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Nanopatterning and functionalizing of graphene is often
required to tune or enhance its unique physical properties.
However, complex processes are needed to overcome the
chemical incompatibilities between the patterning template,
the functional small molecules or nanoparticles, and the
underlying graphene. We present a block copolymer (BCP)-
based supramolecular thin film as a versatile platform for
the generation of periodic patterns of small molecules and
ordered assemblies of nanoparticles on top of a graphene
substrate without chemical modification of any components.
The present approach opens opportunities to readily
pattern and functionalize graphene, and to investigate the
structure-property correlations of graphene/nanoparticle
and graphene/small molecule composite materials.

Graphene, a single layer of sp? bonded, hexagonally packed
carbon atoms, has become a promising material for applications
in electronics' , sensing?, catalysis™ *, photovoltaics™ ¢ and
nanocomposites’ due to its unique electrical® ° and mechanical
properties'’. Graphene can be nanostructured or decorated with
small molecules or nanoparticles (NPs) to tune its
optical/electronic properties or introduce new functionalities'".
Graphene nanodots'?, nano-ribbon'? and nanomesh'* '* have
been shown to have semiconducting properties not observed in
unpatterned graphene sheets, which demonstrate semimetallic
behaviour at room temperature. Typically, the patterning
process requires an additional step of depositing a grafting layer,
such as polydopamine'® or SiO,', on top of graphene or a
chemical modification step'’ to increase its surface energy and
prevent the dewetting of the sacrificial layer. Furthermore, the
graphene surface energy must be precisely tailored to balance
the polymer/surface interfacial interactions to control the
macroscopic orientation of BCP microdomains. Decoration of
graphene by small molecules is a common route to tune its
bandgap or increase its chemical reactivity, which increases its
competitive strength in the field of semiconductors and
sensors''. Graphene surfaces decorated with metal or
semiconducting NPs act as efficient sensing, catalytic or
photovoltaic device components in which the graphene acts as a
conductive layer to deliver electrical charges across the device >
18225 The NPs can be placed onto the graphene surface via in-
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situ reduction of precursors, which requires different synthetic
chemistries for different types of NPs* 2* 2 26 or via
adsorption of preformed NPs to the graphene surface, which
requires chemical modification of the graphene or NP surface?”
28 These modifications may affect the physical properties of the
graphene and NPs. In addition, these approaches often cannot
guarantee a desired spatial distribution of NPs on the graphene,

which is important to generate reliable devices.

We present a simple, versatile approach to nanoscopically
pattern graphene using BCP-based supramolecules and decorate
graphene with small molecules or NPs without the need to
modify the graphene surface, small molecule or NP chemistry
as required in many previous studies. The supramolecule,
comprised of a BCP hydrogen bonded with small molecules,
has three main advantages to modify graphene surface in
comparison to prior approaches with conventional BCP systems.
Firstly, small  molecules situated close to the
supramolecule/graphene interface can mediate the interfacial
interaction energy”, thus allowing for the generation of
perpendicular nanostructures and preventing the supramolecule
thin film from dewetting on top of the low surface energy
graphene, which is commonly observed for other BCP
systems'> '°. Secondly, the non-covalently bonded small
molecules can be removed via a selective solvent’® 3! 32 thus
generating an etching mask to pattern the underlying graphene.
Additional functionalities can be readily introduced to the
graphene surface by exchanging the small molecules with
liquid crystalline®®, semiconducting®, or external field*’
responsive small molecules. Thirdly, the small molecule can be
selected to interact favorably with the NP ligands and leads to
the incorporation of NPs into one BCP microdomain.*®** This
enables the supramolecule to serve as a structure-directing
scaffold for the self-assembly of NPs into 1-D arrays and 3-D
networks on top of graphene over arbitrarily large areas. Thus,
the supramolecular approach greatly simplifies the patterning
and functionalization of graphene, and opens opportunities to

