in- 
stances make the flow birefringence and the flow dichroism 
of block copolymers markedly different from those of 
homopolymers. 

The Model and the Diffusion Equation 
The representation of the A-B-C type linear block- 

copolymer molecule by a bead-spring model has been 
discussed in detail in a previous paper? hereafter referred 
to as paper 1. Here, we describe briefly the bead-spring 
model in order to introduce the notations. The block- 
copolymer molecule is represented as a chain of N Hoo- 
kean springs joining (N  + 1) beads with complete flexibility 
a t  each bead. The solvent is treated as a hydrodynamic 
continuum with a viscosity 7. The A block is represented 
by a chain of ( N ,  - 1) springs joining N ,  beads, each of 
which is characterized by the translational friction constant 
pa. The force constant of each of the springs is 3kTlba2, 
where b,2 is its mean-square length, and k and T a r e  the 
Boltzman constant and the absolute temperature. The 
symbols Nb, Nc,  Pb, pc, bb, and b, are similarly defined for 
the B and C blocks. The beads of the model for the A 
block are numbered serially from 0 to ( N ,  - 11, corre- 
spondingly from N ,  to ( N ,  + Nb - 1) for the B block and 
from (N ,  + Nb) to N for the C block. The last bead of the 
A block (j = N ,  - 1) and the first bead of the B block (j 
= N,) are connected by free joints to the ends of a spring 
whose root-mean-square length bab is given by b,b2 = (b: 
+ bb2) /2 .  Finally, the bead-spring model for the block- 
copolymer molecule as a whole is formed by connecting 
with free joints the last bead of the B block G = N ,  + Nb 
- 1) and the first bead of the C block G = N ,  + Nb) to the 
ends of a spring of root-mean-square length bb, which is 
defined in the same manner as bab. 

In paper 1, the equations of motion of a block-copolymer 
molecule have been written in matrix form by introducing 
the matrices A and H of order ( N  + 1). The elements of 
H are given by 

Hjj = P / P ~  ( la )  

HJk = PTjk 1 f (Ib) 

where p is an arbitrary friction constant, pJ is the trans- 
lational friction constant of the j th  bead, and the inter- 
action coefficients T,k are given by 

T,k = [(6??3)112~(RJk2)'12]-1 (2) 

with (RJk2)  the mean-square distance between the j th  and 
the kth beads. The nonzero elements of the tridiagonal 
matrix A are defined for j = 0, 1, 2, ..., N as follows: 

AOk = k160k - kl61k ( 3 4  

A ~ k  = -kjaj-l,k + (kj  + k j + l ) 6 j k  - kj+16j+l,k (3b) 

for 1 I j 5 ( N -  1) 

Am = -kdN-l ,k  + kNfiN,k (3c) 

where k j  is given by 

k, = b2/bj2 ( 3 4  

Here, bJ2 is the mean-square length of the spring between 
the 0' - l j th  and the j th  beads, and b2 is the mean-square 
length of an arbitrary spring. For the case of a homo- 
polymer with pa = pb = p, = p and b, = bb = b, = b,  the 

matrices A and H reintroduced here become identical to 
A and H given by Zimm.' It has been shown in paper 1 
that the equations of motion of a block-copolymer molecule 
are identical in form with the equations of motion obtained 
by Zimm7 for a homopolymer, with H, A, b, and p defined 
here replacing the very same symbols (H,  A ,  b, and p) 
defined differently by Zimm. In a later work? we have 
pointed out that, for a block copolymer, the diffusion 
equation for the distribution function of the coordinates 
of the beads is again identical in form with the diffusion 
equation for a hom~polymer.~ Thus, if we use t to denote 
time and let u = 3kT/b2p and D = kT/p, the distribution 
function +(xO,yo,...,zNj, which gives the probability of 
finding the j t h  bead with coordinates between x j  and x, 
+ dx,, y, and yJ + dy,, and z, and z, + dz, may be written 
as follows: 
a$/& = c { - (a$/au)T.vu - +(d/dU)T.V, + 

u=x,).,z 

D (a / ~ u ) ~ * H . (  a+ /au) + U( a$ / ~ u ) ~ . H * A . u  + 
u+( a / ~ u ) ~ . H * A . u ]  (4) 

Here, the (N  + 1)-dimensional column vectors x, a/ax, and 
vx are defined as 

x = (XO,X1,  ..., XN)T (5) 

a/ax = (a/axo,a/axl, . . . , a / a ~ ~ ) ~  (6) 

(7) v, = ( ~ , l , U , 2 , . . . , ~ , N )  

where uXJ is the x component of the velocity that the fluid 
would have at  the position of the j t h  bead in the absence 
of the  chain and the superscript T is used to denote the 
transpose of a matrix or a vector. Corresponding column 
vectors are defined in the same form for the y and z 
components. 

