Soft Matter

Accepted Manuscript

This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been
accepted for publication.

Accepted Manuscripts are published online shortly after
acceptance, before technical editing, formatting and proof reading.
Using this free service, authors can make their results available

to the community, in citable form, before we publish the edited
article. We will replace this Accepted Manuscript with the edited
and formatted Advance Article as soon as it is available.

Soft Matter

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes

to the text and/or graphics, which may alter content. The journal's

standard Terms & Conditions and the Ethical guidelines still

&;ﬁm apply. In no event shall the Royal Society of Chemistry be held
responsible for any errors or omissions in this Accepted Manuscript

or any consequences arising from the use of any information it

contains.

ROYAL SOCIETY
OF CHEMISTRY www.rsc.org/softmatter


http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/

Page 1 of 13

Journal Name

ARTICLE

Cite this: DOI: 10.1039/X0XxX00000X

Received ooth January 2012,
Accepted ooth January 2012

DOI: 10.1039/X0XX00000X

www.rsc.org/

Soft Matter

RSCPublishing

Insights into Ordered Microstructures and Ordering
Mechanisms of ABC Star Terpolymers via
Integrating Dynamic Self-Consistent Field Theory
and Variable Cell Shape Method'

Xuguang Cao,* Liangshun Zhang, ® Liquan Wang® and Jiaping Lin"®

A theoretical approach coupling dynamic self-consistent field (SCF) theory for inhomogeneous polymeric
fluids and variable cell shape (VCS) method for automatically adjusting cell shape and size is developed
to investigate ordered microstructures and ordering mechanisms of block copolymer melts. Using this
simulation method, we first re-examined the microphase separation of simplest AB diblock copolymers,
and testified the validity and efficiency of the novel method by comparing the results with those obtained
from the dynamic SCF theory only. An appropriate relaxation parameter of VCS method effectively
accelerates the system towards a stable morphology without distortions or defects. The dynamic SCF/VCS
method is then applied to identify the richness morphologies of ABC star terpolymers and explore the
ordering mechanisms of star terpolymer melts quenched from homogenous states. A diverse range of
ordered microstructures including the two-dimensional tiling patterns, hierarchical structures and ordinary
microstructures, are predicted. Three types of ordering mechanisms named one-step, quick-slow and step-
wise procedures are discovered in the disorder-to-order transition of ABC star terpolymers. The
procedures of microphase separation in the ABC star terpolymer melts are remarkably affected by the
composition of star terpolymers and strength of interaction parameters.

1 Introduction

Semiconductor industry has shown substantial interest in use of
block copolymers as lithographic resist materials, for patterning
large area substrates with structures of controlled morphologies
and a periodicity of ~10-100nm">**>°_ To date, development
of block copolymer lithography has focused primarily on AB
diblock copolymers. It is now known that only a relatively
small set of morphologies including lamellae, cylinders and
spheres are created by diblock copolymers”®. The cylindrical or
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spherical microdomains in diblock copolymers generally form
close-packed structures with hexagonal symmetry, limiting
their device applications.

Triblock
tremendous attentions in the semiconductor community since

and multiblock copolymers are attracting

they generates nanostructures with particular geometries that

9,10,11

are unattainable from diblock copolymers , significantly

enhancing the capabilities of block copolymer lithography12’13 .
An example is patterns of ABC star terpolymers, which consist
of three dissimilar arms connected at a junction point. A
striking feature of microstructures of star terpolymers is that the
junction points are forced to be in one-dimensional line'. In
particular, the star-shaped terpolymers can self-assemble into
Archimedean tiling patterns'>'®!7181° which are not accessible
within the phase diagrams of AB or linear ABC block
copolymers. More recently, Ross and co-workers utilized the 3-
miktoarm star terpolymers to realize the highly ordered
Archimedean tiling patterns with tetragonal symmetry?*-21:22
which offer an attractive route for the device fabrication of
nanolithography compared to the structures of closed-packed

arrays in the AB linear diblock copolymer systems.
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The complex morphologies of ABC star-shaped terpolymers
have also been examined by theory and simulations
For instance, Gemma et al. performed Monte Carlo simulations
to study the self-assembly structures of star terpolymers>. The
two-dimensional tiling patterns are formed when the three arms
are immiscible and the length of arms is comparable. Zhang et
al. used the static self-consistent field theory of polymeric
fluids to investigate the phase behaviors of star terpolymer
melts®®. In their work, the novel tiling patterns of star
terpolymers are partially reproduced, and the triangular phase
diagram of star terpolymers with symmetric interaction
parameters is successfully constructed.

Although extensive experimental and theoretical studies
have been carried out in order to understand the self-assembly
of star terpolymers into ordered microstructures, much less is
known about the kinetics of microstructure formation and
of ABC copolymers
30.31.32 " In particular, the mechanisms of

transition under non-equilibrium
conditions % -
nanostructure formation of ABC star terpolymers are still
subject to speculation since the competition between the chain
conformation entropy and repulsive interaction energy becomes
In this

self-assembling

more complicated than that in diblock copolymers.
the
mechanisms of ABC star terpolymers after a quenching from

work, we theoretically investigate
disordered states by a kinetic method. Understanding the
ordering mechanisms will help the experiments to develop
more efficient techniques to control the long-range ordered
patterns in the lithography and nanoscale device fabrication.

A promising methodology to explore the dynamic behaviors
of ABC star terpolymers is a dynamical extension of self-
consistent field (SCF) theory for inhomogeneous polymeric
fluids***#336 The dynamic SCF theory has been successfully
applied to tackle the problems of microstructures of block

35,36 and

copolymers™, ordering behaviors of phase separation
defect motion of microdomains®” etc. More recently, a hybrid
method of dynamic SCF theory and lattice Boltzmann method
was developed by one of the authors to investigate the effects
of hydrodynamic on the microphase separation of block
copolymers*. However, a drawback of the dynamical extension
of SCF theory is that it requires a substantial amount of
computational cost in the simulations.

