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ABSTRACT: A theory of the second and third virial coefficients, A; and Aj, of block copolymer solutions
is presented. Evaluation of these coefficients is performed mainly for equimolar diblock and triblock copolymers
with a wide variety of segment interactions. It is shown that phase separation into dilute and concentrated
solutions occurs only for triblock copolymers in solvents which are selective for the central block chains and
that precipitation of the polymers occurs in other cases. When the polymer composition is shifted from an
equimolar ratio, diblock copolymers also exhibit separation into two solution phases in solvents which are
selective for the major component of the polymers, though the favorable condition is quite restricted.

Introduction

It is well-known that block copolymers form various
types of “microdomain structure” in bulk, depending on
the chain architecture, the segment interactions, and even
the history which the polymers encountered during the
course of formation of the bulk phase.! Phase separation
in polymer solutions generally takes place at rather low
concentrations of polymers due to the dissimilarity in the
dimensions of solvent and solute molecules. Thus, we may
hope that the evaluation of some lower members of the
osmotic virial coefficients would provide useful information
on the initial process of the domain formation of block
copolymers.

In this paper, we develop a mean field theory of the
second and third virial coefficients, A, and A,, and perform
calculations for AB diblock and ABA triblock copolymers
with a wide variety of segment interactions. As far as we
are aware, such calculations have not as yet been pub-
lished, except for some perturbation calculations.??

Theory

1. Second Virial Coefficient. In mean field theory,
the osmotic second virial coefficient A, of a copolymer with
a given sequence of segments may be expressed as*

N, V(S,)
Ag—ﬁf{l‘exp[_ kT ]}d812 (1)

V(Slg) n n
T L 2 Pu®PLS -8 dS ()

Here N, is Avogadro’s constant, M is the molar mass of
the copolymer, n is the number of segments of one mole-
cule, and S, is the distance between the geometric centers
of molecules 1 and 2. P, (S) in eq 2 represents the prob-
ability density that the k;th segment of molecule 1 will be
found at a point separated from the center of molecule 1
by a distance S, P,,(S - S,,) represents the probability
density that the kztﬁ segment of molecule 2 will be found
at the same point as above which is separated from the
center of molecule 2 by a distance S — 8y, and 8, is the
interaction parameter (actually the binary cluster integral)
of the segment contact of 2, and k;. Then V(S;,) may be
considered to be the mean intermolecular potential as a
function of the distance $;;,, We note that in eq 2, the
excluded-volume effect within each molecule should be
incorporated in the form of the distribution functions Py,
and P koo

Nowzsuppose the copolymer to be composed of several
block chains B, (p = 1, 2, ..., N) and denote the number
of segments in the pth block by n,. Hence n = n; + n,

+ ... + ny. For simplicity, the bond length connecting
adjacent segments is assumed to obey a Gaussian distri-
bution with the mean-square length b2, irrespective of
block. Then in the hypothetical solvent where all the
segment interactions vanish, the end-to-end distance of
each block B, also obeys a Gaussian distribution with the
mean-square length b%n,. In ordinary solvents, however,
the mean-square end-to-end distance of block B, is mod-
ified as o,%b%n, even at infinite dilution, due to the in-
tramolecular segment interactions (the excluded-volume
effect). The linear modification factor a, could be either
larger or smaller than unity, depending on the nature of
solvent and the architecture (the n,’s) of the copolymer,
but for simplicity we call a, the linear expansion factor
of block B,.

The intramolecular segment interactions are classified
into intrablock segment interactions and interblock seg-
ment interactions. If the number of blocks N in a co-
polymer is as small as two or three, the interblock inter-
actions have a rather minor effect on the chain expansion
as compared with the intrablock interactions.>” Thus, we
here assume that (A) the expansion factor for each block,
a,, is determined by the intrablock segment interactions
alone. Furthermore, following the spirit of the uniform
expansion approximation in homopolymer chain statistics,
we assume that (B) the expansion a, occurs uniformly
throughout the block B,.

