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ABSTRACT: The thermodynamic properties of a multicomponent blend containing nearly equal volume fractions
of two homopolymers, a saturated polybutadiene with 89% 1,2-addition (component A) and polyisobutylene
(component B), and 1 vol % of a diblock copolymer was studied by a combination of ultra-small-angle neutron
scattering (USANS) and optical microscopy. The A-C diblock copolymer, which serves as a surfactant, has an
A block that is chemically identical to the A homopolymer and a C block that is a saturated polybutadiene with
62% 1,2-addition. The C block exhibits attractive interactions with component B and repulsive interactions with
component A. At temperatures between room temperature and 45°C, USANS results indicated that this blend
self-assembles into a microemulsion with periodic length scales in the 0.2-4 µm range. The USANS data were
in excellent agreement with the Teubner-Strey equation for scattering from microemulsions. Optical microscopy
studies revealed the presence of bicontinuous microemulsions with length scales that were commensurate with
those obtained by USANS.

Introduction

Most polymers are sparingly soluble in each other, and thus
mixtures of different polymers naturally separate into distinct
phases. Controlling the morphology of phase-separated polymer
blends is a subject of long-standing technological and funda-
mental interest.1-12 In many cases, block copolymers are used
as surfactants for stabilizing the interface between two im-
miscible homopolymers that we label A and B. Strategies for
interfacial stabilization depend on the curvature of the interface,
which, in turn, depends on the relative volume fractions of the
homopolymers.13 The present paper is focused on mixtures
containing equal (or nearly so) volume fractions of the A and
B homopolymers and diblock copolymers that are symmetric
in composition. In most cases, mixtures of homopolymers and
block copolymers form disorganized, macrophase-separated
morphologies. There exists, however, a range of thermodynamic
conditions (concentration, temperature, and pressure) where
these systems self-organize into periodic structures such as
lamellae, droplet microemulsions, and bicontinuous microemul-
sions.1-4,14 In the limit of large block copolymer concentration
(typically above 50 vol %), lamellar phases are obtained.4 As
the block copolymer concentration is decreased, the lamellar

phases first transform into bicontinuous microemulsions and
ultimately give way to macrophase-separated states.3,14,15The
minimum surfactant volume fraction needed to form a single-
phase system (e.g., lamellae and microemulsions),æs,min, is a
measure of the efficacy of the surfactant. Bicontinuous micro-
emulsions are usually obtained in a narrow window in the
vicinity of æs,min. It is clear that the extent to which a given
lamellar phase can be swollen by homopolymers is intimately
related toæs,min. The purpose of the paper is to explore the
morphology and thermodynamics of a polymer blend in the
vicinity of æs,min.

The traditional approach of organizing mixtures of A and B
homopolymers is to use block or graft copolymers of A and B
as the surfactant. In these systems with volume fractions of A
and B approximately equal, organized structures require at least
9 vol % of the A-B surfactants, i.e.,æs,min ) 0.09.3,16-18 An
alternative method is to mimic the design of nonionic surfactants
for oil/water systems.19-23 This approach, which has been
established in a series of publications,14,24-32 utilizes an A-C
diblock copolymer as the surfactant, where the C block exhibits
attractive interactions with the B homopolymer and repulsive
interactions with the A homopolymer. In ref 31, it was shown
that æs,min for a particular A/B/A-C blend can be as low as
0.01. This conclusion was based on small-angle neutron
scattering (SANS) experiments where the coherent scattering
intensity,I, was plotted against the magnitude of the scattering
vector,q [q ) 4π sin(θ/2)/λ with θ as the scattering angle and
λ as the wavelength of incident beam]. At 30°C, the SANS
profile of the blend with 1 vol % of the copolymer (we call
this blend B01) exhibited a scattering peak atq ) 0.038 nm-1,
indicating the formation of a periodic structure with a charac-
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teristic length scaled ) 2π/q ) 160 nm. In addition, the shape
of the scattering peak was consistent with the well-established
Teubner-Strey (T-S) scattering profile which is taken as a
signature of the microemulsion phase.17,22,33Furthermore, the
sample was perfectly clear when viewed either by the naked
eye or in an optical microscope. When this blend was heated
to 50 °C, the scattering peak could no longer be seen in the
SANS data, but the scattering intensity obtained in the accessible
q regime was consistent with the T-S equation.31 This suggests
that this blend may form a microemulsion with a length scale
that is beyond the resolution limit of SANS. The purpose of
this paper is to clarify the structure of the blend B01 using
USANS and optical microscopy.

