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ABSTRACT: Block copolymer (BCP) phase separation dynamics can be expected to differ significantly from that of the polymer
blends due to the constraint of chain connectivity. BCP phase separation dynamics has been studied theoretically, but there has been
little experimental evidence to confirm the BCP domain growth scaling laws put forward theoretically. Here, we investigate the
dynamics of late-stage lamellar BCP domain coarsening and find that the scaling exponent for lamellar domain growth is ≈1/6
(0.17), irrespective of the annealing temperature, a value close to the scaling exponent of 0.2 predicted by theoretical studies.
Furthermore, we show that the prefactors in the domain coarsening equation show Arrhenius dependence on temperature, indicating
that the BCP domain growth dynamics is Arrhenius over the temperature range investigated.

Block copolymers are a unique class of polymers having
two or more chemically distinct polymers joined together

by covalent bonds.1 Due to the difference in the chemical
nature of the polymer blocks, block copolymers (BCP)
microphase separate into different structures when the
enthalpic contribution to the free energy overcomes the
entropic contribution in melt state.2,3 Diblock copolymers
form spherical, cylindrical, gyroid, and lamellar morphologies
in the phase-separated state.4 These morphologies in thin films
have found applications in nanolithography,5 nanoarrays,6

membranes,7 and energy storage devices.8−11

The dynamics of microphase separation of block copoly-
mers12 differs significantly as compared to the macrophase
separation of polymer blends13 due to the connectivity of
polymer chains. The dynamics of macrophase separation of
polymer blends has been intensively studied13,14 and involves
phase separation by diffusion, followed by a relatively fast
phase separation process driven by capillary wave-driven
instability. The characteristic length scale follows t1/3 power
law in the diffusive regime and a linear growth in time in the
hydrodynamic regime at long times.13,14 On the other hand,
the picture of microphase separation dynamics of BCPs is far
from clear.15,16 A number of theoretical studies have tried to
understand the dynamics of the BCP domain structure
evolution by microphase separation.12,17,18 On the other
hand, there are few experimental studies on validating these
predictions. It should be clarified here that there have been

numerous experimental studies on the dynamics of macro-
scopic BCP grain (comprised of several aligned domains)
growth,19−21 where the kinetics of defect annihilation or
reorientation of BCP grains are studied. Our focus in this study
is on illustrating the kinetics of microscopic lamellar BCP
domain growth, that is, the dynamics of growth of weakly
ordered to well-ordered BCP lamellae in their equilibrium
state. This is a a process superficially analogous to the polymer
blend phase separation, apart from the constraint of chain
connectivity that limits the ultimate scale of phase separation.
Several theoretical studies have shown the exponents of
microscopic domain growth as well, along with the exponents
of macroscopic grain growth.12,17,18

Shiwa et al. studied the kinetics of phase separation of
lamellar BCPs using cell dynamics simulations and observed
that the evolution of peak position of the scattering function or
domain growth followed a time exponent of 0.2 for weakly
segregated BCPs during the late-stage of annealing before
reaching its equilibrium value.12 The authors also observed
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that the peak width and peak amplitude of the scattering
function or the BCP grain size followed exponents of 0.16 and
0.18. These authors furthermore argued that the BCPs and
Rayleigh-Bernard convective systems belong to the same
“universality class”, as they follow the same coarsening
exponents. Although the kinetics of grain growth showed a
lower coarsening exponent, as compared to the domain growth
kinetics, the authors did not delve into the details of the
difference between the kinetics of grain growth and lamellar
domain growth (termed simply as ‘domain growth’ below for
brevity). The same authors compared the exponents of domain
growth in the weakly segregated BCP regime with the strong
segregation regime and observed a higher exponent values for
strongly segregated BCPs.18 Other theoretical studies have
shown the peak position shift or growth of domains during the
early stages of BCP ordering, but the scaling exponents have
not been reported for domain growth kinetics.15,22,23 There has
been only one previous experimental study (to the best of our
knowledge) to illustrate the domain coarsening kinetics of
BCPs. In this study,16 Russell and Chin followed the evolution
of freeze-dried samples of polystyrene-block-poly(methyl
methacrylate) (PS-b-PMMA) and observed an exponent of
0.1 for domain coarsening, which is far from the theoretical
predictions of the 0.2 exponent.12 The authors noted that the
microvoids in the freeze-dried sample might have influenced
their results. Thus, it is a natural question to explore the
domain coarsening kinetics of BCPs in solvent cast films that
are free of microvoids.
In this study, we have experimentally verified the scaling

