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’ INTRODUCTION

Graphene is an ideal two-dimensional material with excep-
tional structural, chemical, and electrical properties which make
it an extremely promising candidate for biosensing and bioelec-
tronic applications. Recently, the utility of this material has been
demonstrated for detecting single molecules,1�3 sensing pH
changes and protein adsorption,4�6 and monitoring cell action
potentials.7 Furthermore, we have demonstrated that graphene
solution gated field effect transistors (SGFETs) have the poten-
tial to far exceed even the most advanced Si-based devices in
terms of noise and sensitivity.8 However, in order to realize the
full potential of graphene for such applications, methods of
achieving defined and specific chemical functionality on material
produced using scalable methods must be developed. In this
respect, graphene functionalization represents a new challenge
compared to other solid-state materials, since covalent molecular
binding can lead to significant defect generation which adversely
affects electrical transport in the material. Therefore, a careful
balance between functionality and carrier mobility must be
achieved using precisely controllable chemical methods.

Although a variety of recent reports have demonstrated both
noncovalent and covalent molecular modification of graphene,9�28

the range of existing covalent, yet nondestructive, functionalization

strategies remains limited. Noncovalent routes to graphene
functionalization, which typically include π�π stacking using
aromatic molecular groups9�13,29 or ionic interactions between
end-functional molecules and edge-functional graphene,14,15

have the advantage that the structural and electrical quality of
the material can be maintained. While such systems have signif-
icant potential for a range of applications, covalent chemical
functionalization is desirable for devices which must be exposed
to harsh environments for long times, such as biological and
chemical sensors. Furthermore, noncovalent strategies can limit
the range of subsequent chemical processes which can be applied
to the physisorbed molecules. Nevertheless, noncovalent bulk
polymer�graphene composites are extremely promising for a
wide range of mechanical, thermal, and electrical applications.30�32

Ideally, approaches to covalent functionalization of graphene
would provide the desired chemical activity without adversely
affecting electrical transport. Perhaps the most common method
of molecular grafting to graphene is based on diazonium chem-
istry.16�20 However, under typical reaction conditions, attach-
ment occurs at both edge and basal plane sites, leading to generation
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ABSTRACT: A critical bottleneck for the widespread use of
single layer graphene is the absence of a facile method of
chemical modification which does not diminish the outstanding
properties of the two-dimensional sp2 network. Here, we report
on the direct chemical modification of graphene by photopoly-
merization with styrene. We demonstrate that photopoly-
merization occurs at existing defect sites and that there is no
detectable disruption of the basal plane conjugation of gra-
phene. This method thus offers a route to define graphene functionality without degrading its electronic properties. Furthermore, we
show that photopolymerization with styrene results in self-organized intercalative growth and delamination of few layer graphene.
Under these reaction conditions, we find that a range of other vinyl monomers exhibits no reactivity with graphene. However, we
demonstrate an alternative route by which the surface reactivity can be precisely tuned, and these monomers can be locally grafted
via electron-beam-induced carbon deposition on the graphene surface.
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of sp3 defects and significant reduction of electrical conduc-
tivity.16,19,20 Similarly, other methods of covalent functionaliza-
tion of graphene are effective but are expected to disrupt basal
plane conjugation.21�23 Nevertheless, it was recently reported
that selective spontaneous reaction of diazonium salts at edge
sites is possible in the absence of surfactant18 and that organo-
silane-based functionalization occurs selectively at existing oxygen
defects.24,25

Polymer brushes offer the possibility of providing multiple
selective functional sites on each grafted polymer chain while
allowing for the design of biosensors with large loading capacities
and high sensitivities.33 Furthermore, covalently bound polymer
chains provide both stable and soft environments which are
compatible with direct immobilization of biomolecules.34 Sur-
face-initiated polymerization (SIP) from chemically defined self-
assembled monolayers (SAMs) on solid surfaces has been exten-
sively utilized for the formation of polymer brush layers with well
controlled functionality, thickness, and density with near-molec-
ular precision.35 Similar strategies were also employed on both
graphene oxide and graphene to grow polymer brushes by means
of SIP. Until now, reactive graphene oxide was used to couple
suitable initiators for surface-initiated atom transfer radical
polymerization (ATRP) of different vinyl monomers.36�38 Alter-
natively, the spontaneous grafting of diazonium salts onto graphene16

was used to attach ATRP-initiators.39,40 However, the use of
SAMs leads to some practical limitations. In particular, the low
thermal and chemical stabilities of commonly used SAM systems
can complicate subsequent polymerization and side group
modification reactions. Furthermore, activation of the graphene
can disturb the basal plane conjugation via sp2 to sp3 bond
conversion.16,19,21�23