explore the structure-property correlations of patterned
graphene, graphene/small molecule, and graphene/NP
nanocomposites.
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The supramolecule is comprised of polystyrene-block-poly(4-
vinylpyridine) (PS-6-P4VP) with the P4VP block hydrogen
bonded to a small molecule, as shown in Figure la. The
supramolecule is denoted as PS(x)-b-P4VP(y)(SM),, where x
and y represent the molar weight of the PS and P4VP blocks
respectively in units of g/mol, SM represents the name of the
small molecule, and the subscript n represents the molar ratio of
small molecule to P4VP. An alkylated small molecule, 3-
pentadecylphenol (PDP), is readily incorporated into the block
copolymer to form the supramolecule PS-b-P4VP(PDP). Figure
1b shows the AFM and optical microscopy image (inset) of
graphene supported on a SiO,/Si substrate, showing a smooth,
uniform coverage of graphene. A thin film of PS(19,000)-b-
P4VP(5,200)(PDP), ; was spun cast onto the graphene layer
and solvent annealed, forming a microphase separated
morphology with no signs of dewetting (Figure 1c). The
corresponding optical microscopy image shows a color change
due to light interference effects from the thin film. Since the
color change is dependent on film thickness, the uniformity of
the color change indicates that a smooth supramolecule film is
formed on graphene over large areas. A film thickness of 61 nm
is measured by interferometry (SI 2).

PS P4VP(PDP)
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Figure 1 a) Schematic of the PS-6-P4VP(SM) supramolecule construct.
AFM and optical microscope (inset) images of a graphene coated Si
substrate b) before and c) after being coated with a ~100 nm PS-b-
P4VP(PDP) supramolecule thin film. Scale bars are 200 nm for the
AFM images and 10pm for the optical microscope images.

Ordered nanostructure with reasonable long range order is
generated by solvent annealing a ~30 nm thin film of
PS(19,000)-b-PAVP(5,200)(PDP); , supramolecule via
exposure to 300 puL of chloroform for 15 min as described in
the Experimental Details (SI 1). With a P4AVP(PDP) volume
fraction of 0.62, the cylinder morphology was observed with
the PS cylinders embedded in the P4VP(PDP) matrix and
oriented parallel to the underlying graphene surface. The PS
cylinders form a fingerprint-like pattern with a periodicity of
~25 nm (Figure 2a). Control of microdomain orientation in
BCP thin films over macroscopic distances, especially to obtain
vertical alignment of microdomain, is challenging because it
requires balances between the film/substrate and film/air
interfacial energies*’* **. In the supramolecule thin film,
macroscopic alignment of BCP microdomains can be readily
tailored by varying the solvent annealing conditions. A thin
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film of PS(24,000)-b-PAVP(9,500)(PDP),, with P4VP(PDP)
volume fraction of 0.70, was solvent annealed at a lower vapor
pressure with 200 pL chloroform for 12 minutes, an optimal
annealing condition to stabilize perpendicular cylinder
morphology, which can be clearly seen from AFM (Figure 2b).
PDP can be selectively removed from the film by rinsing with
isopropyl alcohol to generate line and dot patterns (Figure 2c,d).
The removal of PDP causes a large volumetric shrinkage of the
P4VP(PDP) microdomain, which results in a large thickness
contrast between the PS and P4VP microdomains. These
nanopatterned films can potentially be used as sacrificial masks
for plasma etching and to pattern graphene.

PS(19,000)-b-PAVP(5,200)(PDP), ; and b) PS(24,000)-b-
P4VP(9,500)(PDP), supramolecules showing cylindrical morphology
oriented parallel and perpendicular to the substrate, respectively. After
solvent wash with isopropyl alcohol to remove PDP, thin films with
parallel cylindrical morphology formed line patterns (c¢) and thin films
with perpendicular cylindrical morphology formed dot patterns (d) with
increased height contrast between the microdomains. The scale bars are
200 nm and color scales are 0-20 nm for all images.

