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Adsorption and ordering of amphiphilic rod–coil
block copolymers on a substrate: conditions for
well-aligned stripe nanopatterns†

Liquan Wang, ‡ Zhengmin Tang,‡ Da Li, Jiaping Lin * and Zhou Guan

Controlling the ordering of self-assembled nanostructures is vital in block copolymer nanotechnology

but still presents a challenge. Here we demonstrated that the adsorption and ordering of amphiphilic

rod–coil block copolymers on a substrate can generate well-aligned stripe nanopatterns by dissipative

particle dynamics simulations. The effects of the copolymer concentration and the surface affinity on the

formation of stripe nanopatterns were examined. The simulation results revealed that the well-aligned

stripe nanopatterns with controllable thickness and stripe width can be obtained in the systems with

higher copolymer concentration and surface affinity. An immersion coating experiment was designed to

verify the simulation results, and an agreement is shown. The present work provides a strategy for con-

structing well-aligned stripe nanopatterns in a controllable way.

1. Introduction

Thin films of block copolymers have attracted considerable
research interest due to their potential applications in emer-
ging nanotechnologies such as ultrahigh-density storage
media,1 nanoporous membrane,2,3 and nanolithography.4

Plenty of these applications require the use of thin films in
geometries of high precision and well-defined orientations.
Various techniques have been employed to guide the self-
assembly of block copolymers in thin films, including solvent
annealing,5,6 graphoepitaxy,7,8 chemical pre-patterning,9–11

and external fields such as mechanical flow fields,12,13 electric
fields,14,15 magnetic fields,16,17 and thermal gradients.18

However, the ability of these technologies to control ordering
in block copolymer thin films still needs to be improved to
meet the requirements of next-generation thin films.

Self-assembly of block copolymers on an unpatterned sub-
strate generally leads to localized ordering into polycrystalline-
type structures with numerous grain boundaries.19 This limits
the utility of block copolymers in the fields that require both
domain orientation and long-range order. Graphoepitaxy and

chemical pre-patterning are two conventional approaches to
direct block copolymer self-assembly in an attempt to over-
come this inherent deficiency of copolymer assembly.7 The
research efforts have demonstrated that periodic patterns of
parallel lines,20 close-packed dots,21 and more complex struc-
tures such as concentric rings22 and bent lines23 can be gener-
ated using these two approaches. However, these approaches
require initial substrate patterning by photolithography to
create ordered topographical features of block copolymers.
This additional step significantly increases the cost and time
requirements for the arrangement of block copolymers.24

The adsorption and ordering of amphiphilic rod–coil block
copolymers onto the surface of the substrate can be a promis-
ing method for thin films with controlled domain ordering.
The liquid crystalline aligning interactions between rod blocks
can facilitate the formation of well-aligned nanostructures.25,26

However, it is a challenge to access long-range order in rod–
coil block copolymer films because rod blocks usually have
high melting temperatures and a strong tendency to crystallize.
One of the methods to access well-aligned structures is air–
liquid interfacial self-assembly of rod–coil block copolymers.27–29

In addition to the rigid nature of rod blocks and the block
copolymer architecture, the fluidic nature of the air–water
interface is helpful for the formation of well-aligned structures.

In contrast with the fluidic interface, the immersion
coating method could generate well-aligned patterns on a solid
substrate.25 To date, there are many works regarding the prepa-
ration of thin films from the immersion coating of rod–coil
block copolymers on the substrate.25,30–33 In these works,
however, the copolymers are usually chemically bonded to the

†Electronic supplementary information (ESI) available: Simulation method,
experimental method, and effect of copolymer concentration and surface affinity
on the morphologies. See DOI: 10.1039/d0nr01244k
‡These authors contributed equally to this work.

Shanghai Key Laboratory of Advanced Polymeric Materials, Key Laboratory for

Ultrafine Materials of Ministry of Education, School of Materials Science and

Engineering, East China University of Science and Technology, Shanghai 200237,

China. E-mail: jlin@ecust.edu.cn

This journal is © The Royal Society of Chemistry 2020 Nanoscale, 2020, 12, 13119–13128 | 13119

Pu
bl

is
he

d 
on

 1
0 

Ju
ne

 2
02

0.
 D

ow
nl

oa
de

d 
by

 E
as

t C
hi

na
 U

ni
ve

rs
ity

 o
f 

Sc
ie

nc
e 

&
 T

ec
hn

ol
og

y 
on

 1
0/

23
/2

02
0 

1:
14

:0
9 

PM
. View Article Online

View Journal  | View Issue

www.rsc.li/nanoscale
http://orcid.org/0000-0002-5141-8584
http://orcid.org/0000-0001-9633-4483
http://crossmark.crossref.org/dialog/?doi=10.1039/d0nr01244k&domain=pdf&date_stamp=2020-06-19
https://doi.org/10.1039/d0nr01244k
https://pubs.rsc.org/en/journals/journal/NR
https://pubs.rsc.org/en/journals/journal/NR?issueid=NR012024


substrate, which causes the disordered surface pattern to yield.
Therefore, whether or not the immersion coating of rod–coil
block copolymers that are not anchored to the substrate can
generate thin films with controlled thickness and domain
order remains a question. Moreover, how the rod–coil block
copolymers are adsorbed and ordered on the substrate needs
to be addressed.