Recently, direct photografting reactions of vinyl monomers
came into focus for the preparation of stable polymer brushes.
Two approaches in particular, the sequential “living” photopoly-
merization41 and the self-initiated photografting and photo-
polymerization (SIPGP),42�44 attracted the attention of numer-
ous research groups because of the facile preparation and broad
applicability. While in the first, benzophenone is photochemi-
cally grafted onto a native substrate to form a photoinitiator for
the successive photografting, the SIPGP is a facile one-step
process that uses the monomer itself as the photosensitizer.
Both processes rely on a radical abstraction mechanism from the
surface, and first comparative studies by Frechet et al.45 showed
that no significant differences can be observed between the two
approaches. Especially if the SIPGP is performed in bulk mono-
mer, AFM studies indicate the formation of dense polymer brush
layers of preferably linear chains.46 Recently, we have shown that
well-defined, homogeneous, and highly stable polymer brushes
can be prepared directly on carbonaceous materials, such as
diamond,47 glassy carbon,48 carbon-polar hexagonal SiC,49 and
electron-beam-induced carbon deposits50 by the SIPGP process
with vinyl monomers. The formation of defined reactive inter-
layers, such as SAMs, is no longer necessary, and polymer brushes
can be prepared in a single-step reaction. Furthermore, the SIPGP
approach allows the preparation of micro- and nanostructured
polymer brushes on various noncarbonaceous substrates by means
of the carbon templating (CT) technique.50 The excellent chemical
and thermal stabilities of the polymer brush layers allow con-
secutive polymer analogue reactions, even under drastic condi-
tions.47 By this approach, stable polymer brushes with different
shapes, dimensions, polymer architectures, and chemical func-
tionalities can be prepared on a variety of substrates.42,48�50

Here, we show that the UV-induced polymerization of styrene
yields homogeneous polystyrene (PS) brush layers directly and
covalently bound to graphene. Since the only requirement for
successful SIPGP is the availability of abstractable hydrogen
atoms on the surface for radical initiation of the reaction under
UV illumination,47,49,50 pristine graphene is expected to exhibit
no reactivity with the vinyl monomers investigated here. How-
ever, we explore the possibility of using edge and basal plane
defects to allow an analogous photopolymerization process
without disturbing the conjugation of the as-prepared material.
This process is applied to graphene produced via each of the
most scalable, technologically promising methods: CVD gra-
phene on Cu, epitaxial graphene on SiC, and reduced graphene
oxide. Raman spectroscopy reveals that the grafting reaction
results in no detectable disruption to the conjugation of the
graphene, indicating that binding sites are primarily limited to
existing defects. Hall effect measurements further confirm that
the high carrier mobilities of graphene are not significantly
affected by photopolymerization. Surprisingly, comparison of
polymer thickness and morphology following growth on single
and few layer graphene samples provides evidence for intercala-
tive growth and delamination of few layer graphene (FLG). In
addition, we find that a range of other investigated vinyl mono-
mers exhibits no reactivity with the graphene surface under the
present reaction conditions. However, we show that the non-
reactive monomers can be utilized for formation of structured
polymer brush layers via local electron-beam-induced carbon
deposition (EBCD) on the graphene surface.

’EXPERIMENTAL SECTION

Graphene Growth and Preparation. CVD graphene films were
fabricated in a thermal CVD furnace using copper foil as the substrate,
similar to methods reported previously.51,52 All reactions were carried
out with the graphene on the Cu foil. After the photopolymerization of
styrene (vide infra), the functionalized CVD graphene was thoroughly
rinsed with toluene, ethyl acetate, and ethanol in order to remove
physisorbed polymer. The Cu foil was then etched overnight using
aqueous 1 M (NH4)2S2O8 solution. After the total dissolution of the Cu
foil, the functionalized graphene sheet remained floating on the
(NH4)2S2O8 solution and could clearly be observed with the naked
eye. The functionalized graphene sheet was then rinsed with distilled
water and transferred onto 300 nm SiO2 on Si.

