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The ability to control the ordering of self-assembled nanostructures is important for block copolymer

(BCP) nanotechnology but remains a challenge. Herein, we proposed a facile and feasible approach to

generate ordered surface nanostructures via the self-assembly of rod-coil BCPs on a substrate.

Micrometer-scale, well-aligned, and vertically orientated stripe nanopatterns are readily constructed on

the substrate in a fast and controllable way. The feature sizes of the nanopatterns can be adjusted by the

molecular weight of BCPs. In addition, self-assembling conditions such as BCP concentration and temp-

erature were found to possess a significant influence on the surface morphology, as well as the order

degree of the nanopatterns. Dissipative particle dynamics theoretical simulations provided complemen-

tary information for the experimental observations, including the inner chain packing and the dynamic

process of the formation of ordered structures. This work presents a novel and effective strategy for the

fabrication of well-aligned nanopatterns as an alternative to traditional methods.

Introduction

Self-assembly of block copolymers (BCPs) has attracted con-
siderable attention in nanoscience due to its ability to generate
various types of periodic nanostructures. Thin films of BCPs
have broad potential applications in nanotechnologies ranging
from ultra-high-density storage media to nanoporous mem-
branes and nanolithography.1–5 The ability to control the
lateral ordering and orientation of self-assembled nano-
structures of BCPs is important for many of these applications.
However, for typical coil–coil BCP self-assembly on a substrate,
polycrystalline-type structures with many grain boundaries
and defects are spontaneously formed due to the entropy and
incomplete annealing. Plenty of methods have been developed
to promote the ordered structure formation in BCP thin films
by adopting various strategies, such as thermal/solvent-vapor
annealing,6,7 temperature gradient,8 external electric or mag-

netic field,9,10 and the use of chemoepitaxy and graphoepitaxy
on substrates.11–15 However, the utilization of these methods
still needs to be optimized and improved. For instance, the
solvent-vapor annealing method usually needs complicated
procedures that last for hours or days. The fabrication of
chemical or topographical pre-patterns requires top-down pat-
terning integrated with traditional photolithography. These
multistep procedures significantly increase the time and cost
requirements for the ordering of BCPs.

The self-assembly of rod-coil BCPs on a substrate could be
a promising and facile way to produce ordered surface nano-
structures without complex processes. The tendency for the
liquid crystalline ordering between the rod blocks can promote
the formation of ordered surface nanostructures at a solvent/
substrate interface.16,17 However, it is challenging to achieve
long-range ordering in thin films of rod-coil BCPs because the
rigid blocks usually possess a strong crystallization tendency
and/or high melting temperature which make the annealing
process inefficient.18–22 Some attempts have been made to con-
struct ordered surface nanostructures of rod-coil BCP thin
films on the substrate by approaches such as immersion
coating.23–25 In most cases, however, local-ordered surface
nanostructures are generated. One reason could be that the
BCPs are usually anchored to the substrate, which limits the
mobility of polymer chains, and thus the rod-rod alignment is
hampered during the self-assembly process. Therefore,
whether the adsorption and assembly of rod-coil BCPs on the
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substrate could produce large-area ordered nanopatterns
remains to be further explored. In addition, to date no rigorous
efforts have been devoted to controlling the domain ordering
of adsorbed layers of BCPs on the substrate.

Herein, we report a facile and feasible approach to fabricate
micrometer-scale, well-aligned, and vertically orientated stripe
nanopatterns by employing the adsorption and assembly of
poly(γ-benzyl-L-glutamate)-block-poly(ethylene glycol)(PBLG-b-
PEG) rod-coil BCPs on the substrate. Such an approach
achieves a one-step process of the film formation and pattern
ordering, which can be completed within several minutes and
without the requirement of subsequent annealing treatments,
showing advantages over traditional spin-coating or casting
methods. The effects of the molecular weight of BCPs and
assembling conditions such as BCP concentration and temp-
erature on the self-assembled morphology were examined by a
combination of atomic force microscopy (AFM) and grazing-
incidence small-angle X-ray scattering (GISAXS) measure-
ments. Moreover, dissipative particle dynamics (DPD) theore-
tical simulations were performed to obtain information that is
difficult to be obtained from the experiments. Finally, a
mechanism was suggested to explain the formation of highly
ordered nanostructures on the substrate.

Results and discussion
Well-aligned stripe nanopatterns

The general experimental procedure for the adsorption and
self-assembly of PBLG-b-PEG BCPs on the substrate is illus-
trated in Fig. 1a. Firstly, 3 mL of polymer solutions (tetrahydro-
furan (THF)/N,N′-dimethylformamide (DMF), 1/1 v/v, polymer
concentration = 0.4 g L−1) and a piece of polystyrene (PS)-
coated silicon wafer (PS-silicon) were placed together in a
beaker. The coated PS nano-layers (thickness: ∼16 nm) were
heat treated (temperature: ∼160 °C) thus irreversibly adsorbed
on the silicon substrate, and the PS could not dissolve in
solvents.26,27 To induce the adsorption-ordering process, water
(selective for PEG segments) was subsequently added drop-
wise. Afterward, the amphiphilic PBLG-b-PEG BCPs tend to
adsorb onto the hydrophobic PS-silicon substrate to reduce its
surface energy. Further addition of water induces the packing
and ordering of adsorbed BCP layer into well-aligned nanopat-
terns over large areas.

