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ABSTRACT: In mechanochemistry, the application of controlled
forces is key to altering reaction rates and pathways to direct
product yields and selectivity. However, a fundamental knowledge
gap exists between what is occurring on the atomic scale in
mechanically driven reactions and the resulting macroscale
outcomes. Two-dimensional (2D) materials, such as graphene,
proffer a model system to study the impact of mechanical forces,
such as strain, on chemical reactivity, as force distributions may be
applied across a well-organized atomic-scale structure comprising a
single layer of C atoms. Here, using Raman micro-spectroscopy
and first-principles calculations, we have investigated the reaction
of graphene, under varying degrees of strain, with 4-nitro-
benzenediazonium tetrafluoroborate (4-NBD). We find that only
with increased out-of-plane distortion (shifting the C atoms of graphene from sp” toward sp® electronic states) would the reactivity
be increased, with larger out-of-plane distortions yielding greater reactivity. Density functional theory (DFT) calculations reveal that
increasing the curvature of graphene decreases the activation barrier of 4-NBD functionalization and enhances the thermodynamic
favorability of the reaction. Furthermore, we find that curvature affects the orientation of the graphene 2p, orbitals, and we then
relate the thermodynamic feasibility of 4-NBD functionalization with the orbital orientation. These studies point to how the precise
application of forces can be used to direct the functionalization of graphene for C—C bond forming reactions, which has significant

implications for controlling its corresponding electronic structure in a well-defined fashion.

B INTRODUCTION

The application of mechanical forces to surfaces has been
shown to influence chemical reactivity in various ways, such as
the breaking of surface bonds through applied shear that can
lead to atomic scale wear."” Further, shearing under applied
force has been demonstrated to help drive chemical reactions,
such as in the case of the formation of tribofilms of zinc
dialkyldithiophosphate (ZDDP) in base oils.> In such stress-
assisted processes, a basic tenet of mechanochemistry is that
the directionality of the applied force can influence which
bonds are formed and/or broken.*”® Research in mechano-
chemistry has grown dramatically in recent years, with a host of
reactions now known to be mechanically activated.”””
However, the complexity of the reaction conditions found in
methods such as ball milling or twin-screw extrusion makes it
challenging to explore fundamental mechanical questions such
as how force directionality'®™"* controls selectivity and
reactivity.

Two-dimensional (2D) materials such as graphene offer an
ideal platform for the investigation of mechanochemical
reactivity. Graphene, a 2D lattice of sp*hybridized carbon,
has seen an explosion of interest in the research community
since it was experimentally isolated in 2004." Tt has found use
in a variety of applications owing to its many unique
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properties, such as its high electrical conductivity,'* high in-
plane elastic moduli,'’® and low frictional properties."
Moreover, the ability to carry out directed functionalization
of graphene opens the door to a host of exciting properties. For
example, surface plasmon engineering can be achieved through
patterning graphene with organic molecules'’ or through
decorating graphene with Au nanostructures.'® Functionalizing
the 7m-surfaces of the layers in bulk graphite can cause
delamination, leading to single-sheet graphene polyelectro-
lytes."” Furthermore, ferromagnetic and superparamagnetic
behavior can be promoted in graphene through chemical
*%21 In several of these applications,
patterned functionalization on graphene is key; however, this
remains a challenge.

While the basal plane of graphene is generally unreactive,
incomplete bonding at interfaces can create strained regions

functionalization.
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(including bond-angle strain), which can lead to mechano-
chemically accelerated oxidation and breakdown. Previous
work has examined the breaking of C—F and C—O bonds on
fluorinated and oxidized graphene using atomic force
microscopy to investigate how such bond breaking depends
on applied force.””** Going the opposite way, fluorination,
hydroxylation, and hydrogenation of graphene have been
theoretically predicted to be more energetically favorable when
the lattice is under compressive strain.”* Functionalization with
organic species has also been carried out using multi-pen
arrays, such as Diels—Alder and Huisgen cycloaddition
reactions through applied normal force,>* enabling tracking
of the kinetics of the reactions as a function of applied force
and estimations of the reaction volumes.