In order to reduce the computational cost, it is often
convenient to perform the simulations in cells that contain
microstructures with one or two periodicities. A disadvantage is
that the simulations must be repeated in the cells with different
shapes and sizes until the stress-free microstructures are
generated for given parameters of block copolymers. A strategy
for reducing the cost of repeated calculations is to adjust the
cell shape and size as a part of the simulations so as to ensure
the final microstructures without residual stresses. Recently, a
novel numerical technique called variable cell shape (VCS)
method, which is similar with the Parrinello-Rahman-Ray
technique of particle-based simulations***°, has been proposed
by Barrat et al. to explore the equilibrium morphologies of
block copolymers*'. The method automatically tunes the shape
and size of simulation cell to finally achieve a stress-free

2| J. Name., 2012, 00, 1-3

23,24,25,26,27,28

configuration. Unfortunately, the evolution behaviors of
microstructures in the block copolymers cannot be captured by
the Barrat’s method. This motivates us to propose a novel
combination method based on the dynamic SCF theory, which
offers the ability to explore the kinetic behaviors of block
copolymers and evolve the systems towards stress-free
equilibrium configurations.

In this contribution, we aim to develop a novel method
coupling the dynamic SCF theory and VCS method to
understand the equilibrium microstructures and ordering
mechanisms of complex copolymers. In the combination
approach, the dynamic SCF theory not only captures the
ordering behaviors of block copolymer melts, but also obtains
the The VCS method

automatically adjusts the cell shape and size to finally reach a

equilibrium  microstructures.
stress-free configuration. Subsequently, the novel approach is
applied to study two different types of block copolymer melts.
As a first case, the microphase separation of AB linear diblock
copolymers is investigated and the validity and efficiency of the
combination method are examined. The VCS method helps the
systems to escape the metastable configurations. The other case
is the microphase separation of ABC star terpolymers. The
of ABC
and three types of ordering

and Thierarchical structures star
identified,

mechanism are discovered in the disorder-to-order transition.

tiling patterns

terpolymers are

2 Model and Method

Here, we give a brief description of the SCF theory used in the
present study and focus on the special extensions. ABC star-
shape terpolymer melts are chosen as a model system and
generalization to other block copolymers is straightforward.
Specifically, we consider melts of n flexible ABC star-shaped
terpolymers with total chain length N in a cell with a volume V.
The lengths of A, B and C arms are f;N, fzN and fcN,
respectively. The average volume fractions f}, fz and fc satisfy
the condition f;+f3+f-=1.0. The statistical Kuhn length & and
the bulk density p, of segments are assumed to be the same for
all three species. Spatial length in the model is expressed in
units of the reference gyration radius Rgoza(N,/G)l/ 2 of an ideal
linear block copolymer®’, where N; is the chain length of the
reference linear copolymer and is expressed as N/=(1-min(f}, /3,
fco)N. The geometric ratio a=Ny/N is the chain length ratio of
reference linear copolymer to star terpolymer. The Cartesian
coordinates of any point r in the cell can be expressed by a cell-
scaled position vector x whose components lie in [0, 1], i.e.,
r=h-x, where h is the shape matrix of cell. Within the
framework of mean-field approximation to the Edwards model

43,44

of polymeric fluids™™, the free energy functional F of the star

terpolymer melts in units of thermal energy k3T is given by

aF|w;,¢1h] _
nkgT

—InQ[w, k] + [ dx{— %, 0,;(x)¢;(x) +

221Xy N d1(0) by (X) + Sen(Erd1(0-02} (1)

where the subscripts / and Je{A,B,C} are the species labels,
@;(x) is the local density field of /-type species, and Q is the
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single-chain partition function in the mean potential fields w/(x)
produced by the surrounding chains. The interaction between
the I and J species is characterized by the Flory-Huggins
parameter ;. The term with the coefficient x is the Helfand
quadratic approximation, which is used to restrict the deviation
of local density fluctuations from the average value. The local
density fields ¢;(x) are obtained by

b1 (@) =5 f,' ds q,(x,9)af Cx f; = ) @

In the expressions, the functions q;(x,s) and q;r(x, s) are the
end-segment distribution functions, representing the probability
of finding the s-th segment at the rescaled coordinates x. The
distribution functions are the solutions of the modified diffusion
equations

9ar(x,s) _

Lo = R Via(x,5) — w0, (%) (%, ) (€))
aaf (x,)
HLED = RZ,V2q] (x,5) — w;(x)q] (x,5) )

The initial conditions of above equations are q;(x,0) = 1 and
ai(x,0) = q;(x.f;) ax(x. fx) (JK € {[ABC], [BCAJ,
[CAB]}), respectively. The non-orthogonal Laplace operator in
the rescaled coordinates is expressed as V= [g—l]a s ax:—axﬁ’
where the indices o and B denote the components along the
coordinate axes, summation over the repeated index is implicit,
G is a metric tensor constructed from h as G = hTh, and G™
denotes the inverse of G.

The dynamic SCF theory of polymeric fluids proposed by
Fraaije et. al. is used to study the microstructure evolution of
ABC star terpolymers™. The diffusion behaviors of local
density fields of segments are assumed to be driven by the
gradients of the chemical potentials. The set of density fields
@;(x,f) obey the following diffusion equations with conserved
form

90D = 1,V (x,6) + 1y (x,0) (5)

where y;(x,t) = 6F[w,, ¢1,h]/8¢; are the intrinsic chemical
potentials and the convection terms from the change of cell
shape are ignored in the current model. L, is the mobility of the
I-type segment and is assumed to be a constant. In the current
kinetic model of complex fluids, the entanglement effects of
polymeric fluids are neglected. The terms 7; are the Gaussian
thermal noises satisfied the fluctuation-dissipation relations

i (x,))=0

(i (x, On; (x', ")) = —2LkpTVZS(x — x)5(t —t')  (6)

To obtain equilibrium states of periodic structures of ABC
star terpolymers, the free energy density of the systems should
be minimized with respect to the lattice parameters of
microstructures. For this purpose, the variable cell shape (VCS)
method is imposed to evolve the size and shape of cell to
approach a local minimum of free energy. There exists a
similar particle-based approach, which is the constant pressure
molecular dynamic simulations proposed by Parrinello,
Rahman and Ray***°. The relaxation of cell obeys the following
scheme®!