behavior of domain coarsening kinetics at different temper-
atures and observe that the as-cast BCP film gets quenched in a
nonequilibrium weakly ordered morphology having domain
size (d or L0) smaller than the equilibrium domain size (das-cast
< dequilibrium) due to rapid solvent evaporation. The das-cast BCP
domain size grows on annealing the BCP film in the melt state
due to the unfavorable interactions between two blocks. We
observe that the domain coarsening kinetics follows a transient
exponent of 1/6 (that occurs before equilibration at long
times), which is rather different from the exponent value 1/3
normally found in polymer blends exhibiting macroscopic
phase separation. Furthermore, the prefactors in the domain
coarsening power-law follow an Arrhenius temperature
dependence, indicating an exponential dependence of the
prefactors on temperature.

Polystyrene-block-poly(methyl methacrylate) (PS-b-PMMA)
BCP used in this study was purchased from Polymer Source
and has a molecular mass of 33-b-33 kg/mol. The BCP at this
molecular mass has a χN ≈ 23 and belongs to the weak
segregation regime.24 The BCP films having 100 nm thickness
were flow coated on silicon wafers purchased from University
Wafers. The Grazing Incidence-small-angle X-ray scattering
(GISAXS) studies were conducted at beamline 8-ID-E25 of the
Advanced Photon Source of Argonne National Laboratory and
the data were analyzed using GIXSGUI26 software. The
GISAXS measurements were performed on ex-situ annealed
samples.
Figure 1 shows the as-cast morphology of PS-b-PMMA films

flow coated from tetrahydrofuran (THF) solvent. Due to the
rapid evaporation of the casting solvent and a high glass
transition temperature (Tg≈ 105 °C), the BCP films become
vitrified in a non-equilibrium state exhibiting a short-range
order with kink-defects. However, the as-cast morphology for
these solvent-casting conditions is predominantly vertically
oriented, as is evident from the atomic force microscopy
(AFM) image in Figure 1a, and the 2D grazing incidence -
small-angle X-ray scattering (GISAXS) image in Figure 1b. We
believe that the evaporation fronts during the film casting are
responsible for the as-cast predominantly vertical orientation of
the BCP film. The as-cast state of weakly ordered vertical
orientation is discussed in more detail in our other work.31 In
the present study, the as-cast well-defined vertical orientation
provides a unique opportunity for studying the kinetics of
domain coarsening at the early stages of BCP annealing as the
focus of our study, wherein the BCPs maintain their vertical
morphology over non-treated substrates. The vertical ordering
is relatively unconstrained by surface wetting and finite-size
effects at the time scales studied here and, hence, provides for a
cleaner interpretation of domain growth kinetics as an intrinsic
BCP ordering property. However, we note that vertical
orientation is not a requirement for validating the power-law
exponent of domain growth. Figure 1c shows the GISAXS
intensity profile (at a grazing incidence angle of 0.15°, which is
above the film critical angle of 0.11°, so the entire depth of the
BCP film is measured) along the qy direction, showing a well-
defined peak indicative of a perpendicular BCP film domain
morphology over a large area. The peak position along qy
corresponds to 0.0205 Å−1, which is far from the long-time
thermal melt annealed equilibrium peak position of 0.017 Å−1.

Figure 1. As-cast morphology showing vertical morphology frozen in the nonequilibrium state. (a) AFM image showing as cast morphology. Scale
bar corresponds to 400 nm. (b) GISAXS image of the same as-cast morphology showing through thickness morphology. Scale bar corresponds to
0.03 Å−1. (c) Line cut along qy at Yoneda band showing a peak corresponding to d ≈ 30.7 nm.
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In real space, the as-cast BCP domain size corresponds to
≈30.7 nm, while the equilibrium domain size is ≈37 nm. The
lower domain size in the as-cast BCP film is due to the rapid
vitrification of the BCP film to its glassy state due to fast
solvent evaporation. As noted before, the evaporation front
apparently induces vertical orientation and weakly phase-
separated BCP morphology, enabling our experimental study
of domain coarsening.
When the weakly phase-separated as-cast BCP is annealed

above its glass transition temperature, the block copolymers
microphase separate further in order to minimize the free
energy by minimizing the unfavorable interactions.27 We
studied the evolution of lamellar domain size at different
temperatures by analyzing the peak position in GISAXS
profiles at different annealing times.
Figure 2 shows the 1D GISAXS line cut along the Yoneda

scattering at different annealing times at an annealing

temperature of 180 °C, a temperature well above the glass
transition temperature of the BCP ≈ 120 °C.28,30 The peak
position in the qy line cuts of the GISAXS images decreases to
lower q values with increased annealing times until the peak
position reaches the equilibrium peak position of ≈0.017 Å−1.
This corresponds to an increase of domain size in real space (d
= 2π/q*, where d is the domain size and q* is the peak
position) with annealing time. This shift of peak position to
lower q values is analogous to the observation of lowering of
the peak position of the structure factor by Shiwa et al. for
weakly segregated BCPs12 and by Yokojima et al. for weakly, as
well as strongly segregated BCPs.18