These two assumptions allow us to write the distribution
of the bond vector r; in the form

7(r) = [3/(27a,°b")]*/2 exp[-3r?/(2¢,°b9)]  (3)

if the bond i belongs to block B,. The distribution function
for the distance S between the kth segment of the co-
polymer and the center of molecule, P,(S), is then written
as

Py(8) = (3/2r(S,?))¥/? exp(-352/2(8%))  (4)

where (S,2) is the mean-square distance of the kth seg-
ment from the geometric center of molecule. Thus 3,8,
= (0, irrespective of the disparity in segment mass. This
quantity {S;2) can be expressed as

N mp
(S =L [, T ol )]
p=1 l=mpy+1
¢pu=Hk-0)+(/n)-1 (6)

where
mp=n;+ny+..+n, (hence my =0, my =n) (7)

and H(k — I) is a unit step function defined by
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Hk-)=1 for 1<
=0 for k< (8)

Substitution of eq 4 into eq 2 and integration over S lead
to an angle-independent potential
fo fa
V(S0 /T = 3%/2 z dx dy x
S/ El }3 w, dx fd

[C(x) + C)]™/? exp{-98,,°/2[C(x) + C()Ind¥ (9)

where we put

!
!

Sk
=n

=ki/n  y=ky/n (10)
tp =ny/n fo=ti+tta+.. +t, (11)
C(x) = 3(S, 2 /nb?  C(y) = 3(S,,2) /nb? (12)
= (3/2xb%)3?n1/%6,,, (13)
for
mpy+12k Sm,
and

mq_l +1 < k2 <
The explicit form of the function C(x) is written as

C(x) = 3a,X(x? - x - fp2 + 1)+ IZv:lau"’(fus = fut® -

3 Z au2(fu2—fu—12

u=p+1

- fu + fu—l) (14)

for
f-1<x=fp

with f, = 0 and fy = 1.

An N-block copolymer and solvent system may be
specified by giving a set of parameters ¢, (or f,) and z,,
(p,qg=1,2,..,N). Thus if a theoretical equation of the
end-to-end expansion factor a(z) for homopolymer chains
is available over the entire range (including the negative
range) of the excluded-volume parameter z, we can ap-
proximately evaluate o, in eq 14 as

op = a(zp) (15a)
with
= (n,/n) %2y, =ty %, (15b)

where z, represents the excluded-volume parameter for the
pth block chain in the copolymer. For the purpose, we
employ

alz) = (1 + 1.412)Y/3 for 220 (16)
= (1/V3)[ ¥ for -10<z<-1 (17

which were presented in our previous paper.” In the ranges
-1 <z <0 and z < -10, we evaluate a, numerically by
applying a Spline interpolation of the third degree to the
theoretical values of a(z) given in the same paper. Asis
well-known, a number of approximate equations of «(z)
have been published in the literature, but their applications
are limited to the range of positive z by the nature of the
approximations employed.

With «, thus evaluated, eq 9 and 14 determine the mean
lntermolecular potential V(Slz), which is spherically sym-
metric around S, = 0, and then numerical integration of
eq 1 over Sy, yields A,.

2. Third Virial Coefficient. With the angle-inde-
pendent potential V(S;,) given by eq 9, the osmotic third
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Figure 1. Second virial coefficient A, for equimolar diblock
lc)opolymer chains specified by 2,5 = 0 and 2,4 = l2pp. ¢, is defined
y eq 22.

virial coefficient A; may be written in the following
forms:48

Ay = (N2/3M) [ FS1f(S:1f(S) 481, dSys (182)

A3 =
872N 2
—i S S DI S1H(S 5115158 dS1z dS1a A3y
(18b)
872N ,?
A== g S S S S1f(Si 158147 sin 6
d312 d813 de (180)
with
f(Si) = 1 - expl-VI(S;)/kT] (19)
8232 = 8122 + 8132 - 2812813 cos 6 (20)

Here 6 represents the angle between 8;, and S;;. The
triple integral in eq 18b is to be performed over all possible
values of Sy, Sy3, and Sy which form a triangle. Numerical
calculations of Aj in this paper, however, were made ac-
cording to eq 18¢c and 9.