The amphiphilic copolymers can be irreversibly adsorbed
on the substrate as the copolymer concentration is low, while
the assembly behaviors of amphiphilic copolymers on the sub-
strates are dictated by the interplay between the adsorption
and micellization in bulk solution (i.e., the solution excluding
the substrate) as the polymer concentration is high.34,35 The
interplay is influenced by various thermodynamic parameters
such as the concentration of the copolymers and the surface
affinity to the copolymers. Distinct balances have to be
achieved under each condition, which renders the systems
much complicated. Theory and simulations such as Flory-type
approximation and Monte Carlo simulations were employed to
understand the behaviors and explore the structures of the
films formed by block copolymers.34 Recent works, however,
are mainly concentrated on the coil–coil block copolymers,
and less attention is paid to the rod–coil block copolymer
systems. The capability of the amphiphilic rod–coil block copo-
lymers to generate well-aligned patterns on the substrate
remains to be explored.

In this work, we performed dissipative particle dynamics
(DPD) simulations of a coarse-grained model to systematically
explore the adsorption and ordering behaviors of the amphi-
philic rod–coil copolymers on a substrate. It was demonstrated
that the rod–coil block copolymers could self-assemble into
well-aligned stripe nanopatterns with a fixed thickness on the
substrate as the copolymer concentration and the surface
affinity are high. Guided by the predictions from the DPD
simulations, we conducted a designed experiment of solu-
tion self-assembly of poly(γ-benzyl L-glutamate)-b-poly(ethylene
glycol) (PBLG-b-PEG) on the silicon wafer covered with poly-
styrene. It was found that the experimental observations well
support the simulation results. We believe that the present
approach could be a new route to produce thin films with well-
aligned patterns and controlled thickness.

2. Simulation methods

We considered a solution system consisting of amphiphilic
rod–coil diblock copolymers, solvents, and a flat substrate.
Dissipative particle dynamics (DPD), a simulation technique
for hydrodynamics behavior, was employed for the present
study. The DPD method was introduced by Hoogerbrugge and
Koelman and was reformulated by Español and Warren as a
proper statistical mechanics model.36–40 For details of the
method, see section 1.1 of the ESI.† The model used in the dis-
sipative particle dynamics (DPD) simulations is schematically
illustrated in Fig. 1a. As shown in the figure, the copolymers
are coarse-grained into two kinds of DPD beads with neighbor-

ing ones connected by harmonic spring potentials. Angle
interaction between triplets of DPD beads was applied to one
of the blocks (green) to control the rigidity of the polymer
chains. The remainder beads (red) in the copolymers are
assigned to the flexible chains. Each rod (or coil) block con-
sists of four beads. The solvents are modeled by individual
DPD beads (not shown in Fig. 1a). A solid flat substrate with
two surfaces being different affinities is placed at the bottom
of the simulation box. We constructed the flat substrate by
arranging the DPD beads in the FCC packing fashion. The
beads are packed close enough (the minimum bead-to-bead
distance is 0.4rc) to prevent the copolymers and solvents from
permeating through the flat substrate. As the beads are packed
tightly, the packing manner could have a less marked effect on
the simulation results (see Fig. S4†).

The interaction parameters aij between different types of
beads were given in Table 1. Note that in the DPD method,
there is a linear relationship between the Flory–Huggins para-
meter χij and the interaction parameters aij. Larger aij means
larger χij and stronger incompatibility between the species i
and j. In the work, R, C, S, and P (or P′) denote rod blocks, coil

Fig. 1 (a) Schematic of the simulation system consisting of rod–coil
block copolymers and a flat substrate. (b) Sketch of the adsorption and
ordering of rod–coil block copolymers on the substrate. (c) Top-view of
the simulation structures on the substrate. (d) Cross-section of the
stripe pattern on the substrate. The white line in insert indicates the
position where the cross-section creates.

Table 1 Interaction parameters aij between various components

R (rod) C (coil) S (solvent)

R 25
C 80 25
S 80 30 25
P/P′a aRP/120 aCP/120 120/120

a P and P′ represent upper and under surfaces of the substrate,
respectively.
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blocks, solvents, and the beads constructing the flat substrate,
respectively. For the beads of the same species, the repulsive
parameters aij were set to 25. A large value of aRC (= 80) is
chosen to represent the incompatibility between rod and coil
blocks. The undersurface P′ of the substrate is incompatible
with copolymers by setting aRP′ = aCP′ = 120, while the upper
surface P is slightly miscible with copolymers by setting aRP =
aCP < aCP′. At the beginning of the simulation, the polymers
and solvents are initially randomly distributed in the simu-
lation box, and the copolymer and substrate are soluble in sol-
vents (aRS = aCS = aPS = 25). We then changed the interaction
strengths to mimic the water addition process.40 The details
are given as follows (see Table 1). We set the larger aRS (= 80)
than aCS (= 30) to simulate the solvent selectivity to coil blocks.
Also, both two surfaces of the flat substrate are hydrophobic by
setting aPS = 120.

