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ndent three-dimensional polymer
nanosheets induced by solution casting†

Cheol Hun Park,‡a Eun Min Go,‡b Kyung Min Lee,b Chang Soo Lee,a Sang Kyu Kwak*b

and Jong Hak Kim *a

Nanosheets are important structures usually composed of inorganicmaterials, such asmetals, metal oxides,

and carbon. Their creation typically involves hydrothermal, electrochemical or microwave processes. In this

study, we report a novel formation mechanism of 3D polymer nanosheets via facile solution casting using

a comb copolymer consisting of poly(ethylene glycol) behenyl ether methacrylate and poly(oxyethylene)

methacrylate (PEGBEM–POEM). Controlling the composition of comb copolymer yielded nanosheets

with different packing density and surface coverage. Interestingly, the structure exhibits substrate

independence as confirmed by glass, inorganic wafer, organic filter paper, and porous membrane. The

formation of 3D nanosheets was investigated in detail using coarse-grained molecular dynamics

simulations. The obtained polymer nanosheets were further utilized as templates for inorganic

nanosheets, which exhibit high conductivity owing to interconnectivity, and hence have promising

electronic and electrochemical applications.
Introduction

Nanostructured materials have been widely investigated owing
to their unique properties arising from the nanoscale micro-
structure. These nanomaterials have played a pivotal role in
shaping the outcome of numerous important studies, not only
in the elds of physics, chemistry, and biology but also in
engineering.1–3 In general, several properties of nanomaterials,
such as optical, electrical, mechanical, magnetic, and chemical,
have been tuned using size-controlling technology for various
applications.4–7 Moreover, the size-dependent properties of
nanomaterials have led to signicant technological advance-
ments in quantum dots, chemical catalysts, biomedical appli-
cations, and photovoltaic devices.8–13

The structure of inorganic materials has been controlled via
a range of methods, such as hydrothermal, electrochemical,
template mediated calcination, solvothermal, microwave, and
exfoliation.14–19 The resulting single and multi-dimensional
structures have fascinating properties, and consequently,
several studies have been conducted with the goal of synthe-
sizing structures with larger specic surface area, superior
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activity, and higher porosity. Nanostructured materials with
high aspect-ratio have garnered great attention lately, which are
ultrathin materials with high crystal growth and stacked layers.
Several studies have been conducted to enhance the physico-
chemical properties of these materials with promising results,
which mainly involved inorganic materials such as graphene,
two-dimensional (2D) metal organic frameworks (MOFs), and
metal oxides.20–26

Multi-dimensional nanostructure is particularly promising
in polymer engineering. As the development of specic nano-
structures is not common in polymers owing to their low crys-
tallinity and rigidity compared to inorganic materials, most
polymers only exhibit indistinguishable structures in the
absence of proper treatment, processing, and substrates.
However, utilizing specialized techniques such as electro-
spinning, nonsolvent-induced phase separation, oxidizing
agents, and blending with carbon materials, various nano-
structures including nanowires, nanobers, and nanospheres
have been generated.27–32 For example, polypyrrole conducting
polymer with nanosheets were formed using electrochemical
reactions and chemical oxidative polymerization, which resul-
ted in an improved electrochemical performance owing to the
increased specic surface area as well as a well-aligned and
interconnected structure.33–37 However, there was no report on
the formation of polymer nanosheets via solution casting,
which is a cost-effective simple process for commercialization.

In this study, we report a novel formation mechanism of
polymer materials with three-dimensional (3D) nanosheets
using a solution casting method. We also conrm the substrate-
independent property of the 3D polymer nanosheets using
© 2021 The Author(s). Published by the Royal Society of Chemistry
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glass, inorganic wafer, organic lter paper and polymer
membranes as substrates. The nanosheet structure is based on
a comb copolymer composed of poly(ethylene glycol) behenyl
ether methacrylate and poly(oxyethylene) methacrylate (i.e.
PEGBEM–POEM), which is synthesized via free-radical poly-
merization—a cost-effective, eco-friendly, and facile
method.38–41 Furthermore, we discuss in detail the physico-
chemical properties and formation mechanism of the nano-
sheets using coarse-grained molecular dynamics (CGMD)
simulations. The 3D polymer nanosheets were also used as
templates for nanosheets made of metal and other materials
using coating and mixing methods.

