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We compare the time evolution of striped pattern correlation lengths for three different poly�styrene-
b-methyl methacrylate� �PS-b-PMMA� diblock copolymer materials having comparable molecular diffusion
rates. Striped patterns formed from cylindrical-phase materials coarsen with enhanced growth exponents and
have reduced disclination diffusion activation energies as compared to striped patterns formed from smectic A
lamellar-phase materials. The observed differences stem from distinct topological constraints in cylindrical
�columnar� and lamellar �SmA� striped patterns. Cylindrical domains create a channel for layer breaking
without molecule interdiffusion, facilitating an enhanced rate of pattern coarsening and reducing the disclina-
tion diffusion activation energy.
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I. INTRODUCTION

Pattern coarsening in block copolymers is ultimately the
result of the collective motion of molecules toward an equi-
librium configuration. Microscopic diffusion of individual
molecules translates into defect motion and annihilation,
which manifests as a macroscopic pattern coarsening effect.
Numerous studies have separately examined both pattern
coarsening1–7 and molecular diffusion mechanisms;8–15 how-
ever, there is currently no formal link connecting both phe-
nomena. Coarsening of striped patterns formed by diblock
copolymer materials involves multiple defect annihilation
events that can be strongly suppressed when topology and
molecular diffusion anisotropy inhibit layer breaking.

In this paper, we compare the time evolution of striped
pattern correlation lengths for three different poly�styrene-
b-methyl methacrylate� �PS-b-PMMA� materials having
largely comparable molecular diffusion rates. Despite this
material similarity, we measure enhanced pattern coarsening
and a correspondingly reduced disclination diffusion activa-
tion energy in a cylindrical-phase PS-b-PMMA material as
compared to two lamellar materials of smaller molecular
weight, strongly suggesting that topological differences in
the material film structure play a key role in the dynamics of
pattern formation. We use the distinctive growth exponents
measured for each system to establish a connection between
molecular diffusion anisotropy and macroscopic pattern scal-
ing behavior.

II. EXPERIMENTAL DETAILS

We form striped patterns from thin films of both perpen-
dicularly oriented lamellar-phase �Figs. 1�a�–1�c�� and
parallel-oriented cylindrical-phase PS-b-PMMA diblock co-
polymers �Figs. 1�d�–1�f�� by spin casting from dilute solu-
tions to a film thickness equal to the characteristic domain
spacing L0 for each material. The lamellar striped pattern
results from a layered molecular arrangement that corre-
sponds to a smectic A �SmA� liquid crystal.16 The director, a
unit vector defining the local order parameter, points perpen-
dicular to the stripes. The cylindrical-phase material arranges

in a hexagonal columnar pattern and a striped pattern forms
from a plane containing a single layer of cylinders. For com-
putational purposes, we define the director as being oriented
perpendicular to the long cylinder axis and lying in the cyl-
inder plane, even though, in fact, the molecule layering is
circular around the cylinder axis. We studied two different
lamellar-phase materials, Lam32 �average number molecular
weight Mn=32 kg /mol, polystyrene �PS� weight fraction f
=0.5, atactic polymethyl methacrylate �PMMA� content,
polydispersity index PDI=1.11� with L0=22 nm and Lam46
�Mn=46 kg /mol, f =0.5, rich in syndiotactic PMMA content,
PDI=1.08� with L0=32 nm, and one cylindrical-phase mate-
rial, Cyl64 �Mn=64 kg /mol, f =0.66, atactic PMMA content,
PDI=1.16� with L0=37 nm. Forming striped patterns in per-
pendicularly oriented lamellar materials �Lam32 and Lam46�

FIG. 1. Striped patterns from lamellar �left� and cylindrical
�right� thin films: ��a� and �d�� top down scanning electron micros-
copy �SEM� of striped patterns, ��b� and �e�� cross section SEM
after PMMA removal, and ��c� and �f�� cross section schematic of
molecular arrangement showing possible directions for parallel dif-
fusion �Dpar�.
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requires first creating a neutral wetting surface using a
PS-r-PMMA random copolymer17 �Figs. 1�a�–1�c��. For
Cyl64, PMMA preferential wetting of the silicon oxide
surface18 forms a monolayer brush, and polymer molecules
self-organize on top of the brush into a single layer of
surface-parallel PMMA cylinders embedded in a PS matrix
�Figs. 1�d�–1�f��. We observed the striped pattern time evo-
lution by annealing for times ranging from 10 to 4000 min at
temperatures �T� between 180 and 220 °C.

