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Time-resolved small-angle x-ray scattering measurements reveal that a long-lived intermediate bcc state
forms when a poly�styrene-b-isoprene� diblock copolymer solution in an isoprene selective solvent is rapidly
cooled from the disordered micellar fluid at high temperature to an equilibrium fcc state. The kinetics of the
epitaxial growth of the �111� fcc peak from the �110� bcc peak was obtained by fitting the scattering data to a
simple model of the transformation. The growth of the �111� fcc peak agrees with the Avrami model of
nucleation and growth kinetics with an exponent n=1.4, as does the initial decay of the �110� bcc peak, with
an exponent n=1.3. The data were also found to be in good agreement with the Cahn model of grain boundary
nucleation and growth.
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I. INTRODUCTION

There has been considerable interest in the formation of a
stable bcc crystal from a spherical liquid. Alexander and
McTague �AM� suggested that for any spherical interaction
potential the bcc state should be favored in freezing from the
disordered state �1�. Simulations and experiments produced
somewhat contradictory results with the AM condition. Re-
cently Klein �2�, following earlier work on deeply quenched
liquids by Klein and Leyvraz �3�, argued that the nucleated
droplet is in the bcc phase, satisfying the AM condition, but
it is unstable. A long-lived metastable bcc phase was found
by Bang et al. �4� on heating a disordered micellar solution
of poly�styrene-b-isoprene� �SI� diblock in squalane, a selec-
tive solvent for the polyisoprene �PI� blocks, from room tem-
perature to the fcc phase around 70 °C. In this low tempera-
ture range a stable bcc phase is not observed. This SI block
copolymer in tetradecane solution was extensively examined
by Lodge’s group and a stable bcc state was observed at
higher temperatures, just below the disorder to order transi-
tion �DOT� �5�. On further cooling, the bcc state undergoes
an order-order transition �OOT� to the fcc phase �5�. The
presence of a stable bcc state between the disordered micel-
lar fluid and the fcc state allows the possibility of examining
whether an intermediate bcc phase nucleates first and subse-
quently transforms to the fcc state, or whether the fcc state

nucleates directly from the liquid on rapid cooling. The bcc
to fcc transformation has been shown to be an epitaxial tran-
sition in these block copolymer solutions �6,7�. Synchrotron
based small-angle x-ray scattering �SAXS� measurements
provide high wave-number �q� resolution and sufficiently
high flux to follow the kinetics of the transition following a
rapid temperature quench. In this paper we report the kinetics
of the transition to the fcc phase by quenching a high tem-
perature disordered micellar solution of the same SI diblock
copolymer as used in Ref. �5� using tetradecane as the iso-
prene selective solvent.

II. EXPERIMENTAL SECTION

The symmetric SI diblock copolymer was synthesized by
sequential living anionic polymerization �4,8,9�, with mo-
lecular weights of 15 kg/mol for both PS and PI blocks, and
polydispersity index of 1.02. The solvent tetradecane was
used as received �Aldrich�. A solution of volume fraction
15% was prepared gravimetrically. The phase behavior of
this sample in tradecane has been reported in Ref. �5�. Time-
resolved SAXS experiments were done at beamline X27C of
the National Synchrotron Light Source �NSLS� of
Brookhaven National Laboratory, using x-rays of wavelength
�=0.1366 nm �9.01 keV� with energy resolution dE /E
=1.1%. A two-dimensional charge-coupled device �CCD�
detector with an 1024�1024 array was used to collect the
scattering intensity. Azimuthal integration of the image was
performed to obtain the scattering intensity I�q� versus the
scattering vector q= �4� /��sin �, with 2� being the scatter-
ing angle. The sample-to-detector distance of 1.957 m covers
the range 0.1�q�2 nm−1. The q resolution was 4
�10−3 nm−1. Details of the experimental setup and data
analysis are described in our previous work �10� on disorder
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to bcc kinetics in a triblock copolymer solution in a selective
solvent. The sample was filled in a custom built cell with
Kapton windows whose temperature was controlled by a
Peltier module �10�. The time evolution of SAXS data was
measured following either a temperature ramp or a tempera-
ture jump protocol. The former serves to locate the ODT,
while the latter provides isothermal kinetics of the order-
order transformation. In both the temperature ramp and jump
measurements we recorded the scattering intensity I�q� for
10 s per frame; data transfer from the two-dimensional �2D�
CCD array took an additional 7 s / frame. The total duration
of each run was 1.5 to 2 h.

