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ABSTRACT

Surface functionalization of low-dimensional nanomaterials offers a means to tailor their optoelectronic and chemical characteristics. How-
ever, functionalization reactions are sensitive to the inherent surface features of nanomaterials, such as defects, grain boundaries, and edges.
Conventional optical characterization methods, such as Raman spectroscopy, have limited sensitivity and spatial resolution and, therefore,
struggle to visualize reaction sites and chemical species. Here, we demonstrate the capability of spatially and chemically sensitive tip-enhanced
Raman spectroscopy imaging to map the distribution of molecules in covalently functionalized graphene. Hyperspectral vertex component
analysis and density functional theory are necessary to interpret the nature of binding sites and extract information from the spatially and
spectrally heterogeneous datasets. Our results clarify the origin of heterogeneous surface functionalization, resolving preferential binding at
edges and defects. This work demonstrates the potential of nanospectroscopic tools combined with unsupervised learning to characterize

complex, partially ordered optoelectronic nanomaterials.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0222228

INTRODUCTION

Graphene’s remarkable characteristics, such as its high carrier
mobility and optical absorptivity, have led to its prominence in
emerging devices and circuitry for the electronics industry."”
Many graphene-based devices, including gas sensors,” * biomedical
devices,’ photonics,'f“% and electronic transistors,”’ leverage these
properties. The ability to functionalize graphene is crucial for
tailoring its properties to specific applications, whether opening
a bandgap or controlling optical and chemical characteristics.
The desired electronic and optoelectronic properties in the func-
tionalized graphene derivatives are governed by the nature and
distribution of the introduced chemical species.”‘ll For instance,
the density of functionalization plays a crucial role in determining
the degree of bandgap opening, as has been demonstrated by
substitutional carbon-heteroatom (B, N, F, and Si atoms)
binding.'”""""” Post-grafting modification of graphene also showed

modulation of the band structure and bandgap.”"IT However,

conventional strategies involving o-bond forming reactions disrupt
sp® conjugation and the associated continuum of delocalized
n-electron clouds.” *' The destructive rehybridization adversely
affects the conductivity and mobility, thereby diminishing the
desirable properties of graphene-based devices.””

In contrast, interfacing the delocalized 7 electron with func-
tional molecules through hexahapto (1°) complexing function-
alization retains the in-plane transport and sp” conjugation
properties.”” *° The #° functionalization has the ability to serve
as an electrical interconnect between carbon allotropes and metal
nanoparticles.””* However, the large degree of inhomogeneity
within these systems poses a significant challenge in terms of
characterization. The morphological, chemical, and interfacial
diversity complicates the comprehensive understanding of these
functionalized structures. For example, intrinsic defects in graphene,
such as atomic vacancies, wrinkles, ripples, and edges, theoretically
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proposed as selective sites for chemical functionalization due to their
heightened reactivity,”””’ have not yet been proven in experimental
demonstration. The intricate nature of these systems and the lack of
analytical tools make it difficult to showcase the selective reactivity
of intrinsic defects in practice.

In this study, we use tip-enhanced Raman spectroscopy (TERS)
to resolve site-specific chemical fingerprints on the surface of
Cr(#°-CsHg) attached graphene, imaging functionalization density,
and chemical structure. TERS combines ultrahigh spatial localiza-
tion from scanning probe microscopy (SPM) and chemical speci-
ficity from Raman spectroscopy, which can overcome the diffraction
limit of conventional optical spectroscopy. The highly confined
and enhanced electromagnetic field generated within a plasmonic
tip-surface cavity is capable of carrying local information about
graphene and its defect sites that conventional optical spectroscopy
lacks.” *° However, functionalized graphene and graphene-derived
systems have not yet been extensively explored with TERS.”>*"
In intrinsically disordered systems, mining structural information
from TERS datasets can be challenging due to their large size and
heterogeneity in spectral and spatial properties. We herein demon-
strate a multivariate analysis framework using vertex component
analysis (VCA) and hierarchical clustering analysis (HCA) to extract
chemical information, facilitating visualization and interpretation
of the nanoscale structure of molecules attached to a graphene
film. The identification of the resulting vibrational Raman modes
is validated through density functional theory (DFT). The model
of Cr(#°-CsHs) anchored graphene demonstrates the nanoscale
structure—property correlation for other disordered materials and
allows us to confirm preferential binding at edge sites in the
graphene lattice.