This journal is © The Royal Society of Chemistry 2012
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dh _

X _2hDE

)

where h is the tensor of cell shape and 1 is a relaxation
parameter used to tune the amplitude of cell change. In order to
keep a constant volume, a projection operator D on an arbitrary
tensor M is introduced, i.e, DM =M — éTrM. The tensor X
represents the internal stress tensor produced by polymeric
fluids. The components X5 can be calculated by the integration
of the end-segment distribution functions

n JF 2nRgyox
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Jdx [ds ¥i-apcai(x,s)
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Fig. 1 (a) Temporal evolution of free energy density during microphase separation
of symmetric block copolymers after a quenching from homogenous states for
various values of relaxation parameter A. The reference simulations with =0 are
the case of fixed cell shape method. The error bars are omitted for the sake of
clarity. The inset shows the temporal evolution of free energy density in the initial
stage of simulations. (b) Pattern evolution during microphase separation of
symmetric block copolymers in a simulation with the fixed cell shape method at
times 2007 and 8000z. 7 is the time unit of simulations. (c) Pattern evolution in a
simulation with the variable cell shape method at relaxation parameter A=0.1. The
initial states and cell shapes of both simulations are the same. Red and green
colors represent A-rich and B-rich regions, respectively.
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In the numerical implementation, the above equations are
calculated in the non-orthogonal coordinates. The Laplace
operator V2 and the derivative V, with respect to the rescaled
spatial coordinates are obtained by using twice Fourier
transformations between the real and reciprocal spaces. For
solving the modified diffusion equations Egs. (3) and (4), the
operator splitting formula introduced by Rasmussen et al. is
employed®. The evolution equations Eq. (5) of local density
fields are implemented by the implicit Crank-Nicholson
algorithm®®. The relaxation equation Eq. (7) of cell is integrated
by the simple Euler scheme. The thermal noise terms #7; are
discretized by an algorithm introduced by van Vlimmeren and
Fraaije*®. In each time step, the self-consistent determination of
the potential fields w/x) from Egs. (2), (3) and (4) is done by
the Fletcher-Reeves non-linear conjugate gradient method?.
The iteration is regarded as convergence when a relative
deviation of the density fields at each time step becomes less
than the error level of 0.01.

All the simulations are implemented in the two-dimensional
cell with period boundary conditions. The simulations start
from homogenous states, and shallowly quench into ordered
states. The VCS method automatically tuning the cell size and
shape is used to relax the free energy of system in the evolution
of density fields. In the initial states, the spatial mesh is a
simple square mesh in two dimensions. After the occurrence of
phase separation of polymeric fluids, the shape and size of cells
with a fixed volume are changed due to the internal stress. This
implies the fact that the spatial resolution for solving the set of
equations is not fixed (at constant mesh size). In our numerical
implementations, the solutions of the partial differential
equations for the dynamic SCF theory are done by considering
such a deformation of the mesh. The different mesh sizes will
lead to the similar results as long as the spatial resolution of cell
is enough high.

3 Results and Discussion

3.1 Dynamics of microphase separation in linear AB diblock
copolymer melts

We used the AB diblock copolymers to testify the validity and
efficiency of the combination SCF/VCS method by comparing
the results with those of the dynamic SCF theory only. The
combined interaction parameter is set as y,sN=16.0 and the
average volume fraction of A-type segment has a value of
f4=0.5. The initial configurations of the simulations are the
homogenous states, and the initial shape of simulation cells is a
square with side length 9.0R,. In order to compare the results
of the simulations with the VCS method, we also performed
reference simulations with the fixed cell shape (FCS) method,
which is defined by Eq. (7) with 1=0.

Figure 1(a) shows the temporal evolution of the free energy
density during the microphase separation of symmetric block
copolymers under different relaxation parameters A. The solid
line represents the free energy density of reference simulations
with 4=0.0, corresponding to the case of FCS method. At the

4| J. Name., 2012, 00, 1-3

beginning of each simulation, the system is essentially
homogenous and the relaxation parameter of cell shape
evolution has weak effects on the free energy density (inset of
Figure 1(a)). In the initial stage, a rapid decrease of free energy
density implies the occurrence of phase separation of block
copolymers. Shortly after this stage, the cell relaxation begins
to have pronounced effects on the free energy density. The
simulations with the FCS method order slowly and trap into a
metastable state with higher free energy density, corresponding
to case of A=0.0 in Figure 1(a). In the presence of cell
relaxation, the systems order quickly and the free energy
densities drop rapidly in a step-wise manner. It should be noted
that the free energy densities of systems simulated by the VCS
method are lower than that of system simulated by the FCS
method.

In order to more directly observe the effects of cell
relaxation on the microphase separation of block copolymers,
the morphological snapshots obtained from the FCS and VCS
methods in the ordering process are also presented. Figure 1(b)
displays the snapshots of structure evolution for the case of
FCS method. The lamellar structure is formed, but the pattern
has some defects at time 200z. Here, 7 is the time unit of
simulations. The final pattern of the FCS simulation at time
80007 is the zigzag structure, which has the feature of residual
undulation. Figure 1(c) displays the morphological snapshots of
microphase separation simulated by the VCS method. The
influence of cell change on the pattern starts to appear after the
occurrence of phase separation (time 2007). Subsequently, the
VCS method automatically adjusts the size and shape of
simulation cell to relax the residual stress, and the defects are
annihilated by local rearrangement of lamellae. Finally, the
well-aligned straight lamellar structures are produced in the
simulation via the VCS method (time 80007).

Inspecting in more detail Figure 1(a), one can also check the
efficiency of VCS method by comparing the time dependence
of the free energy densities for various values of relaxation
parameter. When the value of relaxation parameter 4 is small
(4=0.01), it takes a long time to relax the free energy and the
system is trapped into a state with a local minimum free energy.
For the intermediate value of relaxation parameter A (1=0.1),
the
configurations and reaches a well-aligned lamellar structure,

system manages to quickly escape the metastable
which is illustrated in Figure 1(c). As the relaxation parameter
is large (4=1.0), the free energy density of the system drops
rapidly in the initial stage, and then the system is trapped into a
metastable state for a long simulation time. The results of
different relaxation parameters suggest that an appropriate
value of relaxation parameter effectively accelerates the
systems to overcome free energy barriers and to access the
stable microstructures without distortions or defects.

We also examined the asymmetric block copolymer systems
and the VCS simulations with initial configurations from
metastable structures. The results are presented in the
Supplementary Information (SI). As shown in Figure S1, the
effects of cell relaxation on the temporal evolution of free

energy density for the case of asymmetric block copolymers are

This journal is © The Royal Society of Chemistry 2012
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very similar to those of symmetric block copolymers, and the
VCS method still helps the systems to escape the metastable
states. Figure S2 displays the final configurations of symmetric
and asymmetric block copolymers simulated by the VCS
method. The initial configurations of VCS simulations are
chosen from the metastable structures of FCS method. The
results indicate that the VCS method is a convenient way to
further lower the free energy of system.

