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ABSTRACT: The morphological similarity between a phase-separated polymer blend and a one-phase
bicontinuous microemulsion is discussed in detail by comparing their respective light and X-ray scattering
intensity distributions with structure factors computed according to the random wave model (RWM). In
the RWM, a three-parameter spectral function introduced by Lee and Chen is used in conjunction with
Berk’s theory and Cahn’s clipping scheme to calculate the Debye correlation function for the scattering
intensity. The agreement between experiment and theory is excellent. The three parameters determined
by fitting the scattering intensities are then used to calculate the average Gaussian curvature of the
interfaces between the two isometric phases for the first time. The RWM can also be used to generate
the 3D morphologies of both the bicontinuous phase-separated polymer blend and the one-phase
microemulsion. There is a striking resemblance between the morphologies of these two unrelated systems,
in spite of a difference in length scales characterizing the structures of a factor of about 250.

Introduction

Studies of bicontinuous and interpenetrating domain
structures developed via spinodal decomposition (SD)
have been an attractive research theme among research-
ers dealing with binary mixtures of molecular fluids,
binary alloys, and polymer blends over the past de-
cades.1,2 Complex structures can be observed in the
phase separation process induced by a temperature
quench from the stable one-phase region into the
unstable two-phase spinodal region. The fact that the
dynamical processes in complex fluids such as polymer
blends, glasses, and gels are extremely slow due to their
long characteristic relaxation times allows us to study
their morphologies with better accuracy than those of
simple liquid mixtures.3

Similar kinds of bicontinuous structures have been
observed in a water/oil/surfactant three-component mi-
croemulsion system in the one-phase region close to the
three-phase boundary and in the vicinity of the hydro-
phile-lipophile balance temperature.4 It is interesting
to examine the common and universal features, if they
exist, of the bicontinuous structures observed in phase-
separated polymer blends and in microemulsions.
Scattering techniques such as light (LS), small-angle

X-ray (SAXS), and small-angle neutron (SANS) have
been extensively used to examine the structure factors
of the phase-separated structures of polymer blends.2,5,6
Structure factors, which describe the scattering length
density distribution of the phase-separated structure,
have been compared with theories7 and with the results
of computer simulations.8 The structure factor of phase-
separated polymer blends has a maximum intensity at
q ) qm (q is the magnitude of the scattering vector) and
a weak shoulder-like secondary maximum around q =
3qm, which is well described by computer simulations

based on a numerical solution of the time-dependent
Ginzburg-Landau (TDGL) equation.8 An approximate
theory by Ohta and Nozaki9 based on the interfacial
equation of motion is also successful in describing such
a structure factor.
In bicontinuous microemulsions, a theory developed

by Berk10 has been used to analyze scattering data and
to generate the three-dimensional (3D) morphology
corresponding to the scattering data. A random Gauss-
ian field that is generated by superposing many isotro-
pically propagating sinusoidal waves with random
phases is “clipped” to simulate the two-phase morphol-
ogy whose essential features depend on the spectral
function. It should be noted that this idea was first
developed by Cahn11 for generating the 3D morphology
formed by SD. Chen et al. proposed a peaked spectral
function with a power law decay at large wave numbers
which was able to reproduce their SANS intensity
distributions from the microemulsions (called a modified
Berk, or MB, theory).12 Moreover, Chen et al. used the
MB theory to estimate the average Gaussian curvature,
〈K〉, of their microphase-separated bicontinuous struc-
ture.13

In the present paper, we apply the MB theory to the
scattering data from a polymer blend (which is in a
nonequilibrium state) in order to see whether or not
there are some common features shared by these two
dynamically disparate systems. It is worth noting that
the two systems have very different characteristic
lengths: the characteristic length of the phase-sepa-
rated polymer blend used here is of the order of 10 µm,
while that of the microemulsion is of the order of 100
Å. We use Berk’s theory to construct 3D images for both
the polymer blend and the microemulsion. A real 3D
picture observed by laser scanning confocal microscopy
(LSCM) is then presented for comparison.