Since the matrices H and A are symmetric and the 
eigenvalues of H-A turn out to be distinct, we can facilitate 
the solution of eq 4 by choosing a set of normal coordinates 
in the manner described by Zirnms7 Let the ( N  + 1) ei- 
genvectors and eigenvalues of H.A be fxk  and x k ,  respec- 
tively, 

T 

H.A.fxk = X k a k  0 I k 5 N (8)  

We also introduce a square matrix Q whose ( N  + 1) 
columns are the eigenvectors fxk and whose inverse is 
denoted by Q-l. Then it follows that 

Q-1.H.A.Q = A (9) 

where A is the diagonal matrix with the elements X k .  The 
matrix Q is used to transform coordinates from x, y, z to 
l ,  q, [, according to the relations: 

x = Q.5 (104  
Y = Q.7 (lob) 

z = Q*[ (10c) 
The following properties of this transformation are ob- 
tained by analogy from the properties of the coordinate 
transformation for the case of a hom~polymer ,~  

QT.A*Q = M (11) 

Q-l.H.(Q-1)* = N (12) 

vk = h k / p k  (13) 

where M and N are the diagonal matrices with the ele- 
ments p k  and vk ,  respectively. 

We assume that the following unperturbed flow field 
exists in the fluid in the absence of the chain: 



1200 Wang 

U x j  = KZj (144 

(14b) uyj = 0 = uzj 

with the shear rate K a harmonic function of time t :  
K = KO COS U t  (15) 

where w is the angular frequency and K~ is assumed to be 
small. Substituting these expressions for the components 
of the unperturbed fluid velocity into eq 4 yields the 
following special case of the diffusion equation in the 
normal coordinates: 
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Plk = - q $ - l , k  + (91 + q 1 + 1 ) 8 1 k  - q1+161+l,k (20b) 

for 1 I j 5 (N - 1) 

P N k  = -qNaN-l,k + q N a N , k  (204 

The polarizability of the whole molecule is the sum of 
the polarizabilities of the separate segments, and the 
average of this is designated by F. When all the individual 
polarizability tensors are referred to the x ,  y, z coordinate 
system and added, we find that the elements of r are given 
by 

rll = Cp, + 2(xT-P.x) - (yT.P-y) - (zT-P-z) 

r22 = c p ,  + 2(yT.P.y) - (zT-P-z) - (xT-P.x) 

N 

]=1 

N 

]=1 

N 

]=1 

(21a) 

(21b) 

r33 = Cp, + 2(zT.p.z) - (x~.P.x) - (yT.p.y) ( 2 1 ~ )  

( 2 1 4  

( 2 1 4  
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where the angular parentheses indicate the averaging to 
be done over all configurations of the chain with the 
distribution Ji. We shall assume that the light beam used 
to measure the birefringence of the block-copolymer so- 
lution progresses along the y axis. Then, the electric 
vectors in the x-z plane are the only ones of interest and 
we may omit the second row and column of I?. Let the 
extinction angle x be the smaller of the angles formed 
between the x axis and the principal optic axes of r in the 
x-z plane. Then, in exact analogy with Zimm's treatment 
for a homopolymer, we find by means of a formula used 
earlier by Boederg 

tan 2x = 2(xT.P.z)/((xT.P.x) - (zT,P-z)) (22) 

Similarly, the difference in polarizabilities projected along 
the principal axes is given by 

rI2 = rZ1 = 3(xT.p.y) 

r 2 3  = r32 = 3(yT.P.z) 

I'31 = r13 = 3( ZT*P*X) 

A r ( w )  = 3[((xT*P.x) - ( Z ~ - P . Z ) ) '  + ~ ( x ~ * P . z ) ~ ] ~ / ~  (23) 

The magnitude of the birefringence of the solution, An(w), 
is given by lo~ll 

An(@) = [27r(n2 + 2)2cNo/9nM]Ar(o) (24) 

where n is the refractive index of the solvent, c is the 
concentration of the polymer in mass per unit volume, No 
is the Avogadro number, and M is the molecular weight 
of the polymer. I t  is evident from eq 22-24 that the 
extinction angle and the magnitude of the birefringence 
depend on qv (v = a, b, c, ab, bc) and not on pv. 

