Enhanced Chemical Reactivity

of Graphene Induced by Mechanical

Strain

Mark A. Bissett,” Satoru Konabe,* Susumu Okada,* Masaharu Tsuji,” and Hiroki Ago™*

"Institute for Materials Chemistry and Engineering, Kyushu University, Fukuoka 816-8580, Japan and *Graduate School of Pure and Applied Sciences,

University of Tsukuba, Tsukuba 305-8577, Japan

ABSTRACT (Control over chemical reactivity is essential in the

e
field of nanotechnology. Graphene is a two-dimensional atomic ‘Q:_:_J )
sheet of sp hybridized carbon with exceptional properties that can - N
be altered by chemical functionalization. Here, we transferred q‘;’a‘) ;;f{# 3T
single-layer graphene onto a flexible substrate and investigated D=~ o

the functionalization using different aryl diazonium molecules while

applying mechanical strain. We found that mechanical strain can
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alter the structure of graphene, and dramatically increase the reaction rate, by a factor of up to 10, as well as increase the final degree of functionalization.

Furthermore, we demonstrate that mechanical strain enables functionalization of graphene for both p- and n-type dopants, where unstrained graphene

showed negligible reactivity. Theoretical calculations were also performed to support the experimental findings. Our findings offer a simple approach to

control the chemical reactivity of graphene through the application of mechanical strain, allowing for a tuning of the properties of graphene.
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raphene has been the focus of an

ever increasing amount of research

due to its extraordinary properties,
such as high charge carrier mobility, optical
transparency, and mechanical flexibility.'?
By altering these properties, it will be pos-
sible to integrate graphene into a wide
variety of applications, especially electronic
devices. The tuning of graphene's electronic
structure is made possible by a variety of
methods including chemical functionaliza-
tion,> > mechanical strain,®~° and control-
ling the dimensions'®~'2 and thickness'® of
graphene sheets, as well as applying an
external electromagnetic field.'*'”

Of these methods, chemical functionali-
zation is the simplest and most versatile
method for engineering the electronic
structure of graphene and thus have control
over its properties. One such reaction is the
covalent attachment of aryl diazonium mol-
ecules via an electron transfer reaction.’® ™'
This has been shown to shift the Fermi level
of the graphene resulting in doping as
well as introducing a band gap. However,
to realize the full potential of graphene, it is
necessary to have a high degree of control
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over the functionalization. It has been
demonstrated that the rate and yield of
functionalization can be affected by the
supporting substrate?’ and the number of
graphene layers,'®"” as well as the presence
of defects and grain boundaries.?>?* It
has also been shown theoretically that me-
chanical strain, which alters the electronic
structure of graphene, can affect the reac-
tivity of graphene for simple molecules such
as hydrogen or metal nanoparticles.?* 2’
Most recently, graphene that is deformed
by contact with SiO, nanoparticles was
experimentally shown to possess increased
reactivity toward aryl diazonium functiona-
lization, which was attributed to localized
areas of increased curvature and strain.?®
Other carbon nanomaterials, such as car-
bon nanotubes or fullerenes, have long
been known to have increased reactivity
due to their curvature induced strain;?%3°
however, 2D materials such as graphene
require further investigation.

Here, we experimentally demonstrate
that mechanical strain can be used to dyna-
mically tune the reactivity of graphene to-
ward electron transfer chemistry, providing
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Figure 1. Schematic of strained graphene functionalization. (a) After being transferred to PDMS, the polycrystalline graphene
is strained by elongation; due to the high Poisson's ratio of the PDMS, there is significant compression as well as tension
applied. (b) After strain is applied, the aqueous solution of aryl diazonium salt is pipetted onto the graphene surface. The inset
shows a photograph of several droplets on a graphene/PDMS substrate, allowing for several measurements for each strain value.
As the graphene is only single-layer, it cannot be seen optically. (c) After functionalization, the solution is removed and the
substrate rinsed and dried. Because of the increased reactivity of defect sites along boundaries, there is an increased concentration
of functional molecules at these locations. (d) Schematic showing the functionalization of graphene by aryl diazonium molecules
via an electron transfer mechanism. (e) Energy band diagram of 4-NBD and graphene containing a single Stone-Wales defect.
During functionalization, an electron transfers from the 7 state just below the Fermi level of the graphene to the highlighted SOMO
(single occupied molecular orbital) of the 4-NBD. The energies are measured relative to the vacuum level.