Fig. 1b presents the typical AFM topographic image of the
morphology self-assembled from PBLG12k-b-PEG5k (the sub-
script refers to the number-average molecular weight, Mn, for
corresponding segment) BCPs on the PS-silicon substrate at
20 °C. Micrometer-scale well-aligned nanopatterns composed
of periodic nanostripes (bright region of the AFM image) were
observed. The nanostripes appear much straighter than those
commonly observed in the coil–coil BCP films on flat sub-
strates since the locally formed liquid crystalline-like struc-
tures can have higher bending energy.28 In addition, it is
evident that the stripe nanopatterns formed in this spon-
taneous self-assembly process have fewer defects. The average

ordered domain size of the stripe nanopatterns is ca. 9 μm2,
and a larger ordered domain size up to 25 μm2 can even be
observed (Fig. 1b and Fig. S3†). Fig. 1c shows the close-up
AFM image of the well-aligned nanopatterns. The corres-
ponding fast Fourier transform (FFT) and the height profile of
the AFM image (see the insets of Fig. 1c) corroborate that the
stripe nanopatterns are of good regularity with a period
(spacing size) of ∼50 nm. The stripe width was measured to be
∼22 nm, slightly larger than twice the length of fully extended
PBLG rod blocks (8.3 nm), suggesting that the nanostripes
may consist of PBLG rods that take a “head-to-head” arrange-
ment perpendicular to the stripe long axis.29,30 The internal
structural information of the thin film was further confirmed
by GISAXS technique, through examining a sample area much
larger than the one scanned by typical AFM measurements. As
seen in Fig. 1d and e, scattering spots with sharp peaks of
first- and second-order at qxy = 0.1221 nm−1 and qxy =
0.2433 nm−1 were observed along the xy-direction, indicating
that the nanostripes exhibit a perpendicular periodic arrange-

Fig. 1 (a) Schematic illustration of the formation of well-aligned stripe
nanopatterns by the adsorption and self-assembly of PBLG-b-PEG BCPs
on the PS-silicon substrate. (b) AFM topographic image of the well-
aligned stripe nanopatterns self-assembled from PBLG12k-b-PEG5k on
the PS-silicon substrate at 20 °C. (c) Close-up AFM image of the well-
aligned stripe nanopatterns. The Insets show the fast Fourier transform
(FFT) (upper right) of the image and the height profile (bottom left) of
the nanopatterns across the white line, respectively. (d) 2D GISAXS
pattern of the thin film. (e) 1D GISAXS spectra of the thin film obtained
at the qz value of 0.4 nm−1.
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ment (period = 51.4 nm) along the in-plane of the film over a
large area. The GISAXS result is consistent with the AFM obser-
vations. The thickness of the stripe nanopatterns was deter-
mined to be ca. 6 nm, which was confirmed by measuring the
height of steps obtained by scratching parts of the organic
layers off with a razor blade, implying that the BCP film is a
monolayer (for details, see Fig. S4 in the ESI†).

The feature sizes of the nanopatterns can be regulated by
Mn of a series of BCPs. As can be seen from Fig. 2a–c, PBLG5k-
b-PEG2k, PBLG8k-b-PEG2k, and PBLG20k-b-PEG5k BCPs show
similar self-assembly behaviors, forming well-aligned stripe
nanopatterns with different feature sizes. The stripe width
measured from AFM images was plotted in Fig. 2d along with
the Mn of PBLG rod blocks. Overall, there is an approximately
linear positive correlation between the stripe width and the Mn

of PBLG, that is, the stripe width increases from ∼12 nm
(PBLG5k-b-PEG2k) to ∼16 nm (PBLG8k-b-PEG2k) and then to
∼32 nm (PBLG20k-b-PEG5k). Meanwhile, the period of the
nanopatterns also increases with the Mn of the BCPs from
∼29.1 nm (PBLG5k-b-PEG2k) to ∼61.9 nm (PBLG20k-b-PEG5k)
(data is presented in Table 1). These results indicate that the
stripe width can be regulated by varying the length of PBLG
rod blocks, and the well-aligned stripe nanopatterns are main-
tained at the higher PBLG content (∼80.0 wt% PBLG) and
longer copolymer chains. Note that in previous thin-film
studies of asymmetric rod-coil BCPs, a relatively long rod block
is always found to form disordered fiber-like structures, which
limits their practical applications.20,31 The method employed
in the present system, on the other hand, is advantageous for
the formation of well-aligned patterns even though the content
of PBLG rod blocks is high (up to ∼85.7 wt% PBLG). However,

it is noted that discrete nanofibers are obtained on the PS-
silicon substrate when the molecular weight of PBLG blocks
becomes much larger (e.g., Mn = 66 kg mol−1, ∼92.9 wt%
PBLG) (Fig. S5, ESI†).