From the above observations for the case of diblock
copolymers, it is demonstrated that the VCS method can
automatically adjust the cell size and shape in the evolution of
density fields, and an appropriate relaxation parameter
effectively accelerates the systems towards stable morphologies
without distortions or defects. More recently, a similar
technique named system size optimization (SSO) method was
proposed by Honda and Kawakatsu to optimize the size of
simulation cell*®. In their method, the free energy difference is
used to determine the change rate of side length of simulation
cell, but the volume of cell is not fixed in the simulations. They
found that the perfect structures of copolymer melts can be
obtained by the SSO method. In our VCS method, the
relaxation of cell shape and size is driven by the internal stress

and the cell volume is fixed by the action of projection operator.

The well-aligned ordered structures are achieved by our
combination method. These facts indicate that the simulation
results from the VCS method generally coincide with the
findings of SSO method. This encourages us to apply the novel
method to investigate a more complex copolymer system.

gyl
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Fig. 2 (a) Representative ordered microstructures for ABC, star terpolymers with
symmetric interaction parameters. There are four polygon-tiling patterns ([8.8.4],
[6.6.6], [8.6.6, 8.6.4] and [10.6.6, 10.6.4]) and four other structures (L3, L+Cyl, L
and Cyl). More details about the symbols are stated in the text. In the color map,
colors of red, green, and blue denote A-, B- and C-rich regions of microstructures,
respectively. In the L and Cyl structures, yellow color represents mixing AB-rich
domains. (b) Phase stability regions as a function of length ratio z=N¢/N,. Note
that one break is applied to the z axis for the sake of clarity.
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3.2 Ordered microstructures and ordering mechanisms in ABC
star terpolymer melts

In this subsection, we extended the combination approach of
dynamic SCF theory and VCS method to investigate the
ordered microstructures and ordering mechanisms of
microphase separation of ABC star terpolymers. The phase
behaviors and ordering behaviors of ABC star terpolymers are
very diverse and complicated as they involve many important
parameters, such as each arm length and the immiscibility
between each pair of species. To reduce the composition
parameter space and describe the composition of ABC star
terpolymers, we use the ABC, nomenclature, where the A and
B arms have the same length and the length ratio N, :Np:N¢c of
A, B and C arms has the value of 1:1:z. The average volume
fraction of the C species in the melts is given by z/(2+z). To
further reduce the parameter space of star terpolymers, we also
assume that the C species has the same interactions with the A
and B species, i.e., the combined Flory-Huggins interaction
parameters xacN;= xsc/NV;-

In the calculations, the ABC star terpolymers are placed in

two-dimensional simulation cells with volume between 8R§0
and 64R§0, which are enough to accommodate microstructures
with one or two periodicities. A mesh with size of 64x64 or
96x96 is used to discretize the cell to ensure the enough spatial
resolution for the VCS method. The total chain contour is
discretized into 200~500 points,
compromise between the computational
resolution. The system is shallowly quenched from an initially
homogenous state into an ordered state. Then the integrated
method is applied until the internal stress change of the system
at each simulation step reduces to the level of 107 after the
phase separation of polymeric fluids. Multiple realizations with
different random numbers are conducted to confirm that the
resulting morphologies and ordering behaviors
accidental. Motivated by our previous findings and to exclude
the effects of relaxation parameter A on the ordering behaviors
of microphase separation, we set the relaxation parameter 1=0.1
to tune the cell size and shape in the simulations of star
terpolymers. In this work, we mainly explore how the ordered
microstructures and ordering mechanisms of ABC, star
terpolymers are influenced by the compositions and interaction
parameters.
EQUILIBRIUM MICROSTRUCTURES OF STAR TERPOLYMERS
Before investigating the ordering mechanisms of the star
terpolymers, the dynamic SCF theory/VCS method is applied to
produce the two-dimensional equilibrium morphologies. For a
comparison with other theory studies via the Monte Carlo and
static SCF methods, set the symmetric interaction
parameters, i.e., YasNi=YacN/=xscMN:.

Figure 2(a) shows the ordered microstructures of ABC, star
terpolymers obtained by the dynamic SCF simulations in
conjunction with the VCS method at symmetric interaction
parameters YapN;=YacN/=xscV;=30.0. Red, green and blue
colors represent A-, B- and C-rich domains, respectively. The
observed microstructures are classified into two categories. The

which result from a

demands and

are not

we
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first class can be regarded as the parallel cylinders with
polygonal cross sections, which are characterized as two-
dimensional tiling patterns. The tiling patterns are represented
by a set of integers [k./.m---], indicating that the k-gon, /-gon
and m-gon etc. consecutively meet at each vertex. The polygon-
tiling patterns including [8.8.4], [6.6.6], [8.6.6, 8.6.4] and
[10.6.6, 10.6.4] are obtained in the simulations of ABC, star
terpolymers with symmetric interaction parameters. In the
[8.8.4] tiling pattern, the two octagonal domains are formed by
the two different arms and the 4-coordinated domains are
composed of the shortest arms. Each vertex is surrounded by
two 8-gons and one 4-gon. In the [6.6.6] tiling pattern, three
species produce the hexagonal domains and each vertex is
surrounded by the three hexagonal polygons. The [8.6.6, 8.6.4]
tiling pattern contains two types of vertex in a section, one is
surrounded by one 8-gon and two 6-gons and the other is
surrounded by 8-gon, 6-gon and 4-gon. The longer arms
produce the octagonal domains. The shorter arms form two
types of domains with different shapes and sizes, i.e., the 4- and
6-coordinated polygons, which alternately surround the 8-
coordinated domains. In the [10.6.6, 10.6.4] tiling pattern, there
exist three kinds of vertex, one [10.6.6] type and two [10.6.4]
types. The longer arms form the 10-coordinated domains
encompassed by the six hexagons and four tetragons.

Besides these polygonal tiling patterns, there also exist
additional structures in two dimensions, i.e., three phase
lamellae (L3), lamella with alternating cylinders (L+Cyl),
lamellae (L) and cylinders (Cyl). In the L3 structure, the layers
formed by the shorter arms are sandwiched between the two
layers composed of the longer arms. In the L+Cyl structure, the
longest arms form the layers and the two shorter arms self-
organize into the cylinders with rectangular cross sections. The
L and Cyl structures of star terpolymers are similar with the
classic lamellar and cylindrical morphologies of linear diblock
copolymers, should be noted that the
microstructures presented here are subject to the two-

respectively. It

dimensional restriction and one may not obtain the intrinsic
three dimensional morphologies, such as sphere-, gyroid-, and
helix-based microstructures.