Epitaxial graphene on SiC was formed using the high-temperature
sublimation method. The SiC samples were diced into 10 � 5 mm2

crystals. After degreasing with ethanol, the samples were introduced into
an annealing station housed in an ultrahigh vacuum (UHV) chamber
equipped with reflection high-energy electron diffraction (RHEED).
The SiC substrates were dosed with silicon from an evaporation source
for 3 min to enrich the surface with silicon. This was followed by a series
of annealing steps (1 min) between 900 to 1300 �C. Flash annealing was
performed until a (6

√
3� 6

√
3)-R30� reconstruction pattern appeared

as monitored by RHEED. The sample was removed from the UHV
chamber and transferred in air to a scanning tunneling microscopy
(STM) chamber for further annealing and analysis. The presence of a
long-range Moir�e pattern characteristic of honeycomb graphene con-
firmed that the epitaxial graphene had been successfully prepared on the
surface, and the sample was removed for further processing. The
thicknesses of the graphene layers were characterized using peak profile
analysis and substrate feature attenuation in Raman spectroscopy.53,54 In
order to study the effect of graphene coverage on photopolymerization,
different samples with a single layer and up to 10 layers of graphene
were utilized. Atomic force micrographs of typical single and few layer
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graphene on SiC samples are provided in the Supporting Information
(Figure S1).

Reduced graphene oxide (RGO) was prepared in two stages. Graphene
oxide (GO) was first prepared using a modified Hummers method from
graphite powders (grade 230 U kindly provided by Asbury Graphite
Mills, Inc.). Hydrazine-reduced GO was subsequently obtained by
adding 10 mL of 98% hydrazine solution into 10 mL of 0.5 mg/mL
GO solution. The reduction process was carried out at 50 �C for 12 h.
The RGO flakes were collected by filtration, washed with pure water
several times, and dried at 90 �C.
Surface Photopolymerization. Polymerization was performed

by immersing graphene in∼2 mL of freshly distilled and degassed bulk
monomer and irradiation with UV fluorescent lamp with a spectral
distribution between 300 and 400 nm (intensitymaximum at λ= 350 nm
with a total power of ∼5 mW/cm2). Polymerization and grafting
reactions were performed with a range of vinyl monomers, including
styrene, methyl methacrylate (MMA),N,N-dimethylaminoethyl metha-
crylate (MAEMA), methacrylatoethyl trimethyl ammonium chloride
(METAC), and 4-vinyl pyridine (4VP) on CVD graphene, epitaxial
graphene on SiC, and reduced graphene oxide. After UV irradiation, the
samples were removed from the bulk monomer and thoroughly rinsed
with a series of several solvents (e.g., toluene, ethyl acetate, and ethanol
for the case of styrene) to ensure that only chemically grafted polymer
remained on the substrate.

Patterned photopolymerization was achieved on CVD graphene on
Cu by UV illumination through a photomask. The samples were clamped
with a 400 mesh Cu TEM grid (hole width: 58 μm, bar width: 25 μm;
Plano GmbH). Photopolymerization, cleaning, and transfer were then
performed as described above.

We note that all photopolymerization reactions on CVD-grown
graphene on Cu and epitaxial graphene on SiC were performed under
identical conditions at the Technische Universit€at M€unchen. Although
photopolymerization on RGOwas performed at the National University
of Singapore under similar conditions, the reaction rates of the two
systems cannot be directly compared.
Electron Beam-Induced Carbon Deposition. A 10� 50 μm2

carbon template gradient was prepared by direct writing with a focused
electron beam on graphene using a Zeiss E-line scanning electron
microscope. The electron beam energy was set at 3 keV with a current
of 136 pA and a vacuum pressure of∼5� 10�6 mbar. The electron dose
was continuously increased from 0 to 20 mC/cm2. Atomic force
microscopy (AFM) of the EBCD gradient revealed that the deposited
carbon had a maximum thickness of approximately 0.5 nm, as shown in
Figure S2 of the Supporting Information. Following EBCD, polymer-
ization was performed using the methods described above.
Atomic Force Microscopy (AFM). AFM scans were performed

