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ABSTRACT: Laser scanning confocal micrographs for blends of poly(styrene-ran-butadiene) (SBR) and
polybutadiene (PB) demonstrated the existence of fine structures inside one of the well-characterized
macroscopically phase-separated bicontinuous domains, in the depth range of the blends belonging to
the bulk. The average size of the fine structures was on the submicrometer length scale, while the
characteristic spacing of the macroscopically phase-separated domains was on the order of 10 µm.
Fluorescence laser scanning confocal micrographs revealed that the fine structures exist only in the SBR-
rich phase. Although the driving force for the formation of the fine structures needs to be investigated
further, a small amount of PB molecules in the SBR-rich domains seems to play an important role.
Illumination and highlights were shed on the advantage of using laser scanning confocal microscopy for
investigation of fine structures in the polymer blends.

I. Introduction

The dynamics and pattern formation of polymer
blends undergoing spinodal decomposition (SD) have
been the subject of both theoretical and experimental
investigations, providing a fascinating example of non-
linear nonequilibrium phenomena.1-3 Over the last 2
decades, scattering studies employing light4-8 and
neutrons9-13 have been used to investigate the growth
of concentration fluctuations via SD. The characteristic
morphology of the SD process, a bicontinuous domain
structure, and its growth have already been satisfacto-
rily understood, at least from a global and statistical
point of view.

On the other hand, experiments based on real-space
analysis employing light or electron microscopy have so
far provided only limited pieces of information, although
they may be expected to offer further insights into the
local structures of the phase-separated polymer blends.
One of the major drawbacks of conventional light
microscopy is its limited resolution both in lateral
(parallel to the focal plane) and axial (perpendicular to
the focal plane) directions. In most cases, images ob-
tained from conventional optical microscopy are smeared
due to its fairly large focal depth, which makes them

inappropriate for quantitative analysis. Transmission
electron microscopy has sufficient resolution, but it is
often very difficult to selectively stain the sample to
obtain the required contrast.

To overcome these problems, laser scanning confocal
microscopy (LSCM) has recently been applied to poly-
mer blends.14-19 LSCM excludes out-of-focus informa-
tion by focusing through a small aperture (a confocal
pinhole).20-23 This feature ensures that information in
the image arrives only from a particular depth of the
specimen, hence providing a method to observe an
optically sliced section of the object in the specimen. The
optical sections thus obtained can be reconstructed into
a three-dimensional (3D) image by an image processing.
We have previously demonstrated that LSCM is an
excellent tool for studying the phase-separated struc-
tures of a polymer blend.17-19 The 3D images deter-
mined by LSCM observations were shown to be capable
of quantitatively capturing the bicontinuous domain
structure,17 and we have succeeded in determining local
interfacial curvatures and their distribution in the
bicontinuous structure.18,19

As pointed out in our previous communication,17 the
bright phase observed in the reflection LSCM images
of a mixture of poly(styrene-ran-butadiene) (SBR) and
polybutadiene (PB) appeared to consist of dotlike struc-
tures (see Figure 1 of ref 17). In the present report we
confirm the existence of the fine structures by carefully
considering the resolution of LSCM. Identification of
the bright phase observed in the reflection LSCM
image, which was less clear in the previous study,17

was achieved by an additionally employed fluorescence
LSCM technique, using a mixture of SBR and an-
thracene-labeled polybutadiene (PB-AN).

II. Experimental Section

PB’s, SBR’s and a poly(deuterated butadiene) (dPB) were
synthesized by the following standard anionic polymerization
methods. PB-AN’s were prepared by the reaction of 9-an-
thryldiazomethane with PB’s containing carboxyl groups,
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which had been introduced by the 1,3-dipole addition of
p-carboxybenzhydroxamylchrolide in the presence of triethyl-
amine.24 The average number of anthryl groups introduced into
a single polymer chain was 2-4.