METHODS
Functionalized graphene preparation

The #°-Cr-benzene modified graphene that we study utilizes
#°-functionalization to minimize disruption to the 7-cloud contin-
uum and is synthesized in situ using chemical vapor deposition
(CVD). First, monolayer graphene was grown on a copper foil
substrate. Then, the graphene surface was reacted in situ with the gas
phase precursor (CO)3-Cr-CgHs. The chromium-benzene complex
(Cr-benzene) is attached to the graphene surface via hexahapto
concomitant formation between chromium and graphene, produc-
ing (°-graphene)Cr(;°-CsHs), as the reaction process shown in
Fig. S1. The three carbonyl moieties detach from Cr and form
carbon monoxodide (CO) as a byproduct. Further detail on the
reaction process is provided in the supplementary material.

Tip-enhanced Raman spectroscopy

TERS measurements were performed on an AFM-Raman
system comprising a scanning probe microscope (SmartSPM,
AIST-NT) with a Raman spectrometer (LabRAM HR Evolution,
Horiba Scientific) in side illumination geometry. A 633 nm HeNe
excitation laser was focused on the sample using a 100x, 0.7 NA
objective lens (Mitutoyo M Plan Apo) with the laser power lower
than 0.5 mW at the sample. The TERS probes were prepared by
sputtering (Kurt Lesker PVD 75 magnetron) 80 nm of gold on
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silicon tips (ultrasharp noncontact NSC12/50, MikroMasch), which
in combination with the gold substrate provided high enhancement
for sensitive TERS. Each TERS spectrum was collected with 1 s
accumulation.

DFT calculation

Density functional calculations were performed with the
CASTEP module from Materials Studio 2019. The model geometry
was optimized using the generalized gradient approximation (GGA)
functional in the scheme of Perdew-Burke-Ernzerhof (PBE). An
energy cutoff of 700 eV was used for the plane-wave basis. We have
applied a slab approach with vacuum layers of 2 nm to decouple
periodic images from each other along the z direction. Vibrational
frequency calculations were carried out on the optimized geometry
of functionalized graphene. All the calculations were performed
using the computer cluster at the University of North Carolina
Chapel Hill, USA.

RESULTS

We study hexahapto-functionalized graphene
(#°-graphene)Cr(°-CsHg), which minimizes disruption to
the 7n-cloud continuum.”’ Previous studies have demonstrated
the generation of this structure via wet-chemical processes, but
this produces highly defective graphene with poor conductivity
properties.””*”*" In contrast, in situ functionalization of chemical
vapor deposition (CVD) graphene, as utilized here, allows for short
reaction times and contamination-free functionalization. """
The SEM measurements confirm that the morphology of graphene
remains intact after CVD functionalization (Fig. S2). In addition,
the EDX measurements verify the presence of chromium on the
graphene surface (Fig. S3).

The presence of chromium atoms, whether physically
adsorbed or chemically bonded, is expected to alter the Raman
spectra of graphene, depending on the distribution of chromium
across the surface. The Raman spectra of the pristine CVD
graphene before reacting with precursor and the reacted product
(#°-graphene)Cr(°-CsHg) are shown in the supplementary
material, Fig. S4. The graphene spectra before and after functional-
ization are similar, exhibiting only the characteristic G, D, and 2D
bands.” After functionalization, the D band appears but remains
weak, suggesting that CVD functionalization of Cr(#°-CsHs)
minimally disturbs the in-plane vibrational mode. In addition, the
2D band is redshifted and widened after the reaction, implying
electron doping on graphene arising from functionalization.”* *°
The Raman data also highlight the intrinsic limitations of conven-
tional Raman spectroscopy in sensitivity and spatial resolution,
making it insufficient to unequivocally identify functionalization.