The mechanical distortion of graphene when it conforms to
any nonflat surface serves as an applied force directed across
the lattice. In transition-state theory, a reaction can be
envisioned as reactants moving along a potential energy
surface, where the progress is quantified by movement along a
reaction coordinate. The reaction coordinate serves as a
representation of some change in the system, often the relative
geometry of the reactants.”” A potential energy surface has
multiple reaction coordinates that the reaction may proceed
along, based on which physical changes are relevant to the
reaction (bond length, bond angle, etc.). The directed
application of mechanochemical forces along the relevant
reaction coordinate can help move the geometric state (i.e., the
sp>-lattice) of the reactant graphene closer to the configuration
of the transition state (a mix of sp” and sp® character). In
accordance with Hammond’s postulate,28 this deformation of
graphene toward the transition state can thereby increase the
rate and favorability of the reaction, e.g., the formation of out-
of-plane C—C bonds.”” To this end, the z-orbital axis vector
(POAV) method®*™** was developed to quantify the effect of
distortion/strain on the m-orbitals for carbon atoms in
conjugated aromatic compounds. It was hypothesized that
mechanochemical strain can influence the electron delocaliza-
tion as the orientation of the orbitals participating in the 7-
bond formation changes,33 and recently, we demonstrated that
POAV-derived quantities, such as the angle between two
POAVs, can also explain kinetic barriers associated with
molecular migration on curved graphene,”* that others have
experimentally observed, which can impact how aryl
compounds either react to or migrate across, graphene
surfaces.”

In the work presented here, we seek to elucidate the
relationship between the magnitude and direction of applied
mechanical strain on the graphene lattice and its ability to form
out-of-plane C—C bonds. To investigate this, we examine the
radical addition of 4-nitrobenzenediazonium tetrafluoroborate
(4-NBD) to graphene, a model reaction of a diazonium salt
with graphene that has been well examined in the literature, as
a gauge of reactivity as a function of graphene strain.>***~*
For the reactions of graphene with diazonium molecules, it is
proposed that the diazonium cation initially accepts an
electron from the graphene lattice and generates an aryl
radical upon releasing N,.** This radical can then covalently
bond to graphene, thereby changing the hybridization of the
functionalized C center of graphene from sp” to sp. To further
elucidate the influence of strain and curvature on the reactivity
of graphene with 4-NBD, graphene has been deposited on flat
silica substrates and on rough surfaces comprised of films of 6
nm in diameter silica nanoparticles to produce controlled

graphene curvature, introduced by its conformal adhesion to
the surface.

Using Raman spectroscopy, we found that the high
curvature of the graphene induced via draping it over the
silica nanoparticle film produced a significantly higher
reactivity (ca. 2.7X that of the flat substrate) toward 4-NBD
functionalization. Furthermore, we modeled the reactivity of
graphene with 4-NBD using density functional theory
calculations to determine the influence of the curvature of
graphene on both the activation barrier for reaction and the
overall reaction energy for functionalization. We then applied a
descriptor’® based on the POAV angle to understand the
reactivity trend of graphene with little curvature, representative
of being deposited on a flat surface, and graphene with varying
curvature, representative of being deposited on films consisting
of nanoparticles with variable diameters. The results presented
herein may provide a guide for carrying out spatially controlled
reactions on graphene through controlled lattice distortions.

B EXPERIMENTAL METHODS

Fabrication of Substrates. Si(100) wafers (Virginia
Semiconductor) were rinsed with nanopure H,0O (18.2 MQ-
cm, Barnstead) and ethanol (EtOH, 200 proof, Koptec) before
being submerged in base piranha solution (4/1/1 v/v/v H,0/
conc. ammonium hydroxide (ACS Grade)/35 wt % hydrogen
peroxide) at 85 °C for 20 min, re-rinsed with H,O and EtOH,
and dried with streaming N,. For a 90 nm thermal oxide
coating, samples were annealed at ambient pressure at 1050 °C
for 1.5 h. For nanoparticle (NP) films, silica nanoparticle
solutions (NexSil 6) were diluted down to 6 wt % with
nanopure water. Then, 400—800 uL of the 6 wt % solutions
was dispensed onto the cleaned Si(100) wafers, spin-coated for
1 min at 2000 rpm, and annealed at 500 °C for S h.

Depositing Graphene. The deposition of graphene on
our substrates employed a method developed in-lab,*® which
was initially adapted from Song et al.*’ Briefly, CVD-grown
graphene on Cu was purchased (LG), and polystyrene (PS—
MW 13000, Sigma-Aldrich) at 31.5 mg/mL in toluene was
spin-coated onto the surface at 300 rpm for 2 min as a self-
releasing layer. It was heated to 85 °C for 5 min to remove the
solvent. A poly(dimethylsiloxane) (PDMS, Dow Inc.) stamp
was placed on the PS-graphene stack and floated on an
aqueous etchant solution (265 mM Na,S,04 Alfa Aesar)
overnight to remove the Cu. The etchant solution was
displaced with at least 1 L of nanopure water to rinse. The
PDMS/PS/graphene stack was removed from the water,
placed on the desired substrate, and dried in a vacuum
desiccator. Upon drying, it was heated at 100 °C for S min to
reach the T, of PS, and the PDMS/PS was removed. The
sample was immersed in toluene for &2 min to remove any
residual PS from the surface.