Results and Discussion

1. Second Virial Coefficient of AB Diblock and
ABA Triblock Copolymers with z,5 = 0. In this paper,
we treat only equimolar block copolymers. Therefore, AB
diblock copolymers are specified as t; = ¢, = 0.5 and ABA
triblock copolymers as t; = t; = 0.25 and t, = 0.5. We
begin with the case that z,g = 0 and put

2a4 = lzpp (21)

This choice of excluded-volume parameters fits the as-
sumption (A) employed in the present theory.

The results of A, obtained for diblock and triblock co-
polymers with various fixed values of [ are shown in Figures
1 and 2, respectively, where ¢, represents the dimensionless
quantity defined by

= (Na(R?)o*2/ M ¢, (22)
with the unperturbed mean-square end-to-end distance
(R?%)o = bn 23)

In the case ! = 0 or z44 = 0, ¢, for the diblock and
triblock copolymers shows essentially the same behavior,
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Figure 2. Second virial coefficient A, for equimolar triblock
copolymer chains specified by zag = 0 and z44 = lzpp. ¢ is defined
by eq 22.

though the former gives slightly larger values over the
entire region of zpp than does the latter. ¢, increases
almost linearly with increasing zgg in the region of positive
zgg, while it decreases rapidly with decreasing zgg in the
region of negative zgg. We note that this behavior is
qualitatively the same as that of homopolymer chains. A
slight difference in ¢, values exists between diblock and
triblock copolymers. This is attributable to a difference
between the mean-square radii of B-segment clouds, (Sg?),
of these molecules, which are evaluated from eq 12 and 14
as

(i) diblock copolymers (I = 0)

(SBZ’}/b?n = a32/16 for ag > 1
= Vs for ag <1 (24)
(ii) triblock copolymers (I = 0)
(S}32>/b2n = 30(32/64 for apg > 1
= ]/192 for ag (<4 1 (25)

The B-segment cloud in the diblock copolymer is more
expanded over the entire region of zgg as compared with
the one in the triblock copolymer.

In the case | = -1 or z44 = —zgp, the ¢, for diblock and
triblock copolymers both display a maximum at zgg = 0.
There is, however, a notable difference in the shape of the
@, curves between these two polymers: ¢, of the diblock
copolymer shows a strong dependence on zgg in both re-
gions of positive and negative 2gp, while ¢, of the triblock
copolymer shows a strong dependence only in the region
of negative zgg and a rather weak dependence in the region
of positive zgg. These features of ¢, are not essentially
varied by moderate modification of the parameter .

According to eq 12 and 14, the mean-square radii of A-
and B-segment clouds are obtained as

(i) diblock copolymers
(SaZ)/bn = (@a?/16) + (ap?/48) (264)
(Sg?) /b%n = (as%/48) + (ap?/16) (26b)
(ii) triblock copolymers
(S,2) /b%n = (3a,2/64) + (13052 /192)  (27a)
(Sg?) /b*n = (as%/192) + (3ag?/64) (27b)

Equations 26a,b indicate that the B-segment cloud in the
diblock copolymer with ! < 0 has a larger radius than does

Macromolecules

V(S;2) / kT

]
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Figure 3. Mean interaction potential V(S;;) as a function of
intermolecular distance S;;: (a) diblock copolymer with I = -0.45
and zgp = 3; (b) triblock copolymer with [ = -2 and zpg = -0.5;
(c) triblock copolymer with | = -1.3 and 2z = 3.

V(Su) V(Si)

Fig.4a Fig.4b
Figure 4. Modified square-well potential.

the A-segment cloud if zgg > 0 and ag > a, and a smaller
radius if zgg < 0 and ag < 4. In any case, the segments
specified by a negative 2z parameter form the cloud with
a smaller radius. Then it seems plausible that the inter-
molecular potential V(S;,) becomes negative at short
distance and positive at long distance as long as z,4 and
zgp are of comparable magnitudes. On the contrary, eq
27a,b show that the B-segment cloud always has a smaller
radius, irrespective of the sign of zgg, than does the A-
segment cloud. Thus, we may expect that the inner part
of the intermolecular potential becomes negative or pos-
itive in accordance with the sign of zgg, and, correspond-
ingly, the outer parts become positive or negative.