We now proceed to evaluate the averages in eq 22 and 
23. After transformation to normal coordinates we find, 
for example, 

( zT*P-z) = J({T*(QT*P*Q)-{) (25) 

where J is the Jacobian of the coordinate set 5 ,  q, {. Since, 
for a block-copolymer, (QT-P.Q) is not necessarily diagonal, 
we shall consider whether ( &), ( fLfl), and ([,S;) contributk 
to the averages in eq 22 and 23 when i and j are different. 
By multiplying both sides of eq 16 by fJ,, and EL& in 
order, and integrating over the space coordinates with the 
use of the conditions that $ and its derivatives vanish a t  
infinity, we obtain the following set of differential 
equations: 

Oscil latory Flow Birefringence and Flow 
Dichroism 

We now derive the theoretical expressions for the 
magnitude of birefringence An and the extinction angle 
x of the block-copolymer solution. As in Zimm's 
treatment7 of the homopolymer solution, we shall apply 
the formula of Kuhn and Grun8 to each segment which 
connects two consecutive beads and is represented by a 
spring. Let be the polarizability component along the 
vector between the ends of a segment of the A block and 
yza be the value of the two equal components normal to 
this vector, then the Kuhn and Grun formula gives 

?la = Pa + 2qa1a2 (174 

Yza = Pa - (1%) 

where 1, is the length of the segment and the optical 
constants pa and qa are given by 

Pa = (na/3)(a1a + 2~2,) (184 

Here, ala is the polarizability component along the vector 
between the ends of a Kuhn statistical chain element of 
the A block, aZa is the value of the two equal components 
normal to this vector, and n, is the number of Kuhn 
statistical chain elements in the segment. The lengths, the 
polarizability components, and the optical constants, 
distinguished by the subscripts b, c, ab, and bc, are 
similarly defined for the B and C blocks, for the segment 
joining the A and B blocks, and for the segment joining 
the B and C blocks. Thus, the optical constants of the j th 
spring, which joins the 0' - 1)th and the jth beads, are given 

for 1 5 j I (N, - 1) (19a) 
by 

p j  = pa, q j  = qa 

Pj = Pab, Q j  = gab for J = Na (19b) 

pj = Pb, q j  = q b  for (N, + 1) 5 j 5 
(Na + Nb - 1) (19c) 

Pj = Pbc, q j  qbc  for j = (Na + Nb) (19d) 

pj = pc, q j  = qc for (N, + Nb + 1) I j 5 N 
(194 

We also introduce a matrix P of order (N + 1) with ele- 
ments Pjk given by 

POk = q l a O k  - q 1 6 1 k  (204 
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The solutions of these equations, when i and j are different, 
consist exclusively of transient terms containing the factor 

exp [-a(Ai + Xj)t] 

Thus, in the evaluation of the averages in eq 22 and 23, 
the terms containing ( & ) ,  (e i{ , ) ,  or (ti(j), where i # j, 
may be omitted, and we obtain from eq 25 and its ana- 
logues 

N 

j =  1 
( x ~ * P * x )  = JCn,(Ej') (29) 

N 

j =  1 
(xT.P.z) = JCTj(&( j )  (31) 

where ir, is the diagonal elements of (QT.P-Q), and the 
terms with j = 0 have been omitted since ro = 0. The 
averages ( E ? ) ,  ({?), and ( E & )  in eq 29-31 are evaluated 
by solving eq 26-28. They are given by 

with the relaxation times 

T k  = (2aXk)-l (35)  

In these equations, transient terms containing the factor 
exp(-2cAkt) have been omitted. Using these equations, we 
obtain 

A r ( w )  = 3 ( 0 2  + 4(XT*p*z)2)1/2 (36) 

In the limit of low shear rate ( K  << ~ ~ - l ) ,  the term Z12 in eq 
36 may be neglected. The ratio lAn(w)l/An(O) and the 

phase agle 6 between birefringence and shear rate are then 
given by 

for K << T ~ - ~ ,  At zero frequency, the extinction angle and 
the difference in principal polarizabilities are given by 