Reacting Graphene Samples with 4-NBD. To examine
reactivity, all samples were immersed in a solution of 11.5 mg/
mL 4-NBD (TCI) in acetonitrile (ACS grade, VWR
Analytical) for 10 min in a nitrogen tent (Captair Pyramid,
Erlab) under dry conditions (<1% relative humidity). Vials
containing the 4-NBD were wrapped in Al foil due to the light-
sensitive nature of 4-NBD. After 10 min, the solution was
poured off, and samples were immersed in separate vials of
acetonitrile twice for ~15 s each to remove any unreacted
diazonium, then dried with streaming N,.

Raman Spectroscopy. A WITec alpha300 RA confocal
microscope equipped with an UHTS 300 VIS spectrometer
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Figure 1. Representative tapping mode AFM images of SLG on flat silica (a) and 6 nm silica NP films (c), with inset corresponding line traces for
each image. (b, d) Respective phase images for (a) and (c). On the flat surface, some wrinkles, folds, and blisters can appear.

and a cooled (—60 °C) Andor EMCCD detector was used for
all Raman measurements. To avoid heating, measurements
were taken with a 488 nm diode laser with a Nikon E Plan
objective (100X, 0.9 NA) with power <1.25 mW on the
surface. For all spectral maps, the 600 g/mm grating was used
(resolution <3 cm™), and data were taken from 25 X 25 ym?*
areas consisting of 100 points/line, 100 lines/scan, and 0.1 s
integration time per point. From each 25 X 25 ym® map, 3
spectra, each corresponding to the average over separate 5 X §
pm?* areas, were determined. Lorentz fits were applied to all
peaks of these average spectra using Origin 2021 (OriginLab).

To determine the strain present in a given graphene lattice,
the Lorentz fits of the G and 2D peak positions for each
averaged area were compared to the Lorentz fits of the G and
2D peak position for suspended graphene using a method
previously described in the literature.***’ Suspended graphene
serves as a reference, as it is assumed to be nominally
unstrained and undoped. This reference sample was made by
transferring graphene onto a Si;N, membrane with 1 um
diameter pores (Norcada) via the same transfer method used
for the flat and NP films. Three Raman maps were then taken

of the suspended graphene on the reference sample, each map
10 X 10 um?, consisting of 100 points/line, 100 lines/scan, and
0.1S5 s integration time per point. Average Raman spectra were
extracted from the center 0.3 X 0.3 ym’ of 60 suspended
regions among the three maps. The unstrained, undoped G
and 2D peak positions are calculated by averaging the Lorentz
fit of these 60 regions (see Section 2 of the Supporting
Information). All strain values in the main text were calculated
using the equation in Section 3 of the Supporting Information.

To determine reactivity in the graphene films on flat and 6
nm silica NP films, the fits for the D and —NO, peaks were
normalized to the Si peak (i.e., In/I; and Iyo,/I5;) and scaled

using the average surface area ratios determined through
atomic force microscopy (AFM) to account for the different
amounts of graphene per unit area in the flat and NP samples
imaged. While others have tracked the extent of reactivity on
graphene by looking at the increase in the I/I ratio, we chose
to scale relative to I, as the G peak width, size, and location
can be affected by exposure to the diazonium,***** and as the
extent of out-of-plane bond formation increases, the intensity
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of the D’ peak increases, which has partial overlap with the G
peak.*”

Atomic Force Microscopy. An Agilent 5500 AFM was
used for surface roughness measurements and scratch tests.
Surface roughness and surface area measurements were
conducted as 500 X 500 nm” scans in a nitrogen environment
(0.1% relative humidity) using tips coated with diamond-like
carbon (125 pm cantilever, DLC, Budget Sensors) in tapping
mode. Scratch tests were also conducted in a nitrogen
environment (0.1% relative humidity) using silicon tips
(300—350 um cantilevers, HQ:CSC37, MikroMasch) in
contact mode. Initial and post-scratch scans were performed
at 1 nN at scan sizes 1 X 1 um” and greater, and the scratch
tests occurred at 20 nN as 500 X 500 nm? scans. The surface
roughness and surface area values were determined, and all
images were processed using the software program Scanning
Probe Image Processing (SPIP version 6.7.2). The Sader
method® was used to determine the spring constants in situ for
the scratch tests. Tip radii were determined using SrTiO; to
reverse-image the tips, and a parabolic fit was applied to
determine the radius of curvature® using Origin 2021. The
tapping mode tips ranged from 17 to 21 nm, and the contact
mode tips after the scratch tests ranged from 21 to 40 nm
radius of curvature.

