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Dot Nanopattern Self-Assembled from Rod-Coil Block

Copolymer on Substrate

Bo Sun, Zhanwen Xu, Zhengmin Tang, Chunhua Cai,* and Jiaping Lin*

Nanoscale dot patterns are important in various fields. However, it is still a
challenge to fabricate ordered nanopatterns on substrates through a polymer
self-assembly approach. In this work, it is reported that polypeptide-based
rod-coil block copolymers can self-assemble into surface micelles on sub-
strates, thus forming dot nanopatterns. The size of the surface micelles is
readily adjusted by the degree of the polymerization of the block copolymers.
It is found that most of the surface micelles are in a sixfold coordinated lat-
tice, indicating an ordered array feature. Defects such as fivefold coordination
arrays and sevenfold coordination arrays are also observed, which are derived
from the nonuniform size of the micelles and the existence of nonspherical
micelles. The experimental findings are well modelled by dissipative particle
dynamics theoretical simulations, and the simulations provide more detailed
information, such as the packing manner of the polymer chain in the surface

micelles.

1. Introduction

Ordered surface nanostructures at the nanometer scale
endow the materials with unique and intriguing properties,
which have attracted increasing attention in recent years.!
A number of efforts have been devoted to constructing well-
ordered surface nanostructures on substrates, such as thermal/
solvent-vapor annealing,#l lithography,® and a breath figure
(BF) method.'"] However, these approaches usually suffer
from multistep procedures or have high processing costs. For
example, the solvent-vapor annealing method often requires
complex equipment, and the procedures are time consuming.
The self-assembly of block copolymers generates diverse nano-
structures,”™! which may be a facile way to produce sur-
face nanostructures on substrates without expensive devices
or complex processes.'®V] However, in the limited examples
regarding the self-assembly of block copolymers at a selective
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solvent/substrate interface (interface self-
assembly of block copolymer in solution),
such as homogeneous films or irregular
surface nanostructures are usually pro-
duced.'®] Thus, it is still a challenge to
prepare ordered surface nanostructures
on a substrate through a block copolymer
self-assembly approach.

Among the surface nanostructures, dot
nanopatterns have attracted considerable
interest because of their applications in
a variety of nanodevices, such as optical
devices? and DNA or protein electro-
phoresis.l?!l To optimize the properties of
nanodevices, it is essential to control the
size and arrangement of each dot. Thus,
for an ordered surface nanostructure,
the ordering feature, defined as the array
characteristics of the nanostructure, is
an important aspect that should be dis-
cussed.l?22%l Theoretical model studies have well explored the
arrangement characteristics of surface nanostructures; how-
ever, in experiments little is known about the arrangement
characteristics of surface nanostructures on substrates.

Herein, we report that poly(ybenzyl-1-glutamate)-block-
poly(ethylene glycol) (PBLG-b-PEG) rod-coil block copolymers
can self-assemble into dot nanopatterns on a polystyrene (PS)
substrate. The size of the dot-like surface micelles is readily
regulated by the degree of polymerization of the block copol-
ymers. In the patterns, most of the surface micelles are in a
sixfold coordinated lattice. Theoretical simulations qualitatively
reproduce the experiments and provide polymer packing infor-
mation of the surface micelles. This research provides guidance
for the interfacial assembly of rod-coil block copolymers and
provides a facile and effective method for the preparation of
materials with surface structures.

2. Results and Discussion

The self-assembly preparation process is shown in Scheme 1.
The PS substrate was prepared by spin-coating PS solutions
on a Si wafer. After heat treatment and extensive rinsing with
toluene, a thin PS film was irreversibly adsorbed on the sub-
strate, which is stable in organic solvents.?*?°! PBLG-b-PEG is
a typical rod-coil block copolymer in which the PBLG adopts
an orhelix conformation that acts as a rigid rod, and PEG is a
typical flexible polymer. The self-assembly process involves two
steps (Scheme 1). In the first step, the substrate was immersed
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Scheme 1. Scheme of the self-assembly of the PBLG-b-PEG rod-coil block copolymers into surface micelles on a PS substrate.

into the solution of PBLG-b-PEG in tetrahydrofuran/N,N’-
dimethylformamide mixture (THF/DMF, 3/7 v/v) with the PS
facing up. In the second step, the substrate was transferred
into a fresh THF/DMF solvent (3/7 v/v), and selective solvent
(water) was added gradually.