The BCP supramolecule construct enables the formation of
perpendicular BCP morphologies and prevents the dewetting of
the BCP thin film on top of graphene, a phenomenon frequently
observed due to the low surface energy of graphene'> '®. The
PDP small molecules in the supramolecule likely play an
important role in mediating the graphene/supramolecule
interfacial interactions. Grazing Incidence Small Angle X-ray
Scattering (GISAXS) is used to investigate the spatial
distribution of PDP small molecules within the thin film (SI 3).
For both parallel and perpendicular cylindrical thin films, there
exist a scattering peak at q, = 0.155 Al signifying
perpendicularly oriented PDP at the graphene/film interface.
These PDP molecules could in effect form a brush layer to
mediate the graphene/film interfacial interaction. This
interfacial energy mediation is the underlying reason that
dewetting is not observed with the BCP supramolecule thin
film. This PDP layer was also observed in previous studies of
supramolecular thin film assembly on a hydrophobic PS-coated
substrate?”. The presence of this PDP brush layer thus serves as
a built-in regulator of interfacial interaction that enables thin
film and perpendicular morphology formation on the low
surface energy graphene.
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Another advantage of the supramolecular approach is that the
side chain functionalities are readily modular since PDP can be
replaced by other small molecules with hydrogen bond donor
moieties. This allows semiconducting™, liquid crystalline** and
external field-responsive®® *> 6 small molecules to be
incorporated onto a graphene surface. As an example, a
photoresponsive azobenzene-containing small molecule, 4-(4°-
butylphenyl diazenyl)phenol (4PAP) can be incorporated into
the supramolecule (Figure 3a). Figure 3b shows the GISAXS
scattering of a PS(20,000)-b-PAVP(19,000)(4PAP),
supramolecule thin film annealed in 200ulL chloroform for 12
minutes. A g, linecut of the GISAXS pattern (inset) shows the
1:V3:\7 peak ratios characteristic of perpendicularly oriented
cylinders. A broader peak around g, = 0.17 A corresponds to
4PAP scattering. This scattering peak is limited in the g,
direction, suggesting that the 4PAP molecules are highly
oriented. Figure 3¢ shows the GISAXS scattering and g, linecut
(inset) of a PS(24,000)-b-P4VP(9,500)(4PAP), supramolecule
thin film annealed in 300ulL chloroform for 15 min. The 4PAP
scattering peak forms a ring instead of being confined in the g,
direction, suggesting random orientation of the 4PAP small
molecules. The thin film morphologies are further investigated
via AFM, which clearly shows the formation of perpendicular

cylindrical morphology for the PS(20,000)-b-
P4VP(19,000)(4PAP); supramolecule (Figure 3d, e) and
parallel cylindrical morphology for the PS(24,000)-b-

P4VP(9,500)(4PAP), supramolecule (Figure 3f, g). The close
proximity and controllable orientation of 4PAP with respect to
graphene may enable tunable electronic coupling between the
4PAP and graphene, which could lead to applications in
photoswitching®’. In addition, azobenezene-containing block
copolymers are known to undergo mechanical deformations
upon UV light exposure due to the cis-trans isomerization of
the azobenzene moiety’’, thus the thin films can potentially be
used to mechanically strain graphene and engineer its electronic
properties*®,

a ) bEM
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Figure 3 a) Schematic of the azobenzene containing supramolecule PS-
b-PAVP(4PAP). 2D GISAXS pattern and 1D linecut (inset) of PS-b-
P4VP(4PAP) with b) PS(20,000)-b-PAVP(19,000)(4PAP);, and c)
PS(24,000)-b-PAVP(9,500)(4PAP), supramolecule thin films on
graphene, suggesting perpendicular cylinders with 4PAP molecules
aligned parallel to graphene for the PS(20,000)-b-
P4VP(19,000)(4PAP), supramolecule, and parallel cylinders with 4PAP
molecules aligned randomly to graphene for the PS(24,000)-b-
P4VP(9,500)(4PAP), supramolecule. The thin film morphologies are
confirmed via AFM and schematically illustrated for the perpendicular
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(d, e) and parallel (f, g) cylindrical morphologies, detailing the
orientation of the BCP cylinders and the 4PAP small molecules relative
to the graphene substrate. Scale bars are 200 nm.