This conjecture on the intermolecular potential is sup-
ported by examples given in Figure 3, where curve a is for
a diblock copolymer with | = —0.45 and zgg = 3, curve b
for a triblock copolymer with [ = -2 and zgg = -0.5, and
curve ¢ for another triblock copolymer with [ = ~1.3 and
zgp = 3. Such a potential consisting of negative inner and
positive outer parts never appears in the case of ordinary
low-molecular-weight substances and it gives rise to unique
solution properties of block copolymers.

The curve for [ = —2.0 in Figure 1 and the curve for |
~10 in Figure 2 show positive ¢, in the region of negative
zpe. The explanation of these curves will be given in the
next section.

2. Modified Square-Well Potential. The intermole-
cular interaction potential V(S,,) for block copolymers may
be approximated by a modified square-well potential
schematically shown in Figure 4, where ¢ and V represent
the radius and the energy of the core part and go and V,
represent those of the skin part, respectively. We put

X =1-exp(-V./kT) Y=1-exp(-V,/kET) (28)

The second and third virial coefficients for this potential
are obtained as

Ay = (27N, /3MA A X + (g2 - 1)Y] (29)
and
A; = (72N,2/18M%)65G(g,X,Y) (30a)
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with
G@gX,Y) =5X3% + (g8 - 18¢* + 32¢% - 15)X2Y +

(-2¢° + 36g% - 32g° - 18g% + 16)XY? +
(6¢° - 18¢% + 18¢2 - 6)Y®  for g < 2 (30b)

GgX)Y) =5X%+ 17X%Y + (32¢° - 18g2 - 48) XY? +
(5% - 32g° + 18g2 + 26)Y?  for g = 2 (30¢)

The derivation of these equations, though not reproduced
here, is a simple extension of the well-known Kihara
equations® for the original square-well potential, which
corresponds to the case for X = 1.

We begin with homopolymer chains. In this case, our
basic equations, eq 1, 2, and 4, become identical with those
employed by Ishihara and Koyama;'? hence we obtain the
familar equation11

1y 2.302
2= 2. 30 n v (31)

forz>0

In addition, we find that our numerical results for negative
z are well approximated by

¢ = —0.01a® exp(-5.92/0a%)
forz < -0.6

These features of ¢, indicate that the parameters for the
modified square-well potential are expressed as

o/ ()2 = ca (33a)
V./kT = ¢z/a® (and V, = 0) (33b)

where ¢ and ¢’ are constants. The combination of these
equations with eq 16 and 17 predicts that X is practically
independent of z and ¢, is proportional to z in the region
of positive z except in the vicinity of the origin and that
V., takes large negative values due to the effect of o® in the
denominator and ¢, behaves like eq 32 in the region of
negative z.

In the case of the block copolymers with (Ss%) > (Sg?)
and z,5 = 0, the modified square-well potential may be
specified as

(32)

o/ (b2n)1/? = cag (34a)
g = ((Sx%) /(Sg?)/? (34b)
V./kT = c'zpp(b®n/(Sp?))¥% + ¢”zpa(b*n/ (S42))%/?
(34c¢)
Vi/RT = c"”2p5(b2n /(S ,2))3/2 (344d)

where the ¢’s are all constants. Then the following pre-
dictions are derived:

(i) Diblock Copolymer with z,, > 0 and zgg < 0.
The expansion factor a, is considerably larger than ap
unless zpp is nearly zero, and the core potential V, is ob-
tained, with the aid of eq 26b, as

V./kT = 64(3%%’ + lc")(2pp/ as?) (35)