Experimental Section

The polymer blend used in the present study was a near-
critical mixture of perdeuterated polybutadiene (dPB) and
polyisoprene (PI). Both polymers were synthesized by living
anionic polymerization. The number-average molecular weight
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(Mn) of dPB was 6.1 × 104, with a molecular weight distribu-
tion, characterized byMw/Mn (Mw is weight-averaged molecular
weight) of 1.07. PI had Mn ) 1.41 × 105 and Mw/Mn ) 1.04.
dPB/PI blend mixtures with a composition of 39 wt % dPB and
61 wt % PI were dissolved in toluene and subsequently cast
to form films. SANS experiments were made on the dPB/PI
blend, from which it was shown that the mixture was
characterized by a lower critical solution temperature (LCST)-
type phase diagram with a spinodal temperature of 36 ( 1 °C
at the composition studied here. A temperature jump from
25 to 70 °C was used to induce phase separation via SD. The
phase separation process was followed by a time-resolved light
scattering (LS) experiment that gave the scattering intensity,
I(q,t), as a function of wave number q at time t. q is defined
by

where λ0 and θ are, respectively, wavelength of light in the
vacuum (λ0 ) 632.8 nm) and scattering angle in the medium.
n is the average refractive index of the mixture.
For the microemulsion, ternary mixtures of heavy water

(D2O), n-octane, and tetraethylene glycol monodecyl ether
(C4E10) were used. Volume fractions of the surfactant (φs),
water (φw), and oil (φ0) were respectively 0.130, 0.435, and
0.435. For a nonionic surfactant of this type, at low temper-
atures the hydrophilicity of the surfactant dominates, resulting
in a two-phase equilibrium between a relatively pure oil phase
on the top and a water phase containing most of the surfactant
forming an oil-in-water microemulsion in the bottom. On the
other hand, at high temperatures, because the formation of
hydrogen bonds becomes thermodynamically less favorable,
the surfactant becomes less hydrophilic and tends to go to the
oil-rich phase on the top, forming a water-in-oil microemulsion.
Between these two extremes, there is a range of temperatures
where the hydrophobic nature of the hydrocarbon tail of the
surfactant is nearly matched by the hydrophilicity of the
molecular head group. At such temperatures, the one-phase
microemulsion becomes thermodynamically stable. For the
particular concentration of surfactant used here, the one-phase
region spans the temperature range from about 19 to 25 °C.
We note here that the term “one-phase” microemulsion does
not necessarily imply that the three components are miscible
at the molecular level. Observationally, it only means that
the system is not macroscopically phase-separated. In the one-
phase microemulsion, at moderate surfactant concentration,
it is known that a microphase-separated structure exists in
thermal equilibrium. The microstructure consists of inter-
penetrating domains of water and oil, having characteristic
dimensions of the order of 100 Å, with most of the surfactant
molecules sitting at the interface.
SAXS measurements were made for the microemulsion

using an apparatus having a 18 kW rotating-anode X-ray
generator (MAC Science Co Ltd., Yokohama, Japan) as a
source. A graphite crystal was used to select the Cu KR line
with the characteristic wavelength λ ) 1.542 Å. Sample-to-
detector distance was 1988 mm, and a one-dimensional posi-
tion-sensitive proportional counter was used as a detector.
SAXS profiles were corrected for absorption, air scattering,
sample thickness, slit height and slit width smearing, and the
thermal diffuse scattering arising from density fluctuations.

Theoretical Background
In general, the intensity distribution of LS and SAXS

from an isotropic two-component porous material can
be calculated from a Debye correlation function, Γ(r),
by using the following formula:14

where 〈η2〉 ) νAνB(FA - FB)2. νA and νB refer to the
volume fractions of the phases rich in A and B and FA
and FB to the corresponding scattering length densities.