III. RESULTS AND DISCUSSION

A. Confirmation of bcc and fcc structures and determination
of the transition temperatures

SAXS data averaged for a long time �10 min� at 80 °C
and 70 °C are shown in Fig. 1. Figure 1�a� shows the bcc
structure at 80 °C up to the seventh order Bragg peak, which

rules out simple cubic. The Bragg peaks in Fig. 1�b� confirm
the fcc structure at 70 °C.

To identify the transition temperature we performed a
temperature ramp from 80 °C to 50 °C at a cooling rate of
0.5 °C/min. As shown in Fig. 2�a�, a change in the relative
positions of the Bragg peaks is clearly visible. The data at
80 °C shows three peaks in the relative ratios of �1: �2: �3
which we take as an indication of a bcc structure. �The short
averaging time for each frame in the ramp experiment leads
to lower signal to noise; thus it is not possible to see higher
order peaks in a ramp measurement.� The lower temperature
structure with peaks at �3: �4: �8: �11 is indicative of an fcc
structure. The order-order transition �OOT� from bcc to fcc
occurs around 70 °C in agreement with the measured phase

FIG. 1. SAXS data at �a� 80 °C and �b� 70 °C for SI �15-15�
15% in tetradecane. The inset in �a� shows the data at higher q at a
higher magnification to reveal the higher order Bragg peaks char-
acteristic of a bcc structure.

FIG. 2. �a� Time evolution of the SAXS intensity during a tem-
perature ramp from 80 °C to 50 °C for SI solution in tetradecane.
Initially, the sample was maintained at 80 °C for 10 min and the
relative positions of the three peaks are consistent with the bcc
peaks as indicated. As the sample was cooled down at a rate of
0.5 °C/min, changes in the scattering profile can be identified in
the vicinity of 70 °C. The relative positions of the Bragg peaks are
consistent with an fcc structure as indicated on the last frame at
50 °C. �b� A few frames of data in the vicinity of the primary peak
are selected to show the transformation process more clearly and
locate the OOT temperature around 70 °C.
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diagram of SI in tetradecane �5�. The disorder to order tran-
sition occurs between 95 to 100 °C. As expected, the transi-
tion temperature measured in a ramp will be slightly higher
than the ODT of 90 °C found in Ref. �5� which gives the
equilibrium phase diagram, since in a ramp measurement the
sample does not anneal at any temperature long enough for
the phase to fully develop.

B. Kinetics of the transformation process

To follow the kinetics temperature jump �T jump� mea-
surements were made by rapidly quenching the sample from
110 °C to 50 °C and 100 °C to 60 °C. Due to the slow rate
of heat transfer in cooling the sample took 200–300 s to
reach the final temperature.

Both the T-jump measurements starting from a disordered
state to the fcc state showed qualitatively similar results. Fig-
ure 3 shows the time evolution of I�q� for the T jump from
110 °C to 50 °C. An ordered phase with Bragg peak posi-
tions in the ratio 1: �2: �3 characteristic of a bcc structure
formed rather quickly, only 90 sec after the temperature
changed, even before the temperature had reached the final
value.

