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Abstract

We have studied the dynamic and static properties of binary and ternary polymer blends in
temperature and concentration domains that include the critical temperature. The ternary blends
consisted of A and B homopolymers and an A–B diblock copolymer. In binary blends and in
ternary blends with lower content of the diblock copolymer, we have observed critical divergence
of dynamic and static correlation lengths and of static susceptibility, as measured by dynamic
light scattering and small-angle neutron scattering. The critical divergence for the binary blends
could be analyzed in terms of a crossover between a mean-3eld and a nonclassical, Ising-type
critical behavior. For ternary blends, the addition of a block copolymer stabilizes the system by
decreasing the extent of composition 5uctuations and by lowering the critical temperature. At
a particular composition of the ternary blend, the appearance of a bicontinuous microemulsion
was established by small-angle neutron scattering. It was shown that a maximum in the dynamic
correlation length derived from dynamic light scattering and observed under these conditions is
a characteristic signature of the microemulsion structure.
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1. Introduction

Critical phenomena have long been of exceptional interest to the physicist’s com-
munity as they occur naturally in connection with many phase transitions [1,2]. In
binary mixtures of low-molecular-weight systems, these phenomena have been studied
extensively. The results have contributed to understanding the eGects of 5uctuations
on the validity of mean-3eld (classical) theory, and to the development of nonclas-
sical theories describing the behavior of a system very close to critical conditions. It
was recognized some time ago that polymer mixtures oGer a unique opportunity to
study critical phenomena in detail [3,4]. The characteristically large molecular dimen-
sions, and the correspondingly slow molecular dynamics, combine to make a variety
of behavioral regimes experimentally accessible.
In general, most polymer pairs are not miscible, yet diGerent polymers have proper-

ties that are desirable to combine in a stable mixture. Consequently, it is often advan-
tageous to stabilize a dispersion of one polymer in another by using a macromolecular
surfactant, such as a diblock copolymer. It is then possible to direct the system to
adopt more controlled and varied morphologies [5] that depend especially on concen-
tration, temperature, interfacial tension and molecular size of the constituents. Various
ordered and disordered phases have been observed in these systems, such as lamellae,
hexagonally packed cylinders and cubic phases. Of particular interest in this work is
the bicontinuous microemulsion [6] existing in a speci3c domain of composition and
temperature of the mixture that has the property of being microscopically segregated
but macroscopically disordered. In such a ternary polymer system, homopolymer-rich
domains are separated by a block copolymer-rich interface. Furthermore, this composi-
tion range coincides with the regime where the mean-3eld theory predicts an isotropic
Lifshitz point [7,8], i.e., a point in the phase diagram where disordered, uniformly
ordered and periodically ordered phases meet. We use dynamic light scattering (DLS)
and small-angle neutron scattering (SANS) to study the critical properties of binary
and ternary polymer blends.

2. Background

From the experimental point of view, the quantities of interest in the present study
of critical behavior of a polymer blend are the static susceptibility S, the correlation
length � and the decay rate of composition 5uctuations �. The reduced temperature
for polymer mixtures can be de3ned as [9]

�=
� − �s
�s

; (1)

where � = (A=T + B) represents the segment–segment interaction parameter, T is the
absolute temperature, A and B are system-speci3c constants and �s corresponds to the
thermodynamic stability limit at temperature Ts. Thus,

� ∼ (T−1
s − T−1) or � ∼ T−1 : (2)
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In the vicinity of Ts these quantities behave as power laws,

S ∼ �−�; � ∼ �−
; � ∼ �−x ; (3)

where � and 
 are standard critical exponents. The exponent x depends on the ratio of
the scattering vector q to various length scales of the system. For the common case
characterized [10] by q�¡ 1 and �¡RgN 0:5 and considered here (Rg is the radius
of gyration of the polymer), x = 
. S is a static quantity obtainable form scattering
experiments (e.g., the static structure factor S(q) from SANS) in the q=0 limit. � is a
dynamic quantity obtainable from dynamic light scattering (DLS). The static correlation
length � can be obtained [10] from SANS using the Ornstein–Zernicke equation