Chain packing model revealed by dissipative particle dynamics
(DPD) simulations

It has been widely documented that self-assembly of amphi-
philic BCPs at an interface between the hydrophobic substrate
and aqueous solutions can generate surface micelles.17,32

Considering the geometrical relationship between the stripe
width (∼22 nm) and the thickness (∼6 nm) of the well-aligned
nanopatterns formed by PBLG12k-b-PEG5k, it is reasonable to
speculate that the nanopatterns could be composed of surface
micelles. To complement the experiments, we carried out DPD
simulations to explore the inherent structures of the nanopat-
terns. In DPD simulations, a coarse-grained model containing
a planar substrate and R4C4 (R for rigid PBLG, and C for flex-
ible PEG) rod-coil BCPs was constructed to represent the
system consisting of the PS-silicon substrate and PBLG12k-b-
PEG5k BCPs (Fig. 3a). The interaction parameters between each
component were set corresponding to the experimental
examples, that is, aRC = 80, aRS = 80, aRP = 25, aCP = 30, aCS =
30, and aPS = 120, where R, C, S, and P stand for rods, coils,
solvents, and the planar substrate (see Table 2). As shown in
Fig. 3b, the stripe nanopatterns are well reproduced by the
DPD simulation. The cross-sectional images of the patterns
reveal that the stripes are “semi-cylinder” surface aggregates
adhered to the substrate, where the hydrophobic rod blocks
from the inner parts of the stripes that are wrapped by the
hydrophilic coils outside (Fig. 3c). The rods are packed in a
“head-to-head” fashion. To describe the chain distributions,
we further measured the orientation angle α (for the defi-
nition, see the inset of Fig. 3d) between the rods and planar
substrate. Fig. 3d presents the probability distribution of the α

value. It was found that ∼34% of the angles are distributed in
the range of 0–10° while only 1.45% of the angles are distribu-
ted in the range of 80–90°. This result suggests that the rods
tend to lie down on the substrate as the hydrophobic rod
blocks have a strong affinity to the hydrophobic substrate.
Moreover, the rod blocks adjacent to the substrate tend to be
perpendicular to the stripe long axis (Fig. 3c and Fig. S6d†).
Accordingly, it can be deduced that the PBLG rods are packed

Fig. 2 (a–c) AFM images of the well-aligned stripe nanopatterns self-
assembled form a series of asymmetric BCPs with different Mn on the
PS-silicon substrate: (a) PBLG5k-b-PEG2k (71.4 wt% PBLG), inset shows
the close-up AFM image of the nanopatterns, (b) PBLG8k-b-PEG2k

(80.0 wt% PBLG), and (c) PBLG20k-b-PEG5k (80.0 wt% PBLG). (d)
Dependence of the stripe width on the Mn of the PBLG blocks.

Table 1 Characteristics of the nanopatterns

Sample LPBLG
a (nm) Stripe widthb (nm) Periodc (nm)

PBLG5k-b-PEG2k 3.4 ∼12 ∼29.1
PBLG8k-b-PEG2k 5.5 ∼16 ∼35.8
PBLG12k-b-PEG5k 8.3 ∼22 ∼51.4
PBLG20k-b-PEG5k 13.8 ∼32 ∼61.9

a The length of PBLG blocks was calculated based on the α-helix con-
formation model. b The stripe width of the PBLG domain was
measured by AFM. c The period of the nanopatterns was obtained from
AFM measurements.
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perpendicular to the stripe axis, resembling the liquid crystal-
line structure. Taking this packing model into consideration,
we can take twice the BCP length as the period approximately
(Fig. 3c). The simulation results can well support the experi-
mental observations and verify the speculation that the stripe
nanopatterns are the semi-micelles.

Effects of BCP concentration and temperature on surface
morphology

To develop knowledge of the adsorption-assembly of PBLG-b-
PEG BCPs on the substrate, we examined the effects of self-
assembling conditions on the self-assembled morphology. The
influence of initial BCP concentration (C0) was first examined.
As shown in Fig. 4a, when C0 = 0.05 g L−1, no characteristic
morphology was observed on the PS-silicon substrate. When
increasing the C0 to 0.1 g L−1, it was found that disconnected
and winding stripes are formed on the substrate (Fig. 4b).
Further upon increasing the C0 to 0.4 and then to 1.0 g L−1,
robust and well-aligned stripe nanopatterns were observed
(Fig. 4c and d). In the systems, the copolymers can be either