N N 

j=1  j=1  
Cot 2 X = ( T i  K O )  [ (r, / P I  ( AI / ' 1  / [ ( / Pj  ) ( A i  / A,) 1 

(42) 

For the special case of a homopolymer with pa = pb = pc, 

qaA, and the ratios (T p,) in eq 40-43 all become qa. 

and the method of Kuhn and Grun8 to develop a theory 
of the flow dichroism of chain-molecule solutions. We 
present here an extension of their theory to block-co- 
polymer solutions. We define an absorptive constant 4: 
by the expression 

(44) 

where tla is the extinction coefficient for the electric vector 
polarized along the vector between the ends of a Kuhn 
statistical chain element of the A block and tZa is the value 
of the two equal extinction coefficients for the electric 
vectors normal to this end-to-end vector. Other absorptive 
constants qy/ (v = b, c, ab, bc) are similarly defined. We 
also introduce a matrix P' of order (N + 1 )  with elements 
Pjk' which are identical to Pjk in form with q ' and qv' 
replacing q, and qv in eq 18 and 19. As in the discussion 
of flow birefringence, we shall assume that the light beam 
used to measure the dichroism of the block-copolymer 
solution progresses along the y axis and that the unper- 
turbed flow field is as given by eq 14 and 15. 

Let the extinction angle x' be the smaller of the angles 
formed between the x axis and the principal axes of the 
absorption in the x-y plane. Then in exact analogy with 
our treatment of flow birefringence, we obtain 

tan 2x' = 2(xT.P'.z)/((xT.P'.x) - (zT.P'.z)) (45)  

The difference in absorption 1 A  for the whole block-co- 
polymer molecule for light vibrating along the two prin- 
cipal axes in the x-z plane is given by 

ba = bb = b,, and qa = qb = 4,  = qab = qbc, We have P = 

Callis and Davidson il have used the bead-spring model 

qa' = ( t l a  - €2a)/(5b,2) 

AA(w) = 3[((xT.P'*x) - (zT*P'*z))' + ~ ( X ~ * P ' * Z ) ~ ] ' / ~  
(46) 

The averages in eq 45 and 46 are given by equations 
identical in form to eq 29-31, with P' and T] '  replacing P 
and T j  where r,' are the diagonal elements of (QT.P'.Q). 
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In the limit of low shear rate, the ratio I A A ( w ) l / A A ( O )  and 
the phase angle 6’ between dichroism and shear rate are 
given by the right sides of eq 40 and 41, respectively, with 
T,’ replacing xl .  Similarly, the zero-frequency expressions 
for cot ( 2 ~ ’ )  and LA are identical in form with eq 42 and 
43, respectively, with xl’ replacing x j .  

Relaxation of Flow Birefringence and Flow 
Dichroism 

We shall now examine the decays of birefringence and 
dichroism when the unperturbed flow field is abruptly 
removed after the establishment of a steady state. We 
shall assume that the unperturbed flow field is given by 
eq 14 and 15 with w = 0 during the establishment of a 
steady state before t = 0. Then, we obtain from eq 32-34 
the following steady-state values of the normal coordinates, 

(47) 

( c k 2 ) s  = D/(cpkJ) (48) 

( t k l k ) s  = K&Tk/(epkJ)  (49) 
When eq 26-28 are solved with the conditions that K is zero 
after t = 0 and that the steady state as described by eq 
47-49 has been reached prior to t = 0, we obtain the 
following equations for the decays of the normal coordi- 
nates, 

( t k 2 ) s  = [D/(‘JpkJ)1(1 + 2K02Tk2) 

( t k 2 ) R  = [D/(‘JkkJ)][1 + 2K027k2 exp(-t/Tk)] (50) 

( c k 2 ) R  = D/(‘JbkJ) (51) 

(52) 
Equations 50-52 are identical in form with the equations 
obtained by Thompson and Gill13 for homopolymer so- 
lutions. 