Results
Design and characterization of the comb copolymer

The formation of 3D nanosheets via solution casting method is
based on PEGBEM–POEM comb copolymers with different
compositions synthesized using free-radical polymerization
(Fig. 1a and b). Two macromonomers of PEGBEM and POEM
underwent the reaction in ethyl acetate at 70 �C for 18 h. We
conrmed our synthesis using various techniques, such as
Fourier-transform infrared (FT-IR) spectroscopy, thermogravi-
metric analysis (TGA), differential scanning calorimetry (DSC),
wide-angle X-ray scattering (WAXS), small-angle X-ray scattering
(SAXS), and nuclear magnetic resonance (NMR). In the FT-IR
Fig. 1 Characteristics of the synthesized PEGBEM–POEM comb copolym
structures. (c) FT-IR spectroscopic measurements to confirm the polym
behavior. (f) WAXS measurements to determine the degree of crystallinity
lattice. (h) NMR measurements to confirm the specific composition of th

© 2021 The Author(s). Published by the Royal Society of Chemistry
spectroscopic measurement, complete polymerization was
conrmed by the disappearance of the carbon double bonds at
1637 and 1632 cm�1 for POEM and PEGBEM, respectively
(Fig. 1c). We found that as the PEGBEM content increases, the
thermal stability and degree of crystallinity also increases owing
to the intermolecular packing of the sequential methylene
chains of PEGBEM. Specically, the thermal degradation
temperature of PEGBEM–POEM increased with the PEGBEM
content and all PEGBEM–POEM comb copolymers were ther-
mally stable up to 250 �C (Fig. 1d). The PEGBEM–POEM (7 : 3)
comb copolymer exhibited the highest degree of crystallinity
(Fig. 1e and f), which is because the PEGBEM chains consist of
regularly aligned twenty methylenes and twenty-ve ethylene
oxides. The d-spacing between the sequential methylene chains
was determined using SAXS to be approximately 9.0 nm for
PEGBEM–POEM (10 : 0); however, the d-spacing increased to
9.8 nm for PEGBEM–POEM (7 : 3) owing to the polymerized
amorphous phase of the POEM chains (Fig. 1g). The specic
composition of the comb copolymer was obtained using 1H-
NMR measurements (Fig. 1h), which yielded a weight ratio of
58 : 42 for PEGBEM–POEM (7 : 3) and 34 : 66 for PEGBEM–

POEM (5 : 5). This indicates similar reactivity of the two mac-
romonomers to free radical polymerization.
er. (a) Synthesis scheme. (b) Schematic illustration of different polymer
erization. (d) TGA and (e) DSC measurements to obtain the thermal
. (g) SAXS measurements to determine the d-spacing in the crystalline
e PEGBEM–POEM comb-like copolymer.

Chem. Sci., 2021, 12, 11748–11755 | 11749
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Formation of 3D nanosheets via solution casting

In this work, we mainly discuss the PEGBEM–POEM (7 : 3)
comb copolymer because the 3D nanosheets were most effi-
ciently and abundantly formed for this composition, as shown
in Fig. 2. Briey, 10 wt% PEGBEM–POEM solutions in various
solvents were directly solution-casted on the substrate, and
dried at an ambient condition except for less volatile solvents
such as DMF and NMP. We report that the development of the
structure is highly dependent on the thickness of the PEGBEM–

POEM (7 : 3) lm. When the lm thickness was 2 mm, a dense
homogeneous structure was observed, which is a common
morphology of polymers developed using solution casting
(Fig. 2a and b). The nanosheets started to form at a lm
thickness of 6 mm (Fig. 2c and d), and a large-scale 3D nano-
sheet structure was observed at a lm thickness of 12 mm
(Fig. 2e and f). Note that to investigate the effect of each polymer
unit on the assembled structures, PEGBEM–POEM (10 : 0) and
PEGBEM–POEM (5 : 5) were used as control samples, which will
be discussed later.

