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ABSTRACT: The structural and dynamic properties of a styrene-isoprene-styrene (SIS) triblock
copolymer, with block molecular weights of 104, 105, and 104, respectively, and the matching styrene-
isoprene (SI) diblock, with block molecular weights of 104 and 5 × 104, respectively, are examined in the
selective solvent di-n-butyl phthalate (DBP). DBP is a good solvent for PS, but a very poor solvent for
PI; PI/DBP solutions exhibit a critical temperature near 80 °C. In dilute solution, the triblock copolymer
forms micelles with a hydrodynamic radius of 260 Å, which melt at 49 °C. In this work, solutions were
polymer concentrations near 20% are emphasized. Small-angle X-ray scattering (SAXS) indicates that
below 0 °C, the copolymers form elongated micelles, with isoprene-rich cores. Detailed analysis with an
ellipsoidal micelle model suggests core minor radii on the order of 150-200 Å and overall average lengths
greater than 1000 Å. As the solutions are heated from ca. 10 °C to ca. 40 °C, the dynamic shear moduli,
G′ and G′′, increase by as much as 2 orders of magnitude. This is attributed to the swelling of the micelles,
as the solvent begins to penetrate the micelle cores, leading to substantial steric interactions between
micelles. Upon further heating, the moduli drop sharply, until by about 60 °C they correspond to values
for disordered, entangled solutions. The temperature at which the moduli first decrease signals a
microphase separation transition (MST), as the micelles disintegrate. The locations of the SAXS structure
factor peaks are also consistent with micelle overlap just prior to the MST. Oscillatory flow birefringence
measurements indicate the same MST, but below the transition the birefringence is very large, and
independent of frequency. This originates from form birefringence, due to the alignment of highly
anisotropic micelles. Small-angle neutron scattering under shear also indicates alignment of anisotropic
aggregates. In the region between the MST and ca. 60 °C, the strong temperature dependences of the
moduli, flow birefringence, and scattering intensities are consistent with loose associations among the
chains, reminiscent of the fluctuation regime in diblock copolymer melts.

Introduction
The structural and dynamic properties of block co-

polymer liquids are of great current interest.1-3 Previ-
ous work has tended to emphasize either the melt,
where the details of the ordered phase microstructure
continue to fascinate, or dilute solutions, where solvent
selectivity drives micellization. In contrast, the behav-
ior in concentrated solutions has been less extensively
studied.4-7 Two general issues that remain largely
unexplored are the effect of addition of a neutral solvent
on the melt phase diagram, i.e., in concentrated solu-
tions, and the additional role played by solvent selectiv-
ity. In this paper we address the latter, with the
particular examples of triblock and diblock copolymers
(of the same, asymmetric composition) in concentrated
solutions (c ≈ 0.2 g/mL), where the solvent is worse
than, but close to, a Θ solvent for the middle block.
Consequently, small increases in temperature can pro-
duce large changes in solution properties. The opposite

case, where the solvent prefers the middle block, has
also been of interest, because both compact micelles and
network structures may be achieved.8,9

ABA copolymers in solvents selective for the end
blocks have been examined previously by several groups.1
(In the literature, “selective for” one block usually
indicates a nonsolvent for the other block. We use
“selective solvent” to denote a solvent that has any
differential affinity for the two blocks, but include the
modifier “slightly” for systems in which the solvent may
dissolve both blocks.) The structure of the resulting
micelles has been examined in detail in dilute
solution,10-17 and in particular Tuzar and Kratochvil
used mixed solvents to vary the solvent selectivity in a
systematic way.10 Theoretical treatments of the key
features (e.g., micelle radius, shape, aggregation num-
ber, and cmc) have also been presented.13,18 In general,
one finds that triblocks form spherical micelles under
conditions similar to those for the corresponding diblocks,
but with smaller aggregation numbers.

Studies of similar systems but at nondilute concen-
trations have been few. Plestil et al. showed that
styrene-hydrogenated butadiene-styrene triblocks in
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dioxane/hexane mixtures exhibited a strong increase in
viscosity with increasing c, for c ≈ 0.1 g/mL.14 This was
clearly attributable to micelle-micelle interactions, but
there was no evidence of a macrolattice. It was also
noted that in this mixed-solvent system hexane could
preferentially swell the micelle core. In a series of
pioneering papers, Watanabe and Kotaka examined the
structure and viscoelastic properties of styrene-diene
diblock copolymers over a wide range of concentration
and molecular weight.19 Of particular interest is their
observation of a regular periodic structure (“macro-
lattice”) adopted by the micelles at sufficiently high
concentrations, and a corresponding regime of plastic
behavior in the rheology.
Most recently, considerable attention has been di-

rected to ethylene oxide-propylene oxide-ethylene
oxide (Pluronic) copolymers in aqueous solution.20-23

