Macromolecules 1992, 25, 4411-4413 4411

Conformations of Molten Diblock Copolymer Macromolecules
near the Point of Microphase Separation Transition

I. Ya. Erukhimovich* and A. V. Dobrynin

Institute of Mineralogy, Geochemistry and Crystal Chemistry of Rare Elements, USSR,
Veresaeva, 15, 121357 Moscow, Russia

Received September 16, 1991, Revised Manuscript Received March 5, 1992

ABSTRACT: Some conformational characteristics of molten diblock copolymer A,B,, individual macro-
molecules are calculated near the point of microphase separation as functions of reduced Flory parameter
x = xN, x being the conventional Flory parameter and N = n + m—the total degree of polymerization. To
carry out these calculations, Edwards’ perturbative approach was generalized, “screened” monomer-monomer
interaction energy being obtained by taking into account fluctuation effects beyond the random-phase
approximation. Presented results verify the basic assumption of the weak segregation theory of microphase
separation as to “almost Gaussian” conformational behavior of molten diblock copolymer macromolecules

and indicate the significance of fluctuation effects.

Introduction. Recently Leibler’s theory of microphase
separation of molten diblock copolymers! was tested by
Monte Carlo simulation.? In particular, it was found that
the size of the diblock copolymer macromolecule as a whole
increases as the system approaches the point of mi-
crophase-separation transition (MST) from the side of
the liquid (disordered) phase. This interesting effect was
not predicted by any direct theoretical calculation. In
this paper we give the theoretical description of this
phenomenon.

Calculation of Average Conformational Diblock
Copolymer Macromolecule Characteristics. The gen-
eral idea of our calculation was first presented by Ed-
wards34 and developed by de Gennes®® and one of us"8
and in more recent works.®!® Assume that deviations of
conformational sets of all macromolecules from ideal
Gaussian ones are small. It follows that all corrections to
characteristics of any individual macromolecule averaged
over all its conformations can be easily calculated using
perturbation theory given an effective monomer—-monomer
interaction energy Uef(r), r being the distance between
monomers pertaining to the macromolecule. The problem
to be resolved is to account for a “screening” of an initial
interaction of these monomers due to their interaction
with monomers of all other macromolecules. The as-
sumption as to “nearly Gaussian” macromolecule behavior
turns out to correspond to the well-known random-phase
approximation (RPA) enabling the calculation of Uef(r)
explicitly. Thus, having calculated the swelling (contrac-
tion) of all macromolecules, one can verify this approach.
For example, to calculate the swelling ratio a2 = (H2)/
(H?)y ({H?) and (H?); being mean-square distances
between the ends of a homopolymer chain perturbed due
to self-interaction and of an ideal one, respectively), the
following expression was presented:*

at-1= IS—NJ'q2U°f(q)\I/(q) __q_ 09

Here U(§) = fdV U*(r) exp(i§7), a and N are the Kuhn
segment and the polymerization index of the chain,
respectively, and

=N 2 2l
V(q) = Zy(l) 12 exp(— 2 : )
=1

where »(I) = N - is the number of all monomer pairs on
the chain separated by ! bonds.

0024-9297/92/2225-4411803.00/0

Consider now the molten diblock copolymer A,B,,. Note
that a diblock copolymer is characterized by both the
swelling ratios of each block and one of the macromolecules
as a whole and the mean cosine of the angle of the vectors
R4 and A drawn from the block junction to the end of the
block:

Al = (HO/(HD g ap® = (b2 (RyP)gs

= (hg®)/ (hg?),

(cos @) = (hyhp)/ ((hgl) (h,2)Y?

(H?) = ((hy - hp)®) = (h,2) + (hg?) - 2(R,hg) (D)

The brackets () and ( )¢ denote averaging over all
perturbed and unperturbed diblock copolymer macro-
molecule conformations.

To calculate corresponding corrections to the unper-
turbed values of these quantities, we derived the following
generalization of expression 1:
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Here a is the Kuhn segment supposed to be the same for
bonds A-A and B-B, N = n + m is the total polymeri-
zation index, and »;;(l) is the number of all monomer pairs
of the ith and jth type situated on the macromolecule
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A,B,, separated by ! bonds. In formulas 3-5 the sum-
mation is carried out over all values of repeated indices
G, ] = A, B).

The final expression for the Fourier transformation
U*(g) of the matrix of molten diblock copolymer effective
pair potentials calculated within the framework of the
random-phase approximation taking into account the
effect of the redistribution of monomers pertaining to all
other macromolecules is!C

U (x) = —vf;(x) G@)/N 6)
where the following designations are introduced:

fr®) = 1= 2X850(x); fol®) =1 - 2xg,,(x)

f12(x) =1+ 2>~(g12(x); X = qzazN/ﬁ

Glw) =g, 0) + g, () - 28, ) -2x (D)

x = xNV, x is the conventional Flory parameter charac-
terizing A-B interaction,!! and v is the excluded volume
supposed to be the same for both monomers A and B.
Note that functions g;;(x) and G(x) are structural corre-
lators of the block copolymer and the scattering function
of the melt.112:13

One should note that the function G(x) in eq 4 has the
following form near the spinodal:113

G(q) = {C(lqg| - gp» + 71 8)

gois the value of the wave number characterizing the most
dangerous (as to microphase-separation instability) density
fluctuations; the constant C and variable 7 (the reduced
distance from the spinodal restricting the region of the
spatially homogeneous state stability) are defined as
follows:

C =gy, Q) + 8y — 281, (@)/897 /2 9

T=g,,7"(qy) + 82 (@) - 2815 (g ~2x  (10)

Substituting eqs 6-8 into eqs 3-5, one can arrive at the
following final expressions for the swelling ratios:

6Y/2 2/ N2

Upota = 1~ W‘I’ij(xs) fij(xl) (11)

2 61/2x‘2/N1/2 A’B
app =1 _W(bij (xs) fij(x‘)/fAvB 12

Here x» = qo%a2N/6, N = N/(v/a®)/2and fa =1-fg =n/N
is the compound of block copolymer. One can calculate
the quantities 2 now (see dashed lines on Figure 1a). One
can see that in the vicinity of the spinodal (r = 0) the
deformation of the diblock copolymer tends to infinity.
However, this effect is a result of an extrapolation of
expressions 11 and 12 obtained within the framework of
the mean-field approximation into the fluctuation region
where this approximationisnot valid. Thus, in the vicinity
of the spinodal we have to take into account fluctuation
effects. The proper consideration of this subject!4-16 was
carried out by us!” and in the paper of Barrat and Fre-
drickson.!® Thegeneral line of consideration and the main
result of refs 17 and 18 are essentially identical: in the
case of the liquid (disordered) phase, the structure of the
correct expression for effective pair potentials Uff(x)
calculated taking into account fluctuation effects is the
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Figure 1. Conformational characteristics of diblock copolymers
as functions of the reduced Flory parameter x (inverse temper-
ature). Curves labeled by numbers 1-3 correspond to molten
diblock copolymers with f4 = 0.5, 0.4, and 0.3, respectively. (- - -)
Results calculated within the framework of the random-phase
approximation.’® (—) Results calculated within the framework
of the BFH approximation!4!€ for N = 104, (a) The total swelling
ratio aa’(x). (b) The partial swelling ratio of a shorter block
ap¥(x). (c) The partial swelling ratio of a longer block ag(x). (d)
The angle interblock correlation characteristic (cos ¢).

same as the one of expression 4, if one substitutes for
quantities G(x) and fj(x) their renormalized values. In
particular, in formulas 6, 9, and 10 one should substitute
for 7 the quantity r which characterizes the correlation
radius of the system under investigation and is determined
from!4-16

r—zst/ort?=r (13)
Here the following designations are introduced: s =

2+/(2xC1/%) and £ = f$v?(h,0) dh/4, the function y®(h,0)
being defined in ref 1.

It follows from eq 13 that () is a monotonic increasing
function of r which tends to 0 when the value of r tends
to minus infinity. This removes the divergence of the
macromolecular deformation in the vicinity of r = 0, which
proved to be not a spinodal but a crossover point. Infact,
the renormalization of the correlation function G results
in the renormalization of both r and gy as well as some
other parameters characterizing the function G.18-20 The
effect of the gy renormalization was observed experimen-
tally?! and is often interpreted!®-2! as evidence of the chains’
stretching near the MST. However, the period L = 2%/qq
of the arising lattice is related to the size of chains (H?)
in a very indirect manner. Consider, for example, a blend
which consists of equal numbers of chains ApB-pn and
Aq-nnBsn. (The limit f = 0 corresponds to the blend of
homopolymers A and B.) One can ascertain easily that
for this system the value of go, calculated in the random-
phase approximation,!3 decreases from the one corre-
sponding to a molten symmetric diblock copolymer to zero
when the value of f decreases from 0.5 to (v/3 - 1)/(V/3
+ 1), notwithstanding the Gaussian (in this approximation)
behavior of the chains. Thus, itis only the straightforward
calculation along the line presented above which gives the
valid information concerning one-chain conformational
characteristics. It was carried out in ref 18 for the case
of a symmetric diblock copolymer only.1® In our work we
investigated the more general case of an asymmetric
diblock copolymer and found that apart from the renor-
malization of G a renormalization of f;; takes place and
results in some quantitative corrections absent in ref 18.
For the sake of brevity we omit here the rather cumbersome
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description of these corrections and present the final results
of the numerical calculation of the quantities 2 in Figure
1. (Note, however, that when calculating the function G,
we restricted ourselves to allowing for the renormaliza-
tion of r only, which is a more rough approximation than
the one used in ref 18. The proper improvement will be
presented elsewhere.)

Discussion. The solid curves in Figure 1a are for N =
104 They are in rather good agreement with curves for
the dependence of the mean-square gyration radius on x
calculated both by means of Monte Carlo simulation? and
analytically in ref 18 for N = 8000. The new dependen-
cies for the “partial” swelling ratios of block a4 and ag and
the angle correlation characteristics (cos ¢) lead to the
following conclusions: (i) When approaching the MST
point, the longer block swells, whereas the shorter one
shrinks. The physical reason for the difference in the
behavior of short and long blocks is very clear: for an
asymmetric copolymer the environment of any individual
block consists mainly of long blocks (say, B). Therefore,
the a of the surroundings are similar for the longer blocks
but dissimilar for the shorter ones. This means that the
effective B-B interaction is more or less a screened
repulsion similar to the one in the B homopolymer melt.
On the contrary, the behavior of the short blocks can be
considered roughly as one of a chain placed in conditions
corresponding to its coil-globule transition (it is instructive
to compare this effect with the contraction of chains in a
homopolymer solution near the spinodal of the latter”®).
For the symmetrical (and almost symmetrical) diblock
copolymer the subtle balance of these two tendencies leads
to the nonmonotonic dependence of o;on x. (ii) The total
swelling of the diblock copolymer increases in the region
and is contributed mostly by its stretching due to the
presence of the angle correlation between blocks of the
same macromolecule. (iii) Macromolecules remain “nearly
Gaussian” within the whole region of the disordered phase
up to the first-order phase transition. Thus, we verified
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the basic assumption of the weak segregation theory of
microphase separation as the Gaussian conformational
behavior of molten diblock copolymers (at least in this
region) and indicated the significance of fluctuation effects
in the screening of interactions near the point of mi-
crophase separation.
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