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ABSTRACT: Transmission electron microscopy (TEM) and laser scanning confocal microscopy (LSCM)
are used to visualize the morphological evolution during spinodal decomposition (SD) of a binary polymer
blend of poly(styrene-ran-butadiene) and polybutadiene with near critical composition. The mechanically
homogenized samples were exposed to a temperature jump, and the time evolution of the characteristic
wavenumber qm was recorded by time-resolved light scattering. TEM and LSCMmicrographs at various
stages are also presented to clarify the growing bicontinuous morphology. A real space analysis of the
early stage of the spinodal decomposition is presented for the first time. Two-dimensional Fourier
transformation was applied to the real space images to obtain information about the characteristic
wavenumber, and the results were compared to the predictions obtained by Cahn’s linearized theory.

I. Introduction
The demixing process of thermodynamically unstable

mixtures of simple fluids, metals, glasses, or polymers
is well known as spinodal decomposition (SD).1 The
structural evolution of polymer mixtures during this
phase separation process has been studied by using
scattering methods, such as light2-6 and neutron scat-
tering,7,8 and microscopic methods, such as optical9-14

and electron microscopy.15-19 It also has been studied
theoretically20 and numerically with computer simula-
tions.21-24 For various polymer blends, including the
poly(styrene-ran-butadiene) (SBR) and polybutadiene
(PB) system which we deal with in this work, time-
resolved light scattering method (TRLS) has been ap-
plied to investigate the kinetics of the SD process.25-29

The SD process in near-critical mixtures can be
divided into (i) early stage, (ii) intermediate stage, and
(iii) late stage.4 In the early stage the time evolution
of the concentration fluctuations can be approximated
by the linearized theory,30-32 first proposed by Cahn.1
The characteristic wavenumber qm(t,T), which is related
to the domain spacing Λm(t,T),

of the dominant mode of the concentration fluctuations
at time t and phase-separation temperature T is inde-
pendent of t. The intensity of the Fourier mode of the
fluctuations with wavenumber q, I(q,t,T), grows expo-
nentially with the time. The intermediate stage is
characterized by a decrease of qm(t,T) as well as a
further increase of the intensity due to a nonlinear
nature in the time evolution of the concentration
fluctuations.33 In the late stage the two phases reach
equilibrium composition and the interface between the
two phases narrows to equilibrium thickness.34,35 The
domains, however, Λm(t,T) are still increasing in order
to lower the interfacial free energy of the system.
The morphological evolution of near-critical mixtures

was the topic of various microscopic investiga-
tions,9-19,36,37 showing generally bicontinuous morphol-
ogies with growing domain spacing. However micro-
scopic investigations over a wide time range starting
from the onset of the SD, especially in comparison with

light scattering investigations performed parallel, are
up to now missing.
The main aim of this paper is to present a detailed

morphological investigation on the SD of a near-critical
mixture of SBR and PB using TEM and laser scanning
confocal microscopy (LSCM) of all stages, i.e., early,
intermediate, and late stages. Second, we will qualita-
tively compare the morphologies determined by the real
space analysis with those determined by the Fourier
space analysis based on TRLS. The experimental
results will be compared with the existing theories.

II. Experimental Section
A. Sample. The two polymers coded as SBR20 and PB20

have molecular weight and microstructure given in Table 1.
The binary mixtures have a near-critical composition of 47 vol
% SBR (50/50, wt %/wt %, SBR/PB). The polymers were
dissolved in toluene, containing 5 wt % polymer in total. This
solution was cast into thin film specimens in Petri dishes,
where the solvent was allowed to evaporate over 1 week at 30
°C. The 0.15 mm thick samples were further dried in a high-
vacuum oven until no mass loss could be observed.
B. Mechanical Mixing. The two-phase morphology of the

as-cast film cannot be brought into single phase state by
raising the temperature. Therefore a previously described
mechanical mixing process38,39 called Baker’s transformation
was applied. The film is folded and pressed between two glass
slides until the original thickness is regained. This process
is repeated several times until the mixture becomes homog-
enous. Immediately after the stop of the homogenization
process phase separation starts.
C. Transmission Electron Microscopy. The samples

used for transmission electron microscopy were obtained by
annealing the homogenized samples in a heater block con-X Abstract published in Advance ACS Abstracts, June 1, 1997.