III. COARSENING IN CYLINDRICAL AND LAMELLAR
DIBLOCK COPOLYMER STRIPED PATTERNS

Diblock copolymer striped patterns coarsen with anneal-
ing time according to a power law,2,5,19,20

��t� = ATt�, t � t0, �1�

where ��t� is the correlation length at time t and � is called
the growth exponent. Here, AT is a T-dependent coefficient
that can be expressed dimensionally as AT=�0T / t0

�, where t0
is an initial time on the order of the microphase separation
time and �0,T is the initial correlation length at t0 and tem-
perature T.

The growth exponent ��� is not universal for diblock co-
polymer striped patterns, as patterns formed by these three
PS-b-PMMA materials all coarsen differently with annealing
time �Fig. 2�. We measured the striped pattern correlation
length by computing the order parameter using a previously
described procedure.21 We extracted � from plots of � versus
annealing time for the three materials at different annealing T
according to Eq. �1� �Fig. 2 shows data for T=180 and
210 °C, plots for T=195 and 220 °C are not shown, and
data for Lam46 and Cyl64 at 195° can be found elsewhere21�.
For a given material, � remains constant over the T range of
these measurements. Films of the two lamellar materials
Lam32 and Lam46 coarsen slowly with time over the mea-
sured T range ���0.14 and ��0.02, respectively�, while
patterns formed from the cylindrical Cyl64 show a signifi-
cantly larger growth exponent ���0.26�. We rule out differ-
ences caused by pinning effects associated with the different
underlying polymer brushes �i.e., the PS-b-PMMA brush for
Cyl64 and the PS-r-PMMA brush for Lam32 and Lam46�, as
previous measurements of perpendicularly oriented
PS-b-PMMA cylindrical domains using the same
PS-r-PMMA brush yielded �=0.25, similar to that of Cyl64
�Ref. 3� supporting the notion that the choice of brush is not
the cause for a different coarsening exponent.

Coarsening in block copolymer striped patterns occurs by
defect motion and annihilation, processes that ultimately in-
volve diffusion of individual polymer molecules. The defect
motions considered here occur by either climb or glide
mechanisms.1,7,16,22 Climb describes a dislocation displace-
ment in the plane of the layers, perpendicular to the Burgers
vector. Climb occurs by collective diffusion of molecules
parallel to the striped layers in both lamellar �Fig. 1�c�� and
cylindrical �Fig. 1�f�� patterns. Glide describes defect motion
perpendicular to the plane of the striped pattern layers and
inevitably requires layer breaking. In the SmA lamellar
phase, at the molecular level,7 glide necessarily involves in-

terdiffusion across domain boundaries �Fig. 1�c��, a highly
unfavorable process due to the enthalpic penalty for block
mixing.23 In the columnar phase, layer breaking can be
achieved by either molecular interdiffusion or by utilizing the
interconnectivity of the embedding matrix to diffuse around
the cylinder core �Fig. 1�f��.

IV. ACTIVATION ENERGIES

In the following analysis, we use growth exponent mea-
surements as a first attempt to link pattern evolution to mo-
lecular diffusion. The correlation length ��� is proportional to
the average separation distance between defects disrupting
orientational order �i.e., disclinations�. The time-dependent
disclination density ��t� is given by5

��t� � �−2�t� . �2�

Pattern defects introduce stress fields that generate an attrac-
tive force between defects of opposite sign �the Peach-
Koehler force�. When these stress fields are large enough to
overcome layer compression, defects move and approach
each other in a process that involves layer breaking and con-
sequent creation and annihilation of elementary edge
dislocations.5,16,22,24

To relate measurements of striped pattern correlation
lengths to the activation energy for defect diffusion, we first

FIG. 2. Striped pattern correlation length versus annealing time
for Lam46, Lam32, and Cyl64 block copolymer thin films. �a� An-
nealing at T=180 °C and �b� annealing at T=210 °C.
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make a simplifying assumption that defects disrupting orien-
tational order all move with the same velocity v�t�. Because
the average distance between defects is proportional to ��t�,
the disclination velocity at a given time t is proportional to
the rate of change in correlation length,

v�t� �
d��t�

dt
= �

��t�
t

, �3�

where ��t� is given by Eq. �1�. Expressed in terms of defect
density �, Eq. �3� becomes

v��� � �AT
1/���1−�/2��. �4�

Defect motion in striped patterns is analogous to vacancy or
interstitial diffusion in solid crystals16 and therefore we ex-
pect a thermally activated behavior �i.e., v�t��exp�
−Ea /kT��. We can determine this activation energy Ea by
evaluating the dislocation speed �v� at a constant defect den-
sity �i.e., at fixed defect separation distance� as a function of
T,

v�� = �const,T� � ��AT
1/���1−�/2����=�const

= Ce−Ea/kT, �5�

ln�AT
1/�� = −

Ea

kT
+ const. �6�

Equations �5� and �6� are valid if � is independent of T,
which is true for the range of measurements in our experi-
ments �Fig. 2� as well as in other block copolymer thin
films.1