Computational Methods. Density functional theory
(DFT) calculations were performed using the Quantum
ESPRESSO software package.”> The kinetic barriers were
calculated using the climbing image nudged elastic band
method.>* We used a 6 X 6 supercell of graphene to
understand the effect of curvature on the 4-NBD functionaliza-
tion trend. A I'-centered 3 X 3 X 1 k-point grid had been
implemented to sample the Brillouin zone. A vacuum size of 20
A was implemented between the graphene slabs along z-axis to
minimize any artificial interaction between the periodic images.
Electronic exchange—correlation energy was calculated using
the generalized gradient approximation.>® Designed, opti-
mized, norm-conserving, and nonlocal pseudopotentials were
generated using the OPIUM (version 3.7) software.*™>® The
energy cutoff used was 50 Ry to expand the valence electron
wave functions in the plane-wave basis. Further, we used the
DFT-D3 dispersion correction to capture the dispersion and
noncovalent interactions.*”%’

B RESULTS AND DISCUSSION

In our prior studies and in others, it has been shown that the
extent to which graphene conforms to a substrate is dependent
on the substrate roughness and the relative interaction strength
of the graphene with the substrate.”’ " Furthermore, the
reactivity of graphene has been shown to be strongly
influenced by substrate interactions.”> For the silica surfaces
employed here, graphene tends to conform more tightly to
surfaces with lower roughness. This enables us to control the
extent of conformity based on the size of the nanoparticle
features on the surface. Thus, depositing graphene on a film
made of small (6 nm) nanoparticles engenders tighter
conformity through the application of a combination of
uniaxial and biaxial strain, leading to out-of-plane distortions.
On the other hand, graphene on flat silica has a significantly
lower extent of out-of-plane distortion, although some wrinkles
and blisters were observed.

We performed tapping mode AFM under dry conditions
(0.1% relative humidity) to determine the surface roughness
and conformity of graphene on various silica films.

Representative AFM images of graphene on the flat and
nanoparticle silica films are shown in Figure 1. For graphene
on flat silica (Figure 1a), we find occasional wrinkles and
blisters with localized height increases stemming from
incomplete adhesion of graphene to the flat surface. On
average, 88 + 7% of the surface is free of wrinkles and blisters
(see Table S1 and Figure S1). Graphene appears to conform
tightly on the 6 nm NP films (Figure 1c), with some areas
draped between nearby nanoparticles. We found that in each
sample type, there is little variation in the surface roughness
among the measured areas and that within each measurement,
there is greater height variation for SLG on 6 nm NPs vs on flat
SiO, (see Figure S1 and Tables S1 and S2). As expected, the
RMS roughness of graphene on the 6 nm NP films (1.10 +
0.02 nm) is slightly higher than that on the flat silica (0.9 + 0.1
nm), similar to prior work.®

To understand the out-of-plane curvature of graphene on
the NP films, we first measured the surface area of graphene-
covered 6 nm silica NP films and flat silica films using AFM
scans of identical size. Then, the surface area ratio was
calculated by comparing the average surface area of graphene
on the NP films to the average surface area of graphene on flat
silica (Table S2). We find that there is ~0.2% more graphene
present on the NP films than flat silica as a result of the
conformity to the NPs, inducing the out-of-plane curvature.

The strain and doping present in a given graphene lattice
can be estimated by a correlation analysis method,** which
compares the Raman G and 2D peak positions between a given
sample and an optimal unstrained, undoped sample of
graphene.”” The unstrained and undoped G and 2D peak
positions (@’ and ,p’, respectively) are calculated by
averaging the Lorentz fit of the average G and 2D peak
positions for 60 regions of graphene suspended over 1 yum
pores in a Si;N, membrane and found to be 1585.9 + 2.3 and
2684.6 + 4.1 cm™’, respectively (see Figures S2 and S3 for a
representative Raman spectrum and the peak positions of each
measured area).