Λm(t,T) ) 2π/qm(t,T) (1)

Table 1. Characteristics of the Polymers Used in This
Studya

polybutadiene
(PB20)

poly(styrene-ran-butadiene)
(SBR20)

styrene contentc 20 wt %
MW

b 2.23 × 105 1.79 × 105
NW 4.13 × 103 3.00 × 103
MW/MN

b 1.3 1.2
1,4-cisc 23% 17%
1,4-transc 37% 31%
1,2-vinylc 40% 52%

a MW and NW are the weight-average molecular weight and
polymerization index, respectively. b Determined by GPC where
Mn is the number-average molecular weight. c Determined by IR.
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trolled at 100 °C under vacuum. After the respective anneal-
ing times, the samples were cooled down in ice water and then
in liquid nitrogen. The thus obtained samples were then cut
using a low-temperature ultramicrotome Reichert/Nissei Ul-
tracut FC4E equipped with a diamond knife at -100 °C, and
the 30-50 nm ultrathin sections were stained with OsO4 vapor
while warming up to room temperature. We used high
molecular weight polymers for this examination in order to
have a sufficiently slow phase separation. This is to avoid
artifacts induced by a further growth of the phase-separating
structure during the staining process of the sample as much
as possible. A staining for 1-2 min was sufficient enough to
obtain good contrast in the TEM. We assume that the staining
time is enough to cross-link the sample so that further phase
separation is stopped, as the observed morphology on the
stained ultrathin sections does not change, even after weeks.
The optimum contrast was achieved after a staining time of
about 20 min, where the PB is primarily stained by the OsO4.
After a longer staining time both the PB and SBR were
stained. A TEM (Hitachi HS600) with 100 kV acceleration
voltage was used.
D. Laser Scanning Confocal Microscopy. No special

treatment of the sample was required for LSCM. LSCM
measurements were done with a LSM 320 (ZEISS) using a
He/Ne laser with λ ) 632.8 nm wavelength, and image
processing was done with the firm software supplied by Zeiss.
The microscope has an excellent spatial resolution along the
depth direction because of the following mechanism. The laser
beam from the light source is passed through a beam splitter
and focused on the sample via the scanner through the tube
lens and objective lens. Light reflected or emitted from the
focal plane is directed back through the objective lens, the tube
lens, the scanner, and the beam splitter. It is then focused
on and passed through a pinhole and directed to the detector.
The light emanating from other planes cannot pass through
the pinhole as it is focused at a place other than the pinhole
position and hence is effectively suppressed. As a detector a
photomultiplier is used. A detailed description of the ap-
paratus40 and the image generation12-14 can be found in the

literature. The contrast between the two phases is generated
by reflected light40 at the interface of the two phases and by
excess scattering arising from the SBR phase in the SBR/PB
mixture (scattering-induced contrast generation).14
E. Time Resolved Light Scattering. The TRLS was

carried out with a laser with λ ) 632.8 nm wavelength. A
detailed description of the apparatus is given elsewhere.2

III. Results and Discussion
In the following we will first discuss the phase

diagram of the SBR20/PB20 mixture (section A). TRLS
and the structural evolution as observed by TEM and
LSCM will be presented in sections B and C, respec-
tively. Lastly, we present a 2D-FFT analysis of the
TEM images of the early stage (section D), the results
of which will be compared to the data obtained from the
light scattering by application of Cahn’s linearized
theory.
A. Phase Diagram. The temperature dependence

of the Flory-Huggins (FH) interaction parameter ø
between SBR and PB at a given composition (50 vol %
SBR) was determined from the cloud points Tcl mea-
sured for the following two blends of SBR and PB at
the same blending composition and the same micro-
structure as SBR20 and PB20 but with different mo-
lecular weight, based on the FH theory. The two blends
used were SBR5/PB5 (NW,SBR ) 820, NW,PB ) 900)
having Tcl ) 40 °C and SBR5/PB10 (NW,SBR ) 820,NW,PB
) 1650) having Tcl ) 70 °C, withNW,SBR andNW,PB being
the weight-average polymerization indices of the respec-
tive polymers. SBR5 and SBR20 have the identical
composition of styrene units. In the context of the FH
theory the ø-value at the spinodal point, øs, is given by

