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The phase separation of the polymer blend polystyrene/poly(methyl phenyl siloxane) (PS/
PMPS) is studied in situ by laser scanning confocal microscopy (LSCM) and by ﬂuorescence
correlation spectroscopy (FCS) at macroscopic and microscopic length scales, respectively. It is
shown for the ﬁrst time that FCS when combined with LSCM
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can provide independent information on the local concentraPMPS PS
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tion within the phase-separated domains as well as the interdomain matrix
facial width.
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1. Introduction
Laser scanning confocal microscopy (LSCM) has emerged
as a powerful tool in studying the morphology of heterogeneous systems. For example, LCSM has been extensively used in cell biology[1] including the characterization
of pharmaceutical systems.[2] LCSM is a nondestructive
method and has strong depth discrimination that is
achieved by proper use of a confocal pinhole in the image
plane. In such conﬁguration, only light coming from the
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focal point is detected and out-of-focus light is rejected
thus the images are practically optical sections. As a
result, image processing allows for a 3D visualization of
the exact morphology. With respect to the latter, earlier efforts provided with the 3D image of bicontinuous
polymer blends obtained via spinodal decomposition.[3–8]
Subsequent studies tested the calculated structure factor
against the measured one via scattering experiments
and found an excellent agreement.[4,5] Further the LSCM
studies in polymer blends include the in situ monitoring of
the shrinkage during the photopolymerization process,[9]
the blend surface morphology,[10] the phase separation,
and gelation in gelatin/maltodextrin mixtures[11,12] and
the protein–polymer colocalization in a phase-separated
polymer blend.[13]
Phase separation via spinodal decomposition[14–18]
is a widespread phenomenon occurring in diverse systems: from metallic alloys to glasses, ceramics, ﬂuid
mixtures, surfactant micellar solutions, and in polymer
mixtures. The latter are considered as model systems in
studying the phase separation kinetics. Polymers have
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long characteristic times that allow studying in situ their
morphology during spinodal decomposition. Ideally, one
would like to explore the details of the phase separation
process in situ by monitoring droplet nucleation, dissolution, approach of droplets, coalescence, and growth
within the different regimes. In addition, microscopic
information on the interfacial width and of the local composition within the domains is essential.
It is the aim of the present investigation to provide independent information on the local concentration within
the phase-separated domains of a polymer blend by combining LSCM with ﬂuorescence correlation spectroscopy
(FCS). To our knowledge, this idea has not been explored
before. FCS is a powerful tool for monitoring the diffusion
of ﬂuorescent molecules, macromolecules, or nanoparticles in various environments.[19] With respect to macromolecules, it has been employed earlier in studying the
diffusion of small ﬂuorescent tracers in bulk homopolymers with different chain topologies such as linear and
star polyisoprenes,[20] in polydimethyl siloxane,[21,22]
poly(n-butyl acrylate),[23] in miscible polymer blends of
1,4-cis-polyisoprene with poly(vinyl ethylene)[21] as well as
to follow the polymerization process.[24] It was shown that
the diffusion coefﬁcient of the tracer depends strongly on
the glass temperature of the studied systems and as such
it can be employed as a reporter for changes in the local
polymer dynamics.
The chosen system is a polystyrene/poly(methyl phenyl
siloxane) (PS/PMPS) blend. The blend separates upon lowering the temperature, thus exhibits an upper critical
solution temperature (UCST). In addition, it possesses
large dynamic asymmetry as revealed by the difference
between the component glass temperatures, ΔTg ≈ 113 K
at P = 0.1 MPa. The phase behavior has been investigated
experimentally and theoretically both at ambient pressure[25,26] and more recently at elevated pressures.[27] In
addition, the glass temperature, Tg, of the hard phase (PS),
interferes with the demixing process thus giving rise to
pinning of the domain structure at a certain stage.

