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ABSTRACT: The interaction parameter xg in the mean-field theory of Flory and Huggins for compatible
polymer blends is reduced by corrections arising from the effect of concentration fluctuations. In this paper
we show that an applied deformation, by restricting the size of the polymer chains, suppresses the fluctuations
and acts to restore the xp parameter to its original value. The net result is an effective interaction parameter
that increases with deformation. The magnitude of the effect is shown to be dependent on a cutoff parameter
relevant to the small-scale structure of the polymers and is therefore open to experimental determination.
The effect itself may be relevant in explaining some recent neutron scattering experiments on deformed polymer
blends where spinoidal decomposition appears to take place on deformation.

Introduction

Recent experiments of Oeser et al.,! using SANS, on
poly(dimethylsilane) model networks containing some
deuterated free chains showed an enormous increase in
scattering intensity with increasing elongation. The
isointensity curves plotted on a plane formed by the
scattering vectors perpendicular and parallel to the elon-
gation direction showed a curious and unexpected pattern,
which on account of its visual appearance, they named the
“butterfly” effect. Further experiments of Bastide et al.2
on a polystyrene (PS)/deuterated polystyrene blend of
un-cross-linked chains, where the shorter deuterated chains
were dispersed in a matrix of much longer (~102%) pro-
tonated chains, showed a similar effect on elongation in
the isointensity curves. (The curves were “lozenge” shaped
but also contained the butterfly pattern.) Although the
chains were not cross-linked in this case, the entanglement
lifetime of the long chains ensured that they behaved as
a temporary rubber. In both cases the effects were at-
tributed to interchain correlations leading to an elonga-
tional-induced spinoidal decomposition.

In this paper we point out the possibility that such an
effect may be attributable to a deformation-dependent
Flory xr parameter, which increases with deformation. An
alternative explanation has been given by Brochard-Wyart
and de Gennes,® who propose an additional orientation-
al-dependent interaction. In this paper we do not go be-
yond the normal type of short-range interactions usually
employed in this problem. Our intention is to show that
an interesting deformation dependence is already present
within the existing framework of the random-phase ap-
proximation. We do this by calculating the free energy
of a compatible binary (A/B) polymer blend when the
configuration of the chains are deformed. We treat the
problem as simply as possible and do not consider the
details of how the chains are actually deformed or the
effect that such a network might have on existing inter-
chain interactions.

Despite these simplifications the problem is far from
trivial. For undeformed chains in equilibrium, the usual
mean-field or random-phase approximation of de Gennes*
for the concentration fluctuations S(&) is given by

1 _ 1 1 2
S(k) ~ S0(k)  Sgk) B

(1)
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where xg is the Flory interaction parameter and 5 the mean
density. The random-phase approximation can be for-
mulated for chains subjected to constraints on the end-
to-end vectors but unfortunately does not result in a closed
analytic expression for S(k). However, it can be shown that
the leading term for the density fluctuations of constrained
chains has the same form as (1) but with the unperturbed
structure factors S, ,g%k) replaced by those appropriate
to a noninteracting but deformed chain, i.e., Sy/p%(k) —
Sa/e%k;N). Nevertheless eq 1, with this replacement, does
not lead to the desired result of an enhanced interchain
correlation. To see this, we use the following small-g ex-
pansion of the structure factor:

Satki) = eaNA(1 - B)(R,2(N)) /(BNy..)  (2)

where ¢, is the volume fraction, N, is the degree of po-
lymerization, and {R,2(\)) represents the size of the A
chain in the deformed state. The limit of stability of the
system is given by S(k) — » as k — 0, i.e.