where φSBR and φPB are the volume fractions of SBR and
PB in the mixture and νSBR and νPB are the segment
volumes. Using a volume fraction φSBR ) φPB ) 0.5, a
molar volume νSBR ) 72 cm3/mol, νPB ) 65 cm3/mol, and
an averaged molar volume ν0 ) (φSBR/νSBR + φPB/νPB)-1
) 68 cm3/mol, we can estimate øs for the two blends from
eq 2. In order to determine ø as a function of T, we
assume that (i) Tcl = Tb = Ts (Ts being the temperature
at spinodal point and Tb the temperature at binodal
point) and (ii) the temperature dependence of ø is given
by

The former assumption (i) is reasonable for critical
composition, and the latter (ii) has been generally
accepted in literature. Since the relations between øs
()a + b/Ts) and Ts ()Tcl) are known for the two blends,
we obtain two sets of equations, from which we can solve
the unknown constants a and b in eq 3. The result is
given by

Using the values of NW,SBR ) 3.00 × 103 and NW,PB )
4.13 × 103 for the SBR20/PB20 mixture, we obtain a
critical temperature of Tcr ) 167 °C. Figure 1 shows
the spinodal line of SBR20/PB20 calculated under the
assumption that ø is independent of the composition.
The direct measurement of the cloud points is hardly
possible as the SBR/PBmixtures undergo thermal cross-
linking at T g 403 K. Even adding antioxidant does

Figure 1. Phase diagram of SBR20/PB20. Included are the
near-critical mixture investigated in this study (b) and
mixtures with off-critical compositions (O) which will be
discussed in a companion paper.41

øs )
νo
2 ( 1
NW,SBRφSBRνSBR

+ 1
NW,PBφPBνPB) (2)

ø ) a + b/T (3)

ø ) -3.7237 × 10-3 + 1.891/T (4)
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not suppress the cross-linking over the long time period
required for a reasonable determination of the cloud
points.
The driving force for the spinodal decomposition, i.e.,

quench depth, εT, is given by

For εT < 1 the phase separation takes place at a shallow
quench or a weak segregation regime. If εT g 1 it occurs
at a deep quench or a strong segregation regime. The
points where εT becomes 0.7, 1, and 1.6 as a function of
φSBR are also included in Figure 1.
The phase diagram also includes, besides the compo-

sitions of the sample investigated in this paper (b), some
further samples with off-critical composition (O) which
will be discussed in a forthcoming paper.41 The border
between the off- and near-critical regimes, i.e., the
regimes where percolation-to-cluster transition does or
does not occur, is only qualitatively assessed from the
time evolution of the domain structure for different
samples with different compositions during the phase
separation process. In this paper we only present the
sample with near-critical composition annealed at a
temperature of 100 °C. Further investigations on an
off-critical mixture by a systematical change of the
annealing temperature and composition are described
in a companion paper.41
B. Structural Evolution during SD As Observed

by TRLS. The time evolution of the “characteristic
wavenumber” qm(t,T), i.e., the wavenumber of the Fou-
rier modes of the concentration fluctuations having
maximum intensity, and the intensity maximum Im(t,T)
of the near-critical mixture (47 vol % SBR) at 100 °C is
shown in Figure 2. As reported previously for similar
polymer systems,27,28 near-critical mixtures show a
growing domain spacing until our measurements reach

the resolution limit (small angle limit) of the scattering
apparatus. With the light scattering method we cannot
observe the time evolution of qm(t,T) from the onset of
the demixing up to about 1 h in the case of the chosen
temperature of 100 °C, simply because the value qm
becomes larger than the large q-limit covered by our
apparatus in this time period.
As seen in Figure 2, the near-critical mixture shows

a decreasing qm(t,T) and increasing Im(t,T) during the
observable time window. The time evolution of qm(t,T)
and Im(t,T) are described by

and

In the intermediate stage a relation of â > 3R is
observed.42 The late stage is reached when â ) 3R. In
the late stage the two phases attain equilibrium com-
positions, and a self-similar growth of the structure can
be observed. The scaled structure factors of the mix-
ture, obtained by using the previously described scaling
laws43,44 for spinodal decomposition, are given in Figure
3. As mentioned above during the early and intermedi-
ate stages â > 3R and the scattering patterns cannot be
scaled by the described scaling law.43,44 This means that
the scaled structure factors during these two stages are
not superimposable as in the late stage. As the observed
scaled structure factors have almost the same maximum
intensity at x ) 1 (Figure 3), we can assume that the
mixture is in the late stage in the time domain of our
TRLS observations. Therefore we expect the crossover
time tcr for this mixture to be equal to or smaller than
90 min. We observe that the exponents â and R are 2.1
and 0.7, respectively, which stays constant over the
whole observation period. The slopes were well estab-