Besides the two physical boundary conditions that the
Debye correlation function is normalized to unity at the
origin and should go to zero at infinity, the most
important property of the correlation function is that it
has a linear term in the small r expansion to ensure a
finite interfacial area per unit volume, S/V, of the form

In 1965, Cahn proposed11 a scheme for generating a
3D morphology of a phase-separated A-B alloy by
clipping a Gaussian random field generated by super-
posing many isotropically propagating sinusoidal waves
with random phases. In 1987, Berk further extended
the idea of Cahn for the purpose of analyzing scattering
data.10 In particular, he derived an important relation
connecting the two-point correlation function of the
underlying Gaussian random field and the Debye cor-
relation function, describing the positional correlation
of the scattering length density, required to calculate
the scattering intensity. In his original paper, however,
Berk discussed only a spectral function which is a delta
function. This produced a morphology that is only
partially disordered.
In the random wave model of Berk, the Gaussian

random field, Ψ(rb), is constructed by the following sum:

where the directions of the wave vector kBi are sampled
isotropically over a unit sphere and the phase æi is
distributed randomly over the interval (0,2π). Note that
the Gaussian random field is normalized so that the
field describing the local composition of A and B
fluctuates continuously between -1 and 1 as N f ∞.
The statistical properties of the Gaussian random
process are completely characterized by giving its two-
point correlation function g(|rb1 - rb2|) ) 〈Ψ(rb1)Ψ(rb2)〉 and
the associated spectral function f(k), which is related
by a Fourier transform relation:

We note that f(k) gives the distribution of the magni-
tudes of the propagating wave vectors of the sinusoidal
waves and describes the essential features of the
morphology. From eq 5, one has a small r expansion of
g(r) of the form

where we used the normalization condition g(0) ) 1.
Note that this expansion has a quadratic dependence
on r in the second term.
This continuous Gaussian random process is then

clipped and transformed into a two-state discrete ran-
dom process. Namely, the process assigns -1 to all
negative signals representing A and +1 to all positive
signals representing B. Then, the Debye correlation
function for this discrete random process for the iso-
metric case, namely νA ) νB, is given exactly as10

q ) 4πn
λ0

sin(θ2) (1)

I(q) ) 〈η2〉∫0∞ dr 4π r2 j0(qr)Γ(r) (2)

Γ(r f 0) ) 1 - 1
4νAνB

S
V
r + ‚‚‚ (3)

Ψ(rb) )
1

xN
∑
i)1

N

cos(kBi‚rb + æi) (4)

g(|rb1 - rb2|) ) ∫0∞ 4πk2j0(k|rb1 - rb2|)f(k) dk (5)

g(r) ) ∫0∞4πk2[1 - 1
6
k2r2 + ‚‚‚]f(k) dk

) 1 - 1
6

〈k2〉r2 + ‚‚‚ (6)

Γ(r) ) 2
π
sin-1 (g(r)) (7)
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Using the result of eq 6 in eq 7, we obtain the correct
expansion for the Debye correlation function (cf. eq 3):

We next consider a random surface generated by the
level set

Teubner15 has proved the remarkable theorem that, for
this random surface, the mean curvature is zero and
the Gaussian curvature 〈K〉 is negative and given by

Since the level surface defined by eq 9 corresponds
either to the interface between the two coexisting phases
for the polymer blend or to the midplane of the surfac-
tant monolayer for an isometric, bicontinuous micro-
emulsion, 〈K〉 of the interface (or surfactant monolayer)
can be computed once f(k) is found.
A suitable form of the spectral function was proposed

by Lee and Chen,12 which is an inverse sixth-order
polynomial in k containing three parameters, a, b, and
c:

This form is an extension of the well-known structure
factor, proposed by Teubner and Strey16 for the bicon-
tinuous microemulsion, in such a way that it possesses
a definite second moment. The corresponding two-point
correlation function can also be written down analyti-
cally using eq 5 and has a quadratic term in the small
r expansion:

The intensity distribution of LS and SAXS can be
calculated by using this g(r) substituted into eqs 2, 5,
and 7, which is used to fit the scattering data to evaluate
the three parameters, a, b, and c. The first two
parameters, a and b, have their approximate cor-
respondence in the Teubner-Strey (TS) theory.17 In the
TS theory, the Debye correlation function is given by
ΨTS(r) ) e-r/ê[sin(2πr/d)/(2πr/d)]. The correspondences
are a ≈ 2π/d and b ≈ 1/ê, where d is the interdomain
repeat distance and ê the coherence length of the local
order.17 The parameter c controls the large q behavior
of the scattering intensity of the MB theory, and
experiments at large q as will be seen later. 1/c may
be related to the persistence length of the interface.12
Now, from eq 12, the average Gaussian curvature is

given by

Results and Discussion
By assuming an existence of a characteristic length

scale Λ for the microstructure of a two-phase medium,
we can write the Debye correlation function in the
scaling form Γ(r/Λ).18 Equation 2 for the scattering
intensity can then be transformed into the form

where 〈η2〉 is the mean-square fluctuation of the scat-
tering length density.19 The scattering length density
contrast arises from the refractive index difference
between dPB and PI for the case of LS and the electron
density difference between heavy water and n-octane
for the case of SAXS, respectively. S(qΛ) is a dimen-
sionless function called the “scaled structure factor”,
which characterizes isotropically and orientationally the
averaged q-space structure of the system. I(q) from the
dPB/PI mixture undergoing SD shows a maximum
intensity at q ) qm which is proportional to the inverse
to the characteristic length of the system, i.e., Λ ∼ qm-1.
Hence, eq 14 can be rewritten as

Here, 〈η2〉 can be experimentally obtained from the
following integral:

Figure 1 shows a log-log plot of qm3I(q)/〈η2〉 as a
function of the reduced wavenumber q/qm (∼qΛ) both
for the dPB/PI blend at t ) 114.6 min and for the
microemulsion at various temperatures. We note that
the profile of dPB/PI was taken in the late stage of SD
(τ ≈ 288, where τ is a reduced time defined by τ ) t/tc,
where tc is a characteristic time of the system).20
The overall shape of S(qΛ) was similar between the

two systems, suggesting that, in a statistical sense, the
characteristic features of the two morphologies are
similar. Both systems showed a peaked scattering
profile and have asymptotic q-4 behaviors for suf-
ficiently large q. This is the Porod asymptotic scatter-
ing21 law for a sharp interface. For the dPB/PI blend,
S(qΛ) had q-n (n > 6) behavior for 1 e q/qm e 2 and q-4

behavior for q/qm g 3. We note that there is a small
high-order shoulder at q/qm ≈ 3 for the dPB/PI blend.
The same trend was observed for the microemulsion,
except for the fact that the Porod law region is a bit
narrower, i.e., 1.5 e q/qm e 3, compared to that of the
polymer blend. The crossover from q-n to q-4 was less
distinct for the microemulsion.
In the q range where q/qm < 1, the slopes of S(qΛ)

were significantly different. The dPB/PI mixture had
a slope of about 4, which appeared to be consistent with
the theory of Furukawa22 and that of Yeung23 for a
spinodally decomposed bicontinuous structure. In con-
trast, in the same q range, the microemulsion had a
shallower slope (about 2 or less) than the dPB/PI did.
For the microemulsion, S(qΛ) at different tempera-

tures fell nicely onto a single curve in q/qm > 1, although

Γ(r f 0) ) 1 - 2

πx3
(〈k2〉)1/2 r + ‚‚‚ (8)

ψ(rb) ) ψ(x,y,z) ) 0 (9)

〈K〉 ) - 1
6

〈k2〉 (10)

f(k) )
8πb[a2 + (b + c)2]/(2π)3

(k2 + c2)[k4 - 2(a2 - b2)k2 + (a2 + b2)2]
(11)

g(r) ) 1
a2 + (c2 - b2)

{(a2 + c2 - b2)
sin(ar)
ar

e-br +

2b
e-cr -ebr cos(ar)

r }
) 1 - 1

6{(a2 + b2)2 + c2(a - b)(a + 3b)

a2 + (c - b)2 }r2 + ‚‚‚

) 1 - 1
6

〈k2〉r2 + ‚‚‚ ) 1 + 〈K〉r2 + ‚‚‚ (12)

〈K〉 ) - 1
6{(a2 + b2)2 + c2(a - b)(a + 3b)

a2 + (c - b)2 } (13)

I(q) ∼ 〈η2〉Λ3S(qΛ) (14)

qm
3I(q)

〈η2〉
∼ S(qΛ) (15)