Interestingly, the 3D nanosheet structure of PEGBEM–POEM
(7 : 3) was observed regardless of the kind of substrate used,
namely, conducting uorine-doped tin oxide (FTO) glass,
cellulose lter paper, silicon wafer, and porous polysulfone
membrane, as shown in Fig. 2g–l. For all samples, ethanol was
used as the solvent to dissolve the PEGBEM–POEM comb
copolymer. Note that the porous and interweaved structure of
cellulose lter paper, which is one of the most commonly used
materials for ltration applications, was maintained even aer
Fig. 2 Development of 3D polymer nanosheets for different thicknesse
mately 2 mm; (c and d) 6 mm; (e and f) 12 mm on the polysulfone substrate
the following substrates: (g) FTO glass; (h) silicon wafer; (i and j) cellulos

11750 | Chem. Sci., 2021, 12, 11748–11755
the development of the 3D nanosheets. It suggests the presence
of a highly increased surface area and hence the possibility of
increased ltration performance for water treatment.

In order to consider the use in electronic and electro-
chemical devices, we deposited metal and metal oxides on the
nanosheets. As shown in ESI, Fig. S1,† Pt was successfully
sputtered on the 3D PEGBEM–POEM nanosheets without
collapsing the structure. Owing to the sputtering, the thickness
of the nanosheets increased from approximately 20–30 to
100 nm. To remove the PEGBEM–POEM matrix and obtain the
inert 3D nanosheet structure of Pt, the Pt-sputtered sample was
dipped in ethanol and calcined at 450 �C. This is because the
PEGBEM–POEM (7 : 3) comb copolymer is highly soluble in
ethanol and completely degrade at 500 �C, as conrmed by TGA
in Fig. 1d. Note that following the ethanol treatment and
annealing process, the 3D nanosheet structure was still main-
tained without severe shrinkage. In addition to Pt, other inor-
ganic materials such as gold, aluminum, indium tin oxide
(ITO), and graphene oxide were also coated onto the 3D polymer
nanosheets, as shown in Fig. 3a–f. Note that the metal salt
Zn(NO3)2 was mixed with the PEGBEM–POEM (7 : 3) solution
before casting on the substrate. In general, the thickness, size
and packing density of the nanosheets were inuenced by the
sputtering sources. Nevertheless, all the samples exhibited well-
dened 3D nanosheets without any discernible collapse or
distortion.

Other commercially available polymers, namely, hydro-
phobic poly(1-trimethylsilyl-1-propyne) (PTMSP), hydrophilic
s of the PEGBEM–POEM (7 : 3) film. Film thickness: (a and b) approxi-
. Surface SEM images of the 3D PEGBEM–POEM (7 : 3) nanosheets on
e filter paper; (k and l) porous polysulfone membrane.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 SEM images of 3D PEGBEM–POEM (7 : 3) nanosheets sputtered
with the following inorganic materials: (a) gold; (b) aluminum; (c)
platinum; (d) indium tin oxide (ITO); (e) graphene oxide; and solution
mixed with (f) Zn(NO3)2. Effect of the solvent on the development of
3D polymer nanosheets. Solvents used: (h) methanol; (h) isopropanol;
(i) butanol; (j) THF; (k) DMF; (l) NMP.
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poly(ethylene oxide) (PEO), amphiphilic poly(ether-block-
amide) (PEBAX) block copolymer, and different kinds of comb
copolymers (synthesized using the same method as PEGBEM–

POEM (7 : 3)) were also prepared via the same method. As
shown in ESI, Fig. S2,† dense and at surfaces were observed in
all cases, as expected, except for the PEGBEM–POEM comb
copolymers. For PEGBEM–POEM (10 : 0) and PEGBEM–POEM
(5 : 5), partially non-homogeneous regions and incompletely
formed nanosheets were observed in the magnied images (see
Fig. S2g and h,† respectively).