The averages in eq 46 are evaluated with the use of eq 
50-52 and the equations analogous to eq 29-31 with P’ and 
Tl’replacing P and x j .  The decay of flow dichroism is then 
given by 

( t k l k )  R = K&7k(‘JkkJ)-1 exp(-t/ Tk) 

N 

]=1 
AA(t) = 6 k o ( O / ‘ ~ ) ( [ C ( x ] ’ / ~ j ) ~ /  exP(-t/7j)12 + 

N 

]=1 
KO~[ C ( x l ’ / ~ l ) ~ 1 2  e x ~ ( - t / ~ , ) I ~ l ’ ~ ~  (53) 

Similarly, the c and s mode transitions defined by 
Thompson and Gill13 in their discussion of the flow bi- 
refringence experiments are given by 

(54) 

W t )  = -2ClJC~](t,t-]) (55) 

N 

j=1 
aut)  = C l J L l ( ( t , 2 )  - ( l 3 )  

N 

]=1 

where C1 is the product of the factors preceding the 
summation sign in their eq 60. Substitution of eq 50-52 
into eq 54 and 55 yields 

N 
AZc(t) = 2Ci(D/c)Ko2c ( ~ j / ~ j ) 7 ~ ~  eXP(-t/7,) 

]=1 

N 
Al,(t)  = -2C,(D/c)Koc ( x I / C L I ) T I  exP(-t/T~) 

]=1 

(56) 

(57) 

Results and Discussion 
In order to calculate the flow birefringence and the flow 

dichroism properties of a block-copolymer solution from 
the equations presented in the last two sections, it is 
necessary to evaluate first the eigenvalues hk as well as &, 
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xk, and xk’ The evaluation of hk by a numerical method 
has been discussed by Wang5 and by Wang and DiMar~io .~  
The evaluation of &, x k ,  and Tk’ in turn requires the 
computation of the eigenvectors I& for a block-copolymer 
solution. 

We shall not attempt to compute here the eigenvectors 
for a block-copolymer solution. Instead, we shall ap- 
proximate them by the Rouse eigenvector~l~ for a free- 
draining homopolymer. Furthermore, we shall use the 
Rouse eigenvalues hk instead of those for a block-copolymer 
solution. Thus, strictly speaking, our results apply only 
to free-draining block copolymers the dissimilar blocks of 
which are not significantly different in flexibility and 
cross-sectional size. However, since these differences do 
not lead to inordinately large effects on the frequency 
dependence of the viscoelastic properties as shown by 
Stockmayer and Kennedy3 and by Wang and D i M a r ~ i o , ~  
these approximations should be adequate for our purpose. 
Thus, f f k ,  &, and X k  are given by7J5J6 eq 58a for k = 0, by 
eq 58b for k > 0 (I = 0, 1, 2, ..., N), and by eq 59, 

/.lk = hk = 4 Sin2 [ h ~ / ( 2 N  + 2)] (59) 
We discuss in this and the next paragraphs the flow 

birefringence and the flow dichroism properties of some 
special block copolymers for which simple relations for the 
weighting factors (?$/&) or (Tk’/&) can be obtained. For 
the case of a diblock copolymer with q b  = qc = qbc ,  if we 
make the approximation q a b  = qa we obtain with the use 
of eq 58 

cos [(N - Na + 11/31 sin [(N - NJP] 
sin /3 N - N a -  

sin [(2N, - N)P] cos k x  
sin /3 

where 
/3 = kn/(N + 1) 

Tk//-“k = ((?a + q b ) / 2  

ak’/pk = ((?a’ + qb’)/2 (63) 
Thus, for this particular case, the weighting factors are 
independent of the index h. Consequently, while the 
values of Ar and LA are different from those for a 
homopolymer by a constant factor, the values of Ihn- 
(w)l/An(O), tan 6, cot 2x, and the analogous flow dichroism 
properties are the same as those for a homopolymer. The 
decay of flow dichroism, and the c and s mode trans- 
missions are also different from those for a homopolymer 
by a constant factor. It is evident from eq 62 and 63 that 
when N = 2Na and qa = -qb (or q l  = -q{) ,  d l  the weighting 
factors are zero. Thus, when the anisotropy in polariza- 
bility of one blocks Kuhn statistical element differs from 
that of the other block only in sign, the birefringence An 
vanishes a t  some block composition. An analogous 
statement can be made about the difference in absorption, 

(61) 

When N = 2Na, we obtain from eq 59 and 60 
(62) 

and, by analogy 
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Table I 
Calculated Values of the Flow Birefringence Properties of 

Some Diblock Copolymersa 

--8.O -0 .71  0.05 -14.02 -7.98 
-6 .5  -0.31 0.22 -1 .41  -3 .02  
-5 .0  0.08 0.39 0.20 -1.19 
-4 .5  0.21 0.45 0.46 -0.82 
-3 .5  0.47 0.57 0.83 -0.25 
-3.0 0.60 0.62 0.96 -0 .03  
-2 .3  0.78 0.70 1.11 0.23 
-1.0 1.12 0.85 1.32 0.60 