adsorbed onto the PS-silicon substrate or form micelles in
solutions to reduce the total free energy. When the C0 value is
lower, the copolymers tend to adsorb onto the surface of PS-
silicon to minimize the interfacial energy as long as the
surface has not yet reached saturation. In this situation, the
stripe morphology is immature and becomes evident with
increasing BCP concentrations (Fig. 4a–c). When the C0 value
is higher, the adsorption of copolymers on the PS-silicon sub-
strate is saturated, and the excess copolymers are dispersed in
solutions to form small aggregates (Fig. S7, ESI†). The stripe
morphology does not change significantly on the substrate at
high C0 (Fig. 4c and d). This is probably because the stripes
are wrapped by the hydrophilic PEG chains (Fig. 3c), which
prevents the fusion of micelles from solutions with the
adsorbed BCP layer.

In addition to the BCP concentration, the assembling temp-
erature was found to be another important factor influencing
the self-assembled morphology. Fig. 5 shows the resulting
morphology for each sample obtained in the temperature
ranging from 20 to 40 °C (the C0 is fixed at 0.4 g L−1). As can
be seen from Fig. 5a–e, appreciable changes have been
observed on the stripe nanopatterns with increasing tempera-
tures, and the stripes disconnect and swell randomly at higher
temperatures. Nevertheless, the stripes produced at all the
experimental temperatures exhibit a periodic arrangement. To
in-depth understand the pattern ordering, we carried out
GISAXS measurements on these samples prepared at 20 to

Table 2 Interaction parameter aij set in the DPD simulations

aij R (rod) C (coil) S (solvent) P (PS)

R (rod) 25
C (coil) 80 25
S (solvent) 30–80 30 25
P (PS) 25 30 120 25

Fig. 4 AFM images of the morphology self-assembled from PBLG12k-b-
PEG5k BCPs on the PS-silicon substrate with various initial block copoly-
mer concentrations (C0): (a) C0 = 0.05 g L−1, (b) C0 = 0.1 g L−1, (c) C0 =
0.4 g L−1, and (d) C0 = 1.0 g L−1.

Fig. 3 (a) The DPD model containing rod-coil BCPs (denoted by R4C4)
and a planar substrate (P). (b) Stripe nanopatterns well calculated by
DPD simulations. (c) Cross-sectional images of the stripe nanopatterns
along the yellow line in Fig. 3b. Solvents are not shown in Fig. 3a–c. (d)
The probability distribution of the angle α, where the inset shows the
definition of the angle α.
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40 °C. Fig. 5f shows the relative intensity profiles along the xy-
plane obtained from the 2D GISAXS patterns (Fig. S8†). For the
samples prepared at 20 to 40 °C, the period varies slightly
from 51.5 nm to 46.3 nm (corresponding to the shift of sharp
peaks), which could be mainly attributed to the shrink of PEG
segments at higher temperatures.33 Moreover, we can quanti-
tatively determine the in-plane order degree of the stripe nano-
patterns through calculating the correlation length parameter,
ξ, which is inversely proportional to the half-maximum width
(Δqxy) of the peak. The stripe nanopatterns can be regarded as
composed of randomly oriented grains, where each grain con-
sists of a set of perfectly ordered straight stripes.34 The corre-
lation length parameter, ξ, is defined as the average diameter
of the grain, calculated through the classical Scherrer
formula:35

ξ ¼ K
2π
Δqxy

ð1Þ

where K (= 1.03) is a constant related to the grain shape. The
calculated values of ξ are presented in Fig. 5g. As the assem-
bling temperature increases from 20 to 30 °C, the value of ξ

increases, indicating the enhanced ordering of stripe nanopat-
terns. Further increasing the assembling temperature, the
value of ξ falls, corresponding to the decrease of ordering
degree. The variation of ξ values can be rationalized by consid-
ering the stripe morphology. As shown in Fig. 5a–e, the stripes

become straighter as the assembling temperature increases.
This can lead to an increase in the ordering of nanopatterns
due to the more orderly arrangement of stripes in one direc-
tion. However, when the assembling temperature is above
30 °C, the disconnected stripes would destroy the periodicity
of the stripe nanopatterns. As a result, the ordering degree of
stripe nanopatterns decreases. We also found that the initial
THF/DMF ratios can affect the self-assembled surface mor-
phology. When the content of DMF is lower, the formed stripe
nanopatterns are well-ordered at all the experimental tempera-
tures, while disordered structures appear when the content of
DMF is higher (Fig. S9 and 10, ESI†).