The simulations were performed in the l × l × h three-
dimensional spaces with periodic boundary conditions. The
NVT ensemble was adopted in the simulation. The size of the
flat substrate is l × l × 1. The total number of the DPD beads of
polymers and solvents can thus be calculated as l2 × (h − 1) ×
ρ, where ρ = 3 is the number density of the system. In this
work, we chose l and h to be 50rc and 10rc, respectively.
Therefore, the number of DPD beads for polymers and sol-
vents is 67 500. The velocities with Gaussian distributions are
applied to all of the beads except those forming the flat sub-
strate. The DPD simulations are run at least for 30000τ to
achieve the equilibrium of the self-assembly. The time step
was set as Δt = 0.01τ, where τ is the unit of time. The units of
mass, length, and energy are defined by m, rc, and kBT, respect-
ively. For each case, we conducted the simulations with
various random number seeds for ten times. The final quanti-
tative results were averaged over the ten simulations.

3. Results and discussion

The present work mainly focuses on the dissipative particle
dynamics (DPD) simulations of an immersion coating process.
In this coating process, as sketched in Fig. 1b, a flat substrate
is immersed into a solution consisting of amphiphilic rod–coil
diblock copolymers and common solvents. As the selective sol-
vents are added, the rod–coil block copolymers can be
adsorbed on the surface of the substrate. Simultaneously, the
rod–coil block copolymers are gradually rearranged, and
surface patterns are finally formed.

In Fig. 1c, we presented a characteristic pattern of the thin
film, which is formed by the self-assembly of the amphiphilic
rod–coil block copolymers on the upper surface of the sub-
strate. A highly ordered stripe nanopattern without defects was
observed. The hydrophobic rod blocks are packed orderly to
form the inner parts of the stripes, whereas the hydrophilic
coil blocks connected with one end of rod blocks extend into
the solution to form the shell. Under this circumstance, the
coil blocks can enwrap the rod block cores to stabilize the
structures. Fig. 1d shows that the rod blocks are almost per-

pendicular to the long axis of the stripes and parallel to the
substrate. From the cross-section shown in the insert of
Fig. 1d, it is evident that the structures of the stripes are semi-
cylinders. These results demonstrate that the rod–coil block
copolymers are capable of self-assembling into well-aligned
patterns on the substrates. To understand the condition for
the formation of well-aligned stripes, we conducted a systema-
tical investigation on the effect of copolymer concentration
and surface affinity (see details below).

3.1. Adsorption of copolymers on substrate

In the solutions, the copolymers can be either absorbed on the
substrate or dispersed in the bulk solution. In the bulk solu-
tion, micelles are formed as the polymer concentration
exceeds critical micelle concentration. Note that the bulk solu-
tion here represents the region where the substrate and the
adsorbed layer are excluded.

The copolymers can be irreversibly adsorbed on the surface
of substrates as long as the surface is not saturated. This is
because the adsorption of copolymers on the substrate can
reduce the total free energy of the systems. After saturation,
the surface of the substrate is then in equilibrium with the
bulk solution by exchanging copolymers between the thin film
attached to the substrate and the micelles in bulk solution.

To understand the above behavior, we examined the density
distribution of block copolymers along the direction z normal
to the substrate. Note that the density is the averaged over the
x–y plane for various times. The result is presented in Fig. 2a.
As shown, the density profile shows a peak around z = 1.1rc,
and a depletion layer (I) exists in the range of z < 1.1rc. The
depletion layer (I) is a region where the copolymers are distrib-
uted away from the substrate. Because the depletion layer (I)

Fig. 2 (a) Density of rod–coil block copolymers along z-axis normal to
the substrate for the systems with various copolymer concentration cp,
where the interaction strength is aRP = aCP = 30. (b) Density of rod
blocks and coil blocks along z-axis for the system with cp = 0.217 and
aRP = aCP = 30. Representative simulation structures on the substrate
obtained at (c) cp = 0.035 and (d) cp = 0.386, where aRP = aCP = 30.
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originates from the repulsion between the substrate and the
segments of the copolymers, the positions of the peaks remain
nearly unchanged with the change of the copolymer concen-
tration. At lower copolymer concentration, the density of the
copolymers far away from the substrate is zero, implies that
there are no free copolymers in the bulk solution. As the con-
centration of the copolymers increases, the density of the
copolymers shows an increase, but the density near the sub-
strate is unchanged at higher copolymer concentration. There
is another depletion layer (II) between the film and the bulk
solution. This depletion layer (II) becomes marked upon
increasing the copolymer concentration. Since the position of
the depletion layer fluctuated along the plane of the laterally
structured film, the statistically average density is not
“depleted” entirely in contrast with the depletion layer (I).
Despite this, it signals that the non-adsorbing copolymers are
prevented from merging with the adsorbed film. The depletion
layer (II) can be visible by plotting the density distribution of
rod blocks and coil blocks, respectively. The result is given in
Fig. 2b. As shown, the rod blocks are completely depleted in
the depletion layer (II).