Figure 2. Time evolution of the characteristic wavenumber qm(t) and the intensity Im(t) at qm(t) for the near-critical (47 vol %
SBR) mixture as measured by TRLS. The points where the real space data shown in Figures 4-6 were taken are also included
in this figure.

εT )
ø(T) - øs

øs
(5)

qm(t,T) ∼ t-R (6)

Im(t,T) ∼ tâ (7)
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lished for dynamically growing bicontinuous morphol-
ogies of near-critical polymer mixtures with hydrody-
namic interactions.42,45 We should comment on the fact
that F(x,t) near x = 1 (x e 2) is universal with t but
F(x,t) at x > 2 increases with t. The latter is caused by
a decreasing relative interfacial thickness tI/Λm,34,35
where tI is the characteristic interface width. In other
words, we need at least two length scales, Λm and tI, in
order to characterize the time evolution of the structures
over such a large length scale as shown in Figure 3.
C. Morphological Evolution As Observed by

TEM and LSCM. In Figure 4 we see the transmission
electron micrographs of the polymer blend after (a) 30
folding steps, which is supposed to be the homogenous
state (see section III E later), and annealing at 100 °C
for (b) 1, (c) 3, (d) 15, (e) 60, and (f) 195 min. The LSCM
micrographs after 20 and 44 h of annealing are given
in Figures 5 and 6, respectively.
The micrograph of the homogenized sample (Figure

4a) shows a very fine structure with poor contrast. This
structure is probably caused by the phase separation
induced while preparing the sample for the TEM
observations, i.e., during cooling and staining time of
the homogenized sample. Although the phase separa-
tion of the system is very slow at room temperature, it
is not possible to obtain an image of the homogenous
state. A more detailed discussion is given in a different
paper, which describes the structural change during the
applied mixing process.39
Starting from very early times after the temperature

jump to 100 °C, we observe a bicontinuous structure
with an obviously growing domain spacing. The domain
spacing of this bicontinuous morphology keeps increas-
ing as can be seen in Figures 4b-f, 5a, and 5b. The
determination of the crossover time from the early to

the intermediate stage and that from the intermediate
to the late stage is difficult from the TEM results. A
detailed discussion of the early stage will be given in
section III D. According to the theory of SD, the
crossover from the intermediate to the late stage is
defined by a criterion whether or not the equilibrium
composition is attained in the two phases. An influence
of the composition fluctuations on the contrast of the
TEM images in the expected time range of 10-195 min,
however, is hard to quantitatively analyze, partly due
to the staining method and the three-dimensional
nature of the bicontinuously phase-separating domains.
The contrast variation on the TEM images is caused by
an overlap of the two phases in the thin slice in the
z-direction, i.e., parallel to the incident beam, where the
shape of the structure, which is expected to form a
hyperbolic interface with a negative Gaussian curva-
ture, determines the observed contrast.12,36,37,46

The structure seen on the TEM image in Figure 4e
after 60 min of annealing can easily be identified as a
‘spongelike’ bicontinuous morphology.37 The structures,
however, grow very rapidly. The morphology observed
by TEM after 195 min still looks interconnected (Figure
4f). The TEM investigations, however, are limited to a
sample thickness of about 50 nm. With time the domain
spacing reaches a multiple of this slice thickness, and
we can only observe a very thin slice of the space-filling
three-dimensional structure. For structures with larger
domain spacing, we used LSCM, with which we can
identify the morphology where the TEM fails.
Figures 5 and 6 are the result of a three-dimensional