Ultra-small-angle scattering techniques (USAS, which in-
cludes both neutron and X-ray scattering) are rapidly emerging
as powerful characterization tools for a wide variety of systems
including polymer melts,14,34-36 colloidal suspensions,37-41

polymer solutions,42,43and gels.44,45A review of USAS studies
was recently compiled by Bhatia.46 In a majority of previous
studies, a power law decay of the scattering intensity with
increasingq was observed, indicating the absence of a well-
defined length scale within the USAS range. For example, in
the case of colloidal suspensions, the exponents of power law
fits through the USAS profiles were used to determine the fractal
dimensions of aggregates.39 Many studies with polymer blends
in the USAS range yield similar power law (or flat) scattering
profiles.14,35,42Peaks that have been seen in USAS studies are
often located at the upper end of theq range, where there is
overlap with conventional small-angle X-ray and neutron
scattering. For example, Koga et al. have reported a very
prominent ultra-small-angle X-ray scattering (USAXS) peak in
a polystyrene-block-polyisoprene system, but the peak was
accessible by SAXS.36 Broad USAXS peaks in the low-q limit
were reported by Myers et al., who studied the morphology of
polystyrene-block-polybutadiene.34 However, reasons for the
observed USAXS peak have not yet been fully established, and
such peaks have not been observed in other studies of block
copolymers.14,36,42In a previous study,14 our group demonstrated
the presence of a broad USANS shoulder in a multicomponent
polymeric A/B/A-C microemulsion. It is interesting to note
that none of the previous USAS studies14,34-40,42-46 have
presented evidence for the existence of micron-length scale
periodic structures with well-defined scattering peaks. One of
the goals of the present paper is to demonstrate the existence
of such systems.

Experimental Section

Details concerning the synthesis and characterization of the
polymers used in this study are described in ref 25. The homopoly-
mers were dPB89(24), a saturated polybutadiene with 89% 1,2-
addition (nominal value), and polyisobutylene, PIB(24). The
numbers in parentheses refer to the molecular weight of the polymer
molecules in kg/mol, and we refer to dPB89(24) as homopolymer
A and PIB(24) as homopolymer B. The A-C copolymer, hPBPB-
(240-192), is comprised of saturated polybutadiene blocks with
90% 1,2-addition and 62% 1,2 addition. Both A and A-C were

synthesized by anionic polymerization of butadiene followed by
saturation of the CdC bonds with either hydrogen or deuterium
(labeled “h” or “d”, respectively). The B homopolymer was
synthesized by cationic polymerization. The characteristics of the
polymers used in this studysdensity, weight-averaged molecular
weight, polydispersity index, and % 1,2-addition for polybutadiene
polymerssare summarized in Table 1. To create blend B01, the
volume fraction ratio of the homopolymers,æA/æB, was set at 0.972,
which is the value for a critical binary blend of A and B
homopolymers based on the Flory-Huggins theory. The volume
fraction of the A-C copolymer was 0.01. The components were
dissolved in hexane followed by precipitation in a 50/50 mixture
of methanol and acetone. The precipitant was placed on a 1 mm
thick quartz disk inside a 1 mmthick spacer with an inner diameter
of 8 mm. The sample was dried in a vacuum oven at 90°C for 2
days to ensure complete removal of the solvent. A second quartz
disk was pressed over the sample then the sample was annealed at
90 °C again for 10 min.