The copolymer concentration not only has a pronounced
influence on the adsorption of copolymers on the substrate
but also affects the structures of absorbing layers. Fig. 2c and
d show two typical morphologies of the thin films obtained at
lower copolymer concentration (cp = 0.035) and higher copoly-
mer concentration (cp = 0.386), respectively. One can see that
as the copolymer concentration is low, the copolymers are
more likely to form surface micelles, that is, small spherical
aggregates and short stripes on the substrate. When the copo-
lymer concentration is high, the ordered stripe patterns appear
on the substrate.

The number of copolymers absorbed on the substrate can
be further evaluated by examining the density of the copoly-
mers in thin films. In Fig. 3a, we plotted the corresponding
density as a function of the copolymer concentration. The
density of the copolymers dispersed in bulk solution was also
given in the figure. As the copolymer concentration is lower
than 0.18, the density of copolymers on the substrate increases
linearly, but that in solution remains vanishingly small. It indi-
cates that the copolymers are almost adsorbed onto the sub-
strate to form films. As the copolymer concentration is higher
than 0.2, the density of the copolymers on the substrate
remains constant, and that in bulk shows a linear increase.
Under this condition, the amount of copolymers absorbed on
the substrate reaches a saturation value of ca. 3.5. The satur-
ation value is slightly larger than the average density of 3. Such
a saturation characteristic is also reflected by the variation of
film thickness as a function of the copolymer concentration,
which is shown in Fig. 3b. It can be seen that for various aRP
values, the film thickness first increases and then keeps
unchanged with increasing the copolymer concentration.

In addition to the copolymer concentration, the adsorption
behavior is also dependent on the surface affinity to the copo-
lymers. The surface affinity can be tuned by changing the
value of aRP in the simulation (we have set aRP = aCP for simpli-

city). The smaller value of aRP represents the higher surface
affinity to the copolymers. Fig. 3c and d show the density of
the copolymers absorbed on the substrate and the film thick-
ness as a function of the value of aRP, respectively. As shown,
for various values of cP, the film density decreases, and the
film thickness increases with increasing the aRP value.
Increasing the surface affinity leads to the adsorption of more
copolymers on the substrate before saturation. As the cP
increases, the adsorption is saturated at higher aRP value
(lower surface affinity). However, understanding the relation-
ship between film thickness and surface affinity is not intui-
tive. This is related to the structure of the stripes, which is dis-
cussed in the following section.

3.2. Structure and ordering of stripe nanopatterns

Of particular interest is the formation of the stripe nanopat-
terns as the rod–coil block copolymers are attracted to the sub-
strate. This subsection focuses on the structure of the stripe
nanopatterns. To examine the ordering of the stripe patterns,
we adopted our previous method to calculate the in-plane
orientation distribution of the stripes and the order parameter
of the patterns (the details regarding the calculation of order
parameters are given in section 1.2 of the ESI†).41,42 The local
tangent vectors along the interfaces between the domains rich
in rod and coil blocks are obtained by averaging the out-of-
plane density. The angle between the tangent vector and the
director, denoted as α, is used to characterize the local orien-
tation distribution of the cylinders (see the inset of Fig. 4a).
Fig. 4a shows the distribution of the α angle. It can be seen
that the angles show a peak at α = 0 and are symmetrically dis-

Fig. 3 (a) Density of rod–coil block copolymers absorbed on the sub-
strate and dispersed in bulk solution as a function of the copolymer con-
centration cp, where aRP = aCP = 30. (b) The thickness of the stripes as a
function of cp. (c) The density of the copolymer absorbed on the sub-
strate as a function of the interaction strength aRP. (d) The thickness of
the stripes as a function of the aRP.
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tributed around α = 0. As the aRP value increases, the distri-
bution of α angles broadens.

To quantitatively measure the order of patterns on the sub-
strate, we used the order parameter S to describe the order
degree of the stripe alignment. As the order parameter S
approaches one, perfectly ordered patterns are generated. In
Fig. 4b, black and red lines show the order parameter S as a
function of the copolymer concentrations cP and the inter-
action strength aRP, respectively. One can see that the order
parameter S increases as either the aRP value decreases or the
copolymer concentration increases. The order parameters are
higher than 0.7 as the aRP value is lower than 25 or as the
copolymer concentration increases beyond 0.5, indicating that
the stripe patterns at these conditions are well-aligned.