S(q) =
S(0)

1 + �2q2
(4)

and the dynamic correlation length from DLS using the Kawasaki–Stokes equation

� = Dq2 =
kBT
6���d

q2 (5)

but � and �s are not necessarily identical. Mean-3eld theory predicts [1] that the critical
exponents should have values � = 1 and 
 = 0:5, whereas in the nonclassical region,
they should adopt the (Ising) values �=1:26 and 
=0:63. The crossover between these
two regions, i.e., the change in the values of the exponents as temperature is changed
occurs at a reduced temperature �x (the Ginzburg criterion [11]). Assuming that both
polymers in the binary mixture have the same polymerization degree N and radius of
gyration Rg, it is predicted [12] that �x ∼ N−1.

For ternary blends, we consider symmetric systems where NA = NB = N , �A = �B

and fA = 1
2 . Here, Ni and �i are the degrees of polymerization and volume fractions

of homopolymer i and fA is the fraction of polymer A in the diblock copolymer;
�H=�A+�B is the total volume fraction of the homopolymers. For �=N=NAB¡ 1, the
(longer) copolymer is eGective in compatibilizing the homopolymer blend and capable
of forming mesophases [8]. Fig. 1 represents a mean-3eld phase diagram [13] of such
symmetric ternary mixture. Experimentally, 5uctuations destroy the lamellar structure
in the vicinity of the unbinding transition, leading to the appearance of a bicontinuous
microemulsion in an approximately vertical channel of width of a few percent around
the theoretical unbinding transition.
The static structure factor of the ternary polymer blend is predicted to have the form

[14]

S(q) =
S(0)

a2 + c1q2 + c2q4
; (6)

where a2, c1 and c2 are the coeMcients in the expansion of the Landau free energy to
second order in the order parameter; c1¡ 0 indicates the appearance of a microemulsion
structure. In the homogeneous and microemulsion phases, the decay rate � obtained
by DLS can be again converted to a correlation length �d using Eq. (5).
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Fig. 1. Theoretical mean-3eld phase diagram for a symmetric homopolymer=homopolymer=diblock copolymer
blend with equal volume fractions of each homopolymer, with � = 0:2. The unbinding transition separates
the lamellar and two-phase (2�) regions and meets the order-to-disorder transition and stability lines at an
isotropic Lifshitz point.

3. Experimental

Polymer samples were prepared by living anionic polymerization following standard
procedures, as described elsewhere [15]. The following polymers were synthesized:
polyisoprene (PI, molecular weight Mn=2000 and 5000), poly(ethylene-alt-propylene)
(PEP, Mn = 5000), poly(dimethyl siloxane) (PDMS, Mn = 2130), poly(ethyl ethylene)
(PEE, Mn = 1710) and a diblock copolymer PDMS–PEE (52% PDMS, Mn = 10400).
The dynamic light scattering instrument used was described elsewhere [16]. The

autocorrelation functions of the scattered intensity were analyzed either by 3tting to
a single exponential function or by the regularized nonlinear inverse Laplace trans-
formation REPES [17]. Small-angle neutron scattering experiments were conducted
at the 30 m Exxon=Minnesota=NIST instrument at NIST as described in more detail
earlier [18].

4. Results and discussion

The crossover from mean-3eld to nonclassical critical dynamics was studied on a
binary blend of PI(5000)=PEP(5000) for which the critical composition is �c;PI =
0:605 and the critical temperature is Tc = 130:6◦C. The dynamic correlation length �d
was derived from the decay rate of composition 5uctuations measured by DLS using
Eq. (5) as a function of temperature in a large range above Tc. In virtue of Eqs. (2)
and (3) we should have �−1=
 ∼ T−1. Fig. 2 shows that we indeed obtain a linear
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Fig. 2. Inverse correlation length � (a) raised to the power 1=0.5 vs. inverse temperature T . The linear
regions below and above Tx = 150

