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ABSTRACT: Reversible morphological transitions of diblock copolymer micelles in dilute solutions were
monitored by light scattering and atomic force microscopy for two different polymer samples near the calculated
morphological boundaries. These transitions were induced solely by temperature changes. At 25°C, a sample of
polystyrene-b-polyisoprene diblock micelles with a polystyrene block of 20.6 kDa and a polyisoprene block of
6 kDa was observed to form cylindrical micelles in heptane, a selective solvent for polyisoprene. Upon heating
to 35 °C, the sample adopted a spherical micelle morphology. When the sample was cooled back to 25°C,
cylindrical micelles were once again observed. In addition, a reversible transition from vesicles to cylindrical
micelles, upon heating from 25 to 40°C, was observed for a second diblock sample with the same polystyrene
block (20.6 kDa) and a shorter polyisoprene block of 4.3 kDa. The change in morphology upon heating was
found to be much faster then the reverse process upon cooling.

Introduction

When diblock polymers are dissolved in a selective solvent
(good solvent for one block and poor solvent for the other) above
a certain concentration, called the critical micelle concentration
(cmc), the diblocks will associate to form micelles with a core
of the insoluble blocks and a corona of the soluble blocks.1-5

If the diblocks have a large soluble block, spherical micelles
are typically formed. As the molecular weight of the soluble
block is decreased (while the molecular weight of the insoluble
block remains constant), theory predicts a transition between
spherical micelles and wormlike cylindrical micelles and
eventually to vesicles. Recently developed theory can be used
to calculate the location of the boundaries between the different
micelle morphologies.6

Figure 1 shows the phase diagram wherein the boundaries
between the cylindrical and lamella morphologies and spherical
and cylindrical morphologies are given by

whereNA, aA, pA andNB, aB, pB are respectively the degree of
polymerization, the monomer size, and the stiffness parameter
of the soluble and insoluble blocks.6 The stiffness parameter is
defined asp ) l/a, wherel is the length of the Kuhn segment
anda is the monomer size. In this paper, we used the handbook
dataaA ) 5 Å, pA ) 1.6 andaB ) 5.6 Å, pB ) 1.5 for PI and
PS blocks, respectively. The other parameters, such asν, the
excluded volume parameter of the soluble block,γ, the surface

free energy per areaaB
2 of the insoluble core, andæ, the volume

fraction of insoluble monomer in the micelle core, were
experimentally measured.6 Equation 1 includes two numerical
coefficientsCF ) 1.38 andCH ) 1.13 on the order of unity
defined in ref 6. TheCF value was determined in ref 6, whereas
CH was adjusted to the experimental data obtained in this work.
In eq 2, we introduced additional coefficientCU which signifies
the theoretical prediction6 of the universal width of the stability
range of cylindrical micelles defined as∆NA/NA

cl. In this paper,
we usedCU ) 1 + ∆NA/NA

cl ) 1.37, which was experimentally
measured for two different sets of PS-b-PI diblocks and found
between the asymptotic valueCU ) 1.31 and numerical solution
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Figure 1. Phase diagram for PS-b-PI in heptane shows the temperature
variation in the spherical-cylindrical (S-C) and cylindrical-lamella
(C-L) morphological boundaries calculated from using eq 2 and eq 1,
respectively. The solid lines are calculated forT ) 25 °C, and the
dashed lines are calculated forT ) 35 °C (S-C boundary) and forT
) 40 °C (C-L boundary). The model parameters used areaB ) 5.6
Å, aA ) 5.0 Å, pB ) 1.5, pA ) 1.6, æ ) 0.7, CF ) 1.38,CH ) 1.13,
andCU ) 1.37 with γ and ν being determined for each temperature
using eqs 3 and 4. When changing temperature, the phase boundaries
shift across sample 1 (solid circle) and sample 2 (solid square) from
solid lines to dashed lines inducing morphological transitions in these
samples.
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CU ) 1.50 obtained by minimization of the full expression for
the micelle free energy.6