Fig. 4c shows the distributions of the stripe width of the
films. As shown in Fig. 4c, the distribution of stripe width is
symmetrical around d = 6rc and becomes wide upon increasing
the aRP value. The average stripe width and average in-plane
period were also statistically analyzed. The results are shown
in Fig. 4d. As shown, the average stripe width, which is roughly
6rc, is nearly independent of the aRP values. The in-plane
period of the stripes is also unchanged as the aRP value varies.
The in-plane period is only slightly larger than the stripe
width, implying that the stripes are highly asymmetric. Such a
structure is different from the widely studied lamellae where
the period is usually twice the layer width.43

The stripe nanopattern, different from the lamellae, is a
parallel arrangement of semi-cylinders (see the cross-section
shown in the inset of Fig. 1c). We used a contact angle β to

characterize the cross-section of the semi-cylinders. The
contact angle, related to the wetting behaviors of the semi-
cylinders, is defined as the angle between the tangent to the
core and the substrate (see the inset of Fig. 5a). Fig. 5a shows
the distributions of the contact angle at various values of aRP.
With increasing the aRP values, the distribution shifts towards
the higher value of the contact angle and becomes wide. This
is reflected by the variation of the average contact angle as a
function of the aRP values, which is shown in Fig. 5b. As
shown, the average contact angle increases as the aRP value
increases. This tendency becomes less marked as the copoly-
mer concentration increases. The result can be used to explain
the relationship between the film thickness and surface
affinity (see Fig. 3d). As the aRP decreases, the copolymers are
attached to the substrate more closely, and the contact angle
of stripes decreases, leading to a decrease in the film
thickness.

The wetting behavior of the stripes is closely associated
with the orientation of the rod blocks of the rod–coil block
copolymers. Here, we chose the angle γ between the rod blocks
and the direction normal to the substrate to characterize the
orientation of the rod blocks within the cross-section of the
cylinders (see the inset of Fig. 5c). Fig. 5c shows the distri-
bution of the γ angles. The peak of the distribution appears at
90°, implying that the rod blocks tend to lie on the substrate.
The distribution becomes broad as the aRP value increases. In
Fig. 5d, we plotted the average orientation angle as a function
of the aRP value. As shown, the average orientation angle
decreases with increasing the aRP value and increases as the
copolymer concentration decreases. Such variations result
from the balance of orientation entropy of the rod blocks and

Fig. 4 (a) Distribution of the orientation angle α of the stripes relative
to the director, where cp = 0.386. The insert shows the definition of the
angle α. (b) Order parameter S of the stripes as a function of aRP (red
line, cp = 0.386) and cp (black line, aRP = 30), respectively. (c)
Distribution of the stripe width for the system with various aRP, where cp
= 0.386. (d) The average stripe width and average in-plane period of the
films as a function of aRP, where cp = 0.386.

Fig. 5 (a) Distribution of the contact angle β for the systems with
various values of aRP, where cp = 0.386. The insert shows the definition
of the angle β. (b) Average contact angle 〈β〉 as a function of aRP. (c)
Distribution of orientation angle γ for rod blocks, where cp = 0.386. The
insert shows the definition of the angle γ. (d) Average orientation angle
〈γ〉 for rod blocks as a function of aRP.
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the interaction energy between rod blocks and substrate. The
orientation entropy favors the “lying down” packing of rod
blocks on the substrate. However, the repulsion between rod
blocks and substrate drives the “standing up” arrangement of
rod blocks on the substrate to reduce the unfavorable inter-
action enthalpy effectively. The interplay of these two effects
results in the decrease of average orientation angle as the
interaction aRP between rod blocks and substrate increases.

To fully understand the adsorption and ordering behaviors
of the amphiphilic rod–coil block copolymers on the substrate,
we summarize the observed morphologies into a stability
region diagram. The stable morphology diagram is shown in
Fig. 6. The diagram consists of three regions. They are surface
micelles (spherical micelles or short stripes attached to the
surface of the substrate), surface stripes (long stripes attached
to the surface of the substrate), and surface stripes with
micelles dispersed in bulk solution (for a direct view of the
morphologies, see Fig. S3 and S4†). In the diagram, the red,
yellow, green, and blue symbols represent surface micelle,
surface stripes, surface stripes with micelles dispersed, and
well-aligned surface stripes with micelle dispersed, respect-
ively. When the copolymer concentration is low and the
surface affinity is high, the copolymers are almost absorbed by
the substrate and form surface micelles of spherical shape.
The surface stripes without micelles dispersed in bulk solution
are mainly observed for the systems with intermediate concen-
tration and high surface affinity. When the copolymer concen-
tration is high, the amount of stripe-forming copolymers
reaches the saturation value, and the excess copolymers self-
assemble into the micelles in bulk solution. As shown in the
figure, the stripes in the region below the dashed line are well-
aligned, where the S is higher than ca. 0.6. The diagram shows
that the condition for the amphiphilic rod–coil block copoly-
mers to form a well-aligned stripe pattern is higher copolymer
concentration and higher surface affinity.

The transformation from surface micelle of spheres or
short cylinders to stripe nanopatterns with increasing aRP is
related to the interfacial energy. Note that we have assumed
that aRP = aCP in the study. As the aRP is low, the incompatibil-
ity between rod–coil block copolymer and the substrate is
weak, and therefore the copolymers can self-assemble into
spherical or short rod micelles having high specific surfaces
with the substrate. As the aRP increases, the block copolymers
become more incompatible with the substrate. As a result, the
rod–coil block copolymers form aggregates with a lower
specific surface, such as stripe nanopatterns, in order to
reduce the unfavorable interface between the block copolymer
and the substrate and further minimize the total free energy.