The substrate also has a pronounced influence on the mor-
phology of adsorbed BCP layers. The assemblies of PBLG12k-b-
PEG5k BCPs on various substrates were investigated. We firstly
prepared a substrate with a clear step-edge between the PS
surface and the bared Si substrate (Fig. S11a†). As compared
with the Si surface, the PS surface is much more attractive to
the BCPs. As a result, the well-aligned nanopatterns are selec-
tively formed in the PS region, while some disordered aggre-
gates are formed in the Si region (Fig. S11b†). We also exam-
ined the influence of various polymer-coated substrates on the
self-assembled morphology. Two kinds of substrates were pre-
pared, one was the polymethyl methacrylate (PMMA, less
hydrophobic)-coated substrate, and the other was the poly(2-
vinylphridine) (P2VP, hydrophilic)-coated substrate. It was
found that island-like structures are formed on the PMMA sub-

Fig. 5 (a–e) AFM images of the morphologies self-assembled from PBLG12k-b-PEG5k BCPs on the PS-silicon substrate at various temperatures: (a)
20 °C, (b) 25 °C, (c) 30 °C, (d) 35 °C, and (e) 40 °C. (f ) The relative intensity profiles along qxy obtained from the GISAXS patterns corresponding to
the temperatures. The dashed lines mark the shifted first and second scattering peaks, which indicate the shift of the period with increasing temp-
eratures. (g) The correlation length calculated from the full width at half-maximum (fwhm) of the main peak shown in Fig. 5f.

Polymer Chemistry Paper

This journal is © The Royal Society of Chemistry 2020 Polym. Chem., 2020, 11, 7487–7496 | 7491

Pu
bl

is
he

d 
on

 0
6 

N
ov

em
be

r 
20

20
. D

ow
nl

oa
de

d 
on

 1
2/

24
/2

02
0 

5:
22

:5
3 

A
M

. 
View Article Online

https://doi.org/10.1039/d0py01404d


strate, and no aggregates are formed on the hydrophilic P2VP
substrate (Fig. S11c and d†). These results suggest that the
strong interactions between the substrate and the BCPs are
necessary conditions for the formation of well-aligned stripe
nanopatterns.

Dynamic process of the formation of well-aligned
nanopatterns

To understand how the PBLG-b-PEG BCPs assemble into
ordered nanopatterns on the substrate, we examined the mor-
phological evolution of the nanopatterns by monitoring the
self-assembly progress at various solvent conditions. We firstly
measured the critical water content (CWC) at which the PBLG-
b-PEG BCPs begin to aggregate in solutions, by recording
abrupt turbidity changes during the process of adding water.36

As revealed by the turbidity curve, the CWC for PBLG12k-b-
PEG5k is 14.4 vol% (Fig. 6a). Since the PS nano-layer is irrever-
sibly absorbed on Si substrate, we can rule out the possibility
that the PS segments dissolve in solutions to participate in the
self-assembly process. Fig. 6b–e shows the AFM images of the
dried thin films of self-assembled morphology taken at
various water contents. The sample prepared in a solution of

11.7 vol% of water shows fuzzy features on the substrate due to
a lower water content below the CWC (Fig. 6b). When the
added water content reaches 18.3 vol%, scattered and short
stripes appear, suggesting that the PBLG-b-PEG BCPs have
been absorbed onto the surface of the PS-silicon substrate
(Fig. 6c). Compact and long stripes appear when the water
content reaches 25.0 vol%, indicating that the BCPs start to
pack into local-ordered nanostructures on the PS-silicon sub-
strate (Fig. 6d). Further increasing water content to 31.7 vol%,
the stripes rearrange to form ordered stripe nanopatterns
(Fig. 6e). The stripe width obtained at the water content of 31.7
vol% is much narrower than that obtained at the water content
of 25.0 vol% (∼22 nm and ∼31 nm). These observations indi-
cate that the formation of well-aligned nanopatterns includes
the adsorption of copolymers on the substrate and the sub-
sequent structural reconstruction, which is driven by the
minimum of the energetically unfavorable surface area.37

Importantly, the rod-rod alignment between the PBLG blocks
is essential to the formation of well-aligned nanostructures. In
a control experiment, PS-b-PEG coil–coil BCPs were used to
assemble on the surface of the PS-silicon substrate under the
same experimental conditions. It was found that irregular
structures instead of ordered stripe nanopatterns are obtained
on the substrate (Fig. S12, ESI†).

The pattern evolution on the substrate was also studied by
DPD to obtain complemental information. In the simulations,
we varied the solvent selectivity parameter (aRS) from 30 to 80
in a step-by-step manner, corresponding to the water addition
process in the experiments. Fig. 7a presents the equilibrium
structures obtained at various aRS. As can be seen, when the
solvent selectivity is weaker at the beginning of the self-assem-
bly, the BCPs are dispersed randomly in the simulation box
(aRS = 30). With increasing the solvent selectivity, the BCPs are

Fig. 6 (a) Turbidity (optical density) curve of PBLG12k-b-PEG5k block
copolymers as a function of added water content to the solution. (b–e)
AFM images of the morphological evolution of the stripe patterns at
various water contents: (b) 11.7 vol%, (c) 18.3 vol%, (d) 25.0 vol% and (e)
31.7 vol%.