◦
C correspond to nonclassical and mean-3eld regions, respectively.

regime in such representation, both with the mean-3eld value of the critical exponent

=0:5 (where the linear regime is at high temperatures) and with the nonclassical value

=0:63 (where the linear regime is in the vicinity of the critical temperature Tc). The
crossover between the mean-3eld and nonclassical regimes occurs progressively in a
temperature interval around the Ginzburg temperature Tx = Ts + 20◦C. The extent of
the nonclassical critical regime is very large for a polymer system, which is due to
the rather low molecular weight of the constituents. Fig. 3 reproduces data obtained
earlier [10] by SANS on the same polymer system with a slightly smaller molecular
weight, PI(2000)=PEP(5000). A similar behavior is observed, namely a crossover from
mean-3eld to nonclassical critical behavior, at Tx = Ts + 34◦C.
The eGect of a diblock copolymer on critical 5uctuations was studied on a simi-

lar mixture consisting of equal amounts of homopolymers (described above) PDMS
and PEE and a variable fraction of diblock copolymer PDMS–PEP, in the range of
the block copolymer content �ED = 0–15%. Fig. 4 displays the temperature depen-
dence of the dynamic correlation length �d for various values of �ED. For the lowest
three concentrations, �d still diverges but as the fraction of block copolymer increases
the critical temperature decreases. This describes the stabilizing eGect of the block
copolymer on the polymer mixture: at a given temperature the correlation length of
composition 5uctuations is smaller for a larger content of block copolymer. For the
four higher concentrations, �d exhibits a clear maximum before decreasing as tempera-
ture is further decreased. This indicates a dramatic change in behavior of the polymer
mixture which can be explained by considering the SANS data obtained on the same
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Fig. 3. SANS intensity I(0) and inverse correlation length as a function of temperature for the mixture
PI(2000)=PEP(5000). Tx corresponds to the mean-3eld–nonclassical crossover temperature, Ts is the stability
limit. The dashed lines correspond to the Ising theory.

Fig. 4. Dynamic correlation length for the system PEE=PDMS=PEE–PDMS as a function of temperature for
several volume fractions of the block copolymer �ED, from right to left: 0%, 4%, 7.1%, 9.2%, 10%, 12%,
and 15%. The 9.2% mixture has a phase-separated region surrounded by microemulsion regions.
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Fig. 5. SANS intensity as a function of scattering vector for the 10% mixture at 25
◦
C. The line is a 3t to

Eq. (6).

Fig. 6. Temperature dependence of the coeMcient c1 for mixtures with increasing content of the diblock
copolymer, from top to bottom: 9.2%, 10%, 12%, and 15%.

system. A typical plot of SANS intensity as a function of scattering vector is shown in
Fig. 5. These data were 3tted with Eq. (6) to obtain the parameters a2, c1 and c2. As
mentioned earlier, negative values of the parameter c1 indicate a microemulsion struc-
ture of the polymer mixture. Fig. 6 shows that c1 becomes negative for temperatures
T6 85◦C, which is just the temperature of the maxima of the dynamic correlation
length in Fig. 4. This maximum is a very distinctive experimental indication of the
formation of a bicontinuous microemulsion. It occurs because the dynamics of sponta-
neous concentration 5uctuations are very sensitive to the underlying 5uid structure. On
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cooling from the fully disordered phase, the dynamic correlation length increases due to
the longer-range, larger-amplitude 5uctuations, until the formation of the microemulsion
arrests the divergence.

5. Conclusions

The crossover from mean-3eld to nonclassical, Ising-type critical behavior in binary
polymer blends was observed at a rather large distance from the critical temperature,
Tx−Tc=20–30◦C. This distance is larger for lower molecular weights of the polymers.
The addition of a diblock copolymer decreases the temperature of phase separation and
reduces the extent of composition 5uctuations. For a content of copolymer correspond-
ing to the appearance of bicontinuous microemulsion, the critical divergence is arrested
and the temperature dependence of the dynamic correlation length exhibits a charac-
teristic maximum.
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