〈η2〉 ∼ ∫0∞I(q)q2 dq (16)
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it showed some temperature dependence for q/qm < 1.
Detailed analysis of the SAXS data is presented else-
where.13

Figure 2 shows the best fits of the MB theory (solid
line) for both the microemulsion at 22 °C (part a) and
the dPB/PI mixture (part b) in log-log plots. The
dashed line in the figure represents the best fit obtained
from the TS theory. Fitting the theories to SANS
profiles of the microemulsion has already been dis-
cussed,13 in which the MB theory described the scat-
tering profiles more accurately, especially in the high q
region, than the TS theory. This is also the case for
the present SAXS study of the microemulsion. An
excellent agreement between the SAXS profiles and the
MB theory was obtained over the entire temperature
range of our experiment. The theory fit over the whole
q range except for the tails of the profiles, i.e., q > 0.08
Å-1.
It is quite impressive that the MB theory also

reproduced the LS profile (part b) for the dPB/PI blend,
especially in the high q range including the shoulder.
It is also worth noting that the TS theory failed to
describe I(q) in the large q region for the dPB/PI
mixture. However, the fit was not as good in the low q
range, i.e., q < 9 × 10-1 µm-1. Both the TS and the
MB theories showed shallower slopes in this q range
than the experimental data. Furukawa predicted I(q)
∼ q2 behavior in q/qm < 1, if thermal fluctuations are
significant.24 Hence, the discrepancy of the slope in q/qm
< 1 between the theories and the LS data may be due
to the small effect on the thermal fluctuations to the
large-scale morphology (d ≈ 7.1 µm). On the other
hand, sizes of phase-separated domains of the micro-
emulsion are much smaller (d ≈ 303 Å), and interfacial
tension is lower, due to the existence of a surfactant film
in the oil-water interface. In the latter case, the
thermal noise is expected to have a larger effect on the
microstructure, which leads to the weaker q depen-
dence, i.e., I(q) ∼ q2. In any event, the fact that the

same theory (MB theory) can reasonably describe scat-
tering behaviors of two systems having very different
characteristic lengths is remarkable. We therefore
conclude that the morphologies of the phase-separated
polymer blend and the microemulsions are quite similar,
except for their length scales.
Parameters used to obtain those fits, i.e., solid lines

in Figure 2, were a ) 0.921 µm-1, b ) 0.147 µm-1, c )
1.97 µm-1 for the dPB/PI blend and a ) 2.07 × 10-2

Å-1, b ) 5.26 × 10-3 Å-1, c ) 4.53 × 10-2 Å-1 for the
microemulsion, respectively. As mentioned in the theory
section, parameters a and b are proportional to d and
ê, respectively. We now define a disorder parameter,
b/a, which is (1/2π)(d/ê): if the ratio is large, the
coherence length of local order (ê) is short compared to
the periodicity of the order (d). The disorder parameters
were 0.16 and 0.25 for dPB/PI blend and the micro-
emulsion, respectively. We note here that d/ê ) 0.16×
(2π) = 1 for the dPB/PI mixture, implying that the
phase-separated structure of the polymer mixture can
be characterized effectively by a single length scale.
Furthermore, the parameter c is very close to 2 times
the parameter a. On the other hand, d/ê for the
microemulsion is roughly 1.6, indicating that the struc-
ture is more disordered than the polymer mixture,
probably because of the larger effect of thermal fluctua-
tions, arising from the low interfacial tension, on the
microstructure.
One of the advantages of using the MB theory is the

fact that one can easily generate a 3Dmorphology which

Figure 1. Scaled scattering intensity as a function of scaled
scattering vector for the dPB/PI blend and for the microemul-
sion at different temperatures: 20, 22, and 24 °C. Solid lines
represent power law behavior of the scaled scattering intensi-
ties whose exponents are specified by numbers.