The SBR/PB blends were prepared as follows. The mixtures
of SBR and PB were dissolved in toluene as solutions of
approximately 5-7 wt % total polymer concentration. The
homogeneous solutions were then cast into thin films, which
were subsequently dried in a vacuum oven at room tempera-
ture. The SBR/PB blends have an upper critical solution
temperature (UCST) type phase diagram.25 The cloud points
of the mixtures investigated in this work could not be found
in the experimental temperature range (25-100 °C). Thus, the
sample films obtained were in the two-phase region and
appeared to be translucent due to phase separation. The phase-
separated films were homogenized by mechanical mixing using
Baker’s transformation26 and placed between two coverslips
with a Teflon sheet (thickness: 200 µm) used as a spacer. The
samples were then heat-treated for 44 h at 100 °C for phase
separation via SD and quenched to room temperature for the
LSCM observations described below, unless otherwise stated.
The SBR/PB-AN and dPB/PB-AN blends were prepared
following the similar procedure described above.

The LSCM observations of the films were performed using
an LSM410 (Carl-Zeiss, Jena, Germany) with a 100× objective
(numerical aperture (N. A.) ) 1.40, Plan-Apochromat 100×/
1.4 oil, Carl-Zeiss) or 40× objectives (N. A. ) 1.30, Plan-
Apochromat 40×/1.3 oil, Carl-Zeiss) at room temperature (23
°C). In the present study, the LSCM was operated both as a
reflection and as a fluorescence confocal microscope. For the
former, an Ar laser having a wavelength ( λ) of 0.488 µm was
used as a light source. For the latter, an Ar laser with λ )
0.364 µm was used to excite the anthryl groups attached to
PB chains, and the fluorescence emitted from the dye mol-
ecules was selectively detected by a combination of a dichro-
matic mirror and a band-pass filter (which transmits the light
components with wavelength between 295 and 440 nm) in
front of the detector. LSCM is particularly attractive because
of its enhanced resolutions both in lateral and axial directions.
The lateral and axial resolutions of the reflection LSCM using
the 100×/1.40 objective with λ ) 0.488 µm were dlateral ) 0.16
µm 27 and daxial ) 0.54 µm,28 respectively. The axial resolution
of the fluorescent LSCM using the same objective but λ ) 0.364
µm was daxial ) 0.75 µm. All optical slices were at least 20 µm
distant from the coverslips, to avoid possible surface effects
on the phase-separated structures.

III. Results and Discussion
Figure 1a shows a reflection LSCM image of the SBR/

PB-AN blend phase-separated at 100 °C for ca. 44 h.

The green part of the image is one of the phase-
separated bicontinuous domains developed via the SD
process.17,18 The mean spacing between the domains is
estimated to be 8 µm, which is much larger than dlateral
) 0.23 µm and daxial ) 0.69 µm. To identify whether the
SBR-rich phase shows up as the green bright regions
or dark regions in Figure 1a, a fluorescence LSCM
image was taken at exactly the same field for the same
sample, as shown in Figure 1b. The bright purple
regions in the micrograph reveal the existence of the
anthracene-labeled polybutadiene phase. Figure 1c
represents a superposed image of the reflection image
(Figure 1a) and the fluorescence image (Figure 1b). The
two images are found to be complementary to each
other. We therefore conclude that the bright regions and
the dark regions of the micrograph obtained by the
reflection LSCM (Figure 1a) correspond to the SBR-rich
domains and the PB-rich domains, respectively.

The contrast in the reflection image shown in Figure
1a may be associated with a difference in refractive
indices of the two components.30 If the SBR-rich regions
in the sample were homogeneous, they should have
appeared dark under the LSCM observation and only
a part of the interface between the SBR-rich domains
and PB-rich domains which satisfies a high reflectivity
should have appeared bright. Before going into more
detailed discussion of Figure 1a, we will present another
datum in Figure 2 to help further interpretation of
Figure 1a.