2. Experimental Section
2.1. Materials and Processes
Direct visualization of the phase separation in the PS/PMPS
blends using LSCM requires ﬂuorescent labeling of one of the
polymers. Fluorescein-labeled polystyrenes with different molecular weights, PS116 (Mw = 12.2 kg mol−1) and PS21 (Mw = 2.2 kg
mol−1), where the subscript in PSx denotes the degree of polymerization, were purchased from Polymer Standards Service (PSS,
Mainz, Germany) and were further puriﬁed via precipitation
in methanol to remove any remaining not covalently attached
ﬂuorescein molecules. After puriﬁcation, the samples were characterized by gel permeation chromatography (PS was used as a
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Table 1. Molecular characteristics of the homopolymers.

Mw, PS
[g mol−1]

NPS

Mw/Mn
(PS)

12200

116

1.17

2230

21

1.20

Mw, PMPS NPMPS
[g mol−1]
2270

16

Mw/Mn
(PMPS)
1.67

standard, THF as an eluent) that yielded molecular weights and
polydispersities that are shown in Table 1. PMPS16 with molecular
weight Mw = 2.27 kg mol−1 was synthesized in house following
synthesis and puriﬁcation strategies described previously.[28]
Thin ﬁlms of symmetric PS/PMPS blends (50/50) on microscope
cover glasses were prepared as follows. First, 0.02 g of PS and 0.02
g of PMPS were dissolved in 1 g of toluene and the mixture was
stirred for 7–8 h at room temperature. Films were prepared by
casting the blended solution on round microscope cover glasses
with diameter of 25 mm and thickness of 0.15 mm. Although
the thickness of the ﬁlm should be relatively high to minimize
surface effects on morphology, most of toluene was evaporated
prior casting. The casted ﬁlms were dried at ambient condition
overnight and for further 48 h in vacuum at 50 °C. To follow the
phase separation kinetics different specimens from the same
blend were annealed under vacuum at various temperatures
(from 60 to 140 °C) and for various times (from 30 min up to
24 h) and then quenched to ambient temperature and studied by
LSCM.
For the FCS studies, ﬁlms containing a terylene dye, N,N′-bis
(2,6-diisopropylphenyl)-1,6,9,14-tetraphenoxy-terrylene3,4,11,12-tetra-carboxidiimide (TDI)[29,30] were prepared by
adding an appropriate amount of a 10−8 M toluene solution of the
dye to the polymer mixture. Experimental details on LSCM and
FCS are provided in Supporting Information.

3. Results and Discussion
3.1. Phase Diagram and Phase Separation by LSCM
The phase diagram of the studied PS116/PMPS16 blend is
shown in Figure 1. The diagram is based on model calculations using a lattice-based equation of state that account
for the effects of compressibility and nonrandom mixing
(details in ref.[31]). A recent detailed description on how to
implemement the theory for polymer blends is available in
ref.[32]. We mention here that the PS/PMPS theoretical phase
diagram was successfully tested earlier against experimental data for different symmetric PS/PMPS blends.[27]
The type of morphology in polymer blends (spherical or
ﬁbrilar dispersed phase vs co-continuous phases), depends
not only on the volume fraction but also on the viscosity
and elasticity of the components as well as processing
conditions.[14–17,33]
The symmetric PS116/PMPS16 blend shows clear signs
of phase separation. Figure 1 shows a series of the LSCM
images from different specimens of the blend that were
annealed at 120 °C for different time intervals. In all
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the ﬁnal annealing temperature has a strong effect on the
domain growth. The PMPS-rich domains become larger
with increasing annealing temperature that indicates a
diffusion controlled process (Figure S2, Supporting Information). The dark domains grow even when annealed at
90 °C, that is, few degrees below the glass temperature of
bulk PS. This suggests that the PS matrix includes some
fraction of PMPS (i.e. faster) chains. Indeed, earlier dielectric relaxation experiments[27] on the symmetric blend
PS48/PMPS17 revealed a PS-rich phase with PS composition
of volume fraction φPSPS-rich = 0.67. This indicates that the
matrix phase in the LSCM images is actually a mixture of
slow PS with some faster PMPS chains. On the other hand,
for the symmetric (50/50) PS21/PMPS16 blend, LSCM failed
to detect any phase separation at ambient temperature.
This result is again in agreement with the expectation
born-out by the PS/PMPS phase diagram.[27]
3.2. Local Concentration Within the Domains