SYk) =

2 R22(\)  Rg*(A

B[ REO) | RO +( 1, 1 _2XF)=0
6 \ NaZea®  Np'es? eaNa  ¢sNg

: @)

This is identical with the original Flory—Huggins criterion
in the limit 2 — 0 and is clearly unaffected by the de-
formation, which is always associated with the & depen-
dence. However, the application of the de Gennes result
(1) does give a satisfactory fit to the results of Bastide et
al. on the un-cross-linked PS chains in the absence of a
deformation. In this paper we show that to obtain an
enhanced interchain interaction we must go beyond
mean-field theory and consider the effect of concentration
fluctuations arising from monomer correlations in the
presence of the deformation on the interchain interaction.
It has already been shown by Olvera de la Cruz et al.? that
the effect of concentration fluctuations in the undeformed
state redefines the xp interaction term in the Flory-
Huggins free energy to a lower value that the original one,
without substantially changing the form of the free energy.
We not argue that the effect of deforming a polymer chain
is to reduce the single-chain density fluctuations (e.g., from
eq 2 we have for k > 0 that S,%(k;\) < S, 5°(k)) and con-
sequently to restore the original (higher) value of the in-
teraction parameter. (In the limit where all fluctuations
are suppressed, the original Flory-Huggins mean-field
approximation is exact.) Thus in effect the xp parameter
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becomes deformation dependent and increases with in-
creasing deformation to the value originally proposed by
Flory and Huggins.

In the next section we substantiate these remarks by
calculating the free energy of a binary compatible blend
of deformed polymer chains.

Calculation of the Free Energy

In the blend the chains are assumed to interact with
each other through structureless short-range interaction
potentials. The configurational interaction energy ViC)
of the chain species A and B is taken to have the usual
form®

VICI = 84 T oausa (Bloa(-F) + wmps(klos(h) +
2wapoa(k)op(-k)} (4)

where wy, ete. are the interaction strengths and p, etc. are
the microscopic monomer densities. For a uniform system,
the k = 0 density mode does not contain any fluctuating
terms, only the mean concentrations: p(0) = 5, p(0) =5
with 5 + p = p, or, alternatively, ¢, + ¢g = 1. If we separate
out this term in the potential and for the remainder of the
modes use the incompressibility condition

pa(R) = —pp(k) (5)

then the interaction energy (4) can be written as a mean
interaction potential

- Q
V= Eﬁzf‘ﬁzwu + (1 - ¢)2wpp + @1 - Qwap}  (6)
and a fluctuating, configuration {C} dependent part

AVIC) = % T uas + was - 2wasloa(Bloa(k) (7

AVIC]
- 8
kT >lca ®

The free energy is given as
F=Fpy-kTIn (exp -

where Fpy is the usual Flory-Huggins free energy con-
taining the mean interaction potential V and the entropy
of the noninteracting chains. The averaging is done over
all the configurations of all the chains {C}, which we will
take to be in either the undeformed or deformed state.

We emphasise that the complete free energy (8) contains
a contribution from the concentration fluctuations, which
we will now show are also the original of the deformation
dependence. Only when the fluctuations are neglected is
the Flory—Huggins free energy term obtained. The average
over all configurations {C} of the density fluctuations can
be done, in by now a standard way,® by treating each
fluctuating density component p(k) as an independent
Gaussian random variable, i.e.

(*dcoy —

2 S%E;N)
9
where
11 1
SO\ S 0kiN)  SpP(kN)

(This form for S%k;)\) is determined by the incompressi-
bility condition (5).) We assume that the Gaussian
property of the density fluctuations also holds true even
when the chains are deformed and that the effect of the
deformation can be described by using unperturbed
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structure factors appropriate to the particular state of
deformation {C(\)}. This is an oversimplification of the
effect of a deformation, but it nevertheless contains the
essential features and will be used here. A full treatment
of this problem is in progress and will be reported else-
where.” By use of (9) and (7) the evaluation of the free
energy difference AF = F — Fgy is reduced to the form

AF/kT = -In

IT (2% /S0(k;N)) 12 X
k>0

.f dpa(k) exp(- _ZPA(k)PA( k)) 2XF} (10)

S%k;))
where the Flory xy parameter is given by
2xr = pl2wsp — was — wepl/kT

Each density component p,(k) in (10) can be integrated
to give

1 1
AF/kT =~-=In [[{———— 11
/ 2 k>o{1 - 2xFS°(k;>\)} (11)
To obtain an explicit expression for the free energy, we
make the following replacements in (11)

nll—Xh— —fd‘*k In (12)

k>0 k>0

and use an analytically feasable form to model S%k;\). For
an undeformed noninteracting chain, S,(k) = Nypaga(R)
where g,(k) is the Debye function. Although the form of
this function is known, we will use an approximate ex-
pression®? to facilitate the integration; i.e.