This intermediate state persisted well beyond the tempera-
ture equilibration time �less than 5 min�. For the first 30 min
the structure is purely bcc; the primary peak’s intensity
grows as shown in Fig. 4�a�. Since the temperature had
equilibrated in less than 5 min to 50 °C, where the stable
phase is fcc, this long-lived bcc state is deeply supercooled.
Around 45 min after the initial quench, a broad unresolved
doublet becomes visible �see Fig. 4�b�� and at about an hour
the doublet is clearly resolved into two peaks corresponding
to the �111� fcc peak �0.16 nm−1� and �110� bcc �0.21 nm−1�.
The �111� fcc peak grows with time while the �110� bcc
diminishes, implying that after 30 min the bcc phase trans-
forms epitaxially to fcc �6,7� as shown in Fig. 4�b�. The
initial growth of the bcc from the disordered liquid is shown
in Fig. 4�a�. In this early time regime, the primary peak’s
position decreases, its intensity increases while the width de-
creases with time. These observations are qualitatively simi-

lar to those reported in previous studies of the growth of the
bcc phase from a disordered micellar fluid in a styrene-
ethylene-co-butylene triblock copolymer in mineral oil, a se-
lective solvent for the EB block �10�.

The time evolution of the intensity and position of the
�110� bcc peak and �111� fcc peak shown in Fig. 5�a� reveals
that the intensity of the �110� bcc peak increases while its
position shifts to lower q at earlier time. At about 30 min, the
�110� bcc peak intensity begins to decrease, while the �111�
fcc peak first becomes noticeable at around 45 min. Al-
though the transformation begins at around 30 min it does
not go to completion during the 2-h run of our experiment.
Bang et al. �4� observed that annealing of the fcc structure
took longer than 4 h on heating SI in squalane from 25 °C to
65 °C. Our observation of a similarly slow transformation in
a somewhat lower viscosity solvent is perhaps not surprising,
especially since transitions are generally slower on cooling
than heating.

FIG. 3. Temperature jump measurements from 110 °C to
50 °C, showing the transition process of disordered to fcc via an
intermediate bcc state.

FIG. 4. �Color online� Time evolution of the SAXS intensity
I�q� following a temperature jump from 110 °C to 50 °C. �a� The
early part showing an intermediate bcc state evolving from the dis-
ordered state shown at t=0. The data are shifted by a factor of 5 on
the y axis to improve readability. �b� The later part showing the
transition from bcc to fcc phase after 30 min. Solid lines are the fits
to the data in the vicinity of the primary Bragg peaks, using the
model described later in the text.
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C. Analysis of the T-jump data

To follow the kinetics of the bcc - fcc structural change,
we fit the experimental data in the q range of the primary fcc
and bcc peaks �0.1 – 0.3 nm−1� using a simple model for the
transformation. The scattered intensity I�q� can be written as

I�q� = KP�q�S�q� , �1�

where P�q� is the form factor, S�q� is the structure factor, and
K is a constant. For spherical micelles with radius Rc, the
form factor P�q� can be written as

P�q� = �0
2�2�qRc� , �2�

where �0=4/3�Rc
3 is the volume of the sphere and

��x� =
3

x3 �sin�x� − x cos�x�� . �3�

The structure factor S�q� during the transformation is the
addition of bcc and fcc contributions in proportion to the
amount of transformed material. We modeled these as Gaus-
sians centered at q�111� and q�110� for the fcc and bcc struc-
tures, respectively. Since the diblock micelles are in solution
we also added a Lorentzian term to represent the liquidlike
scattering. For each frame, the radius Rc was determined
from the first minimum of the form factor, qRc=4.49, which
was identifiable in the scattering data. We found that Rc in-
creased from 8.5 nm at 110 °C to 11.5 nm at 50 °C during
the transformation. These values of Rc are close to those
reported for the same polymer in tetradecane �10 nm at
30 °C and 8 nm at 80 °C� �5�. The solid lines in Fig. 4�b�
show the least squares fit to the scattering data with the po-
sitions, intensities and widths of the two Gaussians and the
Lorentzian as fitting parameters. The typical reduced 	2 of
the fitting for each time frame is about 0.1.