with a multimode scanning probe microscope from Veeco Instruments
using standard tips in tapping mode under ambient conditions. The
measurement of the covalently grafted, unstructured polymer brush
thickness on the epitaxial single and few layer graphene on 6H-SiC was
performed by scratching the polymer layer with a metallic needle. The
border of the scratch was then imaged by AFM in tapping mode over an
area of 10 μm2. The scanned data were analyzed by the local depth
analysis option of the commercial AFM software by choosing areas
within the scratched region and the intact surface around the trench.
Fourier Transform Infrared Spectroscopy. Infrared spectros-

copy was performed following polymerization of CVD-grown graphene
with an IFS Bruker instrument equipped with a diffuse reflectance
infrared Fourier transform (DRIFT) setup from SpectraTech and a
liquid nitrogen-cooled MCT detector. For each spectrum, 470 scans
were accumulated with a spectral resolution of 4 cm�1. The measure-
ments were performed on functionalized CVD graphene transferred
onto 300 nm SiO2 on Si. For each measurement, background spectra
were recorded on bare 300 nm SiO2 on Si.

Hall Effect Measurements. Hall effect measurements were
performed on CVD graphene transferred to 300 nm SiO2 on Si. Pressed
indium contacts were formed in the van der Pauw geometry on ∼1 �
1 cm2 graphene samples. Measurements were performed using a
Keithley 6220 precision current source, a Keithley 181 Nanovoltmeter,
and a 0.345 T permanent magnet.
Raman Spectroscopy. Confocal Raman microscopy (alpha 300R,

WITec GmbH, Ulm, Germany) was used to evaluate the effect of
polymerization on the graphene. Following patterned photopolymeri-
zation of styrene monomer, the CVD grown graphene on Cu was
transferred to 300 nm SiO2 on Si, as described above. Raman mapping
was performed over a 59 � 54 μm2 region, which included both UV
illuminated and masked regions, with a step size of 220 nm and an
integration time of 0.4 s. The excitation wavelength was 532 nm using a
2ω-Nd:YAG solid-state laser. In order to prevent damage to the
graphene or PS, the laser power was limited to 5 mW. We used a
standard 100� microscope objective with a high numerical aperture
(NA = 0.9) in order to efficiently collect the scattered light from the
sample. For the case of graphene on SiC, background subtraction was
required to remove substrate-related features.

’RESULTS AND DISCUSSION

Surface-Initiated Polymerization by Photografting and
Photopolymerization (SIPGP). Direct photografting of styrene
was performed on single layer graphene grown via chemical
vapor deposition on Cu foil, as outlined in Figure 1. Under
nitrogen, the substrate was immersed in freshly distilled bulk
styrene and irradiated for approximately 16 hwithUV light with a
spectral distribution between 300 and 400 nm (intensity maxi-
mum at λ = 350 nm with a total power of ∼5 mW/cm2). After
the photopolymerization, the substrate was rigorously rinsed
with different organic solvents in order to remove physisorbed
polymer. The Cu foil was then etched in ammonium persulfate
solution, and the resulting free-standing functionalized graphene
sheet was transferred onto a 300 nm thick SiO2 film on Si.
Commonly, graphene must be mechanically stabilized during the
transfer process by either a spin-on photoresist or a heat release
tape.51,52 Here, such a layer was not necessary because the grafted
PS layer sufficiently stabilized the graphene and allowed for
photoresist-free transfer onto arbitrary substrates. Such a stabi-
lizing effect, which facilitates handling, was also observed for the
preparation of so-called polymer carpets, polymer brush layers
grown by SIPGP on 1 nm thin highly cross-linked monolayers.55,56

The presence of grafted polystyrene chains on the transferred
graphene sheet was confirmed by DRIFT spectroscopy. As
shown in Figure 2a, the characteristic vibrational modes of PS
are observed, including the aromatic groups (νC�H at∼3024 cm�1

and νC�C between 1454 and 1601 cm�1) and the methylene
groups of the polymer backbone (νC�H ∼2919 cm�1).57