control over the level of doping and concentration of
defects in the graphene. By applying strain to the
graphene, it is possible to vastly increase both the rate
of reactivity and the yield of functionalization. It is also
demonstrated that unfavorable reactions that would
not take place on relaxed graphene can be greatly
enhanced by the application of strain to the graphene.
In this instance, the application of mechanical strain
acts as a 'catalyst' allowing the reaction to take place
by reversibly altering the electronic structure of the
graphene.

Large-area single-layer graphene was grown by
chemical vapor deposition (CVD) before transfer to
a flexible substrate, polydimethylsiloxane (PDMS).
Mechanical strain is applied to the graphene by simply
stretching the supporting substrate which causes re-
versible and damage-free deformation to the gra-
phene lattice. The graphene is then functionalized by
aryl diazonium molecules with differing functionalities,
either electron donating or withdrawing, allowing
for control over the type of doping of the graphene,
as shown schematically in Figure 1(a—c). Raman spec-
troscopy is used to detect the degree of functionaliza-
tion as well as doping by measuring the changes
in relative Raman peak intensity and the shift in the

BISSETT ET AL.

peak position, respectively. As a proof-of-concept for
possible applications of this strain-enhanced reactivity,
graphene was functionalized with both electron with-
drawing and donating molecules on opposite areas,
allowing for the construction of an in-plane p—n
junction. Theoretical density functional theory (DFT)
calculations are also used to explain the increased
reactivity of the diazonium molecules toward the
strained graphene.

RESULTS AND DISCUSSION

Chemical Functionalization of Flexible Graphene Substrates
by Electron Transfer Chemistry. The two-step mechanism
by which the aryl diazonium molecule covalently
attaches to the graphene has been investigated pre-
viously'®'? and is shown schematically in Figure 1d.
Briefly, a delocalized electron from an occupied level is
transferred from the graphene to an unoccupied level
in the diazonium cation, shown in Figure 1e, rapidly
forming an aryl radical. In this work, the three different
aryl molecules used were 4-nitrobenzenediazonium
(4-NBD), 4-bromobenzenediazonium (4-BBD) and
4-methoxybenzenediazonium (4-MBD). The aryl radi-
cal attaches to the graphene lattice converting the
attachment site from a planar sp? to a tetrahedral sp®
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configuration. This covalent attachment can be de-
tected by changes in the Raman spectrum. Changes to
the spectrum include both an increase in the defect
related D band from the covalent attachment, and
a shift in peak position due to doping. Both the G and
2D peaks are shifted in frequency by doping, either
up-shifting due to p-type doping or down-shifting for
n-type, owing to the shift in the Fermi level at the K
point.3'~33 Figure S1 shows the subsequent Raman
spectra of graphene on PDMS with increasing functio-
nalization time with 20 mM aqueous solution of 4-NBD.
Both the G and 2D peaks upshift as functionalization
time increases indicating that p-type doping has oc-
curred, this is expected due to the electron withdraw-
ing nature of the nitro moiety present on the 4-NBD
and matches previous literature reports.>>162123

During functionalization, the electron transfer and
subsequent radical formation is the rate-limiting step
and can be described by Gerischer-Marcus theory,'®**
where the rate constant kgt is defined in eq 1.

EG
ko = v [ ccalDOSHo B1GE ()
redox

Wox(4, E) is the probability of a vacant state in the
diazonium molecule, v is the frequency of electron
transfer, g4 is a proportionality factor and DOSg is the
density of states of the graphene. From this equation,
we can see that the rate can be affected by altering
the redox potential of the diazonium molecule used
(ER40x) as well as altering the DOS and the Fermi level
of the graphene (EF, —4.56 eV for relaxed graphene®).
The redox potential with respect to the vacuum level
for the species used in this work have been determined
previously from polarography as —5.15 eV (4-NBD),
—5.08 eV (4-BBD) and —4.87 eV (4-MBD).>® From eq 1
we would expect 4-NBD to have the highest reactivity
due to the greatest difference in redox potential and
the Fermi level of relaxed graphene, followed by 4-BBD
and then 4-MBD as the least reactive. When we plot the
rate of reactivity for these three molecules, as dis-
cussed later, on relaxed graphene we indeed observe
this expected trend of decreasing reactivity.

