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A facile and robust strategy for creating micropatterned polymer
brushes via the combination of a micro-contact printing (nCP)
induced supramolecular self-assembled photoactive surface with
subsequent self-initiated photografting and photopolymerization
(SIPGP) is reported. The results contribute to polymeric function-
alization on a wide range of hydroxylated surfaces or graphene
based materials.

Polymer brushes with a well controllable functionality, density
and thickness at almost molecular precision for smart surfaces,
which can interact with and respond well to environments, have
attracted tremendous interest because of their potential applica-
tions in many surface-based technologies.' The patterned one,
particularly useful for array-based platforms and for the study of
stimuli-responsive phenomena, can be fabricated via the combi-
nation of the creation of a self-assembled monolayer (SAM)
template by a variety of lithographic strategies and subsequent
amplification via surface initiated polymerization (SIP)." Among
these lithographic methods, microcontact printing (uCP) is a
simple and cost-effective tool to pattern microscale initiator SAMs
as templates on a solid substrate, such as silicon® or Au,® giving
the correct choice of the anchor group and mesogen. In addition
to the direct printing chemical functionality, pCP has also been
used for chemical reaction under nanoscale confinement when
the inked stamp is in contact with a functional substrate that is
able to react chemically with the reactive ink molecules from a
structured polydimethylsiloxane (PDMS) stamp.’

Most research studies were focused on fabricating polymer
brushes with covalent modification of a substrate from a surface
confined initiator and subsequent SIP. There are only few cases in
which noncovalent strategies have been used to achieve initiator
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attachment. Recently, Becer et al.® reported that a hydrogen
bonded initiator attached to the HOOC-terminated substrate
steadily, resulting in a suitable template for grafting polymer
brushes. Zhou et al.® demonstrated atom transfer radical poly-
merization (ATRP) which involves transfer of a pyrene-terminated
macroinitiator to a graphene oxide film via n-n stacking inter-
actions with further amplification of polymer brushes. The
majority of research studies reporting fabrication of polymer
brushes make use of the SIP via the amplification of the initiator
SAM template. More recently, it was demonstrated that patterned
polymer brushes can also be prepared even without a surface-
bound initiator by self-initiated photografting and photopolymeri-
zation (SIPGP) on patterned SAMs,'® on carbon deposits,® or by
the direct use of a surface chemical contrast."* The SIPGP allows
us to have a robust choice due to its several advantages including
no additional surface analog reaction to introduce a photo-
initiator for SIP and very stable covalent attachment of the
polymer brush to the surface via C-C bonds.

Herein, we developed the pCP technology to induce supra-
molecular self-assembly forming a photoactive surface for fabricat-
ing micropatterned polymer brushes via subsequent amplification
of SIPGP. pCP is thus used to direct the supramolecular assembly
of Py-CH,NH,, via a hydrogen bond onto an OH-terminated silicon
substrate to form an active surface. This successful strategy is then
moved to functionalize the graphene via n-n interaction with
Py-CH,NH, for further improving graphene’s surface chemical
properties and extending the applications. Since the amine is
a popular and effective group for photopolymerization,** the
resulting photoactive pattern allows the subsequent grafting of
polymer brushes via the robust SIPGP.

Our strategies of uCP inducing a supramolecular self-assembled
photoactive surface for patterning polymer brushes are schematically
shown in Fig. 1. A Py-CH,NH, solution inked PDMS stamp was first
made to come into contact with the OH-terminated silicon substrate,
which was treated with fresh piranha solution (Fig. 1A and B) with
gentle force, followed by rinsing with ethanol and drying in
N, flow. The NH,-terminated pyrene derivatives interact with
the HO-terminated surface by a hydrogen bond and the pyrene
groups with each other through n-n stacking interactions
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Fig. 1 Schematic procedure for fabricating patterned polymer brushes on silicon-
based substrates via pCP directed supramolecular self-assembly and SIPGP.

simultaneously with the amino group pointing toward the outer
interface (Fig. 1C and D). Such a structure offered activity sites
for grafting polymer brushes by final SIPGP of styrene or other
vinyl monomers (Fig. 1E).