As follows from eqs 1 and 2, changes in any of the various
parameters can cause the morphological boundaries to shift. The
change in micelle morphology by reducing the size of the
soluble block, while keeping the insoluble block size constant,
has been experimentally verified.6-11 In addition to changing
the ratio of the blocks, it has been previously shown that
morphological transitions take place with the addition of a
corelike homopolymer12 and changing the solvent quality for
the core and/or corona blocks through the addition of
cosolvent.13-16 While these studies show that it is possible to
change from one morphology to another, the only way to recover
the original morphology is through the addition of more solvent
or diblock. Here we show that similar morphological transitions
are induced by changing temperature while keeping the solvent
and polymer concentration constant. Atomic force microscopy
and light scattering data demonstrate that reversible transforma-
tions from cylindrical to spherical micelles and from vesicle to
cylindrical micelles take place upon the heating and subsequent
cooling of dilute solutions of polystyrene-b-polyisoprene co-
polymer in heptane. The observed transitions are attributed to
the temperature dependence of the excluded volume parameter
ν of the soluble PI block and the surface free energyγ of the
insoluble PS block. In principle, this is similar to changingν
andγ through the addition of cosolvent, but it has the advantage
that only temperature, i.e., an intensive parameter, is being
changed without affecting the solution composition.

Experimental Section

Materials. We studied two diblock copolymers, PS-b-PI, of
polystyrene (PS) and polyisoprene (PI) with the same PS block
(21.6 kDa) and different PI blocks (6 and 4.3 kDa). Molecular
characteristics of the copolymers are given in Table 1. The
microstructure of the PI block for both samples was 93% of 1,4-
poly(isoprene) and 7% of 3,4-poly(isoprene).

The diblock copolymers were synthesized by sequential anionic
polymerization high-vacuum techniques.17 Styrene was polymerized
first in benzene at room temperature usingsec-BuLi as initiator. A
small quantity of the living polystyrene, PSLi, solution was sampled
for characterization, and the rest was divided to calibrated cylinders,
which were removed from the polymerization apparatus by heat
sealing. The PSLi content of each cylinder was used to initiate the
polymerization of a predetermined amount of isoprene in separate
polymerization apparatuses in order to prepare PS-b-PI block
copolymers with the desired molecular weight of the PI block. The
copolymers were precipitated in methanol and fractionated in
toluene/methanol as the solvent/nonsolvent system in order to
remove traces of deactivated PS block during the synthesis. The
purified copolymers were precipitated in methanol and dried under
vacuum.

Characterization. The samples were characterized by size
exclusion chromatography (SEC) and low angle laser light scattering
(LALLS). SEC experiments were conducted at 40°C using a
modular instrument consisting of a Waters model 510 pump, a
Waters model U6K sample injector, a Waters model 401 differential
refractometer, a Waters model 486 UV spectrophotometer, and a
set of 4µm Styragel columns with a continuous porosity range
from 106 to 103 Å. The columns were housed in an oven
thermostated at 40°C. THF was the carrier solvent at a flow rate
of 1 mL/min.

The LALLS measurements were performed with a Chromatix
KMX-6 low angle laser light scattering photometer at 25°C
equipped with a 2 mW He-Ne laser operating atλ ) 633 nm.
The equation describing the concentration dependence of the
reduced intensity is

where∆Rθ is the excess Rayleigh ratio of the solution over that of
the solvent andK is a combination of optical and physical constants,
including the refractive index increment dn/dc. Stock solutions were
prepared, followed by dilution with solvent to obtain appropriate
concentrations. All solutions and solvents were purified by filtering
through 0.22µm pore size nylon filters directly into the scattering
cell. Refractive index increments, dn/dc, at 25°C were measured
with a Chromatix KMX-16 refractometer operating at 633 nm and
calibrated with aqueous NaCl solutions.

The purity of the sample (i.e., lack of homopolymers) was
verified by dynamic light scattering, the procedure of which is
detailed in the Supporting Information of a previous publication.11

All solvents used for the micelle characterization were purchased
from Fisher Chemicals or Acros Organics and were filtered through
0.2µm NALGENE PTFE filters to remove any dust particles, prior
to use.