Further characterization of the film was carried out using TERS
mapping. Figure 1(c) shows a representative topographic map of the
(#°-graphene)Cr(11°-CsHg) sample, acquired during TERS mapping.
The AFM height image of 5 ym by 5 ym region reflects the surface
roughness of the polycrystalline copper substrate. This roughness
significantly influences the observed topography at the micrometer
scale, as it causes variations in the height measurements that
overshadow the actual thickness of the graphene layers. The AFM
phase image provides additional information about the material
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FIG. 1. Schematic illustration of the functionalization mechanism and experimental
setup. (a) Chemical reaction of the precursor (CO);—Cr-graphene and graphene,
showing the functionalization sites of benzene/Cr/graphene in the product
1%-graphene/Cr/»®-benzene. (b) TERS setup and the AFM images of (c) height
and (d) phase, showing variations in the morphology. Scale bar: 1 ym.

properties and is sensitive to variations in surface stiffness, adhe-
sion, and composition. In Fig. 1(d), the graphene surface appears
microscopically homogeneous, except for regions with steps and
wrinkles. These wrinkles are likely due to the line defects of the
underlying metal substrate, as confirmed by SEM images (Fig. S2).

The TERS measurements were performed along a 2 ym line
trace, with a step size of 20 nm, indicated by the dashed lines shown
in Figs. 1(c) and 1(d). This region was chosen as relatively flat and
featureless in the AFM maps, reducing the potential for artifacts in
the spectroscopic mapping. Figure 2(a) shows the waterfall plot of
TERS spectra measured along the line trace indicated. For clarity,
these spectra are vector normalized in which the integral of
each spectrum is set equal to 1. These TERS spectra exhibit the
graphene G, D, and 2D bands consistently, but with spatially varying
intensities. In addition to the graphene features, we can observe
additional bands in the range of 1350-1580 cm™, between the G
band and D band, which also exhibit spatially varying intensities and
frequencies.

ARTICLE pubs.aip.org/aipl/jcp

The D and G band regions of the selected spectra shown in
Fig. 2(a) are expanded in panel b. The spectra exhibit the charac-
teristic G bands at 1589 cm™" of graphene [Fig. 2(b)], which is in
good agreement with previous studies on crystalline monolayered
graphene using TERS. """ " The presence of the Raman-forbidden
D band can be due to defects but also consistently appears in TERS
of graphene due to the symmetry-breaking from plasmon media-
tion, as previously observed.”””*>*"* The D band appears in a
split form at 1318 and 1335 cm™ in some spectra, as indicated by
the dashed red lines. We attribute the appearance of the band at
1318 cm™! to a D; band, originating from double resonance scat-
tering of the electron by a phonon and then back-scattering by
a defect.”” We observe that the D band splitting is correlated
with the additional peaks close to the G band. The intensity of
D, is strongest with the presence of additional bands around
1550 cm ™ [Fig. 2(b)]. This correlation is indicative of an addi-
tional chemical contribution to graphene arising from localized
functionalization.

Figure 2(c) shows a detailed view of the 2D band for the same
selected spectra as panel b, to highlight the two sub-bands involved
in the 2D envelope. Lorentzian peak fitting demonstrates that the
peaks are asymmetric and have spatially varying intensities. The
presence of sub-bands in the 2D band has been reported due to
strain, doping, and the number of layers of graphene.”’ > As the
sample is prepared with CVD, the changes in the relative intensity
of I,p/Ig and the presence of the 2D sub-bands may be related to
regions of bilayer graphene, but this conclusion requires additional
analysis of the correlations in spectral changes.