reconstruction of 30 slices with focal depths of 600 and
800 nm, respectively. The images in part a give an
overall view through the whole depth of 15 µm, i.e.,
thickness of the 3D-stack composed of a series of sliced
images. Parts b1,2 and c1,2 show the slices in the y,z-
plane (perpendicular to the x-axis) and x,z-plane (per-
pendicular to the y-axis) along the blue (b1, c1) and
white (b2, c2) lines marked in part a, respectively. The
bright phase corresponds to the SBR-rich phase and the
dark one to the PB-rich phase.14 The brightest structure
units in Figures 5 and 6 correspond to SBR structure
units close to the surface of the depicted sample cell.
The color change from white to yellow, orange, red, and
purple indicates increasing distance from the surface
in this sample cell along the depth direction of the local
structure.
The images give us a detailed insight into the features

of the spongelike bicontinuous structure which shows
tripodlike structure units in many places. For better
identification on the images, we indicated two intercon-
necting tubelike domains of SBR parallel to the x,y-
plane by green or red arrows at the same locations in
the three different views (a, b2, c2 and a, b1, c2) in space
in Figure 6, respectively. The tubelike domains tend
to be broken with further elapse of time.
Four selected slices with a distance of 1 µm along the

depth direction leading to Figure 6 are shown in Figure
7. The continuity of the two phases is obvious in the
x,y-plane. An arrow (a) in Figure 7 locates a part of
the SBR domain which interconnects the neighboring
SBR domains. The domain is not visible on the first
and forth slice but appears on the second and third one.
From the slices we can see how the structure is
composed of a combination of tripodlike elements which
finally form the three-dimensional network. The inter-
faces, separating the two phases, show a hyperbolic
characteristic having a negative Gaussian curvature in
most of the places. A much more detailed description

Figure 3. Scaled structure factor obtained for the scattering
profiles obtained by TRLS of the near-critical mixture (47 vol
% SBR) annealed at 100 °C. At times before 90 min the
intensity maximum was not clearly determinable, because qm
exists outside of our q-window.
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of the image acquisition and processing for the genera-
tion of the depicted images is given elsewhere12-14,46 and
shall not be the topic of this paper. Using a SBR/PB
blend of polymers with polymers of the same micro-
structure but lower molecular weight, it could be shown
that the domain spacing of the bicontinuous morphology
keeps on growing even after 5 days (7200 min) at 100
°C without undergoing PC transition.47
D. Structural Evolution during the Early Stage

of SD. As mentioned, the early stage of the SD may
be described by Cahn’s linearized theory1 and was
applied for polymer systems.2,3,25,26 According to the
theory, which was originally developed for small mol-
ecules, the wavenumber for the dominant mode of the
concentration fluctuations qm(t) is independent of the
time t and defined hereafter as qm(0) ≡ qm(t)0). The
Cahn-Hilliard-Cook theory1,48,49 describing the early
stage of SD predicts the time evolution of the scattered
intensity, I(q,t) by

where IT(q) is the virtual structure factor32,49-51 describ-
ing the effect of the thermal noise on I(q,t) and R(q) is
the growth rate of the Fourier component of the
concentration fluctuations with wavenumber q. In the
case of deep quench and at q < qc where qc is the critical
wavenumber satisfying R(q)qc) ) 0,

so that |IT(q)| does not significantly affect I(q,t). In this
case we expect an exponential growth

where Dapp is the mutual diffusivity. Dapp and qm(0) are
measurable quantities from the plot R(q)/q2 vs q2, i.e.,

The characteristic time of the blend, tc(T), at a given
temperature T is given in terms of temperature depend-
ent Dapp and qm(0), i.e., Dapp(T) and qm(0,T):

The time evolution of the light scattering intensity
I(q,t) at 100 °C and at selected q-values is given in
Figure 8a, and the plot of the growth rateR(q) at various
wavenumbers q is given in Figure 8b. We observe a
linear behavior in both ln I(q) vs q and R(q)/q2 vs q2 as
the theory predicts. From Figure 8b we can determine
Dapp, tc, and qm(0) to be 10.97 nm2/s, 1272 s, and 8.46 ×
10-3 nm-1, respectively.
As our TRLS method can cover a q-range up to q =

10 × 10-3 nm-1, no investigations on the time evolution
of Fourier modes of structures with q higher than 10 ×
10-3 nm-1 have been attained for this mixture yet.
Besides there are no real time or in-situ experiments

Figure 5. 3D-Reconstruction from 30 LSCM slices with a distance of 500 nm along the depth direction (part a) of the near-
critical mixture (47 vol % SBR) annealed for 20 h at 100 °C after homogenization. The blue (b1, c1) or white (b2, c2) lines show
the cutting direction where the images in the y,z-plane (b1,2) and x,z-plane (c1,2) were obtained. The colored areas correspond to
SBR-rich phase. The color change from white to yellow, orange, and red indicates increasing distance from the surface in this
sample cell along the depth direction of the local structure.