ealNa

SAO(k) = ——t 13
v ® 1+ k2R3, /2 (1)

Where R.%y = N,I2/6 is the radius of gyration of an A
chain. For a noninteracting chain with the end-to-end
distance H held fixed at the value H = ANY/2, the de-
formed structure factor can in principle be calculated but
again not in a tractable analytic form for the & integration
in (11). Instead we will use an approximation form based
on (13) but with

RgZA - Rng(A) = Z(kJ::)‘xRx)z

x

The decomposition of the k vector into Cartesian com-
ponents again causes analytic difficulties in performing the
k integral and so we go one step further and replace

Rl — RA(N) ={(1-2/ON + 2/fR2
= K2 + DR, (14)

for a cross-link functionality (f) of 4.

Note that we have used the nonaffine approximation for
the deformed value of the radius of gyration as a repre-
sentative example. The use of other models for R,(}), such
as the affine model, would lead to slightly d1fferent results,
but the general features of the calculation presented here
would be unchanged. For a recent review of the various
models available for the description of the deformation of
chains in a network, see ref 8 and 9. We further note that
the crude approximation given in eq 13 and 14 is just to
simplify the mathematical analysis to the point where it
can be done analytically. More realistic expressions for
S(k,\) would require a numerical evaluation of the integrals
and would certainly obscure the physical content of our
proposals. By use of (14), (13), and (12) in (11), the free
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energy difference can be written as
AF/(QkT) =

2(xo - 1-¢) + RN+ 1)/2
—l—fk dk In [2(x0 — xp)e(1 - @) ( /2]
472

[2x00(1 - ¢) + R22(N2 + 1) /2]

(15)
where
2x = L, L ta=e¢e ew={1-9¢
eNy  (1-¢)Ng
and

I = (la%¢p + lg?¢p) /12
The integral over & is obtained from
j;ydx x2In (x2 + ad) =
(»%/3) In (% + a?) - (2/9)y® + (2/3)ya® - (7 /3)a®

The result depends on an upper (short distance) cutoff
because we have failed to take into account any structural
details of the potential terms. We will take the cutoff as
k. = o/l%, where o’ is a numerical constant and ! is a
monomer step length. As the cutoff approaches inifinity,
the leading contribution to AF can be written as

—a2Xy
A+l

where « incorporates o’ and further numerical constants.
This term is the only contribution that is important for
our calculation, because it shows the deformation-de-
pendent renormalization of xp. Other terms, given in the
integral cited above, lead to further contributions in the
free energy which are as (A — 1); i.e., the undeformed state
leads to the same free energy given in ref 5 and by Bates
et al.,!® which also includes the correct solution limit if one
component is replaced by a solvent. Essentially all the
other terms apart from the leading term are not defor-
mation dependent, as we have shown in a subsequent
paper.!! When the contribution from the fluctuations AF
is combined with the corresponding term coming from the
macroscopic (k = 0) concentration term (i.e., the Flory-
Huggins term), we get an effective interaction term, which
increases with increasing deformation, of the form

o

AF/(QkT) = el -¢)

Fiue/ (QRT) = 2xpell - w){l -
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Again we note that the dependence on A2 is because of the
simplifying approximation (14). When A = 1 the result of
Cruz et al. is obtained, but they chose a cutoff k vector
of 2x /1 which gives a = 6/7% In our opinion the occur-
rence of a cutoff reflects structural details of the interaction
potential that were neglected when we used k-independent
interaction terms wyy, Wap, and wgp in (4). These are
certainly of the order of the monomer size | but can be
regarded as genuine parameters of the problem.

Conclusions

The full problem of considering the effect of a defor-
mation in a cross-linked binary polymer system of inter-
acting polmers can be formulated;” however, the evaluation
of the free energy presents interrelated technical problems,
In this paper, we have adopted simple models and methods
to bypass some of the difficulties and have shown that an
important contribution comes from the suppression of
concentration fluctuations by the deformation, leading to
an effectively enhanced xy interaction parameter. It is
suggested that this (in part) may be responsible for the
assumed spinodal decomposition seen in some neutron
scattering experiments on protonated/deuterated blends.
experiments on compatible, but chemically distinct, en-
tangled blends would certainly be relevant to this problem.
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