In order to assess the effect of photopolymerization on the
graphene, elucidate the bonding mechanism, and to further
investigate covalent attachment, scanning confocal Raman scat-
tering measurements were performed following local polymeri-
zation. Patterned polymer brush layers were prepared on graphene
grown by CVD on Cu according to the methods presented in
Figure 1. The single layer graphene on Cu sample was placed in
the styrene monomer and illuminated with UV light through a
shadow mask, resulting in selective reaction in the illuminated
regions. Due to the large luminescence background from the
underlying foil, it was not possible to obtain high-quality Raman
spectra fromCu-supported graphene. Therefore, the measurements
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were performed on transferred material. Also for the case of
patterned polymer, no spin-on photoresist or heat release tape
was necessary for the transfer.
The effect of spectral overlap must be considered when

analyzing Raman scattering data from the two-component PS-
graphene system. Figure 2b shows a comparison of the Raman
spectra from graphene and bulk PS. While the observed modes
are well separated in the region near the 2D graphene band, there
is significant spectral overlap in the region of the D and G bands.
Therefore, for quantitative analysis of the D and G mode
intensities, the appropriate PS contribution to the total scattering
intensity was subtracted from each region of interest based on
reference data and the PS intensity at the maximum near
3055 cm�1. Figure 2c shows the portion of the Raman spectrum
near the 2D mode obtained in an illuminated region which
contains contributions from both PS and graphene. Though the
total contribution from PS is small, the signal is readily resolved.
Raman mapping of patterned samples allowed direct and

simultaneous measurement of the effect of polymerization on
the structure of graphene (i.e., defect generation via sp2 to sp3

bond conversion)58 as well as possible strain59 and doping60

effects. Figure 2d shows the integrated PS scattering intensity in
the range of 3000�3100 cm�1 following a 16 h reaction.
Importantly, PS is observed only in the UV illuminated region,
indicating that all noncovalently bound polymer is removed
during the cleaning steps. The corners of the Raman map shown
in Figure 2d, in which there is no PS, can be used for direct

comparison to areas which have undergone reaction. Figure 2e
shows the integrated D/G mode intensity ratio in the same
region. The observed structure is attributed to the grain edges
which are characterized by large defect densities.61 Despite the
observation of local edge state-related inhomogeneities, there is
no correlation between the defect-related scattering intensity and
the presence or absence of PS. Figure 2f shows a comparative
histogram of the D/G intensity ratios in polymerized and
nonpolymerized regions from a sample reacted for 16 h. No
change of the D/G intensity ratio is observed. In addition, within
the photopolymerized region, no direct spatial correlation be-
tween the defect-induced scattering intensity and the PS scatter-
ing intensity is observed. While local regions of higher defect
concentration are detected, it is important to note that a defect-
related peak is present at all locations within themeasured region.
This suggests that basal plane defects are viable sites for initiation.
However, these results indicate that, under the present reaction
conditions, the UV-initiated photopolymerization reaction does
not generate a large amount of basal plane defects and that
photografting occurs preferentially at existing defect sites.
Hall effect measurements were performed before and after

photopolymerization and confirmed that the electronic proper-
ties of graphene are not adversely affected by the PS grafting
reaction. Following transfer to SiO2, the graphene exhibited p-type
conduction with a mobility of 580 cm2/(V s) at a hole concen-
tration of 7 � 1012 cm�2. High levels of hole doping are well-
known for graphene transferred to SiO2 and have been attributed
to interfacial and atmospheric water.62,63 Following reaction, the
hole concentration was reduced to 2 � 1012 cm�2, and the
mobility increased to 800 cm2/(V s), most likely due to reduced
interactions with water in the presence of hydrophobic PS. An
important consequence of this selective reactivity is that the
photografting process results in covalently grafted PS brushes
that provide a versatile chemical handle for tailored function-
ality,47 while simultaneously maintaining the outstanding elec-
tronic properties of the underlying graphene.
At present, the specific mechanism of photopolymerization

initiation is not clear. However, for the case of the SIPGP
reaction mechanism, abstractable hydrogen must be present on
the substrate surface. It has recently been demonstrated that
silanization reactions, which selectively occur at hydroxyl surface
sites, can be applied to both highly ordered pyrolytic graphite
(HOPG) and single layer graphene.24 Such hydroxyl moieties are
expected to be suitable for initiation of SIPGP.
Intercalative Polymer Brush Growth. In order to demon-