Figure 5�a� shows the time dependence of the intensities
and positions calculated in the fit, which agree very well with
experimental data for both peak intensity and position. The
width of the �110� bcc peak increases from 0.007 to
0.012 nm−1 with time, while that of the �111� fcc peak de-
creases from 0.016 to 0.01 nm−1, as shown in Fig. 5�b�.
Changes in width reflect strain broadening effects as well as
changes in grain size; larger grains produce narrower peaks.
Although we have not done a detailed analysis of the differ-
ent contributing factors, the width changes are qualitatively
consistent with the expectation that fcc grains grow while
bcc grains shrink.

D. Nucleation and growth kinetics

The kinetics of phase transformations in polymer and
other systems has often been interpreted using the Mehl-
Johnson-Avrami steady-state nucleation theory �11�. Assum-
ing that the intensities are proportional to the amount of the
transformed material, we use the Avrami �11–15� model to
describe the growth of the fcc phase from the bcc state,

I�t� − I�t0� = �I�t
� − I�t0���1 − e−k�t − t0�n
� . �4�

Here t0, the time at which the transformation from bcc to fcc
becomes apparent, is taken as 30 min. The transformation
rate k and the Avrami exponent n were determined by fitting
Eq. �4� to the peak intensity data shown in Fig. 6. The results
indicate that n=1.4 is in reasonable agreement with the data
for T jump from 110 °C to 50 °C. Similar agreement, with
n=1.55, was obtained for the data from the other T jump
from 100 °C to 60 °C. If we restrict ourselves to the early
part of the bcc→ fcc transformation then the decay of the bcc
state

FIG. 5. �Color online� �a� Time evolution of intensity and posi-
tion of �110� bcc peak and �111� fcc peak. Solid lines are fits of the
model of transformation from bcc to fcc, as discussed in the text.
This transformation occurs after 30 min as indicated by the dashed
vertical line. The temperature �stars� equilibration following the
quench from 110 °C to the final value of 50 °C is also shown. �b�
Time evolution of the width of �111� fcc and �110� bcc peaks during
the transformation process. Note that the zero of the time axis starts
at 30 min.
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I�t� − I�t
� = �I�t0� − I�t
��e−k�t − t0�n
. �5�

fits well with Eq. �5� with n=1.3, suggesting that both the
growth of the fcc phase and the initial decay of the bcc phase
follow the same mechanism, as expected for a transformation
process. This is further supported by the similarity of the rate
of transformation: k1/n equals 0.072 s−1 for the fcc growth
and 0.073 s−1 for the bcc decay. We note that the fit to the
bcc intensity breaks down at late times, perhaps due to the
difficulty of determining the bcc peak intensity at late times
because it is very weak and its position is in between the fcc
doublet.

The exponent n has been used as an indicator of the ge-
ometry of the growing crystal in the polymer crystallization
literature �12� as well as for order-order transitions in block
copolymers �16�. It has also been used to characterize the
nature of the nucleation and growth process for polymorphic
changes from one lattice to another �11�. Under conditions
when all nucleation sites are saturated in the beginning, the
exponent depends on the spatial dimensionality d of the in-
terface on which growth occurs as n=3−d. If growth occurs
on the boundary surface between two grains �referred to as
grain boundary nucleation and growth� then d=2 and n=1,
whereas if the growth occurs on an edge between three ad-
jacent grains then d=1 and n=2.