Inspection of the spectra reveals multiple complex variations
across the line profile, with strong additional modes suggestive
of functionalization. However, the positions of specific vibrational
modes shift across the sample by up to 10 cm™, and their relative
intensities and linewidths also vary. This behavior is common in
TERS and is a consequence of the sensitivity of the enhancement to
differences in tip-sample coupling or local environment,** in addi-
tion to the intrinsic heterogeneities appearing in the sample. These
fluctuations can mask the underlying chemical changes of interest,
requiring more advanced analytical techniques to probe correlations
in spectral variations and their origin.

Distance ——M8M8M8@ M o

LA

1200 1400 1600 2600 21700
Raman shift (cm™)

R L I L .
1300 1500 1600 2600 2700

Raman shift (cm™) Raman shift (cm™)

FIG. 2. (a) Stacked TERS from the line trace indicated in Figs. 1(c) and 1(d), showing the heterogeneous spectral shifts and linewidth in 2D bands. The sub-bands in D band
are associated with the non-graphene features in the range of 1330-1590 cm~". Panels (b) and (c): the expanded TERS spectra at spots indicated in panel (a).
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Chemical species identification via hyperspectral
analysis

We, therefore, implement multivariate analysis, as previously
employed to analyze hyperspectral imaging, such as stimulated
Raman and TERS to extract chemical information.”” In particular,
we utilize vertex component analysis (VCA) to unmix the spectral
components in TERS line scans. Standard spectral extraction tech-
niques, such as principal component analysis (PCA), are often
not suitable for TERS or samples without well-separated spectral
components.”””” PCA assumes linear separability and orthogonality
of components, which is not always the case in complex hyperspec-
tral data where spectral features overlap significantly. VCA, on the
other hand, is designed to handle the challenges of hyperspectral
data with overlapping spectral features. By isolating distinct spectral
components, VCA provides detailed chemical information that is
crucial for understanding the molecular composition and functional
groups within the sample.

The data cube of a TERS image is preprocessed via spike
removal, baseline correction, and normalization to make the spectra
at each pixel comparable, thereby avoiding intensity variation
effects. Next, we conduct VCA to identify significant spectral
features. VCA works by decomposing the spectral data into
their fundamental components, assuming that each spectrum is a
combination of these underlying components. It projects unla-
beled spectra into a simplified geometric space using singular value
decomposition. The resulting VCA spectra [Fig. 3(a)] represent key
features that capture most of the information from the original
TERS data cube and can thus be used for general identification and
characterization.

To guide the selection of the number of clusters to capture
the features of our dataset, we calculate the spectral distance, which
describes the degree of spectral similarity between spectra. The
smaller the spectral distance, the more similar are the spectra. By
calculating the spectral distance, we cluster spectra that are similar
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FIG. 3. (a) Extracted VCA spectra from the line trace shown in Fig. 2(a). Com-
ponent ny (green) is assigned to pure monolayer graphene with metallic property;
component n, (purple) is bilayer graphene; component n3 (red) is edge state of
bilayer graphene; and components ns and ns (dark and light blue, respectively)
are Cr-CgHg functionalized graphene. (b) The associated distribution of each
component in panel (a).
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to each other. The process involves repeatedly merging neighboring
clusters based on their pairwise spectral distances, constructing a
dendrogram of the dataset, as shown in Fig. S5. This dendrogram
helps us determine the optimal number of clusters. We chose five
components to reflect the spectral variation, capturing over 80% of
the variance in the dataset (Fig. S5).

The extracted five TERS-VCA spectra from the TERS data cube
of dimensionality 100 x 1600 are shown in Fig. 3(a). All the five com-
ponents from n; to ns show a G band at 1589 cm™", in agreement
with pristine graphene. The D band appears with three different
types among the five components: a single D band (1335 cm™) in
component 71, a single D; band (1318 cm_l) in component ny and
ns, and a split form containing both D and D; bands in components
n, and ns.