To evaluate the defect diffusion activation energy �Ea� for
the three PS-b-PMMA materials, at each T, we use Eq. �1� to
determine both the corresponding � and the coefficient AT.
With these values, we generate an Arrhenius plot �Fig. 3� to
estimate Ea using Eq. �6�. We measure Ea for Cyl64 of
270 kJ /mol; it is more than three times smaller than that of
either lamellar-phase pattern where Ea=900 kJ /mol for
Lam32 and Ea�8300 kJ /mol for Lam46. Our estimated Ea
for Cyl64 compares well with previous measurements of

377 kJ /mol for disclination diffusion in cylindrical films of
PS-b-PMMA with Mn=84 kg /mol,25 while Ea for lamellar
patterns has never been measured. The error bars in Fig. 3
result from propagating the uncertainty in � �from the linear
fits in Fig. 2� to ln�AT

1/��. We have omitted T=220 °C data
for Cyl64 because the material showed signs of thermal de-
composition. For Lam46, experimental uncertainty in the
small values of � causes the error bars in ln�AT

1/�� to diverge,
as would be the case in a system having an infinite activation
energy. Therefore, we interpret the estimated value for
Lam46 �8300 kJ /mol� as a lower bound for Ea. The en-
hanced � and lower activation energy of the cylindrical-
phase striped pattern �as compared to lamellar-phase striped
patterns� show that defect dynamics are not universal across
all striped pattern systems and are influenced by topological
factors.

V. MOLECULAR DIFFUSION AND STRUCTURAL
ANISOTROPY

Collective molecular diffusion lies at the heart of striped
pattern defect dynamics. In microphase separated systems,
molecular diffusion along microdomains �i.e., parallel to the
pattern stripes� is favored over diffusion across domains be-
cause of the enthalpic penalty of block mixing.8,9,13,23,26 For
nonentangled block copolymers, the parallel �Dpar� and per-
pendicular �Dperp� diffusion constants are13,26

Dpar � D0,

Dperp � D0e−��NA, �7�

where D0= �kBT /N�� is the Rouse model diffusion
constant,27 � is a material parameter of order unity,26,28 NA is
the degree of polymerization of the block infiltrating the un-
favorable domain,26 and � is a monomeric friction factor. The
exponential factor �NA is responsible for the diffusion
anisotropy.11,13 Estimating ��1, we calculate Dperp /D0
�10−3–10−4 for all three, Cyl64, Lam32, and Lam46, mate-
rials �see Table I�. In a SmA phase �i.e., lamellar�, defect
annihilation requires layer breaking, meaning molecular
diffusion across domains with diffusion constant Dperp. We
understand the faster coarsening kinetics of SmA Lam32
��=0.14� as compared to Lam46 ��=0.02� as originating
from the lower molecular weight �Lam32� having a higher
rate of perpendicular diffusion events �Eq. �7�� and a corre-
spondingly higher rate of defect annihilation. The Cyl64
striped pattern coarsens faster than either lamellar material
��=0.26� despite having the highest molecular weight such
that the factor �NA �and thus Dperp� is approximately equal to
that of Lam42—the material that does not coarsen apprecia-
bly �Table I�. We note that polymer entanglement cannot
account for the observed difference in pattern coarsening
rates. Chain entanglement occurs above a critical molecular
weight Mc, which is �35 kg /mol for PS29 and �30 kg /mol
for PMMA,29 so that the only slightly entangled block
in our experiments is the PS block in Cyl64 �MnPS

=42 kg /mol�—the material having the fastest coarsening ki-
netics in our experiments.