Cahn �17� developed a model to describe heterogeneous
nucleation on defects such as grain boundaries, grain edges
or grain corners. The Cahn model for growth on grain
boundaries has been shown to agree very well with time-
resolved SAXS data on the initial stages of ordering kinetics

of polystyrene-polybutadiene diblock copolymer solutions
following a temperature quench from the disordered state
�18,19�. In the following we present an analysis of our data
using the model obtained by Cahn for grain boundary and
grain edge nucleation and growth, according to which

I�t� − I�t0� = �I�t
� − I�t0���1 − e−bsfs�ast�� , �6�

where as= �IsG
2�1/3, bs= � Is

8S3G
�−1/3

and

fs�ast� = ast�
0

1

�1 − e−��ast�
3��1−x3�x2�1−x��/3�dx �7�

Here Is denotes the nucleation rate per unit boundary surface
area, G is the growth rate on the grain boundary surface, and
S is the boundary surface area per unit volume. With this
notation, as has the unit of s−1, while bs is dimensionless.
Using similar notation for nucleation and growth on the grain
edge of length L,

I�t� − I�t0� = �I�t
� − I�t0���1 − e−bsfs�ast�� �8�

where ae= �IeG�1/2, be= � Ie

2�GL
�−1

and

fe�aet� = �aet�2�
0

1

x�1 − e−�aet�2��1 − x2�1/2−x2 ln��1+�1−x2�/x���dx .

�9�

We fit the peak intensity data of Fig. 5�a� to the
equations above. The results are shown in Fig. 6 with the
parameters for the best fits as Is /S=5.2 s−1 nm−1 and
GS=6.9�10−4 s−1 for the grain boundary model and
Ie /L1/2=9.16 s−1 and GL1/2=7.10�10−4 s−1 for the grain
edge model. The grain boundary calculation �reduced 	2

=2.07� appears to fit somewhat better than the grain edge
model �reduced 	2=3.18�. However, as is clear from Fig. 6,
the Avrami equation with the value n=1.4, which lies be-
tween the predictions of n=1 for nucleation and growth on
the boundary surface and 2 for grain edge nucleation after
saturation, fits the data the best.

The calculations with the grain boundary model allow us
to estimate the nucleation rate Is and the growth rate G from
the parameters of the fitted functions for the grain boundary
model �Is /S=5.2 s−1 nm−1 and GS=6.9�10−4 s−1� if we
know S. For a grain of diameter D, S�1/D �17� with a
proportionality constant which depends on the shape of the
grain. An estimate of D can be obtained from the width w of
the Bragg peak, D�2� /w�630 nm, using w�0.01 nm−1

�see Fig. 5�b��. Since the nearest neighbor distance
d�2� /q�111��30 nm the characteristic time scale for one
crystallite to grow a distance comparable to the nearest
neighbor separation of micelles is in the range of 1–2 min.

IV. CONCLUSIONS

In conclusion, we note that a long-lived intermediate bcc
state appears when disordered micelles of a SI diblock co-
polymer in a selective solvent are rapidly quenched to the fcc
state. After some time, this bcc state transforms slowly to the
fcc phase. Although the sample crosses the stable bcc phase

FIG. 6. �Color online� Calculation of the �111� fcc and �110� bcc
peak intensity using different models for kinetics of nucleation and
growth as discussed in the text: Avrami model �solid line�, Cahn
model for grain boundary �dashed line�, and grain edge �dash-dot
line�.

KINETICS OF DISORDER-TO-fcc PHASE¼ PHYSICAL REVIEW E 73, 061803 �2006�

061803-5



boundary as it is cooled from the disordered fluid, the time
that it spends in crossing the bcc phase is much smaller than
the duration of the intermediate bcc state and the first appear-
ance of the fcc structure. This suggests that the bcc state
nucleates first and later transforms to fcc, rather than a direct
nucleation of the fcc state. The time evolution of the growth
of intensity of the �111� fcc peak agrees with the Avrami
model, with an exponent n=1.4, intermediate between that
predicted for grain boundary nucleation and grain edge
nucleation after saturation. The decay of the �110� bcc inten-
sity also follows the Avrami model with n=1.3. We found
that the Cahn model of grain boundary nucleation and
growth fits slightly better than that for nucleation and growth
on edges.
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