Parts a and b of Figure 2 display reflection and
fluorescence LSCM images of a phase-separated poly-
mer blend of dPB and PB-AN, respectively, in the late
stage SD process just as in the case of SBR/PB-AN.
The bright purple regions in the fluorescent image in
Figure 2b are the PB-AN-rich domains. As can be seen
from Figure 2, parts a-c, all together, only the inter-
facial region of the domains appeared bright and in-
terior parts of both the dPB-rich and PB-AN-rich
domains were dark under the reflection mode (Figure
2a) as expected.31 On the other hand, as seen in Figure
1a, the SBR-rich domains in the SBR/PB polymer blend
appeared uniformly bright, although they seem to
consist of dotlike small objects. This result suggests that
the SBR-rich phase in the SBR/PB blend contains

Figure 1. LSCM images at depth ca. 20 µm from the sample surface of the SBR/PB-AN mixture (50/50 wt/wt %) first phase-
separated at 100 °C for ca. 44 h, then cooled to and observed at 23 °C. (a) Reflection LSCM image observed with λ ) 0.488 µm and
40×/1.3 objective. dlateral ) 0.23 µm and daxial ) 0.97 µm, respectively, under this configuration of LSCM. (b) Fluorescence LSCM
image of the same field as in image (a) observed using λ ) 0.364 µm and 40×/1.3 objective. dlateral ) 0.17 µm and daxial ) 1.57 µm,
respectively, under this configuration of LSCM. (c) Superposition of the two images, a and b, which are shown in green and
purple, respectively. The number-averaged molecular weights and their distributions of the SBR and PB-AN used are as
follows: SBR, Mn 14.8 × 104 (Mw/Mn ) 1.21); PB-AN, Mn 5.7 × 104 (Mw/Mn ) 1.56).
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inhomogeneity in refractive index on the submicrometer
length scale.

It is very important to note that this inhomogeneity
is not present in either the PB-rich phase in the SBR/
PB blend or in both of the phase-separated domains of
the dPB/PB-AN blend. The lack of the inhomogeneities
in the PB-rich domain in the SBR/PB blends clearly
rules out the possibility that the inhomogeneities are
an artifact brought by a special protocol related to an
incompleteness of the mechanical homogenization pro-
cess. If this is the case, the inhomegeneities could have
been seen in the PB-rich phase as well. The inhomog-
eniety in SBR-rich domains give rise to scattering, and
this scattering is believed to cause a bright contrast
under the reflection LSCM mode (scattering-induced
contrast generation).30 This scattering-induced contrast
generation in the reflection LSCM was unequivocally
confirmed in this work by a combined use of the
reflection and fluorescence LSCM technique, which is
one of the important conclusions of this paper. In Figure
1a, we notice some small bright domains in the dark
PB phase. These are expected to be the SBR domains
generated during the coarsening processes via a breakup
of the percolated SBR domains.

A typical reflection LSCM image obtained for the
SBR/PB blends using the 100× objective, thus having
a higher resolution than Figure 1a, is shown in Figure
3. The mixture was phase-separated at 100 °C for ca.
40 h after the mechanical homogenization. As confirmed
in the discussion in conjunction with Figure 1, the bright
areas in Figure 3 are the SBR-rich domains. The
expanded and digitally enhanced32 image of the region
shown by the white rectangle in Figure 3a is presented
in Figure 3b. As predicted, the SBR-rich domains did
not appear homogeneous but consisted of small bright
objects.33 The small-scale objects observed in Figure 3b
have a characteristic size of approximately 0.6 µm,
which is larger than the resolution limit (dlateral ) 0.16
µm) of the 100×/1.40 objective, ruling out the possibility
that these objects are optical illusions. To our knowl-
edge, the presence of such inhomogeneity on the fine
length scale inside phase-separated bicontinuous do-
mains has not been reported.34

The inhomogeneity in refractive indices in the SBR-
rich domains can be either (i) dynamical composition
fluctuations (dynamical inhomogeneity) or (ii) static

composition fluctuations (fixed inhomogeneity). As for
the former possibility (point i), we may further think
about the following two cases. The present specimen was
subjected to a heat-treatment at 100 °C in order to
develop phase-separated structure in the late stage SD
and then to quenching to 23 °C for observation with
LSCM. The observation temperature of 23 °C is still
higher than glass transition temperatures of both PB-
rich and SBR-rich phases, and thus the dynamical
composition fluctuations within the phase-separated
SBR-rich domains may exist even at 23 °C (to be
designated as (i-a)) as well as at 100 °C. In this case
the fluctuations at 23 °C are enhanced compared with
those at 100 °C. There is another possibility (to be
designated as (i-b)) that phase separation of PB and
SBR may occur inside the SBR-rich domains when the
temperature decreases from 100 to 23 °C. This is
because the SBR-rich domains at 100 °C may contain a
small amount of PB and become metastable or unstable