Here, the solubility of the polymer decreases with
increasing temperature, and the selectivity of the
solvent toward the end blocks encourages micellization.
Phase diagrams have been constructed via experi-
ment20,21 and theory,22 which extend up to substantial
concentrations. For a semidilute solution, the general
sequence dispersed chains f spherical micelles f
rodlike micelles f phase separation is anticipated, as
temperature is increased. Experimentally, the spherical
micellar phase was observed to adopt a bcc macrolattice
at an elevated concentration (c > 0.2 g/mL).20,21 The
sphere-rod transition is also interesting and has been
confirmed to occur upon heating even in dilute solu-
tion.20,23 This aqueous system has an LCST character,
and thus, qualitatively, the temperature dependence
should be inverse to that observed for organic copoly-
mers such as the styrene-dienes. Indeed, melts and
concentrated solutions of diblock copolymers in the
hexagonal cylinder phase at a given temperature have
been observed to transform to spheres on a bcc lattice
upon heating, and in some cases the order-disorder
transition (ODT) has been attained for the same
specimen.24-26 This transition reflects the fact that as
the A-B interactions become less favorable upon cool-
ing, a sharper A-B interface is preferred. The con-
comitant stretching of the core chains drives the change
in morphology.
In this paper we examine concentrated solutions of a

poly(styrene-b-isoprene-b-styrene) (SIS) triblock and
matched diblock copolymer, in the slightly selective
solvent di-n-butyl phthalate (DBP). Temperature is the
primary variable. At or below room temperature, both
X-ray scattering (SAXS) and the viscoelastic properties
are consistent with a solution of micelles. Furthermore,
the micelles are shown to be elongated, i.e., prolate
ellipsoids. However, over the approximate range 10-
45 °C, the shear moduli increase by up to 2 orders of
magnitude, indicating the onset of strong intermicellar
interactions. This is attributable to increases in micel-
lar size due to solvent swelling of the core. At a
particular temperature near 45 °C, the moduli begin to
decrease abruptly, in a manner resembling the signa-
ture of the ODT in block copolymer melts. However, it
is not until still higher temperatures (ca. 60 °C) that
the fluid behaves as a truly disordered (albeit entangled)
polymer solution. Cloud point studies on DBP solutions
of an isoprene homopolymer indicate a critical temper-
ature near 80 °C, lending further support to the
hypothesis that changing solvent quality is the primary
cause of these phenomena. In addition to rheology and
SAXS, small-angle neutron scattering (SANS), oscilla-

tory flow birefringence (OFB), and dynamic light scat-
tering (DLS) are used to investigate the details of these
various transformations.

Experimental Section
Samples and Solutions. A poly(styrene-b-isoprene-b-

styrene) triblock, and the matching poly(styrene-b-isoprene)
diblock, were provided by D. Handlin (Shell Development Co.).
The nominal block molecular weights were 1 × 104, 1 × 105,
and 1 × 104 for the triblock and 1 × 104 and 5 × 104 for the
diblock, with polydispersities of less than 1.06. The samples
were thus designated SIS-120 and SI-60 and used without
further treatment. The solvent, di-n-butyl phthalate (DBP),
was obtained from Aldrich. It was washed with a 5% aqueous
solution of NaHSO3 followed by pure water, dried over CaCl2,
and vacuum-distilled prior to use. Solutions were prepared
gravimetrically, with the aid of pentane as a cosolvent. The
pentane was stripped off under vacuum, at room temperature,
until constant weight was achieved. The antioxidant 2,6-di-
tert-butyl-4-methylphenol was added to each solution (0.3% by
weight of polymer). A solution of SIS-120 with weight fraction
w ) 0.183 and a solution of SI-60 with w ) 0.177 were used
extensively for the rheological and flow birefringence measure-
ments. The corresponding volume fractions, φ, were estimated
to be 0.201 and 0.195, assuming additivity of volumes.
Cloud Point. In order to assess the quality of DBP as a

solvent for the PI block, cloud point measurements were
performed on solutions of PI homopolymer (Mw ) 6.6 × 104,
Mw/Mn ) 1.02) at various concentrations. Each solution was
prepared with 0.5% antioxidant by weight of PI, and was
stirred, under nitrogen, throughout the measurements. Cloud
points were assessed by visual inspection, using white light,
as the temperature was decreased from 80 °C at 2 °C/min.
Each cloud point was determined three times, and the results
were averaged. The results indicate a critical concentration
of w ≈ 0.10, and an apparent critical temperature of 77 °C.
Dynamic Light Scattering. DLS measurements were

made on a dilute SIS-120 solution, to characterize the micelli-
zation behavior in the absence of substantial intermicelle
interactions. The solution had w ) 0.005 and was filtered
prior to use. The DLS spectrometer incorporates a commercial
goniometer (Malvern), an Ar+ laser operating at 488 nm, and
a Brookhaven BI-9000 correlator. For each solution, intensity
correlation functions g(2)(t) were acquired at five different
angles from 45 to 120°, and analyzed via the method of
cumulants and by the Laplace inversion routine CONTIN.27
Measurements were performed at 30 ( 0.1 and 60 ( 0.2 °C.
Rheology. Measurements were performed on a Rheomet-