strate the broad applicability of direct photografting on graphene,
the reaction was also performed on epitaxially grown single and
few layer graphene on SiC as well as on RGO. In both cases,
dense PS brush layers were formed, as in the case of CVD
graphene.
Investigation of the SiC-graphene-polymer brush composites

by AFM reveals continuous and uniform layers. To determine
the thickness of the PS layer, the surface was scratched with a
metallic needle in order to locally remove the organic PS layer(s).
The borders of the scratches were investigated by AFM to
measure the height difference and thus the brush layer thickness
(Figure 3a�c).49 Detailed analysis of the scanned data on different
analog scratches showed that a homogeneous 16( 4 nm thick PS
brush layer was formed on single layer graphene (Figure 3a).
Remarkably, simultaneous polymerization on few layer graphene
samples yielded homogeneous layer thicknesses of 160 ( 8 and
270( 10 nm for 6 and 10 layer graphene, respectively (Figure 3b

Figure 1. Patterned polymer brush layers on CVD-grown single layer
graphene are prepared by UV illumination through a mask in bulk
styrene. Surface photopolymerization occurs selectively in illuminated
regions of the material. Photoresist-free transfer of the polymer carpet
on graphene onto 300 nm SiO2 on Si is achieved using standard etching
techniques.
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and c). As shown in Figure 3d, the polymer�graphene compo-
site thickness increases with the number of graphene layers with a
slope of approximately 28 nm/layer. Since SIPGP on single layer
graphene yields a polymer brush thickness of ∼16 nm, it is
possible to conclude that polymerization onmonolayer graphene
occurs on a single side only, whereas intercalation of styrene
between additional graphene layers leads to simultaneous reac-
tion on two sides, as shown in the inset of Figure 3d. Thus, the
total thickness is expected to scale approximately as 2n � 1,
where n is the number of graphene layers. However, absorption
of incident UV light by graphene is expected to result in
deviations from this ideal behavior and in a reduction of the
reaction rate for underlying layers. As shown in Figure 3b, this
general behavior is observed. Nevertheless, for the FLG thick-
nesses investigated here, this effect does not lead to significant
deviations, within the measurement error, from a linear thickness
increase with the number of graphene layers. In agreement with
the findings fromCVD graphene, Raman spectra obtained before
and after photopolymerization indicate no increase of the D to G
mode intensity ratio following reaction, as shown in Figure S3 of
the Supporting Information. This result confirms that polymer-
ization initiation is limited to existing defect sites and does not
significantly affect the conjugated graphene network.
Further analysis of AFM data obtained at the borders of the

scratched regions of FLG/PS shows the presence of multilayered
structures with step heights of several tens of nanometers
(Figure 3b and c). Similar layer morphologies, with varying
numbers of steps, were observed for several independent

polymerization experiments on different epitaxially grown FLG
samples. The measured step heights are also plotted in Figure 3d
and correspond well with the fitted line obtained from the total
thickness measurements.
Finally, photopolymerization of styrene was performed on

flakes of FLG obtained from reduced graphene oxide samples. As
shown by the AFM analysis in Figure 3e after the polymerization
in styrene, the resulting RGO/PS composite exhibited a stepped
structure with nearly equal step heights between successive
layers, similar to the FLG/PS described above. However, we
note that the reaction conditions for RGO were not identical to
those for the other samples, and quantitative comparison of layer
thicknesses is not possible in this case. Nevertheless, results
obtained on multiple samples, including two types of FLG pre-
pared using very different methods, are in full qualitative agree-
ment and consistently indicate that such a morphology is char-
acteristic of interlayer PS brush formation for FLG.
We have previously reported surface polymerization on a wide

range of other substrates, none of which exhibited the stepped
morphology described here.42,47�50 Together, the scaling of the
polymer layer thickness with number of graphene layers (Figure 3d)
and the stepped morphology of FLG flakes as well as at scratch
edges strongly suggest a delamination of the graphene sheets
of FLG and formation of polymer brushes between the layers
by styrene monomer intercalation during the grafting reaction
(Figure 3d inset). This conclusion is also supported by the good
agreement between the step heights and the total thickness as a
function of the number of graphene layers.