The one-dimensional phase stability of star
terpolymers as a function of the length ratio z are illustrated in
Figure 2(b). When the length ratio z of the C arms to the A

arms is small or the C arms are short, since the length of A and

regions

B arms is comparable, the system segregates to form A-rich and
B-rich lamellae with the minority C component at the
interfaces. As the three arms have comparable length,
corresponding to the length ratio 0.5<z<2.0, the amount of C
arms is sufficient to destroy the A and B layers. The star
terpolymers tend to self-assemble into the two-dimensional
tiling patterns. As the length ratio z increases in the range of
0.5<z<2.0, the various polygonal microstructures including
[8.8.4], [6.6.6], [8.6.6, 8.6.4] and [10.6.6, 10.6.4] are
successively found. The number of vertices of polygons
displays a roughly proportional relationship with the length of
C-arms or the volume fraction of C-species. With an increase of

the length ratio z from 0.5 to 2.0, the C-rich polygons undergo

6 | J. Name., 2012, 00, 1-3

the sequence of tetragons— hexagons—octagons—decagons,
while the polygons composed of the A or B species vary from
octagons, hexagons to coexistence of hexagons and tetragons.
In the range of the length ratio 2.0<z<2.5, where the volume
fraction of A or B species is far smaller than that of C species,
the star terpolymers self-organize into the hierarchical L+Cyl
structure instead of tiling patterns. As the length ratio z further
increases to 2.6, since the A and B arms are the minority
components, the interaction parameter y,g/N;, is not enough to
assure the segregation between the A and B species. The
domains formed by the mixing A and B species are dispersed in
the majority C matrix. In this range of length ratio, the resulting
phase behaviors of ABC star terpolymers are expected to be
similar to behaviors of diblock copolymers, and the AB mixed
appear in the
dimensional simulations. Whereas the A and B arms are much

lamellar and cylindrical structures two-
shorter than the C arms, a totally disordered phase eventually
emerges.

It is worth pointing out that there exist some experimental
and theoretical studies on the richness microstructures of star
terpolymers. In the experimental studies, Matsushita and co-
workers synthesized a set of ISP star-shaped terpolymers
composed of polyisoprene (I), polystyrene (S) and poly(2-
vinylpyridine) (P) arms'*. The tiling patterns (including [6.6.6],
[8.4.4], [12.6.4], [8.6.6, 8.6.4] and [10.6.6, 10.6.4] etc.) and
hierarchical structures (inducing cylinders-in-lamella, lamellae-
in-cylinder and lamellae-in-sphere etc.) are identified by the
transmission electron microscopy and small-angle X-ray
scattering techniques. They also found that the transition
sequence of [6.6.6]—[8.8.4]—[12.6.4]—L+Cyl occurs as the P
arms (corresponding to the C arms in our model) become long.
More recently, Ross, Manners and co-workers investigated the
self-assembly behaviors of a range of ABC star terpolymers
with polyisoprene, polystyrene
poly(ferrocenylethylmethylsilane)®>*"*2.  They observed a
diverse range of morphologies including cylinders-in-lamella,
[8.8.4] and [12.6.4] Archimedean tiling patterns.
simulations, the complex microstructures observed in the

arms of and

In our

experiments are partially reproduced due to the reduced model
of our star terpolymers (Figure 2(a)). The variation sequence of
pattern transition is [8.8.4]—[6.6.6]—[8.6.6,8.6.4]—
[10.6.6,10.6.4] >L+Cyl as the volume fraction of C species
increases (Figure 2(b)). Deviations from the experimental
observations are sometimes encountered in the theoretical
predictions due to unrealistic assumptions made in the model
and calculations, such as symmetric Flory-Huggins interactions,
monodisperse distribution of star copolymers and equal
segment size.

Although there is a discrepancy between our theoretical
predictions and experimental observations, our results are in
general agreement with most of other theoretical results, such
as Monte Carlo®, dissipative particle dynamics®, and static

SCF simulations?®?7-?8

. For instance, Zhang et. al. used the
generic spectral method of SCF theory to examine the phase
behaviors of star terpolymers®®. Only the tiling patterns, such

as [6.6.6], [8.4.4], [12.6.4], [8.6.6, 8.6.4] and [10.6.6, 10.6.4],
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are presented in their work, and the corresponding phase
diagrams are successfully constructed. As shown in Figure 2,
the equilibrium tiling patterns are reproduced by the dynamic
SCF theory in conjunction with the VCS method. The
corresponding one-dimensional phase diagram is well
consistent with the results of Zhang et al. In comparison with
the Zhang et al. results, other complex microstructures are also
obtained in our work. We also found that the ABC star
terpolymers display a quite interesting morphology transitions
from the tiling patterns to the two length-scale hierarchical
structures even in this simplified case of
¥asNVi=xacN/=xscNV;=30.0. On the other hand, the static SCF
theory used in Zhang et al. study deals with the equilibrium
structures of polymeric fluids, but does not take into account
the kinetic of microstructures. The integrating dynamic
SCF/VCS only obtain the equilibrium
configurations without internal stress, but also capture the
evolution of microstructures of ABC star copolymers.

simulations not

Soft Matter

ARTICLE

Fig. 3 (a) Temporal evolution of order parameters Syz, Spc and S,c during
microphase separation of ABC. star terpolymers with z=0.6. The melts are
quenched from the disordered state at y.4sN;=yscNi=x4cN/=0.0 to the ordered state
at x4sNi=xscNi=x4cN=30.0. For the sake of clarity, the error bars are only shown
in the end stage of simulations. The inset shows the temporal evolution of order
parameters in the range of time 7<¢<100z. ’L’;I and Kjy are the incubation time and
rate of phase separation between the I and J species, respectively. Profiles of local
density field distributions of A (left panel), B (middle panel) and C (right panel)
species at times 507 (b), 1007 (c), 1000z (d) and 100007 (¢). Note that all the
profiles are displayed in the same color map.

This journal is © The Royal Society of Chemistry 2012

Fig. 4 (a) Temporal evolution of order parameters S,z Szc and S,c during
microphase separation of ABC. star terpolymers with z=1.0. The melts are
quenched from the disordered state at y.sN,=yscNi=x4cN=0.0 to the ordered state
at y4sNi=xscNi=x4cN=30.0. Profiles of local density field distributions of A (left
panel), B (middle panel) and C (right panel) species at times 1007 (b), 2207 (c)
and 100007 (d).