In contrast to the homopolymer case, V, is proportional
to zgp/a,® instead of zgg/ag®. V., is negative unless the
parameter [ (=z,,/2pp) does not exceed a certain negative
value. Under the conditions, the first term in eq 29 be-
comes dominant, and ¢, decreases rapidly with decreasing
zpp. However, the slope of the ¢, vs. zgg curve is less steep
in comparison with the corresponding slope for the hom-
opolymer case. It is possible in the vicinity of zgg = 0 for
@4 to become positive due to the contribution from the Y
term in eq 29. When a large negative value is assigned to
l, V. as given by eq 35 will become positive for negative
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2gp. The curve for [ = -2 in Figure 1 indicates this situ-
ation,

(ii) Triblock Copolymer with z,, > 0 and zgg < 0.
The above features of ¢, hold in this case. However, the
dependence of ¢, on zgg is somewhat strengthened, as
readily shown by eq 34c and 27b, and inversion of the sign
of V, occurs only at a very large negative value of /, say
-10, as seen from Figure 2.

(iii) Triblock Copolymer with z,, < 0 and zgg >
0. An analysis similar to that above shows that the skin
potentlal V., is proportional to z,4/ag?, and hence to
lzpp/ ag’®, except in the vicinity of zgg = 0. The V, rapidly
attains a negative, constant value. The factor X + (g2 -
1)Y in eq 29 can be either positive or negative, depending
upon the parameter value, but it is always a constant in-
dependent of zgg. Thus, ¢, is proportional to ag?, and
hence to zgg, irrespective of the sign of ¢,.

3. Third Virial Coefficient and Two Types of Phase
Separation in Solutions. The second virial coefficient,
A,, vanishes at the condition

X=-g-1Y (36)

For the sake of convenience, we call this state the apparent
O state. Then substituting eq 36 into eq 30, we obtain

A; = —(12N,2/18M®)0®Y?3f(g) (37a)
with
f@) = g3(-g? + 18g" — 27¢% + 27g% - 18g2 + 1)
forl<g=<2 (37b)
flg) = g3(5g® - 5g° - 18¢°+ 1) forg>2  (37¢)

Since f(g) is positive for g > 1, we find that A; at the
apparent O state is positive if Y < 0 or X > 0 and negative
if Y>0or X <0. The former case corresponds to the
potential with positive V, and negative V,, and the latter
case to that with negative V_ and positive V,. Thus there
appear two possible combinations of A; and A; in the
vicinity of the apparent O state defined by A, = 0. These
combinations are of positive A, and Az and of negative A,
and positive A; in the case of polymers specified by positive
V. and negative V,, and of positive A, and negative 4; and
of negative A, and A; in the case of polymers specified by
negative V. and positive V,, respectively.
The osmotic pressure = can be written as

#/RT = C/M + A,C2 + A,C + ... (38)

where R is the gas constant and C is the concentration in
(polymer mass)/(unit volume of solution). We attempt
to analyze the phase separation of the solution by con-
sidering terms up to A; in eq 38. 7 is a monotonously
increasing function of C when A, and A; are both positive
and no phase separation occurs. On the other hand, 7 can
exhibit a pair of maxima and minima with increasing C
when A; < 0 and A; > 0, and the solution separates into
dilute and concentrated polymer phases in a certain range
of C. The critical condition for this type of phase sepa-
ration is determined by a set of equations

@7 /3C)r =0 ¥*r/9CHr =0
/9C)r 7 /3C%) (39)
Ay >0
which yields
A*/M(A*)? =7 and  C* = -Ay*/3A,* (40)
Barker and co-workers!? have calculated the virial
coefficients for the square-well potential and also for the

Lennard-Jones potential up to A5 and shown that all of
the higher coefficients, A; to A;, are positive at the Boyle
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Figure 5. Third virial coefficient A3 for equimolar diblock co-
polymers specified by 245 = 0 and 2,4 = lzgp. ¢ is defined by
eq 41,

Figure 6. Third virial coefficient A; for equimolar triblock
copolymer with 2,5 = 0 and 2,4 = lzgp.

point, where A, = 0. Since the higher virial coefficients
seem to be more strongly affected by the core part than
the skin part of the potential, we may assume that they
are all positive if A; < 0 and A3 > 0. Then the above
conjecture on the phase separation would not require any
essential change by inclusion of higher virial coefficients.