The evolution of domain size in real space as a function of
annealing time (t) for three different temperatures is shown in
Figure 3. The evolution of domain size is represented as Δd =
A(T)tn in Figure 3, where Δd is the domain size increment/
growth, A(T) is a temperature (T)-dependent prefactor, and n
is the scaling exponent describing domain coarsening.
Interestingly, the time exponent for domain size evolution is
independent of annealing temperature and is equal to 0.17
(≈1/6). It should be pointed out here that we have used the
domain size growth (Δd = dt − dt=0, where dt is the domain
size at time t, making the domain growth equation as dt = dt=0
+ A(T)tn) in calculating the scaling exponents as compared to
the other theoretical and experimental studies,8,25 where dt=0 =
0. This is because of the finite nonzero domain size of our

system at the ‘initial’ time t = 0, at which we started acquiring
data. A slightly higher exponent (n = 0.2) in the growth of late-
stage block copolymer domain coarsening has been observed
in simulation studies of defect-free systems by Shiwa et al.12

and Yokojima et al.18 for weakly segregated BCPs, as applicable
to our PS-b-PMMA system (χN ≈ 23).24 Additionally, it has
been shown that other systems with reduced degrees of
freedom, such as binary mixtures of polymer-tethered nano-
particles, show a scaling exponent of 0.22 for the growth of
phase-separated domains,29 which is close to the observed
exponent in our case. The domain size ultimately reaches or
approaches the equilibrium value of dequilibrium ≈ 37 nm (Δd ≈
6.3 nm in Figure 3) after different annealing times depending
on the temperature, as shown in Figure 3. An abrupt ‘pinning’
of the domain size at Δd ≈ 6.3 nm to its long equilibrium value
is shown with the horizontal solid line for the highest annealing
temperature of 210 °C in Figure 3.
The prefactor A in Figure 3 fitted to the evolution of BCP

domains decreases with decreasing temperature as expected.
The prefactors (A) for the domain coarsening equation are
fitted to an Arrhenius equation (A(T) ∼ A0 exp(−Ea/RT)) and
show a very good fit, as shown in Figure 4, where Ea is the
activation energy and R is the gas constant. The data is plotted
as ln(A) versus 1/T, with the slope as Ea/R, with an Ea ≈ 27.6

Figure 2. Intensity vs q profile showing the effect of annealing on
BCP domain size at 180 °C. The peaks shift to lower q (as indicated
by the arrow) on annealing, demonstrating an increase of domain size
before reaching to equilibrium value (d ≈ 37 nm). The peaks are
offset to higher intensity arbitrarily with increasing annealing time to
show peak shift with q.

Figure 3. Increase of domain size with annealing time at different
annealing temperatures. The error bars show the standard deviation.
The domain coarsening mechanism follows the same power law
coefficient at different temperatures. Dotted lines show best fits to the
data points. The solid line shows the saturation of domain size to the
equilibrium value. The fitted prefactors of the power-law decrease
with temperature.

Figure 4. Arrhenius dependence of prefactors on temperature.
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kJ/mol and A0 ≈ 2690. This value of Ea is much smaller than
the Ea observed in the grain coarsening of BCP during late-
stage annealing, which has been shown to be around 8300 kJ/
mol for χN ≈ 16.3 by uniform thermal annealing.20 The large
difference in activation energies reflects the different under-
lying fundamental mechanisms involved in domain coarsening,
a local coarsening process on a scale of order of BCP molecule,
versus grain growth, a macroscopic process, often observable
with a simple microscope.
To summarize, we have studied the dynamics of (vertically

oriented) lamellar BCP domain coarsening by annealing
weakly preordered as cast BCP films and observed that the
late-stage lamellar BCP domain growth follows a time scaling
exponent of ≈1/6 for a wide range of annealing temperatures.
The observed scaling exponent is close to the simulations
determined scaling exponent of 0.2 for late-stage domain
coarsening. Furthermore, we observe that the prefactor in the
domain growth scaling equation follows an Arrhenius temper-
ature dependence. Finally, it would be interesting to compare
these scaling exponents for strongly segregated BCPs with χN
> 50.
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