The temperature is considered to be an important factor for
the development of 3D nanosheets and hence it was investi-
gated, as shown in ESI, Fig. S3.† The solubility of PEGBEM–

POEM comb copolymer in ethanol tends to increase with
temperature. When the casted polymer solution was dried at
a high temperature (i.e., 50 �C), the surface coverage of the 3D
nanosheets was signicantly decreased. This resulted in the
formation of mixed dense and nanosheet structures, as shown
in Fig. S3a.† Identical 3D nanosheets were observed in the
corresponding magnied image (see Fig. S3b†) with a low
growth of nanosheets oriented along the normal condition.
Contrarily, at a low temperature (i.e., �15 �C), the 3D nano-
structures consisted of loosely packed nanosheets of larger size
as well as densely packed nanosheets that were well developed,
thus exhibiting full surface coverage. Therefore, we can
conclude that using lower temperatures leads to the formation
of a more packed 3D structure composed of a large number of
small-sized nanosheets.
© 2021 The Author(s). Published by the Royal Society of Chemistry
The 3D nanosheets of the PEGBEM–POEM (7 : 3) lm were
developed using several solvents, as shown in Fig. 3g–l. As
PEGBEM–POEM (7 : 3) is not soluble in non-polar solvents,
a series of polar solvents was tested, such as alcohols (i.e.,
methyl alcohol, isopropanol, and butanol) and organic solvents
(i.e., tetrahydrofuran (THF), N,N-dimethylformamide (DMF),
and 1-methyl-2-pyrrolidinone (NMP)). When the 3D nanosheets
were prepared with methanol, properties exactly similar to
those obtained with ethanol were observed, such as surface
coverage, sheet size, and growth, as shown in Fig. 3g. However,
in the case of isopropanol, both the size of the nanosheets and
the surface coverage decreased, resulting in a wider growth of
nanosheets with lower packing density (see Fig. 3h). A similar
behavior was also observed in the samples prepared with
butanol and THF (see Fig. 3i and j). In Fig. 3k, where DMF was
used as the solvent, a more interconnected and wider nanosheet
structure was obtained. Meanwhile, when NMP was used (see
Fig. 3l), the nanosheets shrunk and the surface coverage
decreased. Moreover, the use of different kinds of solvents
resulted in change in the nanosheets thickness due to different
polymer–solvent interactions. We report that both the drying
temperature and the kind of solvent used are pivotal parameters
for the development of nanosheets, and thus, our results can
lead to better optimization of the nanosheet structure
depending on their specic purpose.
Computational study of the formation of nanosheets

To theoretically investigate the formation of nanosheets and
dense structures, the CGMD simulation was performed (see
Computational method for details).42–47 The modeled PEGBEM–

POEM comb copolymer was shown in Fig. 4a. The aggregation
of PEGBEM–POEM comb copolymers was investigated at
different evaporation rates of the ethanol solvent since the
solvent was expected to evaporate slower in the thick lm. For
the formation of nanosheets, the solvent was evaporated at
a rate of 1.75 � 10�8 mL s�1 for 1.4 ms at 288 K. Consequently,
PEGBEM–POEM was aggregated during the evaporation of the
solvent and the nanosheet form appeared (see Fig. 4b and ESI,
Fig. S5†). For the formation of dense structures, on the other
hand, PEGBEM–POEM was assembled without at surface, (see
Fig. 4c and ESI, Fig. S6†), when the solvent was evaporated at
a rate of 9.8 � 10�7 mL s�1 for 50 ns at 310 K. At different
evaporation rates, the movement of the PEGBEM–POEM comb
copolymer was traced over simulation time to obtain mean
square displacement (MSD). During the formation of nano-
sheets, the movement of PEGBEM–POEM decreased with time
while it rapidly increased during the formation of dense struc-
tures (Fig. 4d). Aer complete removal of the solvent, the end-to-
end distance of a PEGBEM chain was drastically reduced in the
case of dense structures while the stretched PEGBEM chain in
the nanosheets was maintained (see ESI, Fig. S7†).