We first monitored the morphology of the substrate under
various conditions to explore the formation process of the sur-
face nanopattern (Figure 1). As shown in Figure 1a, the atomic
force microscopy (AFM) image reveals that the surface of the

blank substrate is smooth. In the first step, for a representive
sample PBLGy33-b-PEGy; (the subscripts denote the degree of
polymerization, DP, for each block), after 1 h of adsorption, a
rough surface is observed on the substrate, which indicates the
adsorption of the block copolymers on the substrate (Figure 1b).
By comparing the surface morphology at different adsorp-
tion times, it is deduced that after 1 h, the adsorption process
of the block copolymers reaches a saturated state (Figure S3,
Supporting Information). In the second step, as shown in

Figure 1. AFM observation of the formation process of dot-like structures by the PBLGy33-b-PEGy;3 block copolymers. a) PS substrate. b) Step 1: sub-
strate adsorbed by the block copolymers without adding water. Step 2: formation process of the surface micelles as a function of the added water con-
tent: ¢) 4.8, d) 13.0, e) 23.1, and f) 28.6 vol%. The initial solvent was THF/DMF = 3/7 v/v. No water washing was performed before the AFM observation
in panels (b)—(e), and the sample in panel (f) was washed with water before the AFM observation. The initial concentration of the block copolymer is

0.2 g L7, and the experiment temperature is 20 °C.
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Figure 1c, when 4.8 vol% (the volume percentage of the added
water relative to the whole solution volume) water is added, the
block copolymers form irregular assemblies on the substrate.
When the water content is 13.0 vol%, these irregular assemblies
become smaller (Figure 1d). When the water content increases
to 23.1 vol%, as shown in Figure le, dot nanopatterns are
formed. Finally, when the water content is further increased, no
significant change in the morphology of the dot nanopatterns is
observed. Figure 1f shows the morphology of the nanopatterns
formed at a water content of 28.6 vol%. As can be seen, a well-
defined dot nanopattern is obtained.

By studying the formation process of the surface micelles,
an adsorption-assembly process is suggested, which includes
the PBLG-b-PEG block copolymers adsorbing on the substrate
and the adsorbed block copolymers self-assembling into surface
micelles subsequently. There are strong attractions between
the PBLG and PS segments, including hydrophobic and 7=
interactions,?°2% which drive the adsorption of PBLG-b-PEG
block copolymers on the PS substrate. Since the PBLG blocks
are rigid (the persistence length of PBLG is up to 200 nm(%)
and from the theoretical and experimental studies of adsorp-
tion behavior of block copolymers on interfaces,?33 we can
deduce that the PBLG-b-PEG block copolymers could lie down
on the substrate to form a thin film.’% With the addition of
water in the second step, because of the hydrophobicity of the
PBLG and PS segments, the PBLG segments tend to form a
core on the PS substrate, while the hydrophilic PEG segments
form a shell wrapping the core to lower the contact of water to
both the PS substrate and the PBLG. The morphology of the
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assembly changes with the water content. At a water content
of 23.1 vol%, regular surface micelles are formed. When fur-
ther increasing the water content, there is no evident change
in the morphology of the surface micelles since the mobility of
the block copolymer segment is frozen. These surface micelles
arrange into an ordered dot nanopattern on the substrate.

It is worth noting that the rod nature of the PBLG blocks is
essential to form such surface micelles. Since PS is a flexible
polymer and the interaction between PBLG/PS pairs is compa-
rable to that between PS/PS pairs,13%3 we replaced the PBLG-
b-PEG rod-coil block copolymers with PS-b-PEG coil—coil block
copolymers to assemble on the PS substrate under similar con-
ditions. It was found that PS-b-PEG can also assemble on the
surface of the substrate. However, instead of ordered surface
micelles, a rough surface with an irregular pattern on the sub-
strate is formed by the PS-b-PEG block copolymers (Figure S5,
Supporting Information). These results indicate that the rigid
nature of the PBLG segments is important to create ordered
nanopatterns.