Methods. Light scattering measurements were done using a
Brookhaven goniometer equipped with a Coherent argon laser using
the 514 nm line, an operating power of 20-100 mW, and aq range
of 0.006-0.03 nm-1. Using filtered solvent, all diblock solutions
were prepared by weighing. After being placed under argon, to
prevent oxidation, the samples were dissolved in heptane at 25°C.
The measurements were preformed with a concentration range from
10-7 to10-3 g/mL. Molecular weights and second virial coefficients
were determined using the classic Zimm plot method.18 Static light
scattering (SLS) was employed to monitor the transformation
between cylindrical to spherical micelles upon heating and the
reverse transition upon cooling. For these measurements a full angle
scan would take too long, as such the intensity of scattered light
was measured at a fixed angle as a function of time and then
converted to aggregation number using the angular dependence
obtained from full angle scans. This is done by measuring the ratio
of the intensity at a fixed angle to the intensity obtained by
extrapolating to zeroq for the sample before the morphological
transition. It is then assumed that the ratio changes linearly
throughout the morphological transition. By multiplying the scat-
tering intensity measured at the fixed angle by the calculated ratio
at that stage of the transition, a quasi-zeroq extrapolated value
can be obtained. Since the transition upon cooling is much slower,
the classic Zimm plot method can be used to calculate the average
aggregation number upon cooling. Sample morphology was con-
firmed through visualization of individual micelles by atomic force
microscopy (AFM) using a Multimode microscope (Nanoscope IIIa,
Veeco Metrology Group) and NCL Si probes (NANOSENSORS
Switzerland). Samples for the AFM studies were prepared by spin-
casting dilute polymer solutions at the desired temperature onto
freshly cleaved mica.

Results and Discussion

In the performed experiments, the temperature was varied
from 25 to 40°C. This variation in temperature changes the
solvent quality of heptane for both the PS and PI blocks. The
change in the solvent quality for PI was measured through the
variation in the second virial coefficient (A2). We carried out
A2 measurements for a PI standard with a molecular weight of

Table 1. Molecular Characteristics of the Samples

sample (Mw)PS block
a × 10-3 (Mw)PI block

b × 10-3 (Mw)diblock
a × 10-3 Mw/Mn

c dn/dcd (mL g-1) wt % PSe

1 20.6 4.3 24.9 1.03 0.177 83.0
2 20.6 6.0 26.6 1.04 0.174 77.1

a By LALLS. b Calculated as (Mw)diblock - (Mw)PS block. c By GPC.d By differential refractometry.e By 1H NMR.

Kc/∆Rθ ) 1/Mw,app+ 2A2c + ...
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34 kDa at three different temperatures. As seen in Figure 2, the
second virial coefficient of PI in heptane increases with
temperature. By fitting these data and using the relationshipν
) 2A2M0

2/(aA
3NAV), whereNAV is Avogadro’s number andM0

is the molecular weight of the monomer,18 one can calculate
the variation in the excluded volume parameter with temperature
as

In addition to the change in the excluded volume of the PI
corona, it has been previously shown that the surface free energy
γ for polystyrene in heptane varies with temperature19 as

whereT is temperature in kelvin. By using the variation inν
and γ with temperature in eqs 1 and 2, the change in the
morphological boundaries with temperature can be calculated.
From eqs 3 and 4 one can also calculate the relative contribution
of the change in solvent quality for the corona and core blocks
in the boundary shift. If temperature increases 10 deg, the
excluded volume parameter of the PI corona increases by∆ν/ν
) 0.025, i.e., by 2.5%, while the surface energy of the PS core
decreases as∆γ/γ ) -0.095, i.e., by 9.5%. Since both
parameters enter eqs 1 and 2 with the same power 1/3, this
causes approximately 1/3(0.025+ 0.095)× 100%= 4% shift
of the boundaries to lower values ofNA, wherein the surface
energy of the core has a dominant contribution∼4 times larger
than that of corona. It is remarkable that this shift is significantly
lower than the 18% relative standard deviation (RSD) of the
blocks length due to the polydispersity calculated as RSD)
xPDI-1 = x1.035-1 ) 0.18. This strongly suggests that
individual micelles include a mixture of diblocks with different
molecular weights.

Figure 1 shows that as the temperature is raised from 25 to
35 or 40°C, the morphological boundaries shift to lower values
of NA as shown by the dashed lines. This means that if a
cylindrical micelle sample is just below the spherical-cylindri-
cal (S-C) boundary at 25°C, it will adopt a spherical
morphology when the temperature is increased to 35°C, and
the phase boundary shifts below the point corresponding to the
sample composition. Likewise, a vesicle sample near the
cylindrical-vesicle (C-V) boundary at 25°C will adopt a

cylindrical morphology upon heating 40°C when the phase
boundary shifts below the composition of the actual sample.