The 2D band varies significantly in peak position in the com-
ponent spectra due to changes in the relative intensity of sub-bands
observed in the raw data [Fig. 2(c)]. Our observation of 2D
sub-bands, G band, and split D bands from VCA-TERS spectra is
consistent with those shown in Figs. 2(b) and 2(c), indicating that
the multivariate analysis has captured the molecular features of the
chemical components.

The n; component spectrum exhibits prominent graphene
characteristics of D, G, and 2D bands. The intensity of Lp/Ig
= 1.6 suggests monolayer graphene.”> Components #, and n3 appear
similar in their spectral characteristics, including the I,p/Ig ratio,
appearance of split D bands, and weak additional features in the
spectral range 1350-1580 cm™!. The Lp/lg ratio in both n, and
n3 is smaller than that of n; (I,p/Ig = 1.3 and 1.2 for component
ny and ns, respectively), implying bilayer graphene. The position
of 2D sub-bands varies in components n, and n3, as presented in
Table S1 of the fitting parameters. Component n3 exhibits a 2D
sub-band that is at lower frequency (2633 cm™) than that in com-
ponent 5, suggesting n-type doping.** This behavior is consistent
with the far-field Raman 2D band (Fig. S4), also attributed to
functionalization doping.

Components n4 and ns exhibit strong molecular signatures in
the spectral range 1350-1580 cm™. There are five spectral peaks
observed at 1554, 1505, 1442, 1399, and 1374 cm™!. The intensities
of the five bands are correlated with the D band, which is strong and
well-defined. As the D; band is associated with short-range defects,
we attribute the difference in n4 compared to #s to the defect concen-
tration, i.e., component n4 exhibits a higher concentration of edge
defects (Ip, /I > 1) than component n5 (Ip,/Ig < 1).

We perform density functional theory (DFT) for mode assign-
ments of the chemical species observed in the TERS-VCA compo-
nents. The calculation is based on a Cr(#°-CsHs) complex attached
to a monolayer graphene. The result shows that the planar structure
of graphene remains unaffected, in agreement with the previ-
ously established molecular model.”® The calculated spectrum of
(116-graphene)Cr(qﬁ-CﬁHg), shown in Fig. 3(a), is generally in agree-
ment with that of the VCA-TERS spectrum in the components
ng and ns. The majority of functionalization bands appear near
the D bands, likely due to the molecules introducing defects into
the basal graphene structure. Assignment of the Raman bands of
the five molecular vibrations is presented in Table I. We note
differences in peak positions when comparing the VCA TERS with
DFT models. These differences likely arise because the DFT model
is an approximation of the actual graphene system, where the size
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TABLE |. Raman mode assignments observed in the TERS spectra shown in
Fig. 3(a).

VCA-TERS DFT Assignment Reference
1588 1586 Graphene G band 1591%
1554 1578 (116-graphene)Cr(r16-C6H5)

1505 1571 (qs—graphene)Cr(né—CGHs)

1442 1477 (#°-graphene)Cr(#°-CsHs)

1399 1375  (°-graphene)Cr(#°-CsHs)

1374 1350  (1°-graphene)Cr(#°-CsHs)

1335 1340 Graphene D band 1334,%° 1337%
1319 1313 Graphene D; band 1317%

of the C-sp® plane can vary. In addition, the optical and mechanical
stress introduced by TERS can cause TER spectra to have different
peak positions than those calculated. However, the number of peaks
and their general appearance are in good agreement. Thus, we
attribute components ny and #ns to the functionalization binding
sites. There are weak but distinct peaks observed in the spectral range
1350-1580 cm™! in components 7, and n3, which are also associ-
ated with molecular functionalization. The smaller intensity of the
D sub-bands in #, and n3 suggest a lower concentration of binding
sites than those of n4 and ns.