Figure 1. (Top) Confocal ﬂuorescence microscopy images showing
the effect of annealing time on phase separation of the PS116/
PMPS16 blend. Annealing was made at 120 °C and the corresponding annealing time is given in left upper corners. The green
area corresponds to ﬂuorescein labeled PS-rich regions, and the
dark regions to the unlabeled PMPS-rich regions. The scale bar corresponds to 5 μm except of the bottom right image where it corresponds to 10 μm. (Bottom) Model phase diagram corresponding
to the experimental PS116/PMPS16 blend. Both the bimodal (ﬁlled
symbols) and the spinodal (open symbols) curves are shown. The
solid line is the theoretical Fox equation.

images, the green and black domains correspond to PSand PMPS-rich domains, respectively. At 120 °C, the symmetric blend is located within the two-phase region and
is well above the glass temperature of a PS homopolymer
with the same degree of polymerization as the PS in the
blend (TgPS = 92 °C).[34] Following this annealing procedure,
all specimens were quenched to ambient temperature and
imaged. At this temperature the PS-domains are glassy
thus restricting any domain growth. For the shortest
annealing time (t = 30 min), the morphology consists of a
broad distribution of dark spherical domains of the PMPSrich phase embedded in a continuous PS-rich matrix. With
increasing annealing time, the larger PMPS-rich domains
grow at the expense of smaller ones and the ﬁnal distribution resembles more to a bimodal distribution. In addition,
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The LSCM images shown above do not have enough contrast to account for small amounts of ﬂuorescently labeled
PS that may be present within the PMPS phase. Below we
will show that the technique of FCS when coupled with
LSCM can provide additional information on the purity of
phases in individual domains with submicrometer special
resolution.
FCS is based on monitoring and recording the ﬂuorescent intensity ﬂuctuations caused by the diffusion of
single ﬂuorescent species through the focus of a confocal
microscope. Autocorrelation analysis of these ﬂuctuations yields the diffusion coefﬁcient of the species, their
concentration, and ﬂuorescent brightness.[19] Ideally,
one could apply FCS to study the diffusion of labeled PS
chains within the PMPS-rich domains and infer the local
concentration with sensitivity down to one PS chain per
μm3. However, performing such measurements is hindered by the very slow diffusion of the PS chains in the
PMPS domains that leads to strong photobleaching and
to further experimental problems. Alternatively, one can
study the diffusion of very small tracers in the PMPS-rich
domains and relate it to the local concentration within
the domains. To enable this approach, a small amount
of the ﬂuorescent dye TDI was introduced as tracers in
the PS116/PMPS16 blend. The absorption maximum of TDI
is around 630 nm, that is, far away from that of ﬂuorescein (≈480 nm) used for labeling the PS phase. Thus, the
two dyes can be excited individually by different lasers
and their ﬂuorescence can be distinguished. The procedure was as follows: prior to the FCS measurement,
the LSCM images were recorded using excitation at
488 nm (for ﬂuorescein labeled PS). Then, the laser was
focused in the center of a chosen PMPS domain and the
excitation wavelength changed to 633 nm (for the TDI).
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The time-dependent ﬂuctuations of the ﬂuorescent intensity caused by the diffusion of the TDI tracers through
the focus were recorded. The corresponding autocorrelation curves yield the tracer diffusion time and diffusion
coefﬁcient. Subsequently, a new position was chosen
within the PMPS-rich domain by moving the focus by
1 μm away from the center and the autocorrelation curve
was obtained. This procedure was repeated at 1 μm increments from the center of the domain up to the domain
boundaries. Measurements were performed in domains
with diameters ranging from 3 to 20 μm.
Typical results of the FCS measurements for the PS116/
PMPS16 blend ﬁrst annealed at 120 °C for 24 h, quenched
to ambient temperature, and measured after a period
of ≈2 h are shown in Figure 2. The Figure depicts normalized autocorrelation curves of TDI corresponding at
position 2 of the LSCM image. For comparison, the autocorrelation curve for the diffusion of the same dye in a
PMPS homopolymer of the same molecular weight at
ambient temperature is also shown. The ﬁgure further
compares the diffusion times as a function of the measuring position within the PMPS grain. We can deduce
that the TDI tracer is diffusing freely (according to the
Fick’s law) with nearly identical diffusion times in all
cases. Thus, the results shown in Figure 2 indicate that
the large dark domains are composed nearly exclusively
by PMPS chains. This ﬁnding may sound paradoxical
since it is the experience with polymer blends that one
of the coexisting phase contain at least some amounts
of the counter component. However, a closer inspection
of the PS/PMPS phase diagram (Figure 1) reveals that
at 25 °C the PMPS phase is exclusively composed from
PMPS chains.
To explore further, this point a strongly asymmetric
PS116/PMPS16 blend was prepared (2/98) with the outlined procedure and imaged with LSCM. Even at this
composition, phase-separated PS domains were clearly
seen (Figure S3, Supporting Information) in accord with
the phase diagram. In addition, the result is in excellent
agreement with the local segmental relaxation of PMPS
in the PS48/PMPS17 symmetric blend investigated earlier with dielectric spectroscopy.[27] These results have
shown that φPMPSPMPS-rich ≈1.0, that is, a nearly pure PMPS
phase. The reason for the different compositions in the
two phases is that the PS glass temperature can intervene to the process of phase separation resulting in a
hard component that cannot attain its equilibrium composition. On the other hand, the soft component (PMPS)
can easily attain its equilibrium composition as observed
experimentally.
With respect to Figure 2, it is only at the domain boundaries that the diffusion time increases by a factor of two
suggesting mixing of PMPS chains with the slower PS
chains. From these results, we deduce that the interfacial