I(q,t) ) IT(q) + [I(q,t)0) - IT(q)] exp[2R(q)t] (8)

|IT(q)| , I(q,t)0) (9)

I(q,t) ) I(q,t)0) exp[2R(q)t] (10a)

R(q) ) q2Dapp[1 - q2/2qm
2(0)] (10b)

Dapp ) lim
qf0

[R(q)/q2] (11a)

qm(0) ) [12 lim
R/q2f0

q2]1/2 (11b)

tc(T)
-1 ) [qm(0,T)]

2Dapp(T) (12)
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available for this system which elucidate the evolution
of the concentration fluctuations covering the higher
q-modes (q > 10×10-3 nm-1) in the early stage of SD.
The high resolution of the TEM is advantageous to
investigate those small structures. The main problem
here is the low amplitude and the fast growth of the
concentration fluctuations at the early stage. Therefore
the sample preparation, especially the fixation of the
structures, has to be very quick to obtain good results
and not to observe a morphology developed through the
sample preparation procedure. In the case presented
here we chose rather high molecular weight polymers
in order to have a system with slow kinetics, even in
the early stage. The blend with Tgs of -60 °C for SBR
and -80 °C for PB was rapidly quenched from 100 °C
to liquid nitrogen (see section II C) and then ultrami-
crotomed at -100 °C, so we can be sure that the
morphology is not changing during the ultrathin-
sectioning procedure. The thin sections were immedi-
ately transferred to a container saturated with OsO4
vapor. Even after staining for 1 min, the samples
showed sufficient contrast in the TEM. As the structure
in the ultrathin-sectioned film did not change over
weeks, we assume that the staining procedure im-
mediately froze the growth of the phase-separating
structure.
The TEM images after 1, 3, and 15 min of annealing

at 100 °C (Figure 4b-d) show a bicontinuous structure
with a growing domain spacing Λm(t,T). We can obtain
the characteristic wavenumber qm(t) of the contrast
fluctuations, which should correspond to the composition
fluctuations, by application of 2D Fourier transforma-
tion (2D-FFT) (see Appendix A). The power spectra

contain nearly same reciprocal space information as a
conventional scattering pattern.53 We estimated qmFFT
from the wavenumber at maximum intensity using a
simple Gaussian fit as shown in Figure 9 (see the profile

Figure 6. 3D-Reconstruction from 30 LSCM slices with a distance of 500 nm along the depth direction (part a) of the near-
critical mixture (47 vol % SBR) annealed for 44 h at 100 °C after homogenization. The blue (b1, c1) or white (b2, c2) lines show
the cutting direction where the images in the y,z-plane (b1,2) and x,z-plane (c1,2) were obtained. The colored areas correspond to
SBR-rich phase. The color change from white to yellow, orange, red, and purple indicates increasing distance from the surface in
this sample cell along the depth direction of the local structure.

Figure 7. Part of the slice series along the depth direction
for the reconstruction of the image in Figure 6. Four slices,
starting from the first slice of the series, which originally
consisted of 30 slices in 500 nm steps, with a distance of 1 µm
are depicted. The focal depth of one slice is 800 nm.
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drawn with a straight line). We can plot the qmFFT
values obtained from FFT together with the data
obtained for the time evolution of qm from the TRLS for
the late stage as shown in Figure 10. Further the
values for qm(0) estimated from the 2D-FFT analysis
(qm(0)FFT) and from TRLS (qm(0)TRLS), based on the
linearized theory, are indicated by dotted lines.
In the context of the mean field theory30-32 qm(0) is