Defect-dependent molecular functionalization

The spatial distribution of each component across the 2 ym
line profile, derived from non-negative least squares (NNLS) fitting,
is shown in Fig. 3(b). The abundance profile shows how the TER
spectra transition from one molecular domain to another. Each
component is spatially well-separated, and through the VCA, it is
possible to deduce that the functionalization sites (components 74
and ns) appear at the interface of pure monolayer graphene ()
and bilayer graphene (n3). This observation is in good agreement
with the previous reported correlation of binding sites with defec-
tive regions because of increased chemical reactivity on the graphene
defect sites.”” Near the zigzag edge state of bilayer graphene, the
D-band has been observed to exhibit diminished intensity compared
to that of the armchair edge state, as these edges support different
phonon modes.”® Similarly, Fig. 3(b) shows that component n3 is
distributed at the bilayer edge with the reduced D; and D bands
[Fig. 3(a)].

The functionalization sites across components ny and ns can
be considered as a structural defect at the graphene edge. Molecular
Cr(#°-CsHs) has a tendency to bind at the edge of bilayer graphene,
and component 74 is shown to exist next to monolayer graphene
(component n;), with component #ns on the opposite side toward
the center of bilayer graphene. A lower I,p/Ig ratio is associated
with the graphene edge effect in components ns and ns, which
has been observed previously.”” We note that the lowered Lp/Ig
ratio could be associated with doping. As we prepared graphene
using CVD, some regions of bilayer production are highly likely. In
addition, the positions of the G and 2D bands in components n4 and
ns did not shift. We, therefore, attribute the varying I,p/I¢ ratio to
the molecular binding on edges.

ARTICLE pubs.aip.org/aipl/jcp

The binding regions cover 8 of 100 pixels, corresponding to
a localization length of 160 nm. This observation is consistent
with a prior study involving aryl-functionalization grafted graphene,
where a charge localization length ranging from 45 to 125 nm
was reported.' Notably, we also observe a longer-range doping
effect represented in component n3, which is distributed across a
sub-micrometer distance next to the binding sites, implying that
a low concentration of chemical functionalization can generate a
doping effect through non-local electronic coupling.

To further characterize the spatial distribution of the attach-
ment sites, we performed high-resolution TERS mapping over a
small area to correlate with topographical data. Figure 4(a) shows
a 100 x 75 nm? AFM topography image, exhibiting topographic
variations with height differences within 10 nm. Notably, the height
distribution caused by the polycrystalline copper shown in Fig. 1(c),
which is on the micrometer scale, is not dominant at this nanometer
scale. The phase image shown in Fig. 4(b) confirms the absence of
surface contamination as such contamination would typically cause
dramatic shifts in the phase image.

TERS mapping was collected in the area shown in Figs. 4(a) and
4(b). The VCA workflow is particularly valuable for visualizing 2D
spatial data cubes, where spatial correlations can be challenging to
analyze compared to 1D line profiles. We applied VCA to the TERS
image data cube (dimensions: 20 x 15 x 1600) to investigate the dis-
tribution of molecular species. For this sample, fewer components
were required to capture 80% of the spectral variation, indicating
a more spatially homogeneous chemical variation on the surface.
(Figure S6).

The generated VCA spectra, shown in Fig. 4(c), exhibit simi-
lar chemical components as those shown in Fig. 3(a). The absence
of molecular peaks in the spectral range 1350-1580 cm™" in com-
ponent 7; suggests pure graphene, similar to component n; shown
in Fig. 3(a). The I,p/Ig ratio of around 1.3 and the weaker D; band
in component n; shown in Fig. 4(c) indicate pure bilayer graphene.
Component #, exhibits a similar I,p/I ratio to that of component

WIS

1SN

0 100 1200 1400 1600 2600 2700
Distance (nm) Raman Shift (cm™)