Figure 2. LSCM images of dPB/PB-AN blend (50/50 wt/wt %) first phase-separated at 40 °C for 164 h and then observed at 23
°C. (a) Reflection LSCM image observed with λ ) 0.488 µm and 40×/1.3 objective. dlateral ) 0.23 µm and daxial ) 1.0 µm, respectively,
under this configuration of LSCM. (b) Fluorescence LSCM image of the same field as image (a) observed using λ ) 0.364 µm for
excitation of the labels and 40×/1.3 objective. dlateral ) 0.17 µm and daxial ) 1.35 µm, respectively, under this configuration of
LSCM. (c) Superposition of the two images, a and b, which are shown in green and purple, respectively. The number-averaged
molecular weights and their distributions of the dPB and PB-AN used are as follows: dPB, Mn ) 12.8 × 104 (Mw/Mn ) 1.12);
PB-AN, Mn ) 8.9 × 104 (Mw/Mn ) 1.07).

Figure 3. Reflection LSCM images of SBR/PB blend (50/50
wt/wt %) first phase-separated at 100 °C for ca. 145 h and then
observed at 23 °C. The observations were performed using λ
) 0.488 µm and 100×/1.4 objective. Image b is a magnified
image of the white rectangular region in image a. To make
the fine structure clearer, in image b, two kinds of digital
image filters were successively applied to the original image
a. In the first place, a median filter with a 5 × 5 matrix was
used to get rid of random noise without smoothing edges in
the image. Subsequently, a high-pass filter with a 5 × 5 matrix
was utilized to enhance the edges of the fine structure.39 The
number-averaged molecular weights and their distributions
of the SBR and PB used are as follows: SBR, Mn ) 14.8 × 104

(Mw/Mn ) 1.21); PB, Mn ) 17.2 × 104 (Mw/Mn ) 1.30).
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upon cooling, giving rise to a phase-separated structure
(two-step phase separation35). If this is the case, the
heterogeneities inside the SBR-rich domains reflect a
snapshot of the second-step phase separation and should
grow with time, no matter how slow it might be.
However, this is not what we observed experimentally.
Before going into detailed discussion about the fixed
inhomogeneity (ii), we shall first discuss the scenarios
for the dynamical inhomogeneity (i-a) and (i-b) in detail
below.

As for the former possibility (i), further reflection
LSCM observations presented below in Figure 4 suggest
that the fine objects observed in the SBR-rich domains
might not be due to a snapshot of the dynamical thermal
fluctuations (i-a). Figure 4 presents LSCM images of
SBR/PB-AN blend film phase-separated deliberately at
30 °C (not at 100 °C) for 26 h after the mechanical
homogeneization and observed at 23 °C. Parts a and b
of Figure 4 were taken at a fixed view field at time
interval of 25 min but each image, a or b itself, was
captured in 30 s. Although the phase-separation tem-
perature and observation temperature is almost same,
the fine objects still exist in the SBR-rich domains which
appear to be bright. Figure 4c shows an image of Figure
4, parts a and b, which are respectively displayed in
green and red and then, superimposed on each other.
This image clearly shows that the fine objects presented
in Figure 4a exist in almost an identical configuration
even after 25 min. Therefore, it is highly plausible to
conclude that the fine objects observed by reflection
LSCM in Figure 4 are not a snapshot of the dynamical
thermal composition fluctuations (i-a). The results
obtained in Figure 4 also imply that the fine objects
observed in Figure 3 by reflection LSCM may not be
necessarily due to effects of the two-step phase separa-
tion (i-b), simply because the fine objects are observed
even in Figure 4 which was taken at the observation
temperature (23 °C) close enough to the phase-separa-
tion temperature (30 °C). If the fine structures are
formed as a consequence of the two-step phase separa-
tion, the fine structures should grow into larger objects
and be eventually segregated out from the SBR-rich
domains into the PB-AN-rich domains.35 This is not the
case here. In any case, the fine objects appear to be due
to the static one (ii) rather than the dynamical one (i).