3.3. Dynamics of the formation of stripe nanopatterns

The well-aligned patterns are obtained from the ordering of
the rod–coil block copolymers on the substrate. Therefore, we
paid attention to the formation process of the stripe patterns.
Fig. 7a–c present the simulation morphologies running for
200τ, 3000τ, and 17000τ, respectively. The morphology at the
time of 200τ indicates that the rod–coil diblock copolymers are
adsorbed on the substrate and form stripes within a short
time. The structures at this stage lack order and exhibit a fin-
gerprint feature with a large number of defects. As the self-
assembly proceeds, the stripes become more regular, and the
defects gradually disappear (see Fig. 7b). At the time of 17000τ,
well-aligned stripe patterns are obtained by eliminating all the
defects.

The defects in the ordering process include two types, that
is, disclinations and dislocations. The disclinations consist of
+1/2 disclinations (the stripes are rotated 180°) and −1/2 discli-
nations (three stripes are rotated 120°).44 The +1/2 disclina-
tions and −1/2 disclinations usually appear as a pair. For the
dislocations, one of the parallel stripes is abruptly truncated,
and a free end is produced. Fig. 7d–f illustrate the typical elim-
ination of a pair of disclinations in the process. As shown, a

Fig. 6 Morphology diagram in the space of aRP versus cp. The red,
yellow, green, and blue symbols represent surface micelle, surface
stripe, surface stripe with bulk micelle (micelle dispersed in solution),
and ordered surface stripe with bulk micelle, respectively. The stripes in
the region below the dashed line are well-aligned, where the order para-
meter is higher than 0.6.

Fig. 7 Morphologies of rod–coil block copolymers on the substrate at
the simulation time of (a) 200τ, (b) 3000τ, and (c) 17000τ. (d–f )
Representative elimination of a pair of disclinations. (g–i) Representative
elimination of dislocations. The simulation times for (d), (e), and (f ) are
5000τ, 7000τ, and 10000τ, respectively. The simulation times for (g), (h),
and (i) are 13000τ, 14000τ, and 15000τ, respectively. ( j) The density of
dislocation and disclination as a function of simulation time. The simu-
lation parameter are aRP = 30 and cp = 0.386.
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+1/2 disclination and a −1/2 disclination close to each other
and annihilate together during the ordering process. The
representative elimination of dislocations can be seen in
Fig. 7g–i. Two dislocations merge and eliminate to form
regular stripes.

To quantitatively describe the ordering of the stripes on the
substrate, we calculate the density of defects at different stages
in the simulation. The result is shown in Fig. 7j, where the
density of defects is defined as the number of defects per unit
area. Since the +1/2 disclination and −1/2 disclination appear
in pairs on the flat substrate, we plotted the density variation
of two kinds of disclination in the same curve for simplicity.
One can see that three types of defects exist at the early stage
of the simulation, and their densities are high. As the simu-
lation proceeds, the densities of defects gradually decrease to
zero and then remain unchanged.

Both the structural and dynamic studies show that the rod–
coil copolymers can form well-aligned stripe patterns on the
substrate as the polymer concentration is high enough. In
order to understand the role of rod blocks in the self-assembly,
we perform additional simulations for the block copolymers
containing one block with various rigidities for a comparison.
The rigidities can be controlled by the kA value of the angle
forces. Fig. 8a shows the order parameter S of the stripes
against aRP for various values of kA. The kA = 0 corresponds to
coil–coil block copolymers. As shown, the order parameter S of
the stripes shows a decrease with increasing the aRP value. The
order parameter for the coil–coil block copolymers is ca. 0.3,
indicating the stripes formed by coil–coil block copolymers are
disordered (the morphology is shown in Fig. 8c). As the kA
value increases, the order parameter S increases dramatically,
and the stripe nanopatterns become more well-aligned (see
Fig. 8d–f ). The results imply that the amphiphilic rod–coil
block copolymers show an advantage in preparing well-aligned

stripes over coil–coil block copolymers in solution. Fig. 8b
shows the average stripe width and average in-plane period as
a function of kA value. With increasing the kA value, the stripe
width and in-plane period first increase and then keep nearly
unchanged, implying the stripe width and in-plane period of
the thin film are independent of kA value as the rod blocks are
rigid enough.