Fig. 7 (a) Morphological evolution of the stripe patterns on the planar
substrate at various solvent conditions revealed by DPD simulations. The
aRS parameter represents the solvent selectivity (water content). (b)
Profile of the measured density of rod blocks adsorbed on the substrate
at various solvent conditions. Inserts show the density distribution pat-
terns obtained from aRS = 30 (left side) and aRS = 80 (right side), respect-
ively. (c) Profile of the order parameter (S) of the stripe patterns obtained
from the simulation results at various solvent conditions. Inset shows
the illustration for the angle θ between the local tangent vector of the
interface (blue dashed line) and the director.
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adsorbed onto the substrate and self-assemble into small
aggregates (aRS = 45), which subsequently fuse to form stripe
structures as the solvent selectivity becomes larger (aRS = 60).
However, the patterns contain a few defects in this state. With
further increasing the aRS to 80, the defects are eliminated and
the well-aligned stripe nanopatterns were observed. The simu-
lation results well reproduce the water-content-dependent mor-
phological evolution of the nanopatterns observed in the
experiments.

Additionally, the simulation results can provide more intui-
tive information about the adsorption-assembly process of
copolymer chains on the substrate. The density changes of the
rod blocks adsorbed on the substrate were measured at various
solvent conditions. Fig. 7b shows that the density of the rod
blocks on the substrate increases progressively with increasing
the solvent selectivity (aRS). When aRS is larger than 60, the
density of the rod blocks on the substrate increases slowly and
reaches the plateau, indicating that most copolymer chains
have been adsorbed onto the substrate and a saturation state
has been reached. The inserts in Fig. 7b show the 2D density
distribution of rod blocks on the substrate obtained at aRS = 30
and aRS = 80, respectively. The blue and red colors are assigned
to the lower and higher densities of rod blocks on the sub-
strate, respectively. The inserts clearly show that the rod blocks
change from lower density with a disordered state to higher
density with ordered patterns on the substrate.

The evolution of the pattern ordering in the self-assembly
process is an important issue that needs to be addressed. To
quantitatively describe the ordering of the stripe nanopatterns
obtained with various aRS in simulations, we introduced an
order parameter, S, which is defined as:

S ¼ 1
2
ð3 cos2 θ � 1Þ ð2Þ

where θ is the angle between the local tangent vector of inter-
face (blue dashed line) and the director (see the inset of
Fig. 7c). Here, when the S value is close to 1, perfectly ordered
patterns are produced on the substrate. Fig. 7c shows the S
values of the patterns on the substrate with various aRS. We
calculated the S at aRS = 45 because the density of BCPs on the
substrate is too low to calculate the accurate order parameters
when aRS is smaller. As shown in Fig. 7c, the S increases with
increasing aRS, indicating that the ordering of the stripe nano-
patterns increases with the addition of water. The max S is
0.73 (aRS = 80) though the pattern in this situation is well-
ordered. The reason could be that the stripes are not perfectly
straight, and a slight bend of stripes decreases the S value. The
simulation results serve as a theoretical support for the under-
standing of the disorder-to-order transition of the stripe nano-
patterns observed in the experiments.

Mechanism of the formation of well-aligned nanopatterns

Based on the results of experiments and simulations, a mecha-
nism is suggested to explain the formation of well-aligned
nanopatterns on the PS-silicon substrate. The PBLG-b-PEG
BCPs are randomly dispersed in initial organic solvents, and

the surface of the immersed PS-silicon substrate is stable. The
PS segments are more hydrophobic than PBLG segments in
aqueous solutions.17 When water is added, the surface energy
of the PS surface increases. To reduce the surface energy, the
amphiphilic PBLG-b-PEG BCPs, which can be regarded as a
kind of macromolecular surfactants, are adsorbed onto the PS-
silicon substrate. The attractive interactions between PS
surface and PBLG-b-PEG BCPs are attributed to hydrophobic
interactions and dipolar π–π stacking of phenyl groups. The PS
surface adsorbs not only the free copolymer chains, but also
the aggregates of copolymers formed in solution as long as the
surface has not reached saturation. This is because that the
aggregates are unstable in solution, and they tend to be
adsorbed onto the PS surface to lower the system energy.38

When the water is continuously added and exceeds the
CWC, the solubility of PBLG segments also decreases gradu-
ally. To reduce the exposure of the PBLG segments to the selec-
tive solvent (water), the BCPs self-assemble into stripe-like
micelle structures on the substrate, where the PBLG rods pack
in an ordered manner in the core, and the PEG coils wrap the
core outside. The α-helical PBLG rods and rod-coil architecture
of copolymers possess the structural conditions that are
necessary for the formation of the stripes: the rigidity of the
PBLG rods drives a liquid crystalline-like rod-rod alignment,
while the PEG segments stretch out to stabilize the structures
(Fig. 3). The anisotropic rod-like stripes subsequently align
and rearrange to reduce the free energy of the system, forming
ordered stripe nanopatterns on the substrate (Fig. 6). This
orderly packing mechanism agrees with the entropy-driven
alignment of anisotropic rigid objects.39