The typical morphologies of the surface micelles were char-
acterized by AFM analyses (Figure 2). Figure 2a-c shows that
the substrates are fully covered by surface micelles after self-
assembling with PBLGg-b-PEGy;3, PBLGy33-b-PEGy;;, and
PBLGgy-b-PEGy3 block copolymers. The size of the micelles
increases with the DP of the PBLG blocks. The enlarged AFM
image clearly reveals the dot-like morphology of the surface
micelles formed by the PBLGy33-b-PEGy;3 block copolymers
(Figure 2d). From the corresponding height profile (Figure 2e),
an average diameter and height of =74 and 16 nm, respectively,
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Figure 2. Morphology and structure of the surface micelles. AFM images of the dot surface nanostructures self-assembled from a) PBLGg-b-PEGyy3,
b) PBLGy33-b-PEGyy3, and c) PBLGigp-b-PEGyy3. d) Enlarged view of the surface micelles formed by PBLG;33-b-PEGyy;. €) Height profile of the surface
micelles along the red line shown in (d). f) Plots of the length of the PBLG block versus the diameter and height of the surface micelles. g) Scheme
of the structure of the surface micelles.
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Figure 3. Array feature analysis of the surface micelles formed by the
PBLG-b-PEG block copolymers with various DP values of the PBLG
blocks. a) DP =133; b—d) Enlarged views of the sixfold, fivefold, and sev-
enfold coordinated surface micelles, respectively. e) DP = 91. f) DP =180.
The red and green dots represent the fivefold coordinated micelles and
sevenfold coordinated micelles, respectively.

are obtained for the PBLG;33-b-PEG;;3 surface micelles. A static
analysis reveals that as the DP of the PBLG blocks increases,
the average diameter of micelles increases in an approximately
linear fashion (Figure 2f); that is, from =66 nm (DP of the
PBLG block is 91) to =74 nm (DP of the PBLG block is 133)
and then to =83 nm (DP of the PBLG block is 180). Meanwhile,
the height of the surface micelles slightly increases from =14 to
18 nm.

Since these surface micelles are composed of a PBLG core
and PEG shell, by analyzing the relationship between the
diameter of the surface micelles and the length of the block
copolymers, the packing manner of the PBLG-b-PEG block
copolymers in the surface micelles can be deduced. The length

www.mcp-journal.de

of PBLG rigid segments can be estimated from their DP.[?%I The
lengths of the PBLG blocks with DP =91, 133, and 180 are =13.7,
20.1, and 271 nm, respectively. From the diameter of the surface
micelles and the length of the PBLG blocks, we speculate that
the PBLG rigid blocks arrange in a head-to-head mode in the
core of the surface micelles, and the PEG blocks extend into
the water. In such a packing manner, taking the micelles from
the PBLG33-b-PEGy;3 block copolymers as an example, the core
region formed by the PBLG blocks is =40.2 nm, and the shell
occupied by the PEG blocks is =16.9 nm, which accounts for a
reasonable stretching degree of 43% (the full stretched length
of PEGyy3 is =39 nm).13>3% Figure 3g illustrates the structure
of the surface micelles self-assembled from the PBLG-b-PEG
block copolymers on the PS substrate.

For an ordered dot surface nanopattern, the dot array char-
acteristics are an essential aspect that should be discussed.[”3
For spherical particles on a flat substrate, it is well known that
the ideal packing mode is a sixfold coordinated lattice, i.e., the
particles take the form of domain with six nearest neighbors.*"!
However, in practice, due to the imperfect shape of spherical
particles, the patterns usually contain other array modes,
typically fivefold coordinated lattices that are characterized
by +1 disclinations and sevenfold coordinated lattices that are
characterized by —1 disclinations.**#2 In this work, the array
features of the surface micelles are determined by Delaunay
triangulation, which can analyze the lattice by identifying the
nearest neighbors of each particle.¥) Once the position of
the particle is determined, the coordination number can be
obtained by counting the nearest neighbors of each particle. As
shown in Figure 3a, for the nanopattern formed by the PBLG33-
b-PEGyy3 block copolymers, the observed array types include six-
fold coordination, fivefold coordination, and sevenfold coordina-
tion. The enlarged images for these array types are shown in
Figure 3b-d. Similarly, these array types are also observed for the
nanopatterns formed by the PBLGg;-b-PEG;;3 block copolymers
(Figure 3e) and PBLGgy-b-PEGyy; block copolymers (Figure 3f).