USANS measurements were conducted at the thermal neutron
port BT5 at the National Institute of Standards and Technology
(NIST) in Gaitherburg, MD. Details regarding instrumentation and
data analysis are given in refs 47 and 48. The instrument consists
of a Bonse-Hart type perfect-crystal diffractometer, equipped with
triple bounce channel-cut perfect Si (220) crystals as the mono-
chromator and the analyzer. The wavelength of the incident neutron
beam,λ, was 0.238 nm, and the sample aperture diameter was 8
mm. A temperature-controlled sample stage is located between the
monochromator and analyzer. The sample was annealed at the
temperature of interest for 1-5 h in an effort to equilibrate the
sample. Low-q scattering data obtained during annealing were
invariably in good agreement with reported scattering data, sug-
gesting that there was little change in morphology on the 1-5 h
time scale. Larger equilibration times were not practical due to
limited access to the USANS instrument. Data acquisition times
ranged between 6 and 12 h, depending on scattering intensity and
theq range of interest. The 1-dimensional raw scattering data were
collected at discrete angular steps. These data were converted to
absolute intensity (cm-1) by correcting for sample transmission and
background scattering using a data reduction program provided at
NIST to give the USANS intensity,I, vs scattering vector,q.48 The
program provides a means for correcting for slit-smearing effects
using the Lake method.49 The reduction program was only run over
the q range where the scattering signal was well above the
background.

A Leica DM LP light microscope equipped with a CCD
camera (Leica DC camera) and a temperature-controlled sample
stage (Leica LMW) was used to study the morphology of the
blend on time scales longer than 5 h. Images were taken in
transmission mode at a magnification of 500× and were analyzed
by local two-dimensional Fourier analysis as described in the next
section.

The identification of any commercial product or trade name does
not imply endorsement or recommendation by the National Institute
of Standards and Technology.

Results and Discussion

Figure 1 compares the SANS results from ref 31 and the
USANS results on blend B01 at 30°C. Broad scattering peaks
in the vicinity of q ) 0.035 nm-1 are seen in both SANS and
USANS. The USANS peak is located near the high-q limit of

Table 1. Characterization of Polymers in Blend B01a

component name Mw (kg/mol) N PDI F (g/mL) % 1,2-addition nD æ

A dPB89(24) 25.3 464 1.01 0.9070 90.4 2.79 0.488
B PIB(24) 24.0 437 1.05 0.9131 NA NA 0.502
A-C hPBPB(240-192) 240-192 4614-3712 1.06 0.8629 86.5-61.5 NA 0.010

a Mw is the weight-averaged molecular weight,N is the number of reference volume units per chain based on a reference volume of 0.1 nm3, PDI )
Mw/MnwhereMn is the number-averaged molecular weight,F is the average density,nD is the number of deuterium atoms per C4 repeat unit, andæ is the
volume fraction of each component.
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the instrument. This leads to significantly larger error bars for
the USANS data. The data were analyzed using the Teubner-
Strey (T-S) equation, which is an established scattering
signature of microemulsions:33

wherea, b, andc are fitting parameters. The solid curves in
Figure 1 are the least-squares fit of eq 1 through the data with
a, b, andc as adjustable constants. The fitting constants can be
used to determine the periodic domain spacing (d) and the
correlation length (ê) by

The domain spacing calculated from the T-S fits of the
SANS and USANS data are 160 and 200 nm, respectively. This
length scale is much larger than the radii of gyrations (Rg) of
the A, B, and A-C polymers, which are 4.1, 4.9, and 30.9 nm
respectively. The value ofê obtained from SANS and USANS
are 90 and 80 nm, respectively. Considering the differences in
instrumentation, the agreement between the SANS and USANS
results is reasonable. We are not sure of the reason for the
apparent vertical shift of the USANS data relative to the SANS
data. However, such differences have been reported in previous
studies where both SANS and USANS instruments were used
to study the same system.48 In ref 48, the observed vertical shift
of the USANS data was attributed to slit smearing effects. In
any case, the USANS experiment provides a self-consistent set
of data, and the absolute intensity does not contribute to the
T-S derived values. We attribute the differences in the domain
spacings obtained by SANS and USANS to resolution differ-
ences between the instruments combined with the width of the
microemulsion peak (Figure 1). USANS profiles obtained from
B01 as a function of increasing temperature are shown in Figure
2. A broad but clearly defined scattering peak is evident at all
of the temperatures studied. The peaks were consistent with the
T-S equation (solid curves in Figure 2), indicating the presence