When A, > 0 and A; < 0, m exhibits only a maximum
at a certain concentration C**, and afterward it decreases
without limit with increasing C, making the solution
unstable. Then the components should leave the solution
at about a concentration higher than C**. For the sake
of convenience, we refer to this type of phase separation
as “precipitation”.

The stability of the “precipitated” polymer phase can
not be ensured by the potentials employed in this paper.
The hard-core potential for each polymer segment has to
be introduced for the purpose. However, this is an ex-
tremely difficult task within the category of the mean field
treatment. The force range of such a segment core must
be of the order of 10”7 cm, which is practically zero as
compared with the present scale of the intermolecular
distance S;;. Thus, in this study, the stability of the
precipitated polymer phase is simply introduced as an a
priori postulate.

Now, returning to the diblock and triblock copolymers
with z,g = 0, we show some examples of A; as functions
of zgp in Figures 5 and 6, where ! is defined by eq 21 and
¢3 by

Ay = (NA2(RY)3 /M)y 41)

The shape of the illustrated curves can be interpreted, at
least qualitatively, in terms of the modified square-well
potentials, though not mentioned here.

Figures 7 and 8 give the phase diagrams for diblock and
triblock copolymers, respectively, where the locus of the
points for A, = 0 is shown by the solid line and that of A

Macromolecules
. -B
‘/;f.aé/‘—::::

———

Figure 7. Phase diagram for diblock copolymers specified by
(@) ty =t; =05 and (b) ¢t;, = 0.4 and t; = 0.6. z4p = 0 and /
represents z,,/2pg. The lower area bounded by the solid line (or
the dashed line) represents the region of positive A, (or A;) for
zgp < 0, while it represents the region of negative A, (or A4;) for
2BB > 0.

7

]
4 (b)
L)
g
. HiR' .
-5 0 5

Zgg

Figure 8. Phase diagram for triblock copolymers specified by
(@t =t3=025andt, =05and by (b)t,; =t;=0.2and t; =
0.6. z,5 = 0 and | represents z,4/2ps. The lower area bounded
by the solid line (or the dashed line) represents the region of
positive A; (or Aj) for zpg < 0, while it represents the region of
negative A, (or Aj) for zgg > 0.

= ( by the dashed line. The lower area bounded by the
solid line (or the dashed line) represents the region of
positive A, (or Aj) in the left half of these figures, where
zpg < 0, while it represents the region of negative A, (or
Aj) in the right half, where zgg > 0. The upper pair of solid
and dashed lines in each figure is for the equimolar co-
polymer, while the lower pair is for the polymers consisting
of 0.4 parts of A and 0.6 parts of B, namely ¢; = 0.4 and
ty = 0.6 in Figure 7 and t; = t; = 0.2 and t, = 0.6 in Figure
8, respectively.

Suppose that one starts with point D in Figure 7, where
the solvent condition is specified by A, > 0 and A; > 0 or,
more precisely, by zgg = -1.25 and 2,4 = -2.4255 = 3. In
this condition, the polymer solution is thermodynamically
stable. If a second solvent which is neutral for block A but
a precipitant for block B is added to the solution, the
parameter zpy decreases, leaving z,4 unchanged, and ac-
cordingly the solvent condition varies along the dash—dot
line toward point F through point E. The polymer would
precipitate from the solution at around point E. A similar
process should be observed when the solvent condition is
varied from point P toward point R through point Q; i.e.,
precipitation occurs at around point Q.

In the case of triblock copolymers shown in Figure 8,
precipitation occurs at around point E’ if the solvent
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Figure 9. Second virial coefficient A, for diblock copolymers with
various fixed values of m, which is defined as 25, = zgg = mz,3.