The above results demonstrate that the adsorption and
assembly of rod-coil BCPs on the substrate could be an alterna-
tive strategy for constructing well-aligned nanopatterns over
large areas. In traditional methods such as spin-coating or
casting, the structures can be easily “frozen” in the initial
films due to the rapid solvent evaporation. Therefore, thin
films usually require additional heat or solvent annealing to
access the equilibrium of the microphase separated structures.
The solvent annealing process can promote the polymer chain
mobility and enhance the pattern ordering.40 However, the
annealing process cannot effectively eliminate the structural
defects for the conventional coil–coil BCPs on flat substrates
or unguided external fields. In addition, the effect of solvent
annealing also depends on the property of the vapors and
annealing time, which limits the practical applications. The
present method can overcome such drawbacks and achieve a
one-step process of the film formation and pattern ordering,
which can be completed in a short time (within several
minutes) and without the requirement of subsequent anneal-
ing treatments. The fluidity of liquid crystalline-like structure
contributes to the orderly rod-rod alignment. Moreover, the
chemical incompatibility between rod and coil blocks can be
adjusted by introducing selective solvents into the assembly
systems to accelerate the formation of well-aligned nanopat-
terns even though the PBLG-b-PEG BCPs are highly asym-
metric. The present method also makes it possible to create a
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large diversity of morphologies by the adsorption-assembly of
rod-coil BCPs on various types of PS patterned substrates.

The sustained pursuit of ultrasmall periodic nanostructures
is the focus of new-generation nanolithography. We note that
the current systems could provide a platform for constructing
ultrasmall structures. For typical BCPs, the microphase separ-
ation is associated with chemical incompatibility, that is, the
product of the Flory–Huggins interaction parameter (χ) and
the overall degree of polymerization (N). To enable sub-10 nm
nanopatterning, the BCPs with a higher χ are required to
produce the microphase separated ordered morphology. A
higher χ often results from blocks consisting of highly immis-
cible components such as inorganic silicon.41–43 However, due
to the limited choices of high-χ BCPs, and considering the
difficulties in annealing processing and orientation control-
ling, the formation of vertically orientated structures with a
sharp interface at sub-10 nm length scale remains a challenge.
In contrast with the coil–coil BCPs, the entropic loss of rod-
coil BCPs is much smaller during the microphase separation.
Therefore, a smaller chemical incompatibility of rod-coil BCPs
can be enough to drive the microphase separation.44,45 Recent
advances have shown that the formation of sub-5 nm struc-
tures can be realized by the self-assembly of liquid crystalline
oligomers.46,47 For the adsorption-assembly procedure, the
refinement of the molecular architecture of rod-coil BCPs
could be essential to fabricate the structures with sub-5 nm
features, which is the focus of future related works.

Micrometer-scale, well-aligned, and vertically orientated
stripe nanopatterns have broad interests in polymer
nanoscience, and serve as promising materials in emerging
nanotechnologies, for example, ultra-high-density storage
media, and BCP nanolithography. The research results not
only enrich our knowledge about the adsorption-assembly of
amphiphilic rod-coil BCPs on the substrate, but also can
expand the application of polypeptide-based copolymers in
biomedical fields, for instance, biosensors, biomineralization,
and protein arrays.48–50 Specifically, for the PBLG-b-PEG BCPs,
conventional spin-coating and annealing methods have been
shown limited in constructing well-ordered structures
(Fig. S13†).

Conclusions

We demonstrate that micrometer-scale well-aligned stripe
nanopatterns composed of PBLG-b-PEG BCPs can be readily
constructed on the substrate in a facile and controllable way.
The experiment-simulation combined results reveal that these
closely packed stripes are “semi-cylinder” surface micelles and
adhered to the substrate. The stripe width and period of the
nanopatterns can be adjusted by varying the molecular weight
of BCPs. Moreover, the effects of BCP concentration and
assembling temperature on the surface morphology were eluci-
dated. It was found that well-aligned stripe nanopatterns can
be obtained at high concentrations, and the temperature also
influences the stripe morphology as well as the order degree of

the nanopatterns. The interplay of the strong attractive inter-
actions between the PS surface and the PBLG-b-PEG and an
ordered packing tendency of PBLG rod segments is responsible
for the formation of well-aligned stripe nanopatterns. The
present work can guide the fabrication of ordered surface
nanostructures/nanopatterns of BCPs containing rod-type seg-
ments with controllable size, orientation and surface mor-
phology, which could have potential applications in nanotem-
plating, nanolithography, and bioengineering.