The G and 2D peak positions (wg and @,p) of graphene on
the 6 nm NP silica films and on the flat silica are shown in
Figure 2. Along with the peak locations, lines are marked to
indicate the predicted peak positions for undoped graphene

2710 7 6 nm eFlat
2705 ] *° MM oFA .
<2700 | .° Lar i
€ 2695 | & | & o2
~52690 1 sl -
&N 1 - s-—"""a .
3 2685 - et n(10zcm2)
2680 | .-~
4 0.1
2675 ——————————————————
1582 1584 1586 1588 1590 1592 1594 1596
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Figure 2. 2D and G peak positions for graphene on 6 nm silica NPs
(blue) and flat silica (red) substrates. The gray dot is the average peak
location of the suspended reference. To guide the eyes, lines have
been added to indicate the expected peak positions for only strained
graphene with no doping (black) and only doped graphene with no
strain (purple), referenced to our experimental suspended graphene
average values. The black diamonds indicate an increase in
compressive strain in 0.1% increments as @g increases and an
increase in tensile strain in 0.1% increments as @ decreases. The
purple diamonds indicate an increase in p-type doping in 2 X 10"
cm™ increments.
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Figure 3. Raman spectral maps of the graphene D peak (presented as total spectral intensity from 1310 to 1410 cm™") normalized to the height of
the Si peak (located 7523 cm™) of the underlying substrate. Maps are of graphene on 6 nm silica NP films and on flat silica before (a, c) and after
(b, d) functionalization with the 11.5 mg/mL solution of 4-NBD in acetonitrile. Insets are molecular models of the curved and flat graphene before

and after reacting with 4-NBD.

under variable degrees of strain (black) and unstrained
graphene under variable amounts of doping (purple) based
on our wg’ and w,p°, using the values of (Aw,p/Awg), = 2.2
and (Aw,p/Awg), = 0.7, from literature.*® Furthermore, the
gray dot is the location average position for our suspended
graphene. The peak positions for graphene on flat silica are
tightly clustered together compared to the peak positions for
graphene on the 6 nm NPs, indicating a lower degree of strain
variation in the graphene lattice when on a flat surface. On the
other hand, the graphene on the NP films has rich spatial
heterogeneity in the initial peak positions, which is indicative
of strain variation at the localized interface across the sample
surface.

The peak positions track closely with the predicted positions
for graphene that is strained but undoped, indicating that strain
is the more important factor in these samples. It has been
previously reported that wrinkles can be generated in chemical
vapor deposition-grown graphene due to the mismatch in the
thermal expansion coefficient between graphene and Cu and
hence can also be induced in the graphene lattice while
transferring it to a substrate.”> These additional wrinkles can
lead to variation in peak positions for both the flat and
nanoparticle silica films. Thus, in this regard, it is better to

focus more on the qualitative trends present in reactivity and
the Raman-derived strain values.

We calculated the average uniaxial areal strain for 5 X S ym*
areas of graphene on nanoparticle silica films using the
equation from Zhang et al.*’ and our experimental w¢’ and
@, values for the suspended graphene as a reference (see
Sections 2 and 3 of the Supporting Information). The
correlation analysis method calculates strain as uniaxial,***’
and although the actual strain present in the graphene lattice
when on a substrate is a combination of uniaxial and biaxial
due to geometric frustration of the lattice,**®” the magnitude
would not vary significantly, since the calculated strain is areal
in nature (the change in area, not of length in one direction).*”

After all of the samples were exposed to 11.5 mg/mL 4-NBD
in acetonitrile for an identical amount of time, Raman spectra
were taken again at the same locations that were used to
determine the initial strain. As can be seen in the Raman maps
showing just the D peak spectral intensity before and after
exposure to 4-NBD (Figure 3), the graphene on the flat surface
is far less reactive than the strained graphene on the 6 nm NP
films. Representative Raman spectra are displayed in Figure 4.
As the sp*-hybridized carbon introduces defects in the planar
sp>-hybridized graphene architecture, the intensity of the
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Raman D peak can be used to quantify the extent of 4-NBD
functionalization.

While most of the literature on the reaction of graphene and
4-NBD follows the growth of the D peak as an indicator of
reactivity,*"**#>*%458 the diazonium compound itself also
has a peak (~1335 cm™) that can spectrally overlap with the
graphene D peak signal.”® Here, we investigate whether the
growth of the —NO, asymmetric stretch peak from the nitro
functional group on the diazonium*>**”° at 21400 cm™" can
also be monitored to track the extent of the reaction.

The growth of both peaks was observed, and to normalize
across samples, the increase in the intensity of the peaks
relative to the intensity of the Si peak from the underlying
substrates was scaled using the average surface area ratio
determined through AFM to account for the different
concentrations of graphene per unit area among the flat and
NP samples exposed to the laser beam (Table S2). Note that
while the surface area ratio was determined from 500 X 500
nm* AFM scans, a series of length-scale measurements
indicated it does not change up to S X S um® (Figure S4),
making it a viable scaling factor to apply to the Raman peak
intensities.