rics Fluids spectrometer (RFS II) using 25 or 12.5 mm
diameter parallel plates. Strain amplitudes γ ranged from
0.01 to 1.5, depending on the state of the system; in the ordered
state, γ e 0.1. In all cases, it was established that the response
was independent of γ. Frequencies, ω, from 0.001 to 100 rad/s
were employed, and the temperature was controlled to within
(0.2 deg. A steady flow of nitrogen was employed throughout
the measurements, to inhibit possible sample degradation.
Oscillatory Flow Birefringence. The OFB measure-

ments were made on an apparatus described previously.28,29
The solution is subject to an oscillating shear between parallel
plates, and the birefringence is detected with a dual-detector-
based optical train, and a digital lock-in data acquisition
system, as detailed elsewhere.30,31 Strain amplitudes were
typically much lower than for the rheological measurements.
Frequencies from 0.01 to 1000 Hz were employed, and the
temperature was controlled to within (0.02 deg. A steady flow
of nitrogen was employed throughout the measurements, to
inhibit possible sample degradation.
Small-Angle Neutron Scattering. SANS measurements

were performed at the National Institute for Standards and
Technology, utilizing a Couette geometry shear cell with a gap
width of 0.5 mm. Neutrons with λ ) 5.00 Å, and a sample-
to-detector distance of 8.05 m were employed. The contrast
factors between the monomers and the solvent are very small,
in the absence of deuterium labeling, and so the scattering
intensities were rather weak. As the primary goal was to gain
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qualitative information about the solution morphology, inco-
herent and solvent intensities were not subtracted, and the
intensity data were not placed on an absolute basis.
Small-Angle X-ray Scattering. Small-angle X-ray scat-

tering (SAXS) experiments were performed on beamlines 2.1
and 8.2 of the Synchrotron Radiation Source (SRS) at the
Daresbury Laboratory, Warrington, U.K. Details of the stor-
age ring, radiation, camera geometry, and data collection
electronics have been given elsewhere.32
On station 2.1, white radiation is monochromated using a

bent triangular Ge(111) monochromator to give a high-
intensity, fixed wavelength beam with λ ) 1.54 Å. Focusing
is achieved in both horizontal and vertical directions by means
of the monochromator and a quartz mirror, respectively. A 6
m camera was employed, which gives a q range from 0.005 to
0.13 Å-1. On station 8.2, a cylindrically bent Ge(111) mono-
chromator gives an intense beam with λ ) 1.50 Å. With the
SRS operating at 2 GeV and 200 mA, a flux of 4 × 1010
photons/s is generated at the sample, and the beam is highly
collimated to a typical cross-section of 0.3 × 4 mm2 in the focal
plane. A vacuum chamber is placed between the sample and
detector to reduce air scattering and absorption; a 3 m sample-
to-detector distance was used.
On both stations, detectors that measure intensity in the

radial direction (over an opening angle of 70° and an active
length of 0.2 m) were used. These are suitable only for
isotropic scatterers. The active area increases radially, im-
proving the signal-to-noise ratio at larger angles compared to
single wire detectors. The spatial resolution of each detector
is 500 µm, and they can handle up to 2.5 × 105 counts/s.
The SAXS samples were prepared by inserting sealed glass

capillaries in a Linkam hot-stage mounted to an optical bench.
The silver heating block of the hot-stage contains a 4 × 1 mm2

tapered slot to allow transmitted and scattered X-rays to pass
through unhindered. Cooling was achieved using a Linkam
nitrogen flow controller, which also enables control of the
heating rate, which was set at 1, 2, or 3 °C/min.
Scattering from an oriented specimen of wet collagen (rat-

tail tendon) was used to calibrate the detector. A parallel plate
ionization detector placed before the sample cell recorded the
incident intensities. The experimental data were corrected for
background scattering, sample absorption, and the positional
alinearity of the detectors. The data are presented as a
function of q ) (4π/λ) sin θ, where 2θ is the scattering angle.

Results and Discussion

The results are presented in three parts. First, we
discuss dilute solution characterization of the micelles
formed by the triblock copolymer; second, we address
the dynamics of 20% solutions of the triblock and diblock
copolymers as a function of temperature; third, we
describe characterization of the solution structure via
SANS and SAXS. In the discussion that follows, we
present a qualitative explanation for the observed
phenemona.
Dilute Solution Characterization. At 30 °C, the