given by

where Rg is the radius of gyration which can be
calculated by

where N ()φSBRNSBR + φPBNPB) is the weight-average
polymerization index and a is the statistical segment
length. Using εT ) [ø100 °C - øs]/øs ) 1.34 obtained from
the phase diagram in section I (øs ) 5.7403 × 10-4,
ø100 °C ) 1.346 × 10-3) and Rg ) 17 nm calculated from
eq 14 (aPB = aSBR = a = 0.69 nm54), we can determine
qm(0)MF to be 8.34 × 10-2 nm-1 corresponding to a
domain spacing of Λm(0)MF ) 75 nm. This value of

qm(0)MF is close to the value of qm(0)FFT () 4.65 × 10-2

nm-1) determined from the TEM-FFT method.
In the TEM images immediately after 1 min of

annealing (Figure 4b), it is difficult to find structures
that correspond to a periodicity of the concentration
fluctuations of Λm(0) = 2π/qm(0) ) 2π/8.46 × 10-3 nm-1

) 740 nm as determined from the TRLS data and the
linearized theory described above. Following the time
evolution of qm(t) (Figure 10) toward time f 0, which
should correspond to qm(0) as obtained from FFT
[qm(0)FFT], we find qm(0)FFT ) 4.65 × 10-2 nm-1 or
Λm(0)FFT ) 2π/qm(0)FFT ) 135 nm, which is more than
5 times smaller than Λm(0) ) 740 nm estimated from
the linearized theory. The value determined by the
mean field theory of qm(0)MF ) 8.34 × 10-2 nm-1 or
Λm(0)MF ) 2π/qm(0)MF ) 75 nm, however, indicates a
much better agreement with the data obtained from the
FFT measurements.
It should be mentioned that the value of qm(0) = 8.46
× 10-3 nm-1 estimated from TRLS is close to the high
angle limit (65° in air) or high q-limit = 9 × 10-3 nm-1

of our scattering apparatus, and hence qm(0) was
estimated only from the small q-side of qm. As the large
q-side was missing in our TRLS data, the value of qm(0)
estimated from eq 10b and Figure 8b causes an extrapo-
lation error when using the linearized theory in the
described way. Hence qm(0) as estimated by TRLS
might be too low or Λm(0) too high. This disparity
between qm(0)TRLS and qm(0)FFT should be further stud-
ied by using time-resolved SANS technique which
enables determination of R(q) at q > qm(0).
E. Single-Phase State. The scattering intensity

profile of a blend in the single phase state in a small
q-limit can be described by the Ornstein-Zernike (OZ)
formula:38,52

with ê being the correlation length of the thermal
concentration fluctuations in the single-phase blend.
As depicted in Figure 11 the experimental results on

the scattered intensity I(q,t)0) immediately after the
homogenization are in good agreement with the formula
of eq 15, suggesting that the scattering is reflecting the
thermal concentration fluctuations in the single state.
Here the scattered intensity I(q,t)0) was estimated by
extrapolating the linear part in the plot of ln I(q,t) vs t
to time zero at various q-values. The correlation
distance determined from the OZ plot (defined by êOZ)
is 48 nm, which corresponds to a characteristic wave-
number of qm1 ≡ 1/êOZ ) 2.1 × 10-2 nm-1 or qm2 ≡ 2π/
êOZ ) 0.13 nm-1. Using the definition of ê from the RPA
and FH theories (see Appendix B), we can estimate the
corresponding reduced segregation power ε to be about
0.036 (see eq B2). As this value is clearly smaller than
unity, we can conclude the homogenized state corre-
sponds to the single-phase state near the critical point,
as in the case reported by Hashimoto et al.38
According to the scattering theory we do not expect a

scattering maximum for the scattering profile for the
homogenized state, simply because the scattering should
be given by eq 15. The FFT pattern of the TEM images
obtained from the sample immediately after 30 folding
steps, however, shows a very wide maximum or shoul-
der (curve 1 in Figure 9). This maximum corresponds
to a domain spacing of 78 nm. The phase separation
after reaching the single-phase state is very fast. As
we need some time for the sample preparation (see
above), especially in the fixation process by the staining
agent, the structure observed on Figure 4a might not