To investigate this phenomenon more specically, the
solvent accessible surface area (SASA) of PEGBEM–POEM was
calculated for the structures. The nanosheet structures showed
much larger SASA than that in the dense ones (see Fig. 4e). In
order to elucidate the difference of the SASA values, the
Chem. Sci., 2021, 12, 11748–11755 | 11751
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Fig. 4 CGMD simulations to analyze the formation of PEGBEM–
POEM (7 : 3) nanostructures. (a) CG model of PEGBEM–POEM (7 : 3).
Backbones (BBs) of PEGBEM and POEM with 3 contiguous PEG beads
are shown enclosed in red and blue dotted boxes, respectively. Alkyl
groups with 2 contiguous PEG beads are shown enclosed in a black
dotted box. Final configurations of PEGBEM–POEM (7 : 3) (b) nano-
sheets and (c) dense structures obtained from CGMD simulations. The
surface of the nanosheet is indicated by the orange box. (d) MSD of
PEGBEM–POEM (7 : 3) in the nanosheet and dense structures as
a function of the simulation time. Inset shows MSD in the dense
structure. (e) SASA of PEGBEM–POEM in the nanosheet and dense
structures. (f) Interaction energy per unit surface area between the
solvent and components of PEGBEM–POEM during the final 20 ns of
the evaporation simulation and (g) formation mechanism for 3D
polymer nanosheets.
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interaction tendency between PEGBEM–POEM and solvent was
compared based on the interaction energy per surface area
between solvent–PEGBEM–POEM. The nanosheet structures
generally showed higher interaction with solvent (see Fig. 4f),
which is closely relevant to its stretched structure of the PEG-
BEM chain (see Fig. S7†). Interestingly, among the three
components of PEGBEM–POEM, weak interactions between
alkyl groups and solvents were seen in both structures, but the
SASA of the alkyl group only revealed less of the alkyl group in
the nanosheet structure (see Fig. S8†) through slow reduction of
SASA of alkyl group over time (see Fig. S9†). Thus, the slower
evaporation of the solvent resulted in more reduction of alkyl
group in the surface area and the nanosheet structures were
maintained more stably in the polar solvent owing to less
exposed non-polar alkyl groups on the surface. In conclusion
from theoretical analysis, a slow evaporation of the solvent
could induce a slow aggregation of PEGBEM–POEM comb
copolymer, resulting in a more favorable state for maintaining
the surface structure. Schematic illustration for the formation
of 3D nanosheets with the comb copolymer is shown based on
the theoretical analysis (Fig. 4g).
11752 | Chem. Sci., 2021, 12, 11748–11755
Surface and conductive properties

To nd out the effect of the nanosheets on the surface proper-
ties of the lm, a contact angle measurement was performed, as
shown in ESI, Fig. S10.† The hydrophilicity of the PEGBEM–

POEM lm was measured for varying ratios of the polymer from
PEGBEM : POEM (10 : 0) to PEGBEM : POEM (5 : 5). PEGBEM–

POEM (10 : 0) was found to be the most hydrophilic with the
lowest water contact angle of 34.2�. With increasing POEM
content, the water contact angle increased to 61.5� for PEG-
BEM–POEM (7 : 3) and 79.5� for PEGBEM–POEM (5 : 5). The oil
contact angle was expected to exhibit the opposite behavior with
PEGBEM–POEM (10 : 0) having the highest oil contact angle
that decreased with increasing POEM content. Interestingly,
however, the oil contact angle was the highest for PEGBEM–

POEM (7 : 3), which can be attributed to its 3D nanosheet
structure that gives rise to a high specic surface area and
hydrophobicity. The change in surface property would be of
pivotal for oil/water treatment membranes.48,49

Another possible application of 3D nanosheets is in elec-
tronic or electrochemical devices, such as photovoltaic devices,
sensors, batteries, and transistors, where the surface area and
surface properties of the electronic components are important.
Aer sputtering with inorganic conducting materials such as
ITO, aluminum, and platinum, the conductivity of the 3D
nanosheets was measured using a dynamic potential sweep
method, as shown in ESI, Fig. S11 and Table S1.† The PEGBEM–