We then analyzed the number and array features of the sur-
face micelles to acquire accurate arrangement characteristics.
The average numbers of surface micelles per square microm-
eter (um?) assembled by PBLGq;-b-PEGy;3, PBLG133-b-PEG3,
and PBLGygy-b-PEGy3 are 119, 98, and 58, respectively. The
array feature analysis reveals that the sixfold coordination array
is the dominant type for the surface micelles in all systems,
and the fivefold coordination and the sevenfold coordination
arrays are the minority. Table 1 summarizes the array features
of the surface micelles formed by various PBLG-b-PEG block
copolymers. The micelles with sixfold coordination account for

Table 1. Array features of the surface micelles formed by the PBLG-b-PEG block copolymer with various DP of the PBLG block.

DP of PBLG Number of surface Sixfold coordinated Fivefold coordinated surface Sevenfold coordinated surface
micelles on substrate? surface micelles micelles (+1 disclination) micelles (-1 disclination)
Number % Number % Number %
91 1192 697 58.5 268 225 227 19.0
133 981 623 63.5 201 20.5 157 16.0
180 583 384 65.9 105 18.0 94 16.1

AThe number of surface micelles was counted from 10 images of the sample (each image has a size of 1 x 1 um).
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58-66% of the total surface micelles. The surface micelles with
fivefold coordination account for 18-22%, and those with seven-
fold coordination account for 16-19%.

Theoretically, the ideal packing mode of spherical particles
on a flat substrate is a sixfold coordinated lattice, and the five-
fold and sevenfold coordinated lattices are called defects. We
then analyzed the origin of the defects in the present system.
For the present system, from the morphology and size charac-
teristics of these surface micelles, we infer that the fivefold and
sevenfold coordination arrays are mainly generated from the
nonuniform size of the micelles. We analyzed the size of the
surface micelles by randomly collecting 500 surface micelles
self-assembled from each of the three block copolymers. As
shown in Figure 4, these surface micelles are not uniform but
are distributed in size. The nonuniform size of the micelles
may result from both the dispersity nature in chain length of
the PBLG-b-PEG block copolymers and the nonuniform aggre-
gation number of each surface micelle.*#*! In addition, the size
distribution of the micelles is not symmetric. The asymmetry
of micelle distribution can be described by skewness, which is
a measure of the distortion of the probability distribution.*¢!
The analysis reveals that in all systems, the distribution of the
micelles displays positive skewness, which means that more
than 50% of the surface micelles are smaller than the average
size. This can explain why there are more surface micelles
observed with a fivefold coordination than those observed with
a sevenfold coordination. As compared to the micelles with a
sixfold coordination, the micelles with a fivefold coordination
are usually smaller in size while the micelles with a sevenfold
coordination are usually have a larger size.!

In addition to the nonuniform size of the micelles, the pres-
ence of micelles with a nonspherical shape should also cause
array defects.l*¥] As seen from Figures 2 and 3, some of the sur-
face micelles are not in a well-defined spherical shape but in an

(a) (b)
w

(c)
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Figure 4. Size distribution diagram of the surface micelles assembled by
block copolymers with various DP values of the PBLG block.

ellipsoidal shape. The nonspherical surface micelles disturb the
ideal packing mode of the spherical surface micelles (sixfold
coordinated lattices); as a result, array defects, including the
fivefold and sevenfold coordinated lattices, are induced.

To support the experimental results, a coarse-grained DPD
simulation>*% was used to study the nanostructures and array
characteristics of the surface micelles. In the DPD methods,
the PBLG-b-PEG block copolymers are coarse-grained into
RC copolymer chains, where the R and C beads represent the
PBLG and PEG blocks, respectively. Figure 5a shows the RsCs
model block copolymer corresponding to PBLGy33-b-PEGy;.