Figure 8. (a) Change of the scattered intensity at various
scattering vectors (q) with the time during the early stage of
SD for near-critical mixture (47 vol % SBR) at 100 °C. (b) Plot
of R(q)/q2 vs q2.

qm
2 (0) ) (3/2)εTRg

-2 (13)

Rg ) (Na2/6)1/2 (14)

Is(q) ) Is(0)/[1 + q2ê2] (15)
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represent the real single-phase state but a structure
which developed during the staining procedure until it
is finally cross-linked and fixed. The domain spacing
of 78 nm or the corresponding wavenumber qm,hom )
8.12 × 10-2 nm-1 determined by FFT seems to be a very
reasonable value compared to qm2 ≡ 2π/êOZ ) 0.13 nm-1

determined from the OZ plot.

IV. Summary

A detailed morphological analysis combining real
(TEM and LSCM) and reciprocal (light scattering) space
analysis methods of a polymer blend showing spinodal
decomposition is presented for the first time. The
microscopic investigations covered the whole range of
the phase separation process, covering early, intermedi-
ate, and late stages. With the TEM we can observe
structures from nanometer scale to several micrometers.
The LSCM allows us to image bigger structures up to
nearly the millimeter scale. With the TRLS we can
observe structures at real time and do not have to freeze
and fix the sample at different stages of the phase
separation, but it is restricted to the observation in a
small q-limit, smaller than qmax ≈ 10 × 10-3 nm-1, so
that especially very small structures such as those
expected during the early stage are not directly observ-
able.
The SBR/PB blend having a near-critical composition

shows a bicontinuous spongelike structure which ap-
pears immediately after the onset of the phase separa-
tion. During early, intermediate, and late stages, this
bicontinuous structure keeps on growing as visible on
the TEM and LSCM. During the growth period where
microscopic methods and TRLS share a common obser-
vation window, the domain spacing measured by TRLS
and the domain spacing observed on the microscopic
images are in excellent agreement.

The structural evolution during the early stage was
observed by TEM and subsequent 2D-FFT analysis on
samples frozen by the OsO4 fixation technique. The
early stage of SD occurred in a very short time scale
(at longest up to 10 min at 100 °C). The discrepancy
between TEM/FFT and TRLS results can be possibly
explained by an extrapolation error as described in the
text, on applying Cahn’s theory to the light scattering
data.
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Appendix A

The determination of qm of the power spectra obtained
from the TEM or LSCM images was done as follows:
At first 2D-power spectra are calculated from the TEM
and LSCM images. These spectra are circularly aver-
aged, and a plot of the intensity (au) vs distance from
the center of the power spectrum (in pixel-1) is obtained.
From this plot we obtain the position of the maximum
δFFT (in pixel-1) which has to be translated into a
wavenumber qmFFT in nm-1.
The relation between δFFT (in pixel-1) and correspond-

ing real space distance dreal (in pixel) is given by

The obtained value for dreal (in pixel) is then transferred
into a real distance Λreal (in nm) by considering the
magnification of the microscopic image. The microscopic

Figure 9. Plot of I(q)/I(qm) vs q of the circularly averaged power spectra obtained by 2D-FFT of the TEM (curves 1-5) and
LSCM images (curves 6, 7) of the near-critical mixture (47 vol % SBR) at different stages of the annealing procedure at 100 °C.
The spectra were obtained by averaging the spectra of (5) low-magnification images, respectively.

dreal ) 256/δFFT (A1)
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images have a magnification which is known from the
microscopic setup. The real distance obtained from the
scale bars lsc (in nm) of the respective images is
converted into a pixel value dsc (in pixel) by simply
counting the pixels corresponding to the scale bar:

The obtained distance Λreal is equal to the maximum of
the domain spacing Λm

FFT and is finally recalculated
into the corresponding wavenumber qmFFT using

Appendix B
From the RPA, the thermal correlation length ê in

the single-phase mixture is given by

with ε ≡ -εT, where εT is given by eq 5, i.e.,

From Flory-Huggins:

Equations B1 and B3 give

From the OZ plot (Figure 11), we determined ê to be
48 nm. Together with the statistical segment length
aPB ) 0.69 nm for PB, obtained from literature data,54
and assuming that aPB = aSBR = a, we calculate ε to be
0.0359. Thus the homogenized state is a single-phase
state close to the critical point.
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