These predictions were confirmed using two diblocks samples
(Table 1) that were purposely synthesized to be in the proximity
of the calculated S-C and C-V boundaries. Sample 1 with a
PS block of 21.6 kDa and a PI block of 6 kDa was found to be
near the S-C boundary (solid circle) and formed cylindrical
micelles at 25°C (Figure 3A). Since sample 1 is just below the
boundary, only a small decrease inγ and/or an increase inν is
needed to cause the sample to become spherical. When the
sample is heated to 35°C, only spherical micelles are observed
(Figure 3B). To make sure that the adsorption procedure and
interactions with the surface are not influencing the observed
morphologies, light scattering was used to monitor and confirm
the morphological transition. Figure 3C shows the decay in the
average aggregation number (the number of diblocks associating
to form the micelle) after the solution has been heated to 35
°C. As seen in the figure, the average aggregation number drops
from ∼3000 to 200 in a little over 2 h. This change in the
average aggregation number is consistent with the AFM images,
which show a change from long cylindrical micelles (Figure
3A) to small spherical ones (Figure 3B).

Upon subsequent cooling back to 25°C cylindrical micelles
were once again observed (Figure 4A-C). However, the growth
of cylindrical micelles appears to take a much longer time than
the decay of cylindrical micelles into spherical ones. As seen
in Figure 4A, after keeping the solution for 4 days at 25°C
only a few short cylindrical micelles were observed, and most
of the micelles still had a spherical morphology. Equilibrating

Figure 2. Temperature variation of the second virial coefficient of
linear polyisoprene (34 kDa) in heptane. Fitting the data results inA2

) 3.4 × 10-4 + 2.68 × 10-6(T - 273), where temperatureT is in
kelvin.

Figure 3. AFM height micrographs of PS-b-PI micelles with a PS
block of 20.6 kDa, a PI block of 6 kDa, and a concentration of 0.42
mg/mL (sample 1). Micrograph A was taken after a solution of sample
1 had been equilibrated 25°C for 2 weeks. Micrograph B was obtained
from a solution that had been at 35°C for 18 h. Plots C shows decay
of the average aggregation number with time at 35°C monitored by
static light scattering. The scattering intensity was measured at a fixed
angle and then converted to aggregation number.

ν ) 2M0
2(3.4× 10-4 + 2.68× 10-6(T - 273))×

(cm3 mol/g2)/(aA
3NAV) (3)

γ/kT ) (0.68( 0.01)- (5.2( 0.2)× 10-3(T - 273) (4)
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the solution at 25°C for a longer period of time resulted in the
length and fraction of cylindrical micelles to increase as seen

in Figure 4B,C. It should be noted that the small difference in
micelle morphology observed between the AFM images can
be ascribed to variations in the shape and sharpness of the AFM
tips that were used to capture the images. By using AFM, the
fraction of the surface area covered by cylindrical micelles vs
the total surface coverage of all micelle morphologies along
with the number- and weight-average lengths (Ln and Lw) of
cylindrical micelles were independently measured. As seen in
Figure 4D, both the fraction of coverage (crosses) and the
average length (circles and squares) are still increasing after
several weeks at 25°C, unlike the rapid relaxation from
cylinders to spheres at a higher temperature of 35°C (Figure
3C). While the sample has still not reached a completely
cylindrical conformation after 36 days, it appears that the sample
is slowly returning to a completely cylindrical conformation.

To verify the AFM measurements of micelles adsorbed onto
surface, light scattering was used to follow the slow growth of
cylindrical micelles in solution. As seen in Figure 4E, the
average aggregation number is still increasing after the solution
has been kept at 25°C for several weeks. This observation is
consistent with the gradual increase of the weight-average length
of cylindrical micelles (squares in Figure 4D), when it is taken
into account that light scattering is measuring the weight-average
mass of all micelle species present in solution. In addition,
dynamic light scattering was used to confirm the presence of
different sized species in solution after cooling back to 25°C.
Figure 5 shows that upon cooling a bimodal size distribution
emerges in the CONTIN fit of dynamic light scattering data.20

This indicates that, in addition to the spheres characterized by
a monomodal distribution at 35°C, a second type of species
with a larger hydrodynamic diameter forms upon cooling to 25
°C. On the basis of the AFM observations, the second species
is ascribed to cylindrical micelles.