The supramolecular thin film also serves as a versatile
framework to generate ordered arrays of NPs on graphene. NPs
with alkyl ligands interact favorably with the PDP alkyl tails,
and can be selectively incorporated into the P4VP(PDP)
microdomain of the supramolecular framework. Figure 4 shows
the AFM and GISAXS of a ~30 nm thin film comprised of
PS(19,000)-b-P4VP(5,200)(PDP); ; and 6 v% of ~4 nm Au NPs
covered with dodecanethiol ligands on graphene. The NPs are
observed to assemble into 1-D arrays along the darker
P4VP(PDP) microdomain (Figure 4a,b). GISAXS patterns of
the film at different incidence angles of a = 0.10°, 0.15° and
0.20° (Figure 4c) all show strong Bragg rods, suggesting a
single layer of NPs on top of graphene. 3-D networks of NPs
can be generated by increasing the thickness of the
nanocomposite film. A ~180 nm film shows a GISAXS pattern
with distinctive scattering peaks in the g, and g. directions with
g, peak ratios of 1:2:3 (Figure 4d,e), characteristic of a distorted
hexagonal lattice of parallel oriented NP arrays. The cross-
sectional TEM (Figure 4f) confirms the formation of 3-D NP
arrays organized into hexagonal networks on graphene,
consistent with GISAXS. Besides Au NPs, previous studies
have demonstrated the supramolecule-guided assembly of PbS
and PbSe NPs*, and CdSe nanorods*’ covered by the common
alkyl native ligands. These assemblies can be readily adapted to
a graphene substrate, thus establishing the versatility of this
supramolecule to decorate graphene with ordered assemblies of
functional NPs.

£t 0.04 008‘ 0‘12
Q, (A"

Figure 4 a) AFM image (a) and schematic (b) of a solvent annealed PS-b-
P4VP(PDP)/Au NP nanocomposite thin film self-assembled into parallel line
patterns. ¢) GISAXS at incidence angles of 0.10°, 0.15° and 0.20° all show
strong Bragg rods at ¢, = 0.021A" and no peaks along the g. direction,
suggesting a monolayer of NP arrays with 30 nm inter-array spacing. For a
~180 nm thick film, the GISAXS pattern (d) shows a scattering pattern
characteristic of a hexagonal lattice of NP arrays. A g, linecut (e) reveals
lateral periodicity of ~26nm with up to third order scattering peak visible. A
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cross-sectional TEM image (f) of the film shows the Au NP arrays arranged
into hexagonal networks as predicted by GISAXS. Scale bars are 200 nm.

Conclusions

In summary, we have demonstrated BCP-based supramolecular
thin films as a versatile platform to pattern and functionalize
graphene with several advantages over existing approaches.
The interfacial energy mediation provided by the small
molecules prevents film dewetting and enables the formation of
thin films with both parallel and perpendicular cylindrical
nanostructures on graphene surface. The small molecules can
be selectively removed to potentially generate etching masks to
pattern the underlying graphene, or replaced with other small
molecules to introduce additional functionalities. Incorporation
of NPs into this supramolecular nanostructure resulted in 1-D
NP arrays and 3-D NP networks on top of graphene. This
approach does not require modification of the NP, small
molecule or graphene surface chemistries, thus circumventing
complex chemical modification steps as required by previous
processing methodologies. The decoration of graphene with
patterned functional small molecules or ordered NP assemblies
may open exciting opportunities to investigate the
structure/property correlations underlying NP/graphene and
small molecule/graphene nanocomposites. These properties
would find numerous applications such as solar cells, sensors,
and catalysts.
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Block copolymer and nanoparticle structures can be generated on graphene substrates in one step using a
supramolecular nanocomposite approach.
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