Figure 5. Simulation insight into the structure and array features of the surface micelles. a) DPD model of the R¢Cs rod-coil block copolymers. The rod
and coil blocks are colored green and red, respectively. b) DPD model of the PS substrate (colored in blue). c) A simulation prediction of a substrate
on which surface micelles are formed by the rod-coil block copolymers. d) Cross-sectional images of the surface micelles along the red line in (c).
e) Cross-sectional images of the surface micelles along the yellow line in (d). f) Array feature analysis of the surface micelles formed by R¢Cs. The red
and green dots represent the micelles that were arranged in fivefold coordination array and sevenfold coordination array, respectively.
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The substrate covered by a PS layer was coarse-grained into a
planar substrate (W) covered by homopolymers (P), as shown
in Figure 5b. The selective solvents are denoted by S beads. The
interaction parameters between the i- and j-component beads
are represented by the parameter a;;. The interaction parameter
between the hydrophobic rod blocks and the solvent (ags) is
set as 120 to correspond with the experiments. Simultaneously,
to guarantee that the RC block copolymers can adsorb on the
substrate, the interaction parameter between the R blocks and
homopolymer (agp) is set as 25. Then, after the system in the
simulations reaches a steady state, the self-assembled nano-
structures are collected. Section S10 of the Supporting Informa-
tion provides more details about the DPD simulation methods
and the parameter settings.

We first examined the self-assembly of R;Cs on the substrate,
which corresponds to the self-assembly of the PBLG33-b-PEG 3
block copolymer. As shown in Figure 5c¢, the theoretical simu-
lation shows that R¢Cs block copolymers self-assemble into
surface micelles on the substrate. The cross-sectional image
reveals that R blocks form the core adhering on the substrate
and C blocks form the shell (Figure 5d). Furthermore, the
packing mode of the block copolymers in the surface micelles
can be observed in the cross-sectional image. As seen from
Figure 5e, the rigid R segments arrange in a head-to-head
manner in the core of the micelle, and the flexible C segments
in the micelle shell extend to the solution. The block copolymer
packing mode in the surface micelles proposed from the experi-
mental characterizations is well supported by this theoretical
simulation result. Then, we varied the number of beads in the
R blocks from 5 to 7 (the number of C beads remained at 5) to
study the effect of DP on the size of the surface micelles. The
surface micelle diameter is found to increase with an increase
in the bead number of R, which is consistent with the results
observed in the experiments (Figure 2f).

The arrangement characteristics of these surface micelles
were then analyzed (Figure 5f). Regarding the patterns formed
by the R4Cs block copolymers, a sixfold coordination lattice is
the dominant arrangement of the micelles. Fivefold and sev-
enfold coordinated surface micelle arrays are also observed,
which are highlighted by red and green dots, respectively. The
surface micelles formed by RsCs and R;Cs possess similar array
features. It is also noted that for all the three samples, there
are more fivefold coordinated surface micelles than sevenfold
coordinated surface micelles (see Table S4, Supporting Infor-
mation). Similar to the experimental observations, the larger
number of fivefold coordinated surface micelles can be attrib-
uted to the asymmetry in the size distribution of the surface
micelles (see Figure S6, Supporting Information). From the
size distribution, it is found that more than 50% of the surface
micelles are smaller than the average size, which contributes to
the fact that the number of fivefold coordinated surface micelles
is greater than that of sevenfold coordinated ones. These theo-
retical simulation results are consistent with the experimental
observations.

The construction of ordered surface nanostructures on sub-
strates has attracted long-lasting interest. In most works, the
formation of ordered surface nanostructures is devoted to the
microphase-separation of block copolymer in thin films.!
In addition to the thin film microphase separation of block
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copolymers, the interface self-assembly of block copolymers
can be an alternative way to construct well-ordered surface
nanostructures. In this work, we discovered that through the
self-assembly of block copolymers at the selective solvent/sub-
strate interface, the PBLG-b-PEG rod-coil block copolymers
are capable of forming dot nanopatterns on a substrate. Dif-
ferent from the block copolymer thin films, the dot nanopat-
terns in our work are formed under the driving force of hydro-
philic—hydrophobic balance of the block copolymers. It should
be emphasized that since we know the factors that result in
defects, i.e., the distribution of surface micelle size and irreg-
ular distribution of morphology, the defects can be regulated
and eliminated by using more precisely defined block copoly-
mers and optimizing the self-assembly procedures. In addition,
applying external stimuli, for example, shear forcel? on the
interface self-assembly of block copolymer could be beneficial
to guide the arrangement of surface micelles, which could be a
direction of future work.