From the representative spectra in Figure 4, graphene on the
6 nm NP films reacted to a greater extent with the diazonium
compound than graphene on flat silica, indicated by an
increase in both the D and —NO, peaks. For all areas sampled,
the increase of reactivity, A(Ip/I5) and A(Iyo,/Is;), is plotted

against the initial strain (Figure S5). Note that the negative
values correspond to compressive strain, while positive values
would represent tensile strain, indicating all samples are more
compressive in nature than the suspended reference.

From Figure S, every area of graphene sampled on the 6 nm
NP films reacted to a greater extent than all areas of graphene
on flat silica, indicated both by larger D and —NO, peaks,
although not all areas on flat silica had an —NO, peak that
could be observed above the spectral baselines. Taking just the
D peak as an indicator, the relative increase in reactivity on the
NP film was found to be ca. 2.7 + 0.9 times greater than on the
flat surface. The strain in the graphene on the NP film was
largely 0.10—0.20% more tensile than the average strain in the
graphene on flat silica, and the increase in strain stemmed from
the graphene lattice conforming to the out-of-plane features of
the nanoparticles vs the flat silica. Thus, it is the out-of-plane
curvature that is correlated to the increased reactivity, similar

Strain (%)

Figure S. (a) Ip/I growth rate, [(In/Is;)pes — (In/Is;)pee] and (b)
Ino,/Is; growth rate, [(Ino,/Is)post — (Ino,/Isi)pee] Vs initial average
uniaxial strain for graphene on 6 nm NP silica (blue) and flat silica

(red).

to what has been observed for the increased reactivity of 4-
NBD with gre})hene when it was deposited over isolated silica
nanoparticles.”* Our results differ, however, from a prior study
of graphene deposited on poly(dimethylsiloxane) (PDMS),
where in-plane tensile strain was introduced to the graphene
lattice by stretching the PDMS support.* In these studies, the
authors reported up to a ca. 1.64X increase in graphene
reactivity under in-plane strain. However, as a result of
slippage, the strain in the support is not necessarily the same as
the strain in the graphene lattice itself, and so a direct
comparison to our work cannot be made.

Lastly, while there have been reports of 4-NBD reacting with
itself and forming polymer chains extending from the graphitic
surface,>””" that was not seen here. After functionalizing the
samples, contact mode AFM scratch tests were performed to
see if a polymer film of the diazonium was present and could
be removed. Each type of sample was scratched with a 20 nN
applied load, and there was little to no change in topography or
friction (Figures SS and S6) beyond a minimal decrease in
topography for graphene on flat silica (Figure S6) attributed to
the flattening of wrinkles and blisters. These results indicated
that no polymer film of the diazonium was formed on top of
the graphene.

To better understand the atomistic origin of the curvature
effect on the reactivity of graphene with the diazonium species,
we performed plane-wave density functional theory (DFT)
calculations. To achieve curvature in the lattice, flat sheets of
graphene were compressed in one dimension in a way so that
the diameters (d) of the curved/rippled graphene (see Figure
S7) correspond to the experimentally used nanoparticle
diameter. Here, we approximate that the diameter of the
rippled graphene corresponds to the nanoparticle diameter. To
confirm the validity of the systems with 1D curvature in
explaining the energetics of graphene functionalization on a
support with variable nanoparticle diameters, we additionally
performed classical Molecular Dynamics (MD) simulations to
model flat graphene (see Section 6.2 in the Supporting
Information) and graphene indented by a sphere of 6 nm
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diameter in two dimensions, which corresponded to 2D
curvature of graphene. We found that the energies of formation
for the reaction of graphene with 4-NBD in both 1D and 2D
curvature models can be fitted in a single model when plotted
against the radius of curvature at the functionalized center of
the distorted graphene lattice (Figure S9). Thus, we found that
both 1D and 2D models provide similar information regarding
the curvature effect on reactivity. Overall, we show that the
model of 1D rippling can capture the reactivity trend of
graphene deposited on spherical nanoparticles with different
diameters (Figures S7 and S9). We further conclude that the 4-
NBD functionalization of graphene mostly depends on the
local electronic and geometric environment, as both the 1D
and 2D curvature analysis for graphene provide the same
reactivity trend (Figure S9). The details regarding two different
models are given in the Supporting Information (see Section
6.2 and Figure S9).