Experimental section
Polymer synthesis

PBLG-b-PEG BCPs were synthesized via ring-opening polymer-
ization of γ-benzyl-L-glutamate-N-carboxyanhydride (BLG-NCA)
monomers using anhydrous mPEG-NH2 (Mn = 2 or 5 kg mol−1)
as macroinitiators.51,52 The polymerization was conducted in a
reaction bottle placed in the glove box with nitrogen atmo-
sphere. The reaction time was 3 days and the temperature was
fixed at 15 °C. After reaction, the products were poured into
large amounts of anhydrous ethanol. The precipitates were col-
lected by centrifugation. To purify the polymers, the resulting
products were dissolved in chloroform and then precipitated
with large amounts of anhydrous ethanol. Details about the
polymer synthesis and characterizations are provided in
section 1.1 of ESI.†

Preparation of PS-silicon substrate

The monodisperse PS homopolymers were dissolved in
toluene with the concentration of ∼2.5 wt%. Si (100) wafers
(covered with a native oxide layer) were cleaned by immersion
in a piranha solution (i.e., H2SO4/H2O2 = 3/1, v/v) for 30 min
and rinsed with a great amount of deionized water and dried
with nitrogen gun. The PS-coated substrates (i.e., ultrathin and
flattened PS nano-layer irreversibly adsorbed on Si substrate)
were prepared according to literatures.26,53 Firstly, the PS films
were prepared by spin-coating the polymer solutions onto
cleaned Si substrates. The spin-cast PS films were then heat
treated at ∼160 °C for 3 days under vacuum. Afterward, the
films were soaked in a fresh good solvent of toluene and
rinsed for more than ten times. The remaining PS nano-layers
were irreversibly adsorbed on Si substrates and insoluble in
solvents.26,27 The obtained PS-silicon wafers were dried in a
vacuum oven at 70 °C for 12 h to remove any excess solvent
before further experiments. More information about the sub-
strate preparation can be found in section 1.1 of ESI.†

Self-assembly of PBLG-b-PEG on the PS-silicon substrate

Firstly, PBLG-b-PEG BCPs were dissolved in v/v = 1/1 mixtures
of THF and DMF. Then 3 mL of polymer solutions and a piece
of PS-silicon wafer were placed together in a beaker.
Subsequently, 1.2 mL of deionized water was added dropwise
into the polymer solution at a rate of ca. 100 μL min−1 with
slight stirring. Finally, the samples were taken out from the
solution and rinsed with a large volume of deionized water.
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The samples were dried in a vacuum oven for 12 h at room
temperature. More experimental details about the self-assem-
bly process are available in section 1.1 of ESI.†

Characterizations

The morphologies formed on the substrate were characterized
by atomic force microscopy (AFM, XE-100, Park Systems) and
grazing-incidence small-angle X-ray scattering (GISAXS)
measurements. AFM testing was carried out using the non-
contact mode, and the scan rate was 0.5 Hz. The obtained
images were analyzed using XEI software (Park Systems).
GISAXS experiments were performed at the Shanghai
Synchrotron Radiation Facility (SSRF, China) 16B beamline.
The wavelength of the X-ray was 0.124 nm (E = 10 keV). To
probe the surface and inner structure of the nanopatterns, for
each sample, the X-ray incident angle was chosen as 0.3°
(above the critical angle), and the exposure time was 100 s.
Detailed information about the characterizations is provided
in section 1.2 of ESI.†

Simulation methods

Dissipative particle dynamics (DPD) simulation was proposed
by Koelman and Hoogerbrugge,54 and developed by Patrick
and Robert.55 Details about the DPD method and the para-
meter settings can refer to our previous work.56–58 In this
work, a DPD model containing a planar substrate and rod-coil
BCPs was constructed to represent the PS substrate and
PBLG12k-b-PEG5k, respectively (see Fig. 3a). The BCPs were
mapped into R4C4, where four R beads constitute rod block
and four C beads constitute coil block (the choice of bead
numbers corresponds to the experimental examples). To keep
the rigidity of rod blocks, the R beads were restricted by angle
forces. The equilibrium bond length of 0.7rc was set for the
bonding force, where rc is the length unit. The C beads
adopted flexible polymeric chain conformation. Solvents were
modeled as single beads, represented by S. The PS substrate
was modeled by two layers of beads (denoted by P) that were
closely packed so that the BCPs and solvents cannot permeate
through the substrate. The time unit τ was determined by τ =
(mrc

2/kBT )
1/2, where m, and kBT represent the mass and energy

in the simulation, respectively. All simulations were carried
out under the NVT ensemble in 60 × 60 × 10rc

3 boxes with peri-
odic boundary conditions. The interaction parameter aij (the
repulsive parameter between two arbitrary beads i and j )
between each type of DPD beads is given in Table 2. All inter-
action parameters were set corresponding to the experiments.
A modified velocity-Verlet algorithm was used to integrate the
motion equation, with the time step Δt = 0.01 τ. Over 3 × 106

simulation steps were offered to ensure the equilibrium states
have been reached. More simulation details are available in
section 1.3 of ESI.†
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