To test preliminarily whether there was a successful attachment of
Py-CH,NH, to the hydroxylated silicon surface by the pCP induced
supramolecular self-assembly, water contact angle (CA) measurement
was done to investigate the surface properties of silicon before and
after Py-CH,NH, modification. Fig. 2A shows that the CA of the silicon
substrate, treated with a fresh piranha solution, is 14°. After patterned
modification with Py-CH,NHS,, the value increased to 55°, indicating
that the functional surface became less hydrophilic (Fig. 2B). In order
to indirectly evidence our supramolecular self-assembly mechanism,
the flat stamp was employed to generate a homogenous active surface
on a silicon substrate. As shown in Fig. S1A provided in the ESLT the
value of the contact angle of the silicon surface modified by an
unpatterned pyrene derivative is 67°, which shows that the hydroxyl-
terminated silicon surface is covered fully with amine-groups. After
subsequent amplification modification by a polystyrene (PS) brush,
the patterned and unpatterned surfaces have a water CA of 96° and
102°, respectively, indicating significant hydrophobic properties of PS
(Fig. 2C and Fig. S1B, ESIf). The difference in hydrophilic/
hydrophobic properties of the patterned active surface and the sub-
sequent grafted polymer brush suggested a supramolecular structure.

The X-ray photoelectron spectrum (XPS) and attenuated total
reflectance Fourier transform infrared spectroscopy (ATR-FTIR) were
further used to investigate the supramolecular interaction and sub-
sequent polymer brush amplification. In order to achieve a high
quality XPS spectrum, an unpatterned Py-CH,NH, supramolecular
active surface was used, which is shown in Fig. 3A and Fig. S2 (ESI}).
The N 1s spectrum shows peaks attributable to hydrogen bonded NH,,

Fig. 2 Static water contact angle measurements for (A) silicon wafer treated by
fresh piranha solution. (B) Patterned Py-CH,NH, active surface on the silicon
substrate. (C) Polystyrene brushes grafted from the patterned Py-CH,NH, coated
silicon substrate.
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Fig. 3 (A) High resolution XPS spectra of homogenous Py-CH,NH, modified
silicon of N 1s. (B) Quantification of the N 1s XPS spectrum of A and possible
supramolecular self-assembly mechanism. (C) XPS survey scans and (D) ATR-IR
spectra of PS and PDMAEMA brushes on silicon surfaces.

at about 402.5 eV and free NH, terminal groups at ~399.0 €V. The
two different N atoms are attributed to the hydrogen bond between
Si-OH and NH, and the free NH, towards the outer interface of the
active surface.”® Fig. 3B shows quantification of the high resolution
spectra shown in Fig. 3A. The ratio of the hydrogen bond N 1s peak to
the free N 1s peak is approximately 43/57. The results significantly
evidenced the supramolecular self-assembly mechanism and
structure. XPS analyses of PS and poly(N,N-dimethylaminoethyl
methacrylate) (PDMAEMA) brushes are shown in Fig. 3C. For the PS
brush, only C 1s and O 1s peaks are visible, at 285.0 and 533.0 eV,
respectively. The small O 1s peak is attributed to water adsorption.™*
The N 1s peak present in the PDMAEMA spectrum is centered at
405.0 eV. The results reveal the successful polymerization of mono-
mers and feasibility of the pCP induced supramolecular self-
assembly strategy. The ATR-FTIR spectrum in Fig. 3D displays
the successful grafting PS and PDMAEMA brushes. Additionally,
block copolymers can be easily formed, given the presence of
possible attractable hydrogen atoms.