POEM (5 : 5) lm having a at dense structure exhibited the
lowest resistance and hence highest conductivity. Interestingly,
the 3D PEGBEM–POEM (7 : 3) nanosheet lm with much larger
surface area exhibited electron conductivity comparable to the
at PEGBEM–POEM (5 : 5) lm due to excellent inter-
connectivity. This shows that the 3D nanosheet structure does
not negatively affect the electron conductivity of materials but
improves the interfacial surface area of electrode, indicating
their possible applications in various electronic and electro-
chemical devices.
Conclusions

In this study, substrate-independent polymeric 3D nanosheets
were formed via simple solution casting. Several factors
contributing to the development of the 3D nanosheet structure
were investigated. We found that the 3D nanosheet structures
were most well developed in PEGBEM–POEM comb copolymer.
A possible mechanism for the formation of 3D nanosheets is the
change in the polymer–solvent interactions on the surface. The
3D nanosheets were especially well developed when the lm
thickness was greater than 6 mm. Solvent evaporation yields
a mixture having low solvent content and high comb copolymer
content, leading to phase separation between the solvent and
PEGBEM–POEM. Regions with high concentrations of PEG-
BEM–POEM comb chains form continuous 3D nanosheet
structures, while regions with high concentrations of the
solvent exhibit voids. The effect of temperature on the 3D
nanosheets supports this hypothesis. At low temperatures (e.g.,
�15 �C), where the interaction between the solvent and comb
© 2021 The Author(s). Published by the Royal Society of Chemistry
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copolymer is weak, a larger number of 3D nanosheets was
developed.

The comb copolymer for developing 3D nanosheets was
prepared via highly facile, free radical polymerization; thus,
techniques such as oxidant-meditated process, hydrothermal or
electrochemical treatments were not required. Sputtering
metallic elements on the surface of the 3D nanosheets as well as
mixing other materials with the solution containing comb
copolymer also paves the way for several applications. The 3D
nanosheet structure was maintained and the original unper-
turbed structure was exhibited aer calcination for removal of
the comb copolymer template. Similar 3D nanosheets were
observed when using other solvents such as alcohols (methanol,
IPA, and butanol) and organic solvents (DMF, THF, and NMP),
although they had a slightly different structure and packing
density compared to that obtained with ethanol. Finally, the
formation mechanism of the 3D nanosheets was veried using
CGMD simulations, which is governed by the molecular prop-
erties of PEGBEM and POEM having a specic monomer ratio.
Experimental
Materials

The monomers for the comb copolymer were poly(ethylene
glycol) behenyl ether methacrylate (PEGBEM, Mn � 1500 g
mol�1) and poly(oxyethylene methacrylate) (POEM, Mn ¼ 500 g
mol�1), which were purchased from Sigma-Aldrich. The initi-
ator for the free radical polymerization was 2,20-azobis(2-
methylpropionitrile) (AIBN, 98%), which was obtained from
Acros Organics. Ethyl acetate (HPLC grade) was obtained from
DUKSAN and used as the solvent for polymerization. Hexane
(95%, n-hexane) and absolute ethanol were purchased from J. T.
Baker, which were used for precipitation. Whatman cellulose
lter paper (pore size 0.2 mm) was purchased from Merck. The
porous polysulfone membrane was kindly provided by LG
chemistry. All materials were used in the inert state without
further purication or modication.
Polymerization of PEGBEM–POEM

The PEGBEM–POEM comb copolymer was synthesized via free
radical polymerization. Three kinds of PEGBEM–POEM comb
copolymer were used such that the input weight monomer ratio
was controlled at PEGBEM : POEM ¼ 10 : 0, 7 : 3, and 5 : 5. All
the components, including the solvent, monomers, and initi-
ator, were put into a round ask and N2 purging was conducted
to remove any reactive gas such as oxygen or reactants that
could hinder the polymerization and lead to by-products. Next,
the ask was heated to 70 �C and kept for 18 h, so that the
initiator could trigger the synthesis. Then, the solution was
cooled to 25 �C and precipitated using n-hexane. The precipi-
tation process was conducted three times to purify the nal
product. The obtained copolymer was kept in a vacuum oven
overnight at 50 �C to remove any residual solvents. The average
yield of the gra copolymer was in the approximate range 65–
70 wt%.
© 2021 The Author(s). Published by the Royal Society of Chemistry
The molecular weight and dispersity of PEGBEM–POEM
comb copolymers were approximately 20 000 g mol�1 and 2.5,
respectively. To investigate the importance of PEGBEM, another
copolymer containing a phthalate and PEGBEM was synthe-
sized in a manner similar to the PEGBEM–POEM comb
copolymer.