www.MaterialsViews.com

Figure 2. (Top) Normalized autocorrelation curves of terylene dye
diffusing in bulk PMPS () and within the PMPS domain () of
the PS116/PMPS16 blend. The blend was annealed at 120 °C for 24 h
and then quenched at ambient temperature. The PMPS domain
had a diameter of 10 μm and the measurement refers to position
2 of the LSCM image) (Bottom) Diffusion times of terylene dye as
a function of measuring position within the PMPS-rich domain of
the LSCM image (). The diffusion time of the same dye in bulk
PMPS () at the same temperature is also shown for comparison.
The line is a guide to the eye.

width, Δ, is smaller than ≈0.5 μm and that the ratio
2R/Δ>>1, that is, consistent with the late stages of spinodal decomposition.
To test the sensitivity of FCS toward the purity of the
PMPS domains, the same PS116/PMPS16 blend was again
annealed at 120 °C for 24 h and quenched at ambient
temperature but then immediately investigated by FCS as
a function of time. Under such conditions, the PMPS-rich
phase may contain some slower PS chains. All measurements were made at the center of the domain and the
result is shown in Figure 3. The ﬁgure depicts the reduction of the diffusion times toward the bulk PMPS value
(≈27 ms) as a result of the PS diffusion from the PMPS-rich
domains towards the PS-rich domains.
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Figure 3. (Top) Normalized autocorrelation curves of terylene dye
diffusing within the PMPS domain directly after quenching from
120 °C to room temperature (ﬁlled circles) and in the same PMPS
domain after 3 h (empty squares) of the PS116/PMPS16 blend. Measurements were made in the center of the domain. (Bottom) Diffusion times of terylene dye as a function of measuring time within
the center of the PMPS-rich domain of the LSCM image.

4. Conclusion
The in situ investigation of the phase separation by LSCM
was coupled with ex situ FCS measurements that provided
both the dynamics of phase demixing and the purity of
phases in a symmetric polymer blend. This combination demonstrated the possibility to obtain independent
microscopic information on the local concentration within
the phase-separated domains and further allowed estimating the interfacial width of a phase-separated blend
by dynamic means. It would be if interest to explore the
purity of phases for other blend compositions or in other
blend systems that show bicontinuous phases instead.
With respect to the latter a limiting factor is the size of the
observation volume in FCS that is comparable to the size of
the smaller grains (≈0.3 μm).
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