Figure 2. (a) Infrared absorption spectrum of a functionalized single layer CVD graphene on Cu after transfer onto a 300 nm thick SiO2 film on Si.
Monomer: styrene; photopolymerization time: 16 h; polymer thickness: 10 nm. (b) Comparative Raman spectra from as-grown graphene transferred to
300 nm SiO2 on Si and bulk polystyrene. (c) Raman spectrum obtained following photopolymerization which shows the primary PS peak with an
intensity ∼40� smaller than the graphene 2D mode. (d) Raman map of the integrated intensity from PS in the range of 3000�3100 cm�1 following
patterned photopolymerization by selective UV illumination through a shadowmask. (e) The D/G intensity ratio over the same region. (f) Normalized
histograms of the D/G mode intensity ratio in regions with PS (UV illuminated) and without PS (masked). No detectable increase of the defect-
activated D mode intensity is observed following photopolymerization.
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To the best of our knowledge, between-layer polymerization
of styrene has only been reported for preprocessed graphite
intercalation compounds (GICs).65�67 However, it was recently
reported that direct solvent exfoliation of graphite is possible
when the surface tension of the solvent matches well that of
graphene.68,69 In such cases, the solvent�graphene interaction
compensates the energy required for exfoliation. Reported values
for the room temperature surface tension of PS are in the range
of 35�40 mJ/m2, with values increasing with the average
polymer molar mass.70 This range of values is lower than, but
nevertheless close to, the ideal value for exfoliation of graphite
(∼40�50 mJ/m2).68We note that a range of surface energies for
graphene has been reported and may depend strongly on the
presence of defects. It is, thus, conceivable that the balance of
surface energies leads to an intercalative polymerization. Alter-
natively, it has been suggested that charge transfer through π�π
stacking between molecules, such as pyridine and graphite layers,
may contribute to exfoliation.71 Presently, the specific mechan-
ism of the intercalative growth of PS on FLG under UV activation
is not known, and a detailed investigation of this intriguing
behavior will be the subject of future research.
Selective Reactivity of Vinyl Monomers. Photopolymeriza-

tion on both CVD grown graphene on Cu and few layer epitaxial
graphene on SiC was also attempted with a range of other vinyl
monomers including methyl methacrylate (MMA), N,N-dimethyl-
aminoethylmethacrylate (MAEMA),methacrylatoethyl trimethyl
ammonium chloride (METAC), and 4-vinyl pyridine (4VP)
under the given reaction conditions. We found that of all the

tested monomers, only styrene resulted in polymer brush layers
on graphene, as measured on both patterned and unpatterned
CVD material and by scratching measurements on epitaxial
samples.
Our results clearly indicate that the grafting process of styrene

on graphene is photoactivated and occurs primarily at existing
defect sites with no or only minimal conversion of sp2 to sp3

carbon in the graphene lattice. One possible grafting mechanism
is via a self-initiated photografting and photopolymerization
mechanism in which the monomer itself acts as the photosen-
sitizer.43,44 Although we and others have shown that SIPGP can
be employed with a wide variety of vinyl monomers and multiple
substrates,42,48�50,72 a selective self-initiation of styrene and a few
other monomers on some substrates has also been reported64

and points to a specific monomer�substrate interaction during
photoactivation.
Carbon Templating for Structured Polymer Brush Growth.

Recently, we reported on the preparation of micro- and nano-
structured polymer brushes on various inorganic substrates by
means of carbon templating (CT).48,49 This initiator-, photo-
resist-, andmask-free process is similar to the dip-pen lithography
technique developed by Mirkin et al.73 However, instead
of a SAM, a stable carbon template layer is locally written by
EBCD and then structurally amplified by the selective forma-
tion of polymer brush layers of controlled three-dimensional
shapes by means of SIPGP, as shown schematically in Figure 4a.
The formation of polymer brushes on EBCD-treated surfaces
by the SIPGP mechanism can be explained by the low bond