Let us next examine possible origins of the fine
structure from the static inhomogeneity (ii). The SBR’s
used in the present study were polymerized by anionic
polymerization. It has been reported that anionically
polymerized SBR has a sequence distribution of styrene

and butadiene units different from that of radically
polymerized SBR:36 the former had longer sequences (ca.
35 units) of styrene units than the latter. Namely, the
SBR we used could have some block character in the
distribution of the styrene and the butadiene units,
which has to be taken into consideration.37 There is a
possibility (denoted (ii-a)) that an association of the
styrene sequences of the SBR chains inside the
SBR-rich phase might account for the origin of the fine
structure inside the SBR-rich domains. To test this
effect (ii-a), we heat-treated virgin SBR specimens under
the same experimental conditions as the SBR/PB mix-
tures. However, even after 4 days of the thermal
treatment, including occasional intermittent observa-
tions, there appeared to be no evidence for the presence
of fine structure in the pure SBR sample under reflec-
tion LSCM. This experimental result indicates that the
existence of a sequence distribution in SBR alone could
not explain the formation of the fine structures in the
SBR-rich domains but that PB chains exist in the SBR-
rich phase may play an important role.

The fine structure (Figure 3b) appears to be quite
similar to the bicontinuous structure that can be seen
in Figure 1. They appeared to be interconnected to one
another in a similar way to the bicontinuous structure
formed by the SBR-rich and PB-rich domains, although
the former appear to be more random than the latter.
Laurer et al.38 have reported a channel-like structure,
which is similar to the present fine structure, exists in
one of the domains of polymer blend systems. Their
blends were composed of homopolystyrene and poly-
(styrene-ran-isoprene)-block-poly(styrene-ran-iso-
prene) block copolymer ((75/25)-block-(50/50)). They
found that at low homopolystyrene fractions, the styrene
and isoprene block sequences in the block copolymer
induce competition between attractive and repulsive
interactions with the homopolystyrene chains, resulting
in the formation of thin homopolystyrene channel
structures in a disordered random block copolymer
matrix. We suppose that a similar kind of competitive
segmental interaction may exist between styrene and
butadiene sequences in the SBR and a small amount of
PB chains in the SBR-rich domains, which may stabilize
the channels (or the microphase) composed of associat-
ing PB chains in the SBR matrix as a consequence of
an emulsifying effect of SBR for the PB chains. This
weak microphase separation of the PB chains
enhanced by the emulsifying effects of SBR seems to
be the most plausible model (denoted (ii-b)) to account
for the origin of the static inhomogeneity. If this is the

Figure 4. Reflection LSCM images of SBR/PB-AN blend (50/50 wt/wt %) first phase-separated at 30 °C for 26 h and then
observed at 23 °C. The observations were performed using λ ) 0.488 µm and 100×/1.4 objective. Image b was taken 25 min after
the observation of image a at the same view field. Image c shows a superposition of images a and b, displayed in green and red,
respectively. The number-averaged molecular weights and their distributions of the SBR and PB-AN used are as follows: SBR,
Mn ) 8.0 × 104 (Mw/Mn ) 1.03); PB-AN, Mn ) 7.6 × 104 (Mw/Mn ) 1.02).
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case, a mixture composed of SBR and PB with an
appropriate blend composition should exhibit a similar
fine structure, a confirmation of which is, however, left
for future work.

IV. Concluding Remarks

The phase-separated structures developed via spin-
odal decomposition in a mixture of SBR and PB were
investigated under laser scanning confocal microscopy.
By combining the reflection and fluorescence LSCM
images, we have clearly revealed that fine structures
exist only in the SBR-rich phase. This fine structure is
on the sub-microscopic length scale and seems to be
bicontinuous. We elucidated that a small amount of PB
molecules in SBR-rich domains definitely play an im-
portant role.

We further discussed four possible models: (i-a) and
(i-b) based on the dynamical inhomogeneities and (ii-a)
and (ii-b) based on the static heterogeneities. We sug-
gested model (ii-b), the channels composed of associating
PB chains in the SBR matrix assisted by an emulsifying
effect of SBR, as a most plausible model. We hope the
present study may act as a catalyst for further discus-
sion and experiments, especially with a better controlled
system (having a phase diagram in the experimentally
easily accessible temperature range) and with a better
defined thermal protocol.
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