Figure 2. (a) Modified Berk model analysis of scattering
intensity of the one-phase microemulsion. (b) Modified Berk
model analysis of scattering intensity of the dPB/PI blend.
Solid and dashed lines show the best fit using the MB theory
and the TS theory, respectively.
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is consistent with a scattering intensity distribution.10
Figure 3 shows 3D morphologies on the basis of MB
theory for the polymer blend (part a) and for the
microemulsion (part b). In the figure, the interface
between the two coexisting phases, i.e., dPB-rich and

PI-rich phases for the polymer mixture or oil and water
domains for the microemulsions, is drawn. Cross-
sectional views of the two systems are also shown in
Figure 4. These are the cross sections of the horizontal
midplanes of the cubes shown in Figure 3. Although
the characteristic lengths of the two systems were
different by a factor of about 240, the morphologies
appear quite similar to each other: the morphologies
are bicontinuous and domains are interpenetrating.
Although there are quantitative differences between the
two structures, as revealed by the scattering profiles at
low q values as well as the values of b/a, they are not
visually self-evident. The differences are geometrically
subtle and show up best in the scattering.

Figure 3. (a, top) 3D morphology of the phase-separated
polymer blend (box size, 22.43 µm3). (b, bottom) 3Dmorphology
of the one-phase bicontinuous microemulsion at hydrophile-
lipophile balanced temperature (box size, 8003 Å3). Both are
generated from the MB theory with three fitting parameters
obtained from the best fit to the corresponding scattering
profiles.

Figure 4. (a, top) Cross-sectional view of the 3D morphology
generated by the MB theory for the dPB/PI blend (16.8 × 16.8
µm2). (b, bottom) Cross-sectional view of the 3D morphology
of the microemulsions (600 × 600 Å2). The cross-sectioned
views were obtained with infinitesimal thickness. The color
graduations represent unclipped waves from eq 4, and the level
set ψ(rb) ) 0 is highlighted by black lines corresponding to the
interface of the systems. The red and yellow regimes cor-
respond to the two coexisting phases.
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Recently, it has been shown that a 3D real-space
micrograph with a micrometer resolution can be ob-
tained with the use of LSCM.25 In Figure 5, a 3D image
of the phase-separated structure (part a), as well as its
cross-sectional view (part b), of a poly(styrene-ran-
butadiene) (SBR)/poly(butadiene) (PB) blend developed
via SD is shown. The method for obtaining the 3D
image was described elsewhere.25,26 It is worth noting
that the structure factor obtained from the 3D LSCM
image by a 3D Fourier transformation agreed with the
measured LS scattering intensity profile of the dPB/PB
blend and with the results of a computer simulation.25
Thus, in a statistical sense, the 3D image presented in
Figure 5 has essentially the same structure as the dPB/
PI blend studied here. Similarity between the 3D
morphologies generated by use of the MB theory for the
dPB/PI blend and experimentally obtained from LSCM
is reassuring.
On the basis of the MB theory, one can discuss

curvature of the interface. The quantities to be inves-
tigated are the mean curvature, H, and the Gaussian
curvature, K, which are respectively defined as an
average and a product of two principal curvatures of
the surface at the point of interest. From the three

parameters obtained from the fit of the MB theory to
the scattering intensity distribution, it is possible to
estimate 〈K〉 of the internal interface by use of eq 13.
Here, 〈K〉 ) ∫ K(rb) dΣ/Σ denotes the average of the local
curvature at a position rb on the surface over the whole
connected surface Σ. The following argument is based
on the assumption that the structure is isometric and
H is zero. Jinnai et al. demonstrated from the direct
analysis of the 3D LSCM image that the phase-
separated structure of the SBR/PB polymer mixture had
nearly zero mean curvature and negative 〈K〉.27 Lee and
Chen also concluded that 〈H〉 is effectively zero for the
microemulsion by a SANS contrast variation method.28
Moreover, Chen et al. concluded that 〈K〉 for the micro-
emulsion was also negative.13 Using eq 13 in conjunc-
tion with the three fitted parameters, we estimated 〈K〉.
The values so obtained were -0.194 µm-2 for the
polymer blend and -1.14 × 10-4 Å-2 for the microemul-
sion at 22 °C. It is important to note here that 〈K〉 is
negative for both systems, suggesting that the interface
of the polymer blend as well as the microemulsion is
an anticlastic or saddle-like local feature almost every-
where.
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