In a similar way, we studied a reversible transition from
cylindrical micelles to vesicles. Sample 2 with the same PS
block of 21.6 kDa and a shorter PI block of 4 kDa was found
to be near the calculated cylindrical-vesicle boundary (Figure
1). At room temperature, it was found to be just below the
boundary and therefore comprised of mostly vesicles. The AFM
image in Figure 6A shows the expected morphology of vesicles
that have collapsed onto a solid substrate to form a disklike
structure with the characteristic wrinkles and wedgelike cuts.
The cross-sectional profile in Figure 6B demonstrates that the
thickness of the collapsed vesicles is approximately twice the
thickness of the cylindrical micelles (Figure 6D), which is

Figure 4. AFM height images A, B, and C were obtained from sample
1 that was spin-cast after the solution had been cooled back from 35
to 25 °C and then kept at 25°C for 4, 21, and 36 days, respectively.
Plot D demonstrates the increase of the fraction of the surface coverage
of cylindrical micelles (crosses) along with their number-average
contour length (circles) and length average contour length (squares)
for sample 1 after cooling from 35 to 25°C. Complementary to the
AFM data, plot E shows evolution of the average aggregation number
with time at 25°C measured by static light scattering. The aggregation
numbers for plot E were measured using the classic Zimm plot method.
The letter labels in plots D and E indicate the corresponding AFM
images in A-C. The dashed arrow in E points to the original solution
of spherical micelles equilibrated at 35°C for 18 h (Figure 3B).

Figure 5. Size distribution was measured for sample 1 after being at
25 °C for 1 day (black line) and 12 days (gray line) using the Contin
fit of dynamic light scattering data. The plot takes into account the
higher scattering intensity from the cylindrical micelles and shows the
relative number of cylindrical vs spherical species, not just the scattering
intensity. In addition to spherical micelles having a hydrodynamic
diameter of∼40 nm, the bimodal distribution after 12 days indicates
the presence of a second larger species. This is consistent with the
AFM observation of coexistence of spherical and cylindrical micelles
during the slow equilibration process at 25°C.
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consistent with the bilayer structure expected for vesicles. For
sample 2, it was necessary to heat the sample from 25 to 40°C
before vesicles were no longer seen (Figure 6C). It was also
observed with sample 2 that the cylindrical micelles near the
vesicle boundary appear to favor the formation of rings. This
makes sense since the end-caps of cylinders have a spherical
geometry. As the micelles get closer to the vesicle boundary,
the energy cost of these spherical end-caps becomes higher.
Thus, it is favorable for the cylindrical micelles to either form
very long cylinders or rings in order to reduce the number of
end-caps.21,22

Upon cooling back to 25°C, vesicles are once again observed
(Figure 7A). As with the growth of cylindrical micelles of
sample 1, the vesicle solution appears to be slowly returning to
the original all-vesicle conformation. However, vesicles are now
found to coexist with small toroidal micelles having almost the
same cross section as the cylindrical micelles observed at 40
°C (Figure 6C). Although small toroidal micelles are reproduc-
ibly observed in this work for PS-b-PI diblocks as well as for
triblock copolymers,23 their origin is not understood at this time.
The observed diblock toroids could either be just a lower weight
fraction of ringlike micelles seen in Figure 6C or correspond

to a new metastable state given to their distinctively high
curvature and a relatively uniform diameter of ca. 70 nm.

Conclusions

We have demonstrated reversible morphological phase transi-
tions induced solely by temperature for polystyrene-b-polyiso-
prene micelles in heptane. Upon heating from 25 to 40°C
cylindrical micelles are changed to spherical micelles and vesicle
micelles are converted to cylindrical micelles. Upon cooling
back to 25 °C, the original morphologies are once again
observed; however, the growth rates of the cylindrical and
vesicle micelles are seen to be much slower than the rate of
dissolution at higher temperaturesspossibly a result of slow
kinetics near the glass transition temperatureTg. Through the
observation of the two transitions, we confirmed the universal
width of the cylindrical range which was predicted.6 An in-
depth examination of the kinetics and measurements of theTg

will be the subject of future work.
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