of a microemulsion-like structure. As the temperature is
increased from 30 to 65°C, d increases from 0.2 to 8.2µm.
The scattering intensity increased by 5 orders of magnitude in
this temperature window. No evidence of macrophase separation
is seen in any of the USANS profiles, and the sample remained
optically clear throughout the experiment. The formation of
periodic structures that are 2 orders of magnitude larger than
the largest molecule in the system and 3 orders of magnitude
larger than the molecules that make up most of the sample is
noteworthy.

We conducted a second USANS run on B01 (several weeks
after the first run) to confirm our conclusions about phase
behavior. The temperature range of the second run was 30-
75 °C (10 °C higher than the first run). The scattering profiles
from both runs were qualitatively similar. The results of fits of
the USANS profiles to the T-S equation are shown in Figure
3. In parts a and b of Figure 3, we show the domain spacing,d,
and correlation length,ê, respectively, obtained from both runs.
Both d and ê increase with increasing temperature. The
agreement between thed values obtained from the two runs is
significantly better than that ofê, indicating that the correlation
lengths of the delicate periodic structures formed in blend B01
are more sensitive to exact thermal history than the domain
spacing. In equilibrated microemulsions, bothd and ê are
governed by thermodynamics. In the case of lamellar phases,d
is determined by thermodynamics whileê is determined by
processing and thermal history. The data in Figure 3 suggest
that the microemulsion-like phase obtained at temperatures

Figure 1. SANS (0) and USANS (O) data for blend B01 at 30°C.
The solid curves through the data are the Teubner-Strey fits.

I(q) ) 1

a + bq2 + cq4
(1)

d ) 2π[12 (ac)1/2
- 1

4 (bc)]-1/2
(2)

ê ) [12 (ac)1/2
+ 1

4 (bc)]-1/2
(3)

Figure 2. USANS profiles (not vertically shifted) for blend B01 as a
function of increasing temperature. The solid curves are Teubner-
Strey fits.

Table 2. Teubner-Strey Fitting Parameters

T (°C) a (cm) b (cm nm2) c (cm nm4) ê (µm) d (µm)

30 1.87× 10-5 -0.0247 15.4 0.08 0.20
40 4.67× 10-7 -0.0308 871.2 0.61 1.39
45 5.92× 10-8 -0.0243 5071.2 1.40 3.68
50 2.63× 10-8 -0.0142 4299.8 1.56 4.37
55 1.23× 10-8 -0.00847 3847.0 1.70 5.23
60 4.88× 10-9 -0.00421 3607.6 1.86 6.73
65 2.52× 10-9 -0.00257 3741.0 2.05 8.24
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greater than or equal to 40°C may not be at thermodynamic
equilibrium.

Contrary to the first run, the sample became slightly cloudy
at the end of the second run. However, after a few weeks at
room temperature the sample became clear, suggesting that the
large periodic structures formed at 75°C relaxed spontaneously
to give the microemulsion phase at room temperature. These
observations indicate that the microemulsion obtained at 30°C
is thermodynamically stable, but equilibration times required
for obtaining the microemulsion after heating the sample to
75 °C may be as large as 672 h (4 weeks).

In most of our USANS experiments, we studied the structure
of the sample as a function of increasing temperature. In a few
cases, we decreased the temperature of the blend. An example
of results obtained from such experiments is shown in Figure
4, where we showI(q) obtained from decreasing the temperature
from 35 to 30°C. We waited for 3.5 h before beginning data
acquisition at 30°C. If the phase obtained from B01 was indeed
a microemulsion at both 30 and 35°C and if equilibration
occurred on experimentally accessible time scales, then we
should have observed an increase inqpeak. Instead, we found
no change inqpeak(Figure 4). We have established in Figure 1
that the equilibrium phase at 30°C is a microemulsion. The
lack of change inqpeakupon cooling indicates that the relaxation

of structures from 35 to 30°C occurs on a time scale that is
much larger than 3.5 h. We do, however, observe a decrease in
the highq scattering intensity at 30°C in Figure 4. This indicates
that decreasing the temperature from 35 to 30°C results in
dissolution of the small length scale structures obtained at 35°C
on experimental time scales. On the other hand, the large length
scale structures stay intact on the 3-4 h time scale. It is clear
that long time scale studies are necessary to determine whether
the microemulsions obtained in our blend are stable or meta-
stable.