Characterization

FT-IR spectra were obtained in the frequency range 4000–
600 cm�1 using an Excalibur series FT-IR instrument (DIGLAS
Co., Hannover, Germany). Thermal behavior of the copolymer
was investigated using differential scanning calorimetry (DSC
8000, Perkin Elmer, USA) at a heating rate of 10 �C min�1 and
thermogravimetric analysis (TGA instruments, USA). The crys-
tallinity and micro-phase separation were studied using WAXS,
carried out on a Rigaku 18 kW rotating anode X-ray generator
with Cu–K radiation, and SAXS, which was conducted using 4C
SAXS II beamline at the Pohang Light Source (PLS, Korea). To
analyze the specic monomer ratio of the copolymer, 1H-NMR
was conducted using Avance 600 MHz FT NMR spectrometer
(Bruker, Ettlingen, Germany) with a 600 MHz resolution. Field-
emission SEM (FE-SEM, SUPRA 55VP, Germany, Carl Zeiss) was
used at 15 kV aer sputtering the samples with platinum at 10
mA for 60 s. The resistance of the polymer lm was obtained
using a dynamic potential sweep method at an electrochemical
workstation.

Computational method

We have used MARTINI force eld to run CGMD and construct
the model systems.42 The PEGBEM–POEM (7 : 3) comb copol-
ymer, in which two PEGBEM and one POEM chains were
repeatedly bound, was built with 33 and 11 beads, respectively
(Fig. 4a). In a comb copolymer, the number of PEGBEM and
POEM chains were 12 and 5, respectively. MARTINI bead types
for ethyl group (BB of PEGBEM), propyl group (BB of POEM),
acrylate, ethylene glycol, and butane are SC1, C2, Na, SP0, and
C1, respectively, following Rossi et al.'s work.43 For the solvent,
ethanol was used with the P1 type, where two ethanol molecules
were coarse-grained into a bead. For studying the formation of
nanosheets and dense structures, modeled PEGBEM–POEM
comb copolymers (i.e., 450 e.a.) were introduced in a simulation
box of dimensions 52 � 52 � 52 nm3, which was lled with
ethanol (i.e., 901 164 beads). We have performed slow and fast
evaporation simulations to conrm the evaporation-driven self-
assembly of PEGBEM–POEM.44 For slow evaporation, which, we
anticipated, could occur in the thick lm at 288 K and 1 atm,
ethanol (i.e., 5%) was removed once every 50 ns and aer 200 ns,
the same number of ethanol was removed once every 200 ns
until ethanol of 50% remained. Then, the remaining ethanol
was removed and the comb copolymer model system was run
till 1.8 ms. The reason for changing the evaporation rate aer
ethanol of 50% was removed was shown in ESI, Note and Fig.
S4.† For the fast evaporation, which, we anticipated, could occur
in the thin lm at 310 K and 1 atm, ethanol (i.e., 20%) was
removed once every 10 ns and aer 50 ns, the comb copolymer
model system was run till 400 ns. With stabilized systems run by
Chem. Sci., 2021, 12, 11748–11755 | 11753
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the CGMD simulation, the radius of gyration (Rg), end-to-end
distance, mean square displacement (MSD), solvent accessible
surface area (SASA), and interaction energy were analyzed. For
the CGMD simulation, the isothermal–isobaric (NPT)
ensemble, where temperature and pressure were xed with the
velocity-rescaling thermostat45 and the Parrinello–Rahman
barostat,46 respectively, was employed. The cut-off radius for the
van der Waals interaction was 1.2 nm and particle mesh Ewald
(PME) summation method was used for the Coulomb interac-
tion. The time step was set at 10 fs. The GROMACS 5.0.6
package was used for the CGMD simulation.47
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