FIG. 4. (a) Height and phase image during TERS measurements. Scale bar:
20 nm. The extracted TERS-VCA spectra in the dot square location are shown
in panel (b). Component ny (green) is assigned to pure bilayer graphene. Compo-
nent n, (red) is the edge state. Component n; (blue) is assigned as functionalized
graphene. (c) The abundance map of the three components.
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n1 [Fig. 4(b)], suggesting bilayer graphene with defects. The weak
peaks in the spectral range 1350-1580 cm™" of component 7, indi-
cate weak molecular binding. The observation of molecular binding
on bilayer graphene is consistent with that of components #n, and
n3 shown in Fig. 3(a). Component n3 suggests features of function-
alization sites, similar to components 74 and ns shown in Fig. 3(a).
We observe a reduced I,p/Ig ratio, which we attribute to molecular
binding on edges. The diminished D and D; bands support the edge
state in bilayer graphene.

The 2D spatial distribution of components is visualized in
Fig. 4(d), showing clear domains in the TERS-VCA image. A
uniform distribution of bilayer graphene covers the entire surface
(indicated by green), while weak molecular binding sites are
indicated in red. The closely spaced Cr(5°-CsHg) forms clustered
functionalization sites (noted in blue), revealing local clusters with
a size of ~20 nm. These clustered domains correlate with variations
in the AFM height and phase diagrams.

In summary, Fig. 3(a) shows that a dense concentration of func-
tional molecules induces strong and well-defined D; bands, likely
due to the highly disordered graphene structure and high den-
sity of defects and edges. Conversely, Fig. 4(a) shows a spatially
homogeneous surface with low defects and a more pristine graphene
structure, distributed with weak molecular binding sites. Similar
to how Clar’s rule has been successfully used to predict coordi-
nation sites for chromium hexacarbonyls on small polyaromatic
hydrocarbons, this concept can be extended to graphene to predict
“benzenoid” moieties. Our results suggest a strong correlation
between existing defect sites and their reactivity toward function-
alization on the graphene surface. As the basal plane of pristine
graphene is chemically inert, the edges of bilayer and monolayer
graphene serve as favored binding sites for molecules, as indicated
by strong D; bands. This interfacial binding has been inaccessible
in previous studies due to lack of simultaneous spatial and chemical
sensitivity.

CONCLUSIONS

We have resolved the surface engineering of graphene through
covalent surface modification, using chemically sensitive TERS
imaging combined with VCA hyperspectral analysis. The hexahapto
(#°)-functionalization induces heterogeneous binding of the
benzene-chromium molecular complex on the graphene surface,
resulting in spatial variations of different species. The attachment
of (CsHs)Cr(CO); to the graphene surface through 7-coordination
with benzene rings forms (1°-CsHg)Cr moieties, where the
chromium atom coordinates with the 7 electrons of the benzene
ring in graphene. This interfacing retains the in-plane transport
and sp* conjugation properties while introducing localized elec-
tronic states at the functionalization sites. With our analysis, we
are able to separate contributions from pure monolayer graphene,
bilayer graphene, edges, functionalization binding sites, and
doping.

We find that the functionalizating molecules preferentially bind
at intrinsic defects on the edges of layers of graphene. This result
suggests that the homogeneity of graphene dictates the effectiveness
of the bonding and controls the resulting device properties. Chem-
ical vapor deposition (CVD) is considered the most promising
method for industrial production of high-quality graphene, offering

ARTICLE pubs.aip.org/aipl/jcp

low defects, good uniformity, and controlled layer numbers. Extend-
ing the CVD process to enable controlled #°-functionalization
of graphene provides an easy and scalable approach for new
applications in electronics, plasmonics, and beyond. We expect
this work to open up the possibility of optimizing optoelectronic
devices based on molecular-anchored 2D materials with the ability
to translate complex, multicomponent spectral information into
chemical knowledge.

SUPPLEMENTARY MATERIAL

The following file is available free of charge. The supplementary
material provides further experimental details and information on
analysis.
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