We also studied the morphology of B01 by optical micros-
copy. This approach is ideally suited for long time scale studies
due to unlimited access to the instrument. The blend was
completely clear at room temperature, and no structure was
evident in the microscope. It was then heated to 43.5( 0.3 °C
and annealed at that temperature for 8 days. (Our objective was
to heat the sample to 40°C to match the USANS experiments,
but the analog dial on the Leica LMW temperature controller
was difficult to fine-tune.) On the basis of the USANS data,
we expected to obtain a microemulsion with a characteristic
length scale of 1.4-3.9 µm (Figure 3a). The T-S equation
applies equally well to both droplet and bicontinuous micro-
emulsions. Since both kinds of microemulsions have been
reported in A/B/A-C systems,14 we were not sure of the
morphology that we would see in the optical microscope. After
7 h of annealing, structures similar to a bicontinuous micro-
emulsion became visible in the microscope. Selected micro-
graphs obtained after annealing times of 7, 21, 96, and 193 h
are shown in Figure 5a-d, respectively. The structures seen at
7, 21, and 96 h are similar to electron micrographs of
bicontinuous microemulsions,3,14 except for the fact that the
length scales are in the 1-5 µm range. At extremely large
annealing times of 193 h (8 days), we found streaklike
microphases oriented along a particular direction, as shown in
Figure 5d. We suspect that our sample stage may not have been
perfectly horizontal, causing the sample to creep slowly over
long times.

Two-dimensional Fourier analysis was used to obtain the
periodic length scale, which we refer to asd for simplicity, from
the optical micrographs. To perform the analysis, each image
was divided into overlapping 512× 512 pixels square boxes
with centers separated by 30 pixels. 2D Fourier transforms (FT)
were computed for each box and stored as a 512× 512 array.
Azimuthally symmetric FT images with peaks near the center
of the FT image indicated the presence of the randomly oriented

Figure 3. Temperature dependence of (a)d and (b)ê for two separate
runs on blend B01.

Figure 4. USANS data for blend B01 after decreasing temperature
from 35 (O) to 30 °C (0).
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periodic structure. Typical results are shown in Figure 6a, where
the FT image of a box obtained att ) 21 h is shown. This
image is a central cropped 160× 160 pixel array from the
original 512× 512 FT array to better illustrate the data in the
vicinity of the peak. To quantify the information in the FT
images, we definedr to be the distance from a given pixel to
the central one, in unit of pixels, and set [rj] ) [3, 6, 9, ...].
Values of the set [Aj], the FT amplitude corresponding to the
set [rj], were obtained by averaging the FT intensity withinrj

- 1.5 er < rj + 1.5. The characteristic length scale of the
periodic structure in each box,r*, was determined by a least-
squares fit of the [Aj] vs [rj] data to the following functional
form:

wherer*, C1, C2, w1, andw2 are fitting constants. Consequently,
r is related to the scattering vector from USANS andr* is similar
to qpeak. In Figure 6b, we show the experimentally obtainedA(r)
from the FT data shown in Figure 6a (circles). The solid curve
through the data represents the least-squares fit of eq 4 through
the data. Also shown in Figure 6b are the individual contribu-
tions of the peaked and decaying portions ofA(r) (the first and

second terms on the right-hand side of eq 4, respectively). The
measuredd-spacing of a box is given by 512/r* in units of pixels
or 69.9/r* in units of microns. Thed-spacing of each image
was obtained by averaging the measuredd-spacing over all the
overlapping boxes. Our analysis ignores the effect of defocusing
and smearing of the optical image on thed-spacing.