ORDERING MECHANISMS OF STAR TERPOLYMERS Next, we
turn to focus on the microstructure formation of star
terpolymers. To quantitatively measure the segregation
behaviors of the three species, order parameter Sy, is defined to
describe the degree of phase separation between the I and J
species **

S () = Gy [ dx |1 (x.0) = (x.0) = UL o) 9)
where the subscripts IJK € {{ABC],[BCAL[ACB]}, Cy is a
normalization constant and f; is the average volume fraction of I
species. As the I and J species are miscible, the order parameter
S;; has a value of zero. While the interfaces between the I and J
species are sharp, the order parameter S;; approaches one. Thus,
the order parameters Sj; can be used to characterize the degree
of phase separation between the I and J species, which is
influenced by the composition of star terpolymers and the
combined Flory-Huggins interaction parameters.

Figures 3-5 display three representative order parameter
curves observed in the microphase separation of ABC star
terpolymers. Figure 3(a) shows the temporal evolution of order
parameters Sag, Spc and Sxc for the ABCy 4 system quenched to

J. Name., 2012, 00, 1-3 | 7
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the ordered state at yagN=xscNi=xacN/=30.0. Figures 3(b)-3(e)
show the profiles of the local density fields of star terpolymers
at times 50z, 100z, 1000z, and 10000z, respectively. After the
incubation times marked by 7 in the inset of Figure 3(a), a sharp
increase of the order parameters is observed due to the sudden
formation of domains. The slopes Kzc and K- of the order
parameter Spc and Spc curves are almost equal, but are both
smaller than that of S,p curve. These phenomena imply the fact
that the phase separation between the A and B species is
quicker than that of the B and C species or the A and C species.
The corresponding density field distributions of A, B and C
species at times 507 and 1007 are shown in Figures 3(b) and
3(c), respectively. At time 507, the intensity difference of
density field of each species is weak. At time 100z, the A and B
species form several A-rich and B-rich domains, respectively.
The C species is expelled from the A- and B-rich domains and
is located at the interfaces between the A and B components
due to the junctions of star terpolymers. In the following stage
of the ordering process, the domain size and intensity difference
of density field of each species further increase, which result in
the gradual increase of order parameters. Both the A and B
species have a tendency to form the octagonal domains, and the
C species is in favor of forming the tetragonal domains (Figure
3(d)). But the pattern fills with many defects in this stage. The
non-perfect transient state further evolves through an extremely
slow defect annihilation process. The VCS method plays an
important role in reducing the internal stress by changing cell
shape and size. Eventually, an ordered [8.8.4] tiling pattern is
formed, which is shown in Figure 3(e). The A and B arms self-
assemble into the octagonal domains and the short C arms self-
organize into the tetragonal domains.

Figure 4(a) displays the temporal evolution of order
parameters Sag, Spc and Sxc for the ABC,  system. Figures 4(b)
to 4(d) show the local density field distributions of A, B and C
species at times 100z, 2207t and 10000z, respectively. In the
early stage, the emergence of the domains leads to the drastic
increase of order parameters. The evolution curves of the three
order parameters are almost the same, indicating that the three
species simultaneously separate from each other. The
corresponding density field distributions of the A, B and C
species at times 1007 and 2207 are depicted in Figures 4(b) and
4(c), respectively. It is clearly observed that the A, B and C
species simultaneously produce the A-, B- and C-rich domains,
respectively. The hexagonal microdomains are generated in this
stage, but the pattern fills with lots of defects. Following the
fast process of phase separation is also a rather steady evolution
of order parameters, and the cell is deformed into a
parallelogram. Finally, the three species produce the hexagonal
microdomains and each vertex is surrounded by the three
hexagonal polygons (Figure 4(d)).

As the length of C arms is longer than that of A or B arms,
another type of order parameter curve emerges in Figure 5.
Note that the incubation time of phase separation between the B
and C species or the A and C species is about 40z, but the
incubation time of A and B phase separation is about 1107
(Figure 5(a)). The difference of incubation times is nicely

8 | J. Name., 2012, 00, 1-3

demonstrated by the distribution of local density field of each
species at times 507 and 120z, which are shown in Figures 5(b)
and 5(c), respectively. The system firstly forms the AB mixed
domains in the presence of the majority C component (Figure
5(b)). As time elapses, the segregation between two minority A
and B components occurs (Figure 5(c)). Meanwhile, the C-rich
domains further coarsen to reduce the surface energy. After the
phase separation between the A and B species, the changes of
order parameters become slow and the domains further
rearrange themselves to form more ordered microstructures. As
shown in Figure 5(d), a complicated ordered microstructure
starts to emerge, and the 8-, 6- and 4-coordinated polygons are
presented in the pattern at time 800z. At the end of the
simulation, the ABC| 5 star terpolymers self-assemble into an
ordered [8.6.4, 8.6.6] tiling pattern. The C arms produce the
octagonal domains, and the A and B arms form the tetragonal
and hexagonal domains which alternatively encircle the
octagonal domains (Figure 5(e)). As the length of C arms is
further increased, the temporal evolution of order parameters
are very similar with that of diblock copolymers, which is
depicted in Figure S3 of SI.

e LR S R —

Fig. 5 (a) Temporal evolution of order parameters S,z Szc and S,c during
microphase separation of ABC, star terpolymers with z=1.5. The melts are
quenched from the disordered state at y.sN,=yscNi=x4cN=0.0 to the ordered state
at y4sNi=xscNi=x4cN=30.0. Profiles of local density field distributions of A (left
panel), B (middle panel) and C (right panel) species at times 507 (b), 1207 (c),
8007 (d) and 100007 (e).

This journal is © The Royal Society of Chemistry 2012
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Fig. 6 Schematic illustration of ordering mechanisms for the disorder-to-order
transition of the ABC star terpolymer melts. (a) Ordering mechanism M, the two
species are quickly separated from each other and the third species is slowly
separated from the two species. (b) Ordering mechanism My, the three species are
simultaneously separated. (¢) Ordering mechanism My, the longer arms are firstly
separated from the other arms, followed by the segregation of the rest two arms.
The red, blue and green curves represent the A-, B- and C-arms, respectively. The
black dots represent the junction points of arms. The dashed curves denote the
interfaces of different species. In the ordered state, the interfaces are simplified by
the straight dashed lines.
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Fig. 7 Incubation times r;] (left panel) and rates Kj; (right panel) of phase
separation between I and J species as a function of length ratio z=N¢/N, at
different interaction parameters: (a) yusN/=xscNi=xacN/=30.0; (b) x.sN,/=35.0,
28cNi=x4cNi=30.0; and (¢) y4sN:=30.0, x5cNi=x4cN,;=40.0. The determinations of
incubation times and rates are schemed in the Figure S4 of SI.