FIG. 3. Activation energy. ln�A1/�� versus 1 /T for Lam32
�open diamonds, Ea=900 kJ /mol� and for Cyl64 �solid circles,
Ea=270 kJ /mol�. Inset: Lam46 �solid squares, Ea=8300 kJ /mol�.
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We believe that the enhanced coarsening kinetics of the
cylindrical striped pattern stems from the fundamental topo-
logical difference between the two phases. Even though
SmA and columnar phases form similar striped patterns,
structural differences between a two-dimensional lamellar
profile and a cylindrical columnar structure surrounded by an
embedding matrix give rise to differences in the distribution
of compressional stresses around defect structures.16,22 In
cylindrical-phase patterns, an individual polymer molecule
diffusing parallel to the domain interface can move with
components that are perpendicular and parallel to the direc-
tor by moving either parallel to the cylinder axis or alterna-
tively rotating around the cylinder core; the diffusion con-
stant associated with both these motions is Dpar �Fig. 1�, as
neither involves domain traversal. Molecular motion around
cylinder cores opens a channel for layer breaking without
perpendicular diffusion in columnar-phase materials, in con-
trast to lamellar phases where Dpar is associated only with
motion perpendicular to the director, that is, parallel to
striped domains or vertically along lamellae walls �Fig. 1�.
We note that the origin of the difference in pattern coarsen-
ing is the interconnected matrix present in cylindrical-phase
materials, consistent with previous observations of apparent
increased diffusion rates in systems having interconnecting
paths13,26 and also consistent with recent in situ microscopy
measurements30 of cylindrical-phase patterns, where diffu-
sion values estimated from the driving force of a “closing
connection” �i.e., layer breaking� were about 3 orders of
magnitude higher than the “expected” Dperp, that is, compa-
rable to Dpar. We believe that the observed growth exponent
of �� 1

4 in other cylindrical3,5,21 and spherical2 block co-
polymer phases represents a limiting case for nonentangled
polymers having an interconnecting matrix, while lower
growth exponents result from patterns lacking an embedding
matrix or having highly entangled chains.

At short annealing times, striped patterns formed from the
lower molecular weight, Lam32, show larger � than either
Lam46 or Cyl64. The initial correlation length ��0,T� is
largely determined by the diffusion constant D0, which char-
acterizes the molecular diffusivity prior to pattern mi-
crophase separation. In PS-b-PMMA materials, D0 is limited

by the PMMA block ��PMMA /�PS�103� �Ref. 29� and so we
estimate D0 �Table I� between �0.5�10−12 and 3
�10−12 cm2 /s for all three materials �assuming � in the
block copolymer material stays relatively unchanged with
respect to its homopolymer value�. Note that Lam46 and
Cyl64 have similar PMMA content and thus similar D0. D0 is
slightly larger for Lam32 than for the two other materials
because of its lower degree of polymerization N, resulting in
a larger �0,T. The effect of �0,T can be appreciated qualita-
tively from the y intercepts in Fig. 2. Although initially
Lam32 has a larger � due to a higher D0, the pattern coarsens
only slowly with time such that eventually � of Cyl64 sur-
passes that of the Lam32 material. The time at which this
crossover occurs shortens with increasing T from about
2000 min at 180 °C to as short as 10 min at 220 °C.

VI. CONCLUSIONS

We have measured significantly different scaling behav-
iors in striped patterns formed from diblock copolymer ma-
terials having substantially similar molecular
diffusivities—an observation we attribute directly to topo-
logical differences between material systems. Striped pat-
terns formed from SmA lamellar-phase materials �Lam32
and Lam46� coarsen slowly with time ��=0.14 and �
=0.02, respectively� and have disclination diffusion activa-
tion energies of 900 and �8300 kJ /mol, respectively.
Striped patterns formed of higher molecular weight
cylindrical-phase materials �Cyl64� coarsen faster with time
��=0.26� with lower defect diffusion activation energy
�270 kJ /mol�. The topological difference between cylindri-
cal �columnar� and lamellar �SmA� striped patterns creates a
channel for layer breaking in cylindrical patterns without
molecule interdiffusion, facilitating an enhanced rate of pat-
tern coarsening and reducing defect annihilation activation
energy.
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TABLE I. Material parameters for the three block copolymers used in this experiment. Mn= Number average molecular weight. f =PS
volume fraction. N=degree of polymerization of the PS or PMMA block. D0=self-diffusion constant at 200 °C �estimate�. �=average value
for the growth exponent. Ea=defect diffusion activation energy. �=Flory Huggins parameter ��=0.028+3.9 /T� �Ref. 31�. exp�−�*NA�
=diffusion anisotropy estimated at 200 °C. D0 for Lam32 and Cyl64 were calculated using a monomeric friction coefficient for atactic
PMMA, while syndiotactic PMMA was assumed for Lam46 �Ref. 29�.

Material
Mn

�kg/mol� f N �PS� N �PMMA�
D0

cm2 /s �
Ea

�kJ/mol�
�*N

�at 200 °C�
�*NA

�at 200 °C� exp�−�*NA�

Lam32 32.3 0.5 155.3 161.5 2.55�10−12 0.14 900 11.5 5.9 2.87�10−03

Lam46 45.9 0.48 211.8 238.7 5.46�10−13 0.02 8300 16.3 8.7 1.75�10−04

Cyl64 64 0.66 406.2 230.4 1.79�10−12 0.26 270 23.1 8.4 2.36�10−04
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