The time dependence ofd values obtained from the optical
micrographs is shown in Figure 7. It is evident that the value
of d increases slowly over a time scale of 100 h and approaches
4.3 µm at large times. Also shown in Figure 7 is the value of
d obtained at early times by USANS at 40 and 45°C. It is
clear that the length scales of the bicontinuous microemulsion
phase seen in the optical micrographs are consistent with the
length scales obtained by USANS in the vicinity of the annealing
temperature of 43°C. It is not clear whether the slow increase
in the optically determinedd, seen in Figure 7, is due to
temperature fluctuations or extremely slow approach toward
equilibrium. We repeated the optical microscopy experiments
at temperatures in the vicinity of 40°C several times and got
results that are similar to those reported in Figures 5 and 6. In
no case did we see evidence of macrophase separation on
experimental time scales. These results suggest that microemul-
sions with periodic length scales between 2 and 4.5µm are
obtained at equilibrium at temperatures between 40 and 45°C.

Figure 5. Optical micrographs of blend B01 at 43.5( 0.3 °C after (a) 7, (b) 21, (c) 96, and (d) 193 h.

A(r) ) C1 exp[-(r - r*) 2

w1
2 ] + C2 exp(-r

w2) (4)
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We repeated the optical microscopy experiment at 35°C and
were unable to detect any structures in the optical microscope,
even after annealing for 193 h. On the other hand, annealing
the sample at 60( 3 °C resulted in structures that were
qualitatively similar to those seen in Figure 5 for the first 3
days. However, macrophase separation was seen on the fourth
day. On the basis of these observations, we conclude that sample
B01 forms a microemulsion phase at temperatures between room
temperature and 45°C and phase-separated structures at
temperaturesg60 °C. The microemulsion-like phases observed
by USANS at temperaturesg60 °C (Figure 3) are thus
metastable. Predictions using multicomponent self-consistent-
field theory (SCFT)25 indicate the presence of large structures
at equilibrium (around 0.85µm at 45 °C). Determining the
stability of the microemulsion-like phases at temperatures
between 45 and 60°C would probably require observing the
sample at time scales much larger than 1 week and were thus
not attempted.

Conclusions

Our objective was to determine the morphology and ther-
modynamic properties of a multicomponent polymer mixture

composed of a critical blend of two homopolymers, dPB89-
(24) and PIB(24), with a hPBPB(240-192) diblock copolymer.
The volume fraction of the hPBPB(240-192) was 0.01. This
blend forms a thermodynamically stable microemulsion at
temperatures between 30 and 45°C and undergoes macrophase
separation at 60°C. At temperatures between 35 and 60°C,
USANS studies showed the existence of clearly defined
scattering peaks that were consistent with the Teubner-Strey
equation for scattering from microemulsions. The characteristic
length scale of the microemulsion-like structure formed at these
temperatures ranged from 0.47 to 8.4µm. To our knowledge,
this is the only study on polymer blends where well-defined
peaks are seen in USAS. Our USANS experiments were
restricted to annealing times that were less than 5 h, and the
microemulsion-like phase appeared stable on those time scales.
More extensive annealing studies, using an optical microscope,
revealed the presence of a bicontinuous microemulsion in the
40-45 °C temperature window that was stable for 1 week.
These studies enabled the determination of the temperature
above which our blend undergoes macrophase separation
(60 °C). This work demonstrates that determining the thermo-
dynamic properties of blends containing small concentrations
of block copolymers near the macrophase separation temperature
is difficult due to extremely slow evolution of the structure. It
is important to note that the components of the blend are well
above their glass transition temperatures (the glass transition
temperatures of saturated polybutadiene and polyisobutylene are
-30 and -60 °C, respectively). In addition, the molecular
weights of the major components of the blends are relatively
low (25 kg/mol). The slow evolution of structure between 40
and 60°C cannot be attributed to slow molecular motion and
must therefore be due to extremely small thermodynamic driving
forces. Further work to elucidate the kinetics of microphase and
macrophase separation in the limit of very low block copolymer
concentration seems warranted.
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