Taken collectively, three types of order parameter curves in
the microphase separation of star terpolymers are observed for
the reduced model of star terpolymers and the set of parameters
chosen in this study, and correspond to three types of ordering
mechanisms of ABC, star terpolymers, which are schematically
illustrated in Figure 6. The A-, B- and C-arms are represented

This journal is © The Royal Society of Chemistry 2012
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by the red, blue and green curves, respectively. The dashed
curves denote the interfaces between different components. As
the C-arms are short, the starting times of phase separation are
almost the same. The segregation between the longer A and B
arms is quick. Meanwhile, the shorter C arms are randomly
distributed at the interfaces, and the shorter C arms slowly
rearrange to form the domains (Figure 3). This type of phase
separation is named as the quick-slow ordering mechanism
designated by M, which is schemed in Figure 6(a). When the
length of each arm is comparable, three species in the star
terpolymer melts are simultaneously segregated from each
other (Figure 4). It is called the one-step ordering mechanism
designated by My, which is illustrated in Figure 6(b). As the C-
arms are long, the phase separation of star terpolymers has the
characteristic of step-wise ordering mechanism designated by
My, which is depicted in Figure 6(c). One of the three
components is segregated from the other two components (1%-
step), and then the remaining two components are segregated
from each other (2"-step). The corresponding order parameter
curves are depicted in Figure 5.

Experimental investigations of complicated ordering in
triblock copolymer systems were preliminarily undertaken by
Hashimoto and co-workers, who examined microphase
separation of polyisoprene-block-polystyrene-block-poly(vinyl
methyl ether) triblock terpolymer (PI-5-PS-5-PVME)*. It is
demonstrated that the ordering of such polymer systems
proceeds via a step-wise mechanism by continuously tuning the
temperature or selective solvent content. The 1%-step
microphase separation occurs between the PI component and
the other two PS and PVME components during solution
casting process, and the 2"%-step microphase separation between
the PS and PVME components is induced by water. The present
study shows that the step-wise procedure of phase separation is
simply achieved by quenching the ABC star copolymers from
disordered states to ordered states, instead of changing the
interaction energy by tuning the temperature or varying the
solvent content.

As stated above and shown in Figures 3-5, the types of order
mechanisms are strongly related to the incubation time and rate
of phase separation among each species. To systematically
examine the observed ordering mechanisms of ABC, star
terpolymers, we further analysed the incubation times and rates
of phase separation as a function of the composition of star
terpolymers with different interaction parameters in the initial
stage of phase separation. Note that the determinations of
incubation times and rates (corresponding to the slopes of order
parameter curves) are illustrated in the Figure S4 of SI. Figure
7(a) shows the incubation times and rates of phase separation as
a function of the length ratio z=N/N, for the case of symmetric
interaction parameters. Due to the similarity between the Suc
and Spc curves, only the incubation times and rates for the B
and C species are presented. In the range of length ratio
0.1<z<1.0, the incubation times tiz and 75, are almost the
same in the phase separation of star terpolymer melts. The
incubation time 7}y and rate K,; of A and B species as a
function of the length ratio z display a monotonic behavior.
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However, the incubation time Téc and rate Kzc of B and C
species display a non-monotonic behavior. For example, the
incubation time 75, reaches a maximum value around z=1.0.

Based on how the incubation times and rates are affected by
the length ratio z, the diagram of Figure 7(a) is divided into
three characteristic regimes, which correspond to three types of
ordering mechanisms (M}, My and Myy) in the phase separation
of star terpolymers, respectively. In Regime I (0.1<z<0.9), the
incubation times of phase separation in the melts are almost
equal, but the rate of phase separation between the A and B
species is larger than that of B and C species. The facts indicate
that the starting times of phase separation are almost the same,
but the phase separation of A and B species is quicker than that
of B and C species or A and C species. The phase separation of
star terpolymers with shorter C-arms corresponds to the
ordering mechanism M, which is schemed in Figure 6(a). In
Regime II (0.9<z<1.3), the incubation times and rates of phase
separation are almost equal, implying that the three species are
simultaneously segregated from each other. The phase
separation of star terpolymers with comparable arm length
satisfies the one-step ordering mechanism My, which is
schemed in Figure 6(b). In Regime III (z>1.3), the incubation
time of phase separation between the A and B species is longer
than that of B and C species. The phenomenon manifests the
fact that the C species is firstly separated from the AB mixing
domains, following by the further de-mixing of A and B
species. This type of phase separation corresponds to the step-
wise ordering mechanism My, which is illustrated in Figure
6(c). This mechanism can be understood as follows: The
diblock copolymer melts with segregation strength
necessitate a long incubation time to phase
separation®™®'. In the ABC, star terpolymer melts, there exist
three microphase separations between each pair of species, e.g.,
A-B pair, B-C pair and A-C pair. The incubation times are
determined primarily by the effectively interaction parameters
xuN1, where Ny is total length of I and J arms. For the case of
ABC, polymers with z>1.3, y,3N4p, xscNsc and y,cN,c have
values of 2y,zNi/(z+2), xscN; and y,cN, respectively. An
increase of C arm length leads to a decrease of effectively
interaction parameter y,3N,p or a long incubation time of AB
phase separation, while a slightly change of incubation time of
the AC or BC phase separation. These result in the two-step
ordering mechanism for the ABC, star terpolymers with
symmetric interaction parameters.