Note that the data presented in the next paragraphs
correspond to the 1D curvature model. Using that model,
we calculated the activation energy for graphene 4-NBD
functionalization vs the diameter of its templating silica
nanoparticle, as shown in Figure 6.

S 0.80

e °

? 0.75

g 0.70 .

S 0.65

® °
2 060 —
< 00 01 02 03 04

1/d (nm1)

Figure 6. Activation barrier for graphene 4-NBD functionalization vs
the inverse of the diameter of the silica nanoparticle taken from the
1D model. We approximate that the graphene deposited on the
nanoparticle has the same diameter as the nanoparticle. 1/d = 0
corresponds to flat graphene.

Here, we found that the activation barrier decreases as the
diameter of the substrate silica nanoparticle (d) decreases,
indicating the 4-NBD functionalization becomes kinetically
more facile as the curvature of graphene increases. For a 6 nm
nanoparticle, the corresponding 1/d value is 0.17 nm™, and
the activation barrier decreased to 0.78 from 0.79 eV for 1/d =
0. As the data in Figure 6 correspond to 1D curvature and do
not consider solvent effects, potential contamination, or
saturation of bonding sites, we emphasize the qualitative
trend over exact quantitative accuracy. To further confirm the
trend theoretically, additional data points calculated with 1/d
values of 0.3 and 0.4 nm™" are considered (the rightmost two
points in Figure 6). We find that the activation barrier
decreases to 0.68 and 0.62 eV for 1/d = 0.3 and 0.4 nm™},
respectively, which further confirms our observation that
graphene conformed to a smaller diameter nanoparticle would
result in increased out-of-plane reactivity. The qualitative trend
observed in the calculations, i.e., 4-NBD functionalization
becomes more facile as the NP diameter decreases, can also be
seen for the larger growth of the D and —NO, peaks of
graphene on 6 nm NPs vs flat silica in Figure S.

For a quasi-quantitative comparison, we further estimated
the relative reaction rate constants between graphene on the 6

nm NP films and on flat silica by applying the Arrhenius
equation to the activation energies in Figure 6 through eq 1

ke/kgae = exp(_EA,6/kBT)/exp(_EA,ﬂat/kBT) (1)

where k is the reaction rate constant, E, is the calculated
activation barrier, ky is the Boltzmann constant, and T is room
temperature (293 K).

From Table 1, the experimental relative reactivity for the I,/
I of graphene on 6 nm NPs to graphene on flat silica is

Table 1. Relative Reactivity Comparison for Graphene
Deposited on 6 nm NP vs Flat Silica Films Computationally
and Experimentally

relative reactivity

calculated kg/kg, 1.5
experimental A(Ip/Ig) e 6/ AUp/Is)ave it 2.7 +£09
experimental A(Ixo,/Is) we 6/ A(Ino,/ Ist)ave fat 8+2

slightly higher than the calculated kg/kg, (2.7 + 0.9 vs 1.5).
Note that the calculated k¢/kg,, does not consider solvent
effects, potential contamination, or saturation of bonding sites.
As previously stated, the symmetric —NO, peak® is generally
found around 1320—1360 cm™" for 4-NBD. We were unable to
separate its effect from our D peak fit. Likely, the true Ij/Ig;
ratio for graphene on 6 nm NPs to graphene on flat silica
would be somewhat lower, putting it in line with the calculated
ks/ Kgar

The estimated relative reactivity from the Iyo /I of

graphene on 6 nm NPs to graphene on flat silica is 3 to 5
times higher than that indicated by the growth of the D peak
and the reaction rate constants. In the literature, the
asymmetric —NO, peak ~1400 cm™' is usually assigned to
physisorbed 4-NBD in the form of a charge-transfer
complex.*””*”* Our AFM scratch tests did not show a change
of friction after high load scans, indicating that no physisorbed
or polymerized material was being sheared away from on top
of the surface (Figures SS and S6). However, due to how much
higher the estimated relative reactivity appears to be from the
Ino,/Is; for graphene on 6 nm NP films vs graphene on flat

silica is than that determined through the other indicators, it is
likely that there is unreacted 4-NBD trapped under the
graphene and between the 6 nm NP film, and to a lesser extent,
under the graphene on the flat silica. Any unreacted diazonium
under the SLG would still generate a Raman signal but would
be unlikely to cause a significant difference in friction in AFM
as it is under the features being probed. This is further
supported by how few of the graphene on flat silica samples
exhibited any —NO, peak at ~1400 cm™, whereas all of the
graphene on 6 nm NP films did; it is easier for the diazonium
to get trapped between particles than between two flat surfaces.
Based on this, while the growth of the —NO, peak at ~1400
cm™! indicates the presence of diazonium, it is a less robust
method than the traditional approach of monitoring the
growth of the D peak for the reactivity of graphene.