3.4. Comparison with experimental observations

Several experiments showed that it is hard for coil–coil block
copolymers to form highly ordered stripe patterns on a flat
substrate without employing sophisticated techniques such as
chemical pre-patterning. Lennox et al. reported the self-assem-
bly of polystyrene-b-poly(2-vinyl pyridine) (PS-b-P2VP) coil–coil
block copolymers into surface patterns on a Si substrate via an
immersion coating method where the solvent is toluene.45 It
was found that the surface patterns depend strongly on the
copolymer concentration. Stripe patterns are formed at high
copolymer concentration. However, the stripe patterns are in
disorder. Bazuin et al. fabricated thin films of polystyrene-b-
poly(4-vinyl pyridine) (PS-b-P4VP) block copolymers dip-coated
from the solutions.46,47 The stripe patterns with a lower degree
of the order were observed for a slower dip-coating rate. (Note
that the immersion coating method can be regarded as the
dip-coating method with slow dip-coating rate.) These experi-
ments show that the coil–coil block copolymers are ill-suited
for producing well-aligned stripe patterns. One the other
hand, Park et al. reported that the rod–coil block copolymer
consisting of a surface-attractive poly(3-triethoxysilylpropyl-
isocyanate) (PIC) rod block and a hydrophobic PS coil block
readily form regular stripe patterns on the silica surface by the
casting method.25 The PIC blocks pack laterally on the plane
in a smectic manner, whereas the PS chains segregate along
the ordered PIC chains. This result supports our findings that
the rod–coil block copolymers can form well-aligned stripe pat-
terns on the substrate immersed in a solution.

Although Park’s casting experiment of PIC-b-PS rod–coil
block copolymers can somewhat support our simulation
results, there still lacks direct evidence about the immersion
coating experiments of rod–coil block copolymers. Under the
guidance from the DPD simulation results, we designed an
immersion coating experiment to prepare well-aligned stripe
patterns. In the designed experiment, a poly(γ-benzyl
L-glutamate)-b-poly(ethylene glycol) (PBLG-b-PEG) was used to
correspond to the rod–coil block copolymers in simulations,
where the PBLG takes an α-helix rigid conformation. The
contour lengths of PBLG and PEG can correspond to the DPD
model. The block copolymers can self-assemble into lamellar
structures in bulks (see section 6 of ESI†). Moreover, silicon
wafers covered with polystyrenes (PS-silicon wafer) was pre-
pared and used as the substrate. Note that the DPD is a coarse-
grained simulation method, and therefore it is difficult to
match the experimental condition and the simulation para-
meters quantitatively.48,49

Fig. 9a shows the schematic of our immersion coating
experiment. As shown, the PBLG-b-PEG copolymers are first

Fig. 8 (a) Order parameter S of the stripes formed by diblock copoly-
mers with various kA as a function of the interaction strength aRP. (b)
Plots of average stripe width and average in-plane period of the films as
a function of kA value. Representative morphologies of the films formed
by the diblock copolymers with (c) kA = 0, (d) kA = 10, (e) kA = 30, and (f )
kA = 100.
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dissolved in the mixed solvents consisting of tetrahydrofuran
(THF) and N,N′-dimethylformamide (DMF) (THF/DMF = 1/1 in
volume, polymer concentration = 0.4 g L−1), and then the PS-
silicon wafer was immersed in 3 mL of the polymer solution.
Afterward, 1.2 mL of deionized water was added to the
polymer solution at a rate of ca. 1 mL h−1 by an injection
pump. After incubation for 2 hours, the wafer was taken out
and rinsed with a vast amount of deionized water. (For details
of the experiments, see section 2 of the ESI.†) Note that the PS
surface of the wafer has a preference for the PBLG-b-PEG block
copolymers (see section 5 of ESI†), and the concentration of
the copolymers is high in the solution. A representative AFM
image of the dry sample is shown in Fig. 9b. As can be seen,
stripe patterns of PBLG-b-PEG block copolymers are formed on
the surface of the PS-silicon wafer. The stripe patterns are
highly ordered, where the stripes are almost straight and have
nearly the same in-plane period of ca. 50 nm (see the height
profile at the bottom of Fig. 9b). The thickness of the block
copolymer film is about 6 nm, implying that the film is a
monolayer. The experimental findings further verify the simu-
lation results.

Because the AFM measurements can only provide infor-
mation about the local surface structure of the thin film, we
further characterized the thin film by grazing-incidence small-
angle X-ray scattering (GISAXS). The GISAXS can well elucidate
the global (both the surface and the bulk) structure of the
films.50 Fig. 9c and d show the corresponding GISAXS data for
the entire thin film (the incident angle is 0.3°, which is above
the critical angle). The apparent second-order scattering peaks

(or spots) can be observed in the GISAXS patterns (see Fig. 9c),
indicating that the stripes exhibit a well-aligned periodic in-
plane arrangement over a large area in the single-layer film.
The first and second peaks are located at qxy = 0.12284 nm−1

and qxy = 0.24444 nm−1, respectively, and their ratio
approaches 1 : 2. The in-plane period is evaluated to be ca.
50 nm according to the wave vector of the primary diffraction
peak (see Fig. 9d), which is consistent with the period
observed in the AFM image (Fig. 9b). To understand how
ordering the stripe nanopattern is, we evaluated the corre-
lation length to characterize the grain size in terms of 1D
GISAXS spectra (for details, see section 2.5 of ESI†). The corre-
lation length is about 650 nm, which is ca. 13 times of the
periodicity.