3. Conclusions

In summary, we found in this work that PBLG-b-PEG rod-coil
block copolymers can self-assemble on a planar substrate into
surface micelles forming ordered dot nanopatterns. The experi-
mental observations are well supported by theoretical simula-
tions. For the surface micelles, the PBLG block forms the core
and the PEG block forms the shell, and their diameter increases
as the DP value of the PBLG block increases. An analysis of
the surface micelle array characteristics shows that the majority
of surface micelles are arranged in a sixfold coordination lat-
tice. Due to the nonuniform size of the surface micelles and
the existence of nonspherical surface micelles, defects such as
fivefold coordination and sevenfold coordination lattices of the
micelles are observed. This work provides a facile way to build
ordered nanopatterns on substrates through an adsorption-
assembly of block copolymers on planar substrates. The gained
information could guide the design and preparation of mate-
rials with sophisticated patterns.

4. Experimental Section

Polymer Synthesis: PBLG-b-PEG block copolymers were obtained via
ring-opening polymerization of ybenzyl-L-glutamate-N-carboxyanhydride
(BLG-NCA) initiated by mPEG-NH, in 14-dioxane.'?’l PS-b-PEG
block copolymers were synthesized in anisole by atom transfer radical
polymerization (ATRP) of styrene using mPEG-Br as initiator in the
presence of N,N,N7N”N”pentamethyldiethylene triamine (PMDETA)
and copper(l) bromide (CuBr).l Details of the polymer synthesis are
provided in Section S1 of the Supporting Information.

Preparation of the PS Substrate: PS substrates were prepared by spin-
coating PS solutions on Si wafers and then performing a subsequent
heat treatment. First, PS solutions were spin-coated on Si wafers. Then,
the coated Si wafers were heat-treated so that the PS could irreversibly
adsorb on the Si substrates and be stable in solvents.?#2’] Finally, the
heat-treated Si wafers were cooled to room temperature and washed
with clean toluene three times. Preparation details of the PS substrate
are provided in Section S2.1 of the Supporting Information.

Preparation of the Nanopattern: The preparation process is illustrated
in Scheme 1. In the first step, to the solution of PBLG-b-PEG in
tetrahydrofuran/N, N “dimethylformamide (THF/DMF, 3/7 v/v), the PS

© 2020 Wiley-VCH GmbH
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substrate was introduced and being immersed for 1 h. In the second
step, the PS substrate was taken out from the PBLG-b-PEG solution
and transferred into a vial containing fresh THF/DMF solvent (3/7 v/v).
Then, water was gradually added into the vial, which induces an in situ
self-assembly of the block copolymers into surface micelles on the
substrate. Finally, the substrate was taken out from the solution and
rinsed with water. After air-drying, a dot nanopattern composed of
surface micelles that were formed by the PBLG-b-PEG block copolymers
on the substrate was obtained. The initial concentration of the block
copolymer was 0.2 g L™, and the experiment temperature was 20 °C.
Details of the preparation of the nanopattern are provided in Section
S$2.3 of the Supporting Information.

Characterizations: The DP and molecular weight distributions (D)
of the block copolymers were obtained from 'H nuclear magnetic
resonance (NMR, Avance 550, Bruker) measurements and gel
permeation chromatography (GPC, PL 50 plus) tests. The morphologies
of the surface nanopatterns were characterized by AFM (XE-100, Park
Systems). The sizes of the surface micelles were obtained by collecting
AFM images with more than 500 micelles and analyzing the images
using professional software (XEI, Park Systems).

Simulation Methods: Dissipative particle dynamics (DPD) simulation
was used to study the structure of the surface micelles.**% In the DPD
simulation, a volume of atoms was represented by a coarse-grained DPD
bead. In the present simulations, according to the molecular information
of PBLG-b-PEG, a coarse-grained RC model consisting of a rod (R)
block and a flexible (C) block was constructed. The neighboring beads
in the RC were connected via a harmonic spring force. The rigidity of
the R blocks was realized by a cosine harmonic function. The substrate
covered by a PS layer was mapped as a planar substrate (W) covered by
a coarse-grained homopolymer layer. Detailed simulation information is
available in Section S10 of the Supporting Information.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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