Next, as we found that the geometric structure of the
transition state (TS) of 4-NBD functionalization corresponds
mainly to the N, dissociation rather than the C—C bond
formation between the diazonium and graphene (see Figure
S$10), this observation suggests that the interaction between 4-
NBD and graphene does not play the central role in
determining the activation barrier. However, we do find that
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the functionalization step is concerted in nature, i.e., both —N,
dissociation and C—C bond formation happen at a single step,
and no intermediate exists for this reaction. Interestingly, we
find that the activation energy is strongly correlated with the
energy of formation (AE) with R* of 0.93 (Figure S11) and
thus follows the Bell-Evans—Polanyi (BEP) principle. Such
BEP correlation suggests that the reactivity trend (and the
rate) can be understood from the reaction thermodynamics.
We found that the initial state, which is the curved graphene
with unbound 4-NBD, rises in energy as the curvature
increases and becomes more like the transition-state geometry.
This leads to a decrease of activation barrier (Figure 6), in line
with Hammond’s postulate.”**’

To further understand the origin of the destabilization of
curved graphene in comparison to flat graphene, we construct
a theoretical model based on POAV approach (shown in
Figure 7b, here, V, is the POAV) developed previously.** ™
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Figure 7. (a) Energy of formation (AE, orange) and the 7-orbital axis
vector angle (POAYV, blue) vs the inverse of the diameter of the silica
nanoparticle. We approximate that the graphene deposited on the
nanoparticle has the same diameter as the nanoparticle. (b) Schematic
indicating the direction of the POAV (V,,), which_depends on the
local coordination environment and bond vectors (Vl, V,, and V3)

According to the POAV analysis, the carbon atom 7-orbitals in
locally distorted conjugated organic species experience greater
chemical reactivity due to the decreased 7 electron
delocalization.”® > The angle between the two adjacent
POAVs is defined as “POAV angle,” which has been shown
to capture the effect of local curvature on molecular migration
barriers on curved graphene.”* Here, we have adapted the
POAYV angle descriptor approach to understand the AE trends
as a function of nanoparticle diameter. Specifically, we use the
POAYV angle between the 2p, orbitals of the curved graphene
near the region of 4-NBD functionalization center (Figure 7a)
such that a higher POAV angle value corresponds to more
distortion from a planar sp® graphene structure. More details
regarding the calculation of the POAV angle are given in the
Supporting Information (Section 6.6). We have created a grid
by varying the nanoparticle diameter and found that both the
AE and POAV angle correlate linearly with 1/d (orange and
blue lines in Figure 7a). As we have shown that the activation
energy and AE are linearly correlated for 4-NBD functionaliza-
tion (Figure S11), studying the AE trend should also provide
insight into the kinetics. The positive correlation between 1/d
and AE (orange line in Figure 7a) indicates that graphene
deposited on smaller diameter nanoparticle substrates should
have greater reactivity toward 4-NBD functionalization,
supporting our experimental observations (Figure S and
Table 1). Further, we find that 1/d has a positive correlation
with the POAV angle, suggesting that graphene deposited on a
lower diameter silica nanoparticle has a higher POAV angle
(blue line in Figure 7a) and, thus, less in-plane electron
delocalization. A lesser extent of in-plane electron delocaliza-

tion allows the availability of the electrons near the Fermi
energy and therefore increases the reactivity toward out-of-
plane functionalization. Hence, we conclude that as a result of
higher curvature, the in-plane electron delocalization of
graphene due to the m-bonding decreases and ultimately
results in an increased out-of-plane reactivity. Our theoretical
results explain the role of curvature on the reactivity of
graphene, and this method of correlating POAV angle, energy
of formation, and curvature can be extended to elucidate the
reactivity of other 2D materials.

B CONCLUSIONS

Overall, we have studied the aryl radical reaction between 4-
NBD and graphene and elucidated the role of out-of-plane
curvature on the reactivity of graphene. Theoretical inves-
tigations further delineate how curvature affects the frontier
orbital orientation of graphene and thereby modulates the
reactivity toward out-of-plane 4-NBD functionalization. Our
experimental and theoretical results derived from considering
graphene as a model system for studying mechanical
deformation will provide insights into connecting the atomistic
causes of mechanochemical reactions with the macroscale
results. Moreover, the results presented here underpin the
promise of exploring the curvature effect on the reactivity of
other 2D materials of interest.
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