-1

condition is varied along the dash~dot line from point D’
to F and through E’. On the other hand, if the solvent
condition is varied along P’Q'R’, phase separation into two
solution phases occurs at around point Q" where the con-
ditions of eq 39 are fulfilled. The shaded area in Figure
8 represents the region bounded by eq 39 (almost hori-
zontal line) and A; = 0 (dashed line).

In addition, we note that there is a small triangular area
with A, < 0 and A3 > 0 in the right half of Figure 7. Thus,
if the solvent condition is varied through this area, the
diblock copolymer solution may exhibit separation into two
solution phases.

4. Effect of AB Interactions z,5. We here study
effects of interactions z,5 between unlike segments A and
B on A,. Let us start with the case of homopolymer A. ¢,
as a function of the excluded-volume parameter z,4 for this
polymer can be obtained from eq 1 and 9, within the scope
of the present model, either by putting ¢; = 1 or by putting
t, =ty = 0.5 and 244 = zgg = 245. The results obtained
are shown in Figure 9 by the dashed curve and the solid
curve denoted by m = 1, respectively (see eq 42). In the
former method, the block expansion factor o, (actually a,)
in eq 15 is estimated at the excluded-volume parameter
2, = 2,4, while in the latter method, each a, (actually o,
or ap) is estimated at z, = (0.5)/%z,,. The discrepancy
between these two curves is notable only for positive values
of z,, larger than unity. This fact seems to support that
the effect of interblock segment interactions on the block
expansion factor is not significant as expected.

On the basis of the above observation, we here assume,
as before, that the interblock segment interactions do not
affect the expansion of each individual block chain and
study only the direct effect of inclusion of segment in-
teraction 2,5 on A, for various types of block copolymers
by using eq 1 and 9. The results are shown in Figures 9-11.

Figure 9 shows ¢, for equimolar AB diblock copolymers
(t; = t; = 0.5), where we put

ZAA = ZBB T M2 (42)

Under the condition that 2,4 = 2, two segment clouds
of A and B have the same average radius; hence the po-
tential V(S,y) consists of a single region. Thus we may
assign the modified square-well potential as

c/(b%n) = cay {43a)
Vo/kT =cZ/a)® V,=0 (43b)

where
z2=(m+ 1z,p/2 (44)
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Figure 10. Second virial coefficient A, for diblock copolymers
specified by z4s = —zgg (!l = -1) and z,5 = kzgp.
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Figure 11. Second virial coefficient A, for triblock copolymers
specified by z,4 = —zgg (I = -1) and z,5 = kzgg.

The mean interaction parameter Z as defined here is
identical with the one which exercises the A, behavior of
equimolar random copolymers. However, the potential
given by eq 43a and 43b is different from that for the
random copolymers: i.e., a, for block copolymers is given
by eq 15, while the corresponding factor & for random
copolymers is to be evaluated as & = a(Z). Reflecting the
difference in the potential, the ¢, for block copolymers
displays quite a different dependence on z,5 from that for
random copolymers, which is always of the same form as
the dashed curve for homopolymers, though with different
scales of z,p. As is seen from eq 29, 43a, and 43b, the
quantity ¢, for block copolymers is proportional to z for
small values of |z,p|, and afterward, ¢, decreases slowly
toward zero if Z > 0 and decreases very rapidly if Z < 0.
When m = -1, all segment interactions cancel on the av-
erage, and ¢, becomes identically zero.

Figures 10 and 11 illustrate effects of 2,5 on the ¢,
behavior of equimolar diblock and triblock copolymers,
respectively, where we put 2,4, = —2zgp and 2,5 = kzgpp.
Thus, the curves for k = 0 reproduce the curves for [l = -1
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in Figures 1 and 2. Inclusion of the z,5 terms in eq 9 raises
or diminishes the potential energy level, so that the
core—skin structure of V(S;,) is weakened or even destroyed
according to the magnitude of k. Thus the effect of & on
the systems of a fixed [ has a resemblance to the effect of
! on the systems of & = 0 shown in Figures 1 and 2.