Figure 3. AFM and height profiles at scratch edges following styrene photopolymerization (16 h) on graphene. The material was grown epitaxially on
SiC and consists of: (a) a single layer, (b) 6 layer, and (c) 10 layer graphene. Few layer graphene samples (b and c) exhibit a step-like morphology at the
scratch edge. (d) Plot of the polymer carpet thickness as a function of number of graphene layers on SiC for 16 h of reaction with styrene (9). Also shown
are the measured step heights (2) at the scratch edge. The inset of (d) shows a schematic illustration of the intercalative growth of polystyrene brushes
between layers of few layer graphene. (e) Atomic force amplitude image and corresponding height profile from a flake of few layer reduced graphene
oxide following photopolymerization. As in the case of FLG on SiC (b and c), RGO exhibits a stepped structure which highlights the intercalative growth
process characteristic of SIPGP on FLG.
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dissociation energy (BDE) for hydrogen abstraction from the
carbon deposits.50 Since this approach requires a reactivity
contrast between the bare substrate and the carbon deposits,
structured PS brushes on graphene cannot be prepared by CT.
However, since all other tested vinyl monomers exhibited no
reactivity toward graphene, this technique is well-suited for
providing structured polymer brushes from functional vinyl
monomers on graphene. In this work, a 10 � 50 μm2 carbon
template gradient was prepared on FLG on SiC by direct e-beam
writing with a continuous electron dose increase from 0 to 20
mC/cm2. The substrate was subsequently immersed in an
aqueous METAC solution and irradiated with UV for 1 h.
Following reaction, the sample was subjected to rigorous clean-
ing with different solvents in ultrasound in order to ensure that
only covalently bound polymer chains remained on the surface.
As shown in Figure 4b, AFMmeasurements reveal the formation
of a poly(METAC) brush layer selectively grown on the carbon
template region with a thickness which is predetermined by the
locally applied electron dose. The increase of the polymer layer
thickness with electron dose is in agreement with earlier work.50

At low doses, the carbon deposits only partially cover the
substrate, and the polymer layer thickness is proportional to
the surface concentration of potential grafting points.50 The
continuous increase of the poly(METAC) brush thickness on
the patterned graphene surface can be explained by an increase of
the polymer grafting density. We note that the polymeriza-
tion rate for METAC is significantly faster than for PS on
graphene, which is due to the faster rate of radical reactions of
methacrylates compared to styrene. This observation is also

consistent with previous observations of monomer-dependent
reaction rates on other surfaces.44,49,50,74 This result demon-
strates that structured polymer brushes can be formed on
graphene using the CT technique with monomers which exhibit
no reactivity to pristine graphene. Since the polymer brush
thickness can be tuned by controlling the locally applied electron
dose, the formation of well-defined and complex three-dimen-
sional structures from macroscopic down to nanometer scales is
possible.50

’CONCLUSION

In conclusion, covalently bound polystyrene brush layers can
be formed on graphene by direct photografting and photopo-
lymerization. The broad applicability of this technique was
demonstrated via growth on CVD graphene, epitaxial single
and few layer graphene on SiC, and reduced graphene oxide.
Scanning Raman spectroscopy on patterned polymer brush
layers indicated that photopolymerization does not cause any
detectable disruption of the basal plane conjugation of graphene.
Furthermore, electrical transport measurements indicate that
the exceptional electronic properties of graphene are retained
following photopolymerization. From these results, we conclude
that initiation of the polymerization reaction occurs at existing
defect sites.

Atomic force microscopy on photopolymerized few layer
graphene indicated an enhanced polymerization rate with
increasing number of layers and a stepped morphology at
scratch edges and on reduced graphene oxide flakes. The specific
mechanism for the delamination of graphene sheets and inter-
calated growth, which appears to be characteristic of styrene
photopolymerization on few layer graphene, may be due to a
balance of surface forces or an as yet unidentified charge-
transfer process. Additional work is underway to determine
the processes responsible for this behavior. Nevertheless, such
self-organized structures could find great use for bottom-up
assembly of devices, including ultracapacitors and graphene-
based biosensors.

Unexpectedly, vinyl monomers other than styrene were found
to be not reactive with graphene under the present conditions.
However, this reactivity contrast provides a means of achieving
patterned polymer brush structures on graphene using electron
beam-induced carbon deposition. These findings provide a route
to truly multifunctional polymer brushes and polyelectrolytes on
graphene surfaces, e.g., via copolymerization or subsequent
polymer analog reactions with PS brushes.50 Together, these
results provide a powerful new set of tools for nanoscale covalent
chemical functionalization of graphene.
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