DLS intensity correlation functions are dominated by
a single mode which is close to a single exponential
decay. The associated decay rate, Γ, is linear in the
square of the wavevector, q, and thus the corresponding
process is diffusive. Application of the Stokes-Einstein
relation

and the solvent viscosity (14.3 cP) leads to a hydrody-
namic radius, Rh, of 260 Å. This is clearly far in excess
of the size of a single coil and corresponds closely to the
radii obtained frommicelles formed by similar molecular
weight triblocks in dilute solutions of a solvent selective
for the end blocks.11,13,17 At 60 °C, however, the

equivalent analysis leads to a value for Rh of 100 Å,
approximately what one would expect for the single
chain. Consequently, one may conclude that the in-
crease in temperature is sufficient to overcome the
enthalpic drive toward micellization. This conclusion
is confirmed by measurements of the static scattered
intensity; the intensity decreases rapidly upon heating,
indicating a dilute solution critical micelle temperature
of 49 ( 1 °C. This behavior has its origin in the
changing solvent quality of DBP toward the isoprene
block, rather than in the temperature dependence of the
styrene-isoprene interaction parameter, as indicated
by the cloud point measurements described in the
Experimental Section. For example, when the same
triblock is dissolved in dilute solution in putatively
neutral good solvents such as toluene and THF, no
micellization occurs.33
Dynamic Properties. The most striking feature of

the results for this system is illustrated in Figure 1. The
low frequency (ω ) 0.02 rad/s) and low strain amplitude
(γ ) 0.05) dynamic shear moduli, G′ and G′′, are plotted
as a function of increasing temperature for the SIS-120
solution with φ ) 0.201. Over the interval from 0 to 40
°C, the moduli increase by about 2 orders of magnitude.
This indicates the formation of some new structure and/
or the onset of new interactions, in the solution. At 44
°C, there appears a sharp transition, and the moduli
drop abruptly. By about 60 °C, the viscosity of the fluid
is comparable to that expected for a disordered, en-
tangled polymer solution with this concentration and
molecular weight. There are thus (at least) three
regimes of behavior to understand: below about 10 °C;
from ca. 10 to 44 °C; from 44 to ca. 60 °C. The low-
temperature state will be associated with dispersed
micelles, and the high-temperature regime with the
gradual dissipation of intermolecular associations, remi-
niscent of the fluctuation regime for symmetric diblocks
in melts and neutral solvents.34,35 The intermediate
regime is, clearly, unusual. As a working hypothesis,
we attribute the increase in modulus to the swelling of
the micelles, due to the gradual solvation of the PI core
by the solvent, which leads to strong physical interac-
tions between closely-packed micelles. We will refer to
the transition at 44 °C as the microphase separation

D ) kT
6πηsRh

(1)

Figure 1. Dynamic shear moduli for the triblock copolymer
as a function of temperature.
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transition (MST) rather than the order-disorder transi-
tion, because there is no clear evidence in the scattering
analysis (vide infra) of a long range periodic structure
or macrolattice.
The frequency dependence of the elastic modulus is

shown for the same solution at various temperatures
in Figure 2. At 1 °C the low-frequency slope is close to
3/4, clearly not the exponent of 2 associated with the
terminal regime for a liquid. By 20 and 30 °C, the
modulus has increased substantially, and the low-
frequency slope is approximately 1/2. This exponent is
similar to that observed in the ordered state of diblock
copolymer melts, in the lamellar or cylindrical morphol-
ogies.3 At 50 °C, above the MST, G′ superficially
resembles a liquid in the terminal regime, but note that
the modulus drops by over 2 orders of magnitude upon
further heating to 65 °C. Clearly, this temperature
dependence above the MST is far too strong for a
disordered polymer solution and must reflect a progres-
sive, additional decrease in intermolecular association.
The corresponding OFB properties of the same solu-

tion are shown in Figures 3 and 4. The quantities ωS′
and ωS′′ would be directly proportional to G′′ and G′,
respectively, for a fluid obeying the stress-optic relation
(SOR). Even disordered block copolymer liquids, how-
ever, rarely follow a simple SOR.36,37 In Figure 3, the
T dependence of ωS′ and ωS′′ shows the same TMST as
the rheology, followed by a decrease toward a liquidlike
response. However, other features are different: (i)
below the transition, the OFB response is almost
independent of T; (ii) the elastic component is the larger;
and (iii) the transition is distinctly first order in the
elastic component. In Figure 4, the optical analog to
G′ shows the same strong T dependence of the longest
relaxation time above the MST.
The magnitude of the birefringence below the MST

is over 1 order of magnitude higher than would be
expected from a PI homopolymer solution with the same
modulus. Furthermore, PI has a positive, and PS a
negative, polarizability anisotropy, so that the net
copolymer birefringence would be even less than for a
PI homopolymer solution. The birefringence exhibited
here is positive, and thus it must arise predominantly
from form birefringence, due to the different refractive

indicies of PI- and PS-rich domains. These results
indicate that the morphology is anisotropic; spherical
or bicontinuous cubic microstructures would not be
expected to give substantial form birefringence, at least
under such low strains and strain rates. Furthermore,
over the range from 25 to 40 °C there is no evidence of
a changing structure with T, in contrast to the moduli.
This suggests that the moduli reflect an increasingly
strong interaction between domains, or micelles, whereas
the birefringence indicates that the fundamental mor-
phology remains roughly constant over this T range.
Figure 5 shows G′ for a slightly more dilute solution

of SIS-120, φ ) 0.172, with measurements taken under
both heating and cooling cycles (at ca. 0.5-1 °C/min).
There is some hysteresis, with an extra shoulder ap-
pearing (quite reproducibly) near 30 °C upon heating.
However, the hysteresis is not dramatic, indicating that
the system is able to remain close to equilibrium

Figure 2. Frequency dependence of the elastic modulus for
the triblock copolymer at the indicated temperatures. Figure 3. Dynamic flow birefringence properties for the

triblock copolymer as a function of temperature.