In addition, the interaction parameters have effects on the
ordering mechanisms of ABC star terpolymers. Figures 7(b)
and 7(c) show the data of the incubation times and rates of
phase separation for the asymmetric interaction parameters at
x4sNi=35.0  and  ypcN;=x.cN,;=40.0, respectively. The
incubation time and rate curves for the asymmetric interaction
parameters display similar behaviors for the case of symmetric
interaction parameters. The diagrams of Figures 7(b) and 7(c)
for the star terpolymers with asymmetric interactions are also
divided into three characteristic zones. One striking feature of
these characteristic zones is that the ordering mechanisms of
star terpolymers are dramatically altered by the interaction

low
occur
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parameters. To display the effects of interaction parameters,
one can choose typical star terpolymers with compositional
symmetry, e. g., ABC g star terpolymers, as an example. As the
interaction  parameters are set as y,N,=35.0 and
x8cNi=x4cNi=30.0, the starting times of phase separation are
almost equal, but the phase separation rate of A and B species
is quicker than that of other species (Figure 7(b)). Under these
circumstances, the phase separation of star terpolymers
corresponds to the ordering mechanism M;. In contrast, another
scenario is observed for the case of y,N=30.0 and
x8cNi=x4cN;=40.0, which is shown in Figure 7(c). Under these
settings, the disorder-to-order transition of star terpolymers

obeys the ordering mechanism Mjy; due to the strong
immiscibility of C species with the A or B species.
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Fig. 8 Microphase separation of ABC, star terpolymers with z=1.5 using the

dynamic SCF simulations without the Parinello-Rahman moves in an

optimization cell. (a) Temporal evolution of order parameters. (b) Profiles of local
density field distributions of A (left panel), B (middle panel) and C (right panel)
species at times 507, 1507, 500t and 3000r.

In the present work, the studies are limited in the ABC, star
terpolymers with symmetric interaction parameters. Three types
of ordering mechanisms are found in the reduced model of
ABC star terpolymers. It should be elucidated that other types
of ordering procedure from homogenous states may also take
place when the composition of star terpolymers or the
interaction parameters among each segment are changed. Taken
the previously investigated ABC,s star terpolymers as an

This journal is © The Royal Society of Chemistry 2012
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example (Figure 5 and Figure 6(c)), if the C arms are switched
with the B arms and rename it again as AB, sC star terpolymers,
the ordering procedure for such star terpolymers may follow the
sequence: The B arms are first segregated from the mixed A
and C arms, and then the remaining A and B arms are
segregated from each other. Correspondingly, the A arms are
first separated from the mixed B and C arms for the case of
A, sBC star terpolymers.

We noted a few limitations of the model used in this study.
One limitation is that the unrealistic dynamics is introduced
into the system by the Parinello-Rahman moves in the variable
cell shape method. To avoid the unrealistic dynamics, the
simulations should be performed in boxes with fixed cell shape.
Nevertheless,  stress-free  states of  phase-separation
configurations are not easy to be achieved in the small systems
despite the cells having optimized size and shape. In order to
rationally explore the dynamics of phase separation of block
copolymers, large cell simulations should be conducted to
reduce the internal-stress effects on the ordering kinetics. On
the other hand, the main reason for integrating dynamic SCF
theory and VCS method in our work is that the kinetic pathway
of ABC star terpolymers in the reduced model is determined by
the free energy landscape of self-assembling system from the
disordered state to ordered states. In small box simulations of
dynamic SCF theory without VCS method, the systems usually
trap in intermediate states with residual stress, which leads to
high free energy of systems. Using the combination approach of
dynamic SCF theory and VCS method, one could yield stress-
free intermediate states in the evolution process of block
copolymer melts, which are not easy to obtain in the dynamic
SCF simulations.

Another limitation is that the simulations of dynamic SCF
theory are performed in the two-dimensional cell. The three-
dimensional simulation of dynamic SCF theory with fixed cell
shape method is shown in Figure 8. The incubation times
separate from each other. At time 507, the system segregates
into the AB mixed domains and C-rich domains. Subsequently,
the AB mixed domains form the A-rich and B-rich domains.
Finally, the star terpolymers self-assemble into an ordered
[8.6.4, 8.6.6] tiling pattern. Such process of phase separation
corresponds to the step-wise ordering mechanism of star
terpolymers. It should be mentioned that the computational
intensity in three dimensions is enlarged greatly due to the
recursive calculations of inversion problem of density fields in
the dynamic SCF simulations. Currently, the acceleration
techniques via graphics-processing-units are addressing the
challenges®*. The SCF simulations can progress up to sixty
times faster than those of serial version.

Despite these limitations, our study may provide valuable
guidance to experimentalists on how complex ordered
nanostructures of star terpolymers can be tailored in terms of
both thermodynamics and kinetics. For instance, the step-wise
microphase separation may be a novel technique to control and
create complex morphologies of ABC star terpolymers. For this
purpose, one of the three arms must segregate from the other
two arms in the 1¥-step ordering, while the remaining two arms

This journal is © The Royal Society of Chemistry 2012
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are still miscible. The structures exist as a stable state via
crosslinking of segregated arms. For the Z“d-step, the miscible
arms are possible to microphase separate in a nanopore or
cavity environment formed in the 1¥-step. The introduction of
geometric frustration to the system of 2"%-step allows the ABC
terpolymers to self-assemble into new nanostructures such as
helix, toroid and aperiodic structures®. The materials with
novel morphologies on the nanoscale may have a potential for
use in the next-generation lithography and photonic crystals>*3,
which demand a variety of complex nanostructures.

4 Conclusions

To summarize, a combination approach of dynamic SCF theory
and VCS method is to probe the ordered
microstructures and ordering mechanisms of inhomogeneous

developed

polymeric fluids with complex architectures. The disorder-to-
order transition of the simplest AB diblock copolymers is
studied by using the novel combination method. By tuning the
cell shape and size in the evolution of density fields, the
copolymer systems are effectively accelerated towards the
equilibrium morphologies without distortions or defects. Then,
applied
and ordering mechanisms

the novel method is to explore the complex
of ABC

terpolymer melts. A variety of tiling patterns and hierarchical

microstructures star
structures are formed by changing the composition of ABC star
terpolymers. As the star copolymer melts are quenched from
the disordered states to the ordered states, three types of
ordering mechanisms are discovered. When the lengths of two
arms are longer than that of third arm, the two long arms are
quickly segregated from each other and the short arm is slowly
separated from the formed domains. As the lengths of the three
arms are comparable, the three arms are simultaneously
segregated from each other. While one of the arms is long, the
longer arms are separated from the shorter mixed domains,
following the further de-mixing of shorter arms. In addition, the
ordering mechanisms of microphase separation of ABC star
terpolymers are strongly affected by the interaction parameters
among each segment.
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Ordering mechanisms of ABC star terpolymers
The ABC star terpolymers self-assemble into the tiling patterns. Three types of ordering
mechanisms (quick-slow, one step and step-wise) are discovered in the disorder-to-order
transition of ABC star terpolymer melts studied by integrating dynamic self-consistent field

theory and variable cell shape method.