0.0 1.38 0.97 1 .43  0.82 
1.0 1.64 1.08 1 .52  1.00 
2.3 1.98 1 .23  1 .61  1.19 
5.0 2.69 1.54 1.76 1.47 

-10.80 
- 4.28 
-1.88 
- 1.39 
- 0.64 
-0 .35  
- 0.01 

0.48 
0.76 
1.00 
1.25 
1.62 

-7.72 -6.08 
-2.90 -2.16 
-1 .13  -0.78 
-0.77 -0 .43  
-0.22 0.01 

0.00 0.19 
0.25 0.39 
0.61 0.69 
0.83 0.86 
1.00 1.00 
1.18 1.15 
1.46 1.37 

a Symbols employed are defined in the text. N ,  = 81, 
N b  + N, = 28; qa = q,b = 1.0, qb = qc = qbc.  qv  are given 
in arbitrary units. 

AA. Another interesting case arises when N = 2 N a  - 1. 
Then, eq 59 and 60 lead to 

r k / / J - k  = ( 1 / 2 ) { ( q a  + q b )  + (9, - qb)[1 - (-l)k]/(N + 111 
(64)  

the last term of which is absent in eq 62. However, since 
this term is inversely proportional to ( N  + l), for a long 
block copolymer represented by a chain with large N ,  this 
term is negligible and the case for N = 2 N a  - 1 is indis- 
tinguishable from the case for N = 2Na.  

For the case of a symmetric triblock copolymer with qa 
= qc, if we make the approximation qab = qa = q h  we obtain 
with the use of eq 58 

(65)  

(66)  

the last term of which vanishes when k is even and al- 
ternates in sign with increasing odd value of k. Since this 
term is inversely proportional to [(N + 1) sin 01, which is 
of order unity when k is small, it contributes significantly 
to the weighting factors of the lower modes. In particular, 
when q ,  = -qb, the first term of eq 66 vanishes and only 
odd modes contribute to the flow birefringence properties. 

1 . 2  I I 

0.01 1 
W T 1 )  

0.0 0 . 2  0 . 4  0 . 6  0 . 8  1 . 0  1 .2  

Figure 1. c-mode transmissions calculated for some triblock 
copolymers with Na = 26, Nb = 56, N ,  = 26, qh = 1.0, and qa = 
qab = qbc = qc. Symbols employed are defined in the text. c-mode 
signals and qv are given in arbitrary units. Uppermost curve, qa 
= 5.0; solid curve, homopolymer with qa = 1.0; long dashes, qa 
= -3.0; lowermost curve, qa = -4.0. 

Statements analogous to those made in this paragraph for 
flow birefringence properties may be made for flow di- 
chroism properties. 

Tables I and I1 give respectively the calculated flow 
birefringence properties of some diblock copolymers and 
triblock copolymers. In these tables, q ,  (v = a, ab, b, bc, 
c) are given in arbitrary units and SI* and S2* are defined 
by 

N 

k = l  

N 

k = l  

S I *  = 1 ( r k / / J - k ) ( h l / x k )  (67)  

sZ* = ( r k / / J - k ) ( x 1 / x k ) 2  (68)  

As is evident from eq 36, 39, and 42, at low shear rate, S1* 
is proportional to the birefringence at  zero frequency and 
(S1*/S2*) is related to the extinction angle. In agreement 
with eq 60 and 65 which are linear in qa and q b ,  sl* and 
S2* in Table I vary linearly with q b  while s l *  and s2* in 
Table 11 vary linearly with qa. S1* vanishes near q b  = -5.0 
for these diblock copolymers and vanishes near q, = -2.3 
for these triblock copolymers. In addition, we see that for 
both diblock and triblock copolymers the weighting factors 
of normal modes are generally different, sometimes in sign 
as well as in magnitude when the blocks have different 
signs for the anisotropy in polarizability. 