Figure 4. Frequency dependence of the elastic component of
the birefringence for the triblock copolymer at the indicated
temperatures.
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conditions throughout these measurements. Interest-
ingly, TMST ≈ 45 °C, even though the polymer concen-
tration has decreased. This suggests strongly that this
transition reflects changing solvent quality, rather than
simply interactions between PS and PI blocks; in the
latter case, decreasing concentration should stabilize the
disordered state and decrease TMST. However, the
maximum in G′ is about a factor of 5 lower than in
Figure 1, even though the applied frequency is higher;
this reflects a reduction by dilution of the inter-
molecular interactions responsible for the maxima in
the moduli.
Rheological and rheo-optical measurements were

performed on an SI-60 solution at a concentration
similar to that in Figures 1-4, φ ) 0.195. The results
for the T dependence of G′ and G′′ are shown in Figure
6. The gross features are very similar to those for the
triblock: the moduli increase with T over the range from
10 to 35 °C, followed by an abrupt transition to a
disordered liquid state. Figure 7 shows the T depend-
ence of ωS′′ at two frequencies, and the results are also
qualitatively similar to those in Figure 3. The birefrin-
gence is large and positive below the transition, due to
the form birefringence from an anisotropic structure,
and then it drops precipitously above TMST ≈ 36 °C. The
magnitude of the birefringence in the ordered state is
independent of ω, as in Figure 4. Evidently, the
topology of the copolymer (diblock vs triblock) has at
most a modest influence on the resulting viscoelastic
properties. This is important, because it eliminates
“temporary network” or “gel-like” structures formed by
the triblock as possible explanations for the maxima in
the moduli. Of course, as DBP is a good solvent for PS,
one would not have expected association of the PS blocks
to be significant in these solutions.
Structural Characterization. Representative SANS

data for the SI-60 solution are shown in Figure 8, as
I(q) versus q. The data were taken under shear, and
the results azimuthally averaged. There is a distinct
peak in I(q), with a maximum at a q* that decreases
with increasing T. I(q*) grows substantially with
decreasing T, indicating an increasing segregation of
styrene-rich and isoprene-rich microdomains. This

should be compared with the low-frequency moduli,
which increase with T over the same range. The three
higher T data sets in Figure 8 were obtained at a
rotation rate of 0.1 rps, whereas the lower two had a
rotation rate of 0.5 rps. The effect of rotation rate on
the azimuthally-averaged scattered intensity is rather
weak, and so this difference is not significant. The
azimuthal angle dependence of the peak intensity, I(q*),
is shown for the same solution in Figure 9, at three
temperatures. At 45 °C, above the rheological MST,
there is at most a small asymmetry, but at lower T there
is clearly an oriented structure in solution. The sym-
metry is consistent with cylinders, elongated micelles,
or even lamellae, oriented primarily along the flow
direction. No evidence for a bcc lattice, or any periodic-
ity in other directions, was detected. The anisotropy
at a given T was greater at 0.1 rps than at 0.5 rps.
Qualitatively similar results were obtained for an SIS-
120 solution, except that under otherwise equivalent

Figure 5. Temperature dependence of the elastic modulus
for the triblock copolymer, showing both heating and cooling
cycles.

Figure 6. Dynamic shear moduli for the diblock copolymer
as a function of temperature.

Figure 7. Dynamic flow birefringence properties for the
diblock copolymer as a function of temperature.
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conditions the diblock solution achieved a higher degree
of orientation.
SAXS data for the SIS-120 solution (φ ) 0.201) taken

during a heating ramp at 3 °C/min from -35 to +90 °C
are shown in Figure 10. At low temperatures, oscilla-
tions can be observed in the high-q portion of the data
that arise from the form factor of isolated micelles (we
return to a discussion of a model for the micelle
structure shortly). A single peak arising from the liquid
structure factor is evident at q* ) 0.010-0.011 Å-1 for
T < 0 °C, the peak position moving slightly to higher q
with increasing temperature. The location of the first
maximum in the form factor scattering is also weakly
dependent on temperature in this range. The values
of q* from SAXS are slightly smaller than those from
SANS, for reasons that are not immediately apparent.
However, given the qualitative nature of the SANS

analysis, the SAXS values are considered more signifi-
cant.
The T dependence of the location of the structure

factor peak, q*, and of the inverse intensity at q* over
the temperature range 10-60 °C, are shown for this
sample in Figure 11. These data are plotted against T-1

to facilitate comparison with results from block copoly-
mer melts. In that case, the I-1 would be expected to
scale linearly with T-1 in the mean-field approximation.
This follows from the mean-field equation for the inverse
intensity

where F(q) is a function of radius of gyration and
composition of the block copolymer.38 This function has
a minimum, and hence I(q)-1 has a maximum, at q )
q*, which is independent of ø and thus T. Empirically,
ø is found to be inversely proportional to temperature:
ø ) A + B/T, where A and B are constants. Thus
I(q*)-1 should change linearly with T-1, and the same
scaling is also predicted for q*. A scaling similar to eq

Figure 8. Azimuthally-averaged SANS intensity as a function
of wavevector for the diblock copolymer under shear.