After amplifying the photoactive surface with SIPGP of a monomer,
atomic force microscopy (AFM) was employed to ascertain the unCP
directed supramolecular self-assembled active surface and amplified
polymer brushes. Fig. 4A shows an AFM image of the active surface
patterned with a feature size of ~10 pm and the layer thickness of
approximately 2.0 nm. This value is in good agreement with the
theoretical height of two layer active surfaces formed by n—r stacking
interactions, resulting in potential NH,-terminated groups on the top
layer. The AFM images of the resulting patterned polymer brushes are
shown in Fig. 4B and Fig. S3A (ESIf). The corresponding 3D images of
patterned/homogenous polymer brushes are also displayed in Fig. S4
(ESIf). It can be seen that the pattern size of the polymer brush grid is
~10 pm, indicating a well-controlled selectivity polymerization
on functionalized sites. The result indicates that the amino-
functionalized surface shows high activity in comparison with
the hydroxyl-functionalized silicon surface.'®™*?

Based on n-m stacking interaction,” our strategy of uCP
directed supramolecular self-assembly can also be employed to
graphene-based materials including a GO (graphene oxide) film,
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Fig. 4 Tapping-mode AFM height images (80 um x 80 um) and the selected

corresponding height profile of (A) patterned Py-CH,NH; on a hydroxylated silicon
surface and (B) patterned PS brushes grafted from the silicon surface by SIPGP.

RGO (reduced graphene oxide), epitaxial graphene on SiC and
CVD (chemical vapor deposition) graphene, followed by SIPGP
to further achieve a specific polymer chemical functionality on
graphene-based materials and extend their applications.™* Fig. 5A
displays the AFM height image of single layer CVD graphene
transferred on a silicon substrate with visible wrinkles on the film.
As displayed in Fig. 5B, the thickness of the patterned Py-CH,NH,
active surface on graphene is about 3.6 nm, showing a several layer
stack of Py-CH,NH,. After amplification of the active surface by
SIPGP, PS brushes about 200 nm in size were grafted from the
patterned active area from graphene (Fig. 5C). The unpatterned
areas on graphene display the homogenous PS brush with a thin
thickness grafted from existing defect sites of graphene, which
corresponds well with previous work (Fig. S44, ESIT)," showing the
high activity of the NH,-terminated active surface compared
with graphene. Fig. 5D shows the Raman spectrum of pristine
graphene (a), Py-CH,NH, patterned graphene (b) and PS brushes
on graphene (c). The CVD graphene shows the significant single
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Fig. 5 AFM height images and selected corresponding height profile of (A) pristine
single layer graphene on the silicon substrate (5 um x 5 um). (B) Patterned Py-CH,NH,
and (C) PS brush grafted from the active surface on graphene (80 um x 80 pm).
(D) Raman spectrum of (a) single layer CVD graphene, (b) Py-CH,NH, patterned
graphene and (c) PS brush grafted from patterned graphene.
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layer graphene spectrum of the D, G and 2D mode. However, after
patterning with Py-CH,NH,, it was not possible to obtain a high
quality Raman spectrum due to the large luminescence effect of
Py-CH,NH,. The Raman spectrum of PS brushes on graphene con-
tains the PS scattering intensity in the range of v = 1200-1600 (cm ™)
and v = 3000-3100 (cm ™). Whereas there is apparent spectral overlap
in the region of the D and G bands between PS and graphene. Due to
the luminescence background with a broad peak between 1700 and
2700 (cm™ ") from the patterned Py-CH,NH, on the graphene surface
and the highly increased layer thickness of polymer film, the 2D mode
of graphene is difficult to be observed.

We have presented a simple and robust strategy to fabricate
micropatterned polymer brushes from a hydroxylated silicon surface
and graphene via a nCP induced supramolecular self-assembled
photoactive surface, followed by SIPGP. A more cheap and com-
mercial glass substrate, covered with massive hydroxyl groups after
treatment with piranha solution, was also employed as the targeted
substrate for coating polymer brushes by the combination of LCP
induced supramolecular self-assembly and SIPGP. Our patterning
strategy can most likely be extended to a wide range of monomers
and various universal substrates (hydroxylated and graphene-based
substrate surfaces) that can form supramolecular self-assembly with
active moieties, and thus provide a simple, robust and powerful
method to create a polymeric chemically functionalized surface.
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