Table I1 
Calculated Values of the Flow Birefringence Properties of Some Trihlock Copolymersa 

( n k / f i k ) / ( T l / P i )  

qa S I  * sa* s,*/s,* k = 2  k = 3  k = 4  k = 5  
- 8.0 - 2.83 -0.84 3.36 6.03 7.90 6.33 5.15 
- 5.0 -1.34 -0.20 6.70 53.7 73.4 56.9 44.5 
-4 .5  - 1.09  - 0.09 11.8 - 32.2 -44.6 - 34.2 - 26.4 
- 4.0 -0.84 0.01 -59.0 - 10.2 -14 .4  -10 .9  - 8.28 
- 3.5 -0 .59  0.12 -4.88 -5 .22  -7.54 - 5.59 -4 .13  
-3 .0  -0.34 0.23 - 1 .50  - 2.99 - 4.47 - 3.23 - 2.29 
- 2.5 - 0.09 0.34 -0.28 -1 .73  - 2.75 - 1.89 - 1.25  
- 2.3 0.01 0.38 0.01 - 1 .37  - 2.25 -1 .51  - 0.95 
-1.5 0.40 0.55 0.73 - 0.36 - 0.86 - 0.44 -0.12 
-1.0 0.65 0.66 0.99 -0.06 - 0.29 0.00 0.22 

0.0 1.15 0.87 1 .32  0.63 0.49 0.60 0.69 
1.0 1.64 1.08 1 .52  1.00 1.00 1.00 1.00 
2.5 2.39 1 .40  1 .70  1.36 1 .50  1 .39  1 .30  
5.0 3.63 1 .94  1.88 1 .73  2.00 1.78 1.60 

a Symbols employed are defined in the text. N ,  = 26, N b  = 56, N ,  = 26; q b  = 1.0; qa = gab = qbc = 4,. qv are given in 
arbitrary units. 
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2 . 3 ,  1 

. O  0.2 0.4 0.6 0.8 1.0 1 . 2  
(t /Tl)  

F igure  2. s-mode transmissions calculated for some triblock 
copolymers with N, = 26, Nb = 56, N, = 26, q b  = 1.0, and qa = 
qab = qh = b,. Symbols employed are defined in the text. s-mode 
signals and qv are given in arbitrary units. Uppermost curve, qa 
= 5.0; solid curve, homopolymer with qa = 1.0; long dashes, q, 
= -1.5; lowermost curve, qa = -3.0. 

1 . o  

0 . e  
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v 
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4 0 . 6  
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2: 
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0 . 4  

0 . 2  

0.0 
- 1 . 8  - 0 . 0  0 . 9  I . 8  : 

log 0 7 1  

7 

Figure  3. Magnitudes of birefringence calculated for some 
triblock copolymers with Na = 26, Nb = 56, N, = 26, q b  = 1.0, and 
qa = q a b  = qbc = 4,. Symbols employed are defined in the text. 
qv are given in arbitrary units. Long dashes, qa = 5.0 and SI* = 
3.6; short dashes, q, = 2.5 and S1* = 2.4; solid curve, homopolymer 
with q, = 1.0 and SI* = 1.6. 

I - 1  I 
3 

g o . 4  1 i 

- 0 . 0  0 . 9  1 . 8  2 . 7  
0 . o  

- 1 . 8  
log W T 1  

F igu re  4. Phase angles between birefringence and shear rate 
calculated for some triblock copolymers with N, = 26, Nb = 56, 

are defined in the text. qv are given in arbitrary units. Curve 
labels are the same as for Figure 3. 

Nc = 26, q b  = 1.0, and 4, = qab  = qbc = Qc. Symbols employed 

An effect of t h e  different signs among t h e  weighting 
factors is seen vividly in the  decay of birefringence. Figures 
1 and 2 give respectively the decays of c and s mode  
transmissions for some triblock copolymers. In both 
figures, the two lower curves a re  for tr iblock copolymers 
wi th  weighting factors different i n  sign as well as mag- 

0 . 0 '  I 
- 1 . 8  - 0 . 0  0 . 9  1 . 8  2 . 7  

log W T 1  

F igure  5. Magnitudes of birefringence calculated for some 
triblock copolymers with N, = 26, Nb = 56, N, = 26, qb = 1.0, and 
q, = qab = qbc = 4,. Symbols employed are defined in the text. 
pv are given in arbitrary units. Long dashes: qa = -4.5 and S1* 
= -1.09; short dashes, qa = -3.5 and S1* = -0.59; solid curve, 
homopolymer with qa = 1.0 and S1* = 1.6. 