Figure 9. Angular dependence (relative to the shear direction)
of the SANS intensity at q* for the diblock copolymer.

Figure 10. SAXS intensity for the triblock copolymer as a
function of wavevector, over the indicated temperature range.

Figure 11. SAXS peak position, q*, and inverse peak inten-
sity as a function of inverse temperature, for the triblock
copolymer.

N
I(q)
∼ F(q) - 2øN (2)
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2 was obtained by Fredrickson and Leibler and by
Olvera de la Cruz from a mean-field analysis of micro-
phase separation in semidilute solutions of block co-
polymers in nonselective good solvents, with the block
copolymer composition f∼ 0.5.39,40 Although DBP is not
a neutral solvent, and the copolymer composition is not
close to f ) 0.5, it is interesting to note that an almost
linear scaling of I-1 with T-1 is obtained.
The data on heating for the SIS-120 solution show a

clear break in I-1 and ∂q*/∂T at one temperature, which,
following work on block copolymer melts, we identify
as the MST. The SAXS TMST is determined to be 50 (
1 °C. Although there is a significant hysteresis associ-
ated with this transition (during the cooling ramp at 1
°C/min, discontinuities in ∂q*/∂T and 1/I(q*) were not
observed), TMST is reproduced on subsequent heating
runs (performed 2 h later and 5 months later), as were
the discontinuities. The SAXS value for TMST is in close
agreement with the value from rheology. The nonlin-
earity in the high-temperature data is indicative of the
presence of composition fluctuations,34,41 as also inferred
from the rheological and OFB data. There is also a
discontinuous change in the intensity of the scattering
in the Guinier regime at the edge of the beamstop in
these data at the MST. The amplitude of the structure
factor oscillations decays smoothly as the temperature
is increased, a feature that we associate with an
increasing diffuseness of the micelle structure. At
temperatures above 60 °C the structure factor peak and
the form factor oscillations disappear, which we associ-
ate with the final dissociation of the block copolymer
micelles as the chains go into a homogeneous solution.
SAXS profiles for the SI-60 solution (φ ) 0.195) in

the temperature range -35 to +80 °C are shown in
Figure 12. In contrast to the data for the triblock
solution, at low temperatures there is no structure factor
peak at low q. However, there are oscillations as a
function of q, indicating a micellar structure. The
absence of a structure factor peak suggests that there
is no intermicellar ordering, and the solution consists
of an effective gas of micelles. At temperatures above
10 °C a structure factor peak begins to develop from a
shoulder into a separate peak at low q. The dependence
of the position of the maximum of this peak, q*, and
1/I(q*) are plotted against T-1 in Figure 13. As with
the SIS-120 solution, breaks in both q* and I(q*) occur
at the same temperature, TMST ) 36 ( 1 °C. The
discontinuity appears less pronounced than for the
triblock solution, simply because a data point was taken

very close to the MST. The transition temperature, and
the discontinuities, are reproducible on successive heat-
ing ramps although, as for the triblock solution, there
is some hysteresis associated with the heating/cooling
cycle. The SAXS value for TMST is identical to the value
from rheology and OFB. As with the triblock, the form
factor oscillations decrease in magnitude with increas-
ing temperature, due to the broadening of the interfacial
composition profile. The structure factor peak for this
sample disappears between 43 and 49 °C; over this
temperature range the block copolymer chains dissociate
into a homogeneous solution.
The model that has been used for analyzing the SAXS

data is based on the assumption of a micelle with a
dense PI core, surrounded by a corona of solvated PS
chains. It further emerges from the fitting that the
micellar cores have elliptical shapes, which is in agree-
ment with the observations of shear alignment in SANS
and form birefringence in OFB. A detailed description
of the model for spherical cores has been given,42
whereas the details of the extension to elliptical and
cylindrical micelles will be presented elsewhere.43 The
PI core is assumed to be homogeneous, and the PS
chains are assumed to follow Gaussian statistics. Tech-
nically, the calculation allows the PS chains to penetrate
the PI core, an unphysical feature that leads to a change
in the distribution of the PS chains. However, Monte
Carlo simulations have shown that these changes can
be captured accurately by moving the starting points
of the PS chains a distance d away from the surface.
This distance d ) âRg, where â is a constant of order
unity and Rg is the radius of gyration of the chains.
The form factor of the micelle contains four different

terms: the self-correlation of the core, the self-correla-
tion of the chains, the cross-term between the core and
chains, and the cross-term between different chains. It
can be written42

whereNagg is the aggregation number of the micelle and
Fs and Fc are the total excess scattering length of the

Figure 12. SAXS intensity for the diblock copolymer as a
function of wavevector, over the indicated temperature range.