3.5. Discussion

Our simulations and designed experiments indicate that the
self-assembly of amphiphilic rod–coil copolymers on the flat
substrate (i.e., immersion coating method) provides a novel
and facile strategy to prepare thin film with controlled struc-
tures. Well-aligned patterns of semi-cylinder stripes were pre-
dicted for the systems with higher copolymer concentration
and surface affinity. Instead of the immersion, the films can
also be cast on the substrates.25 In the casting methods such
as the spinning coating method, however, the thickness of the
film is dependent on the polymer amount on the substrate,
and the defects in the patterns can easily be “frozen” in the
annealing process. The present immersion coating method
could overcome such drawbacks. Solvent vapor annealing pro-
vides an alternative to enhance the ordering of the
patterns.50,51 The vapors can swell the film and increase the
chain mobility of the blocks. However, their mobility is very
localized and limited once the polymers are cast on the sub-
strates, because the chain exchange between the thin film and
the vapors is hindered. In the present method, possible chain
exchange exists between the films and the bulk solution (see
Fig. 2 and 3). Moreover, the fluidity of liquid crystalline struc-
tures can also contribute to the ordered arrangement of rod
blocks. Therefore, the rigid polymer chains are much more
mobile than those in the solvent vapor annealing method and
can assemble into specific structures that minimize the total
free energy, as long as the solvents are present.

We noted that the present system could provide a platform
for engineering nanostructure with small characteristic sizes
(in-plane periods). The traditional lithography techniques
based on block copolymers face challenges in generating
nanostructured materials with small characteristic sizes.52 The
microphase separation of typical block copolymers is related
to chemical incompatibility, i.e., the product of the interaction
parameters χ and the degree of polymerization N. For example,
the χN of symmetric coil–coil block copolymers should be
larger than a critical value of ca. 10 to induce phase separ-
ation.43 For producing nanostructures with small characteristic
sizes, the degree of polymerization should be reduced, and a
significantly larger χ value is required. A large χ often results
from blocks that have disparate interfacial energies. Many

Fig. 9 (a) Schematic of the self-assembly of PBLG-b-PEG on silicon
wafers covered with polystyrenes. (b) AFM phase image (the bottom
shows the height profile of the stripes), (c) GISAXS pattern, and (d) 1D
GISAXS spectra (qz = 0.4 nm−1) of the thin film formed by PBLG-b-PEG
on the PS-silicon wafer.
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researchers have tried their best to increase χ value by introdu-
cing highly incompatible chemical components such as fluo-
rine and inorganic elements.52,53 Due to the limited choice of
highly incompatible components, it is difficult to achieve
strong segregation with a sharp interface. In the present
system, the entropic loss of rigid blocks could be much
smaller than that of coil blocks during the phase separation.
As a result, a smaller chemical incompatibility between the rod
and coil blocks is sufficient to drive the phase separation.54,55

For example, the microphase separation between the rod and
coil blocks can occur as the χN of rod–coil block copolymers
(the volume fraction of rod block is 0.5) is larger than ca. 5.55

This value is much smaller than the critical value for the sym-
metric coil–coil block copolymers. Due to the smaller χN, the
space for choosing chemical components can greatly be
expanded, which facilitates the design and generation of nano-
structures with small characteristic sizes. Therefore, the
entropy-drive self-assembly of rod–coil block copolymers could
be a feasible method to produce nanostructures with tiny
characteristic sizes.

Moreover, the introduction of selective solvents in the
process can help to adjust the chemical incompatibility to
induce phase separation. We also note that the in-domain
period is slightly larger than the stripe width in the thin films
(see Fig. 4d and 8b) due to the highly asymmetric block copoly-
mer system. For traditional self-assembly, only the spot nano-
patterns on the substrate can be obtained for highly asym-
metric block copolymers.43 In this work, the combined effects
of the solvent swelling of hydrophilic blocks and the orien-
tation interactions of rod blocks result in such highly asym-
metric stripe nanopatterns. This asymmetric characteristic is
also helpful for the formation of nanostructures with small
characteristic sizes.

Well-aligned, laterally structured films on the length
scale of copolymers are of interest in a series of applications
such as ultrahigh-density storage media,56,57 nanoporous
membranes,2,3 and nanolithography.4,58,59 For example, nano-
scale stripes can be of practical significance for the micro-
stripe detector, where the silicon stripe detectors have been
extensively used for vertex detection and tracking in high-
energy physics.60 In addition to the controllability, the present
systems are of diversity in the designs, i.e., various thermo-
dynamic parameters can be tailored to obtain the targeted
patterns.

4. Conclusions

We employed the dissipative particle dynamics method to
simulate the adsorption and ordering of amphiphilic rod–coil
block copolymers on the substrate. The influence of the copo-
lymer concentration and the surface affinity on the adsorption
and ordering behaviors was investigated. It was found that the
rod–coil block copolymers can self-assemble into well-aligned
stripe nanopatterns as the copolymer concentration and
surface affinity is high enough. The ordering of the stripe

nanopatterns can be attributed to the sufficient mobility of the
rod–coil block copolymers on the substrate immersed in the
solution. The simulation results were found to be consistent
with existing experimental findings. Moreover, an immersion
coating experiment of PBLG-b-PEG was conducted and further
demonstrated the validity of the simulation predictions. The
present work provides a promising strategy to produce well-
aligned stripe patterns with controllable sizes.
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