As shown in the previous paper of this series, the re-
pulsive interblock interaction, z,5 > 0, promotes the for-
mation of a collapsed dumbbell form of the diblock co-
polymers if it is associated with negative intrablock in-
teractions, 254 < 0 and zgg < 0. On the other hand, the
attractive interblock interaction, z5, < 0, promotes the
formation of a collapsed ring form of the ABA triblock
copolymers if z,p is absent. The present theory based on
the spherical potential given by eq 9 is insufficient for
clarifying the behavior of A, in these states. Finally, we
note that an analytical expression for V(S,,) obtainable
at S;; = 0 is useful for a quick test of the sign of core
potential.
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ABSTRACT: Intramolecular transmission of tensile force along a polymer chain can only occur via rotational
rearrangements, which is the origin of internal viscosity. This is interpreted as the resistance to the propagation
of configurational motions along the chain, caused by the rotational barriers around skeletal bonds. The
relaxation mechanism occurs via traveling waves damping off as e™/”. Within the linear force approximation,
each normal mode is characterized by two distinct relaxation times. The larger of them contains an internal
viscosity contribution increasing with the normal mode coordinate, in essential agreement with what is currently
assumed. A realistic, quadratic intramolecular potential is also incorporated in the theory, proceeding in analogy
with the first paper of this series (Allegra, G.; Ganazzoli, F. J. Chem. Phys. 1981, 74, 1310). With a suitable
choice of the characteristic time 7, for bond-rotation relaxation, the complex modulus experimentally found
for polystyrene is approximately reproduced. The dynamic structure factor departs in general from a single
time exponential even more dramatically than in the absence of internal viscosity. Selecting a @ range where
the actual stereochemical structure of the polymer comes into play (0.1 < @ = 4« sin (§/2)/A < 0.4 A™!) and
ignoring the hydrodynamic interaction effects, we show that the approximate power law t;,,@° = constant
is verified with 8 =~ 3 for coherent scattering and with 3 between 2.4 and ~ 3 for incoherent scattering, depending
on the particular value chosen for o (£;,, = half-peak time width). Hence the suggestion proposed in the
quoted paper that hydrodynamic interaction need not be invoked to explain a value of 8 close to 3 in this
@ range is confirmed. The theory also predicts a Rouse-like spectrum of the relaxation times even in the
ideal absence of external friction forces. Furthermore, in agreement with Fixman’s computer simulation results,
the incipient rate of chain relaxation is independent of internal viscosity.

Introduction

At sufficiently high frequencies of the alternating shear
stress applied to a polymer solution, a peculiar behavior
is observed which cannot be explained by the classical
theories of polymer viscoelasticity.'? In practice, the chains
appear to stiffen, and a seemingly constant value of the
component of the dynamic viscosity in phase with the
velocity of deformation is observed through some fre-
quency decades. This phenomenon is currently associated
with the so-called “internal viscosity”, but its molecular
origins are still controversial. Kuhn and Kuhn® first
suggested that it should be attributed to the dissipative
effect connected with the rotational energy barriers sur-
mounted during any configurational change; in analogy
with Eyring’s treatment of fluid viscosity, the faster the
rate at which the energy barriers are crossed, the larger
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the extra force that is required. Cerf* and Peterlin® ex-
pressed in quantitative forms this plausible idea; although
their mathematical formulation appeared to be quite
successful in terms of numerical comparison with some
experimental data,%® it mainly rested on semiempirical
criteria. More recently, Iwata,® Cerf,'° and MacInnes!!
directed their attention to more sophisticated stochastic
models. Bazua and Williams offered a detailed model of
the rotational relaxation process,'? while Allegra proposed
an alternative nonequilibrium statistical mechanical ap-
proach where the hindered skeletal rotations are shown
to slow down the propagation of configurational pertur-
bations along the chain.!?

While de Gennes suggests that intramolecular seg-
ment-segment friction may be the source of internal vis-
cosity,'* a still different approach is proposed by Adelman
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