Figure 13. SAXS peak position, q*, and inverse peak inten-
sity as a function of inverse temperature, for the diblock
copolymer.

Fmic(q) ) Nagg
2Fs

2Fs(q,R,ε) + NaggFc
2Fc(q,L,b) +

Nagg(Nagg - 1)Fc
2Scc(q) + 2Nagg

2FsFcSsc(q) (3)
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(PI) blocks in the core and of the dissolved (PS) chains,
respectively. The elliptical core has the semiaxes (R,
R, εR) and the chains have contour length L and Kuhn
length b. The normalized self-correlation term
[Fc(q)0,R,ε))1] for the elliptical core is given by44

where r(R,ε,R) ) R(sin2 R + ε2 cos2 R)1/2 and

The self-correlation term of the Gaussian chains is given
by the Debye function:

where x ) q2Rg
2 and Rg

2 ) Lb/6. The interference cross-
term between the core and Gaussian chains starting at
d away from the surface of the core is

The function ψ(q,L,b) ) x-1[1 - exp(-x)] is the form
factor amplitude of the chain.45 Finally, the interference
term between the chains is

The SAXS data of the SIS-120 (φ ) 0.201) and the
SI-60 (φ ) 0.195) solutions at -35 °C have been
analyzed by least-squares fitting to the model. As the
specific densities of the polymer and the solvent are not
known as a function of temperature, the ratio between
the excess scattering length densities was kept as a
fitting parameter. The Kuhn length was fixed at 25 Å,
and the contour was estimated as L ) NPSl0 ) 241 Å
from the degree of polymerization, NPS, and the contour
length per PS monomer, l0 ) 2.51 Å. The aggregation
number, Nagg, and the eccentricity of the micelles, ε,
were fitting parameters. From these two parameters
the radius R of the micelle core was calculated from

where VPI ) 125.5 Å3 is the volume of one monomer.
The last fitting parameter is the constant â, giving a
total of five fitting parameters: (Fs/Fc), Nagg, ε, â, and
an overall scale factor.
Plots of the fits to the experimental data are shown,

in double logarithmic format, in Figures 14 and 15, for
SIS-120 and S-60, respectively. The model reproduces
the experimental data quite well. For SIS-120 there is
a peak at about q ) 0.011 Å-1, which is due to the
solution structure factor. As this is not included in the
model, this peak is not reproduced by the fit. There are
additional small deviations between the fit and the data
in the q region where the oscillations occur. This is
attributable to polydispersity in the micellar size, which
is also not taken into account.42 The best least-squares
fit for SIS-120 gave R ) 150 Å, ε ) 3.8, Nagg ) 295, â )
0.05, and Fs/Fc ) 2, and for SI-60 R ) 197 Å, ε ) 2.7,
Nagg ) 940, â ) 0.14, and Fs/Fc ) 1.8. The micelles are

thus prolate ellipsoids. The various parameters in the
fit interact to a considerable degree, and thus other
solution sets are conceivable. However, the values of ε
needed to be greater than 2.5 for SIS-120 and 2 for SI-
60, in order to achieve satisfactory agreement. Thus,
the anisotropy of the micelles is confirmed, in agreement
with the SANS and OFB results. Exact values for the
length of the major axes cannot be established, due to
the lack of scattering data at lower q, and the (pre-
sumed) polydispersity in micelle length. The scattering
density ratios are reassuringly similar for the two
samples, but the values of the ratio are not particularly
significant, in that the contrast among PI, PS, and DBP
is small, and thus very sensitive to the exact values of
the respective specific volumes. Finally, it should be
noted that the micelle dimensions are insensitive to the
assumption of no solvent in the core.
Discussion. The various phenomena described above

may be reconciled by the following picture. At low
temperatures, the copolymers assemble into micelles
with PI-rich cores. These micelles are anisotropic, as
evidenced both by SANS under shear and OFB. The
detailed SAXS analysis supports a model of prolate
ellipsoids, with an average aspect ratio of about 3.

Fc(q,R,ε) ) ∫0π/2Φ2[q,r(R,ε,R)] sin R dR (4)

Φ(q,r) )
3[sin(qr) - qr cos(qr)]

(qr)3
(5)

Fc(q,L,b) ) 2
x2
[exp(-x) - 1 + x] (6)

Ssc(q) ) ψ(q,L,b)∫0π/2Φ(q,r)
sin(q[d + r])
q[d + r]

sin R dR (7)

Scc(q) ) ψ2(q,L,b)∫0π/2[sin(q[d + r])
q[d + r] ]2 sin R dR (8)

NaggNPIVPI ) 4π
3
εR3 (9)

Figure 14. SAXS intensity as a function of wavevector, and
fit of the ellipsoidal micelle model, for the triblock copolymer
at -35 °C.