0 . 9 ,  I 

f; 
;o.3p;;'/, 3 /; , 1 

/ /  
0 . 1  

/ _ -  ._. I .. ' ..__.' .-.___ 
- 0 . 1  

-0.0 0 . 9  1 .8 2 . 7  - 1  .e  
log W T 1  

F igure  6. Phase angles between birefringence and shear rate 
calculated for some triblock copolymers with N, = 26, Nb = 56, 

are defined in the text, qv are given in arbitrary units. Curve 
labels are the same as for Figure 5. 

N, = 26, q b  = 1.0, and qa = qab  = qbc Qc. Symbols employed 

log 071 

Figure 7. Magnitudes of birefringence calculated for some diblock 

= qbc = 4,. Symbols employed are defined in the text. qv are given 
in arbitrary units. Uppermost curve, homopolymer with qb = 1.0 
and S1* = 1.6; long dashes, q b  = -1.0 and S1* = 1.4; short dashes, 
q b  = -2.3 and S1* = 1.3; lowermost curve, qb = -5.0 and SI* = 
1.1. 

n i tude  while the topmost curve is for a triblock copolymer 
wi th  weighting factors different only i n  magni tude .  W e  
see i n  these  figures that while these  tr iblock copolymers 
all differ f rom a homopolymer i n  the decay of birefrin- 
gence, the difference is more striking with t h e  former than 
the latter.  

copolymers with N, = 90, Nb + N, = 18, qa = qab  = 1.0, and q b  
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Figure 8. Phase angles between birefringence and shear rate 
calculated for some diblock copolymers with N, = 90, Nb + N ,  
= 18, qa = q a b  = 1.0, and q b  = qbc  = 4,. Symbols employed are 
defined in the text. qv are given in arbitrary units. Curve labels 
are the same as for Figure 7. 

In Figures 3 to 8, the calculated results for the oscillatory 
flow birefringence of some triblock and diblock copolymers 
are compared with those for a homopolymer. The values 
of the parameters used in the calculations as well as the 
calculated values of S1*, which is proportional to the 
magnitude of birefringence a t  zero frequency, are given in 
the captions. Figures 3 and 4 are for two triblock co- 
polymers in which the blocks are different in magnitude 
but not the sign of polarizability anisotropy. We see in 
these figures that, for these block copolymers, the shapes 
of the curves for An(w)/An(O) (the magnitude of bire- 
fringence) and 6(w) (the phase angle between birefringence 
and shear rate) are not markedly different from those for 
a homopolymer. However, the curves for the block co- 
polymer clearly deviate from those for a homopolymer 
toward higher frequency. 

Figures 5 and 6 are for two triblock copolymers in which 
the blocks are different in magnitude and the sign of the 
polarizability anisotropy. For these block copolymers, in 
addition to the aformentioned shift toward higher fre- 
quency from the curves for a homopolymer, we see for the 
case with ( q a / q b )  = -3.5 the appearance of a maximum in 
An(w)/An(O) and a minimum in A(w) - 6(0) when ( W T J  is 
near zero. Since the value of SI* for this case is not much 
less than that for a homopolymer, the maximum and the 

minimum should be observable for some properly designed 
block copolymers. 

Figures 7 and 8 are for some diblock copolymers the 
blocks of which are different in magnitude and the sign 
of the polarizability anisotropy. We see for these diblock 
copolymers that the curves for An(w)/An(O) and 6(w) - 6(0) 
are shifted from those for a homopolymer toward lower 
frequency. Furthermore, for the cases with ( q b / q a )  of -2.3 
and -5.0, there appears a maximum in 6(w) - 6(0). Here 
again, the calculated values of SI* are not much smaller 
than that for a homopolymer and the maximum should 
be observable for diblock copolymers. 

Concluding Remarks 
We have used the bead-spring model to obtain the 

equations for the flow birefringence and the flow dichroism 
of block copolymers in solution. The application of these 
equations to some free-draining block copolymers has 
shown that the differences in optical properties of the 
dissimilar blocks may in some cases make the flow bire- 
fringence and the flow dichroism of block copolymers 
strikingly different from those of homopolymers. It may 
be interesting to take advantage of the calculated results 
that  the contributions of normal modes to flow birefrin- 
gence and flow dichroism properties are weighted by 
generally different factors. For example, the determination 
of longer relaxation times may be facilitated if, by ma- 
nipulating block copolymer structure, the even normal 
modes are made to contribute very little to the flow bi- 
refringence or flow dichroism properties. 
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