Figure 15. SAXS intensity as a function of wavevector, and
fit of the ellipsoidal micelle model, for the diblock copolymer
at -35 °C.
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However, the micelles are presumably polydisperse,
both in size and in shape. Although the fits to the
scattering profiles are not unique, and other structures
are conceivable, the ellipsoidal model gave much better
fits than either spherical or cylindrical (worm-like)
micelles. The minor axis of the core for SIS-120, 150
Å, combined with an estimated corona thickness of 60
Å (based on 2Rg for PS with M ) 104), is reasonably
consistent with the hydrodynamic radius of 260 Å
obtained by DLS in dilute solution. Whether the
micelles are similarly anisotropic in dilute solution is
not known, but there is no a priori reason to expect a
change in micelle shape with increasing concentration
above the cmc. The fact that the micelles are elongated
reflects the molecular asymmetry; in a spherical micelle,
the PI chains would be more confined, and the PS chains
“grafted” to the core surface would be more dilute.
Increasing the PS molecular weight for a fixed PI size
would increase the steric interactions within the corona,
eventually driving a transition to a spherical morphol-
ogy. The SAXS structure factor peak at low tempera-
tures occurs near 0.011 Å-1, which we interpret, at least
qualitatively, as an estimate of the minimum inter-
micellar separation of 2π/q* ≈ 570 Å, i.e., greater than
two micellar radii (ca. 520 Å for SI-60 and 420 Å for
SIS-120). This is consistent with the conclusion from
rheology that intermicellar interactions are weak in this
regime.
As temperature increases, the viscoelastic properties

indicate the onset of strong intermicellar interactions
at about 10 °C. This can be attributed to swelling of
the PI cores by the solvent. Although the solution is
well below Tc for PI in DBP, the relevant part of the
PI/DBP phase diagram is the high polymer concentra-
tion regime, where the coexistence curve lies at much
lower temperatures than Tc (for a UCST system).
Dilution of the core would lead to a smearing of the core/
corona interface, and a reduction in scattering contrast.
Both of these features are apparent in the SAXS results,
where the form factor oscillations and the peak intensity
diminish with increasing temperature. The SANS I(q*)
also shows the same trend with temperature (note that
PS and DBP are almost contrast-matched, whereas PI
provides some contrast to either PS or DBP).
The solvation of the core could result in both a lateral

swelling and an increase in the average length of the
micelles. The results favor the latter, for the following
reason. Experimentally, the peak in the structure factor
moves to larger q, implying that the centers of the
micelles are approaching one another more closely. For
example, by the MST, the minimum intermicellar
spacing is ca. 465 Å for SIS-120 and 400 Å for SI-60,
which would correspond to significant overlap of the
coronas. For the centers of the micelles to approach one
another more closely on average (in the absence of
attractive micelle-micelle interactions), there must be
either an increase in the number of micelles of fixed
dimension, which is not possible because the polymer
concentration is fixed, or an elongation of the average
micelle, which forces micelles closer together in the two
directions orthogonal to the major axis. In contrast, if
lateral swelling were dominant, one would expect q* to
remain roughly constant, even though the rheological
consequences might be similar. Elongation of anisotro-
pic micelles by solvent swelling of the core is intuitively
reasonable, especially for the triblock. Lateral swelling
would, ultimately, incur an entropic stretching penalty
for the core chains, whereas expansion along the major

axis permits the core chains to adopt more preferred
conformations.
The strong increase in the moduli due to the closer

packing of the micelles could be due either to elongation
of the average micelle or to the coronal overlap. By
analogy to entangled polymer solutions, the former
would correspond to increasing molecular weight at
fixed concentration, and the latter to increasing con-
centration at fixed molecular weight. In concentrated
solutions of flexible polymers, the viscosity increases
roughly as (cM)x, with x between 3 and 4. Thus, the 2
order of magnitude increase in the moduli observed here
would be attributed to a change in average micelle
length by a factor of 3. Or, as is more likely the case,
both factors are operative, and thus the length change
need not be so great. However, it is worth noting that
the PS chains are well below the entanglement thresh-
old, and thus entanglement of the corona chains is not
a factor.
The MST corresponds to the dissolution of the mi-

celles as the increasing solubility of the isoprene block
yields to the entropy of mixing. As noted above, the
transition is reminiscent of the ODT in block copolymer
melts. It is first order in nature, being accompanied
by small but distinct discontinuities in I(q*) and ∂q*/∂T
at TMST, and, at least for the triblock, in the birefrin-
gence. The inverse intensity above the transition is not
exactly linear in inverse temperature and follows a
functional form observed in copolymer melts, attribut-
able to composition fluctuations. These fluctuations are
apparent in both the scattering and the dynamic experi-
ments and persist for about 10-20 deg above TMST.
However, it is interesting to note that this is a rather
small window, relative to that reported for solutions of
symmetric styrene-isoprene diblocks in a neutral good
solvent.35,46
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