Tuning the Reactivity by Mechanical Strain. Mechanical
strain was applied by stretching the PDMS substrate,
causing a distortion of the graphene lattice. The ex-
perimental apparatus used to apply mechanical strain
is described in further detail in the Supporting Informa-
tion (Figure S2). The applied strain is calculated as the
ratio of increased length over original length [(L¢ — L,)/
Lo] x 100%, where L and L, are the final and original
lengths, respectively. However, strain transfer between
the polymer substrate and the graphene is not ideal
and strain is lost due to inefficient interfacial transfer
mechanisms such as slippage.3”>8 The strain may also
not be homogenously distributed across large areas
due to shear lag effects, leading to areas of localized
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increased strain.3”> Theoretical calculations on the
distribution of strain have also found that it is not
homogenously dispersed across the graphene lattice,
with some bonds undergoing localized strain 10—100
times larger than is applied externally.** This makes
accurately determining the 'real' strain on the gra-
phene difficult, so results presented here are the
applied strain to the supporting substrate. The sup-
porting substrate can also affect chemical reactivity
due to substrate induced charge fluctuation in the
graphene, forming charge unbalanced areas termed
electron—hole puddles.®’ In the present work, the
supporting substrate for all results is PDMS, as the
substrate induced effect results from electron—hole
puddle formation we can assume this remains con-
stant even with increased strain due to the highly
insulating nature of PDMS.

To measure the reactivity of the graphene, we plot
the change in the Raman spectra, such as the relative
peak intensity (Ip/lg ratio), versus functionalization time
as strain is applied. Figure 2 plots the reactivity of
strained and unstrained graphene for each of the
studied aryl diazonium species. Figure 2a shows the
plot of the Ip/Ig ratio versus functionalization time for
the nitro containing aryl diazonium (4-NBD). With no
external applied strain, the Ip//g ratio of functionalized
graphene on PDMS has a slope of 0.41 and reaches a
saturation value of ~0.35 after only 30 s before remain-
ing constant thereafter. After applying mechanical
strain of 8.7%, the slope increases to 0.63 and the
saturation value increases to ~0.45; this represents a
~50% increase in reactivity. When the strain is further
increased to 15%, the slope increases again to 0.82 and
the saturation value to ~0.6, an increase of 100% over
the relaxed graphene. The spectra in Figure 2b illus-
trate the difference in spectra for the strained and
unstrained sample after 30 s of functionalization time.
Clearly there is a dramatic increase in D band intensity
as well as increased upshift in peak position due to
increased doping for both the G and 2D bands, both
indicating the increased degree of functionalization
has occurred due to the applied mechanical strain. For
deconvolution of the spectra components, refer to the
Supporting Information (Figure S6). As discussed pre-
viously, the nitro group present on 4-NBD is strongly
electron withdrawing, and thus upon functionalization,
the graphene is strongly p-type doped as seen by
up-shifting of peak position.

Interestingly, when the unstrained sample was
left for long periods of time (>24 h) to completely
reach saturation, the Ip/lg ratio remained constant.
However, by applying strain, this saturation value can
be increased considerably. The maximum coverage
for aryl molecules attached to graphene has been
calculated to be 11% (~4 x 10" molecules/cm?) in
a para-position or (1, 4) configuration due to steric
hindrance and long-range ordering.'®*® However,

VOL.7 = NO.11 = 10335-10343 = 2013 “@L@Mi{\)

WWwWW.acsnano.org

10337



0.7 T T T T T T T T T T T

1 1 1 " 1

S " 1

T . * * 7/ -
a | ; ] Avg. Value I/l Ratio G Position 2D Position b [
06 o B 15% Applied Strain 1| 0% Strain 036 1588.6 2682.8
70~ | SETTLITTEETEr T e - B | 15% Strain 0.59 1591.9 2693.0 -
4-NBD - B 8.7% Applied Strain ] G ;20
0.5+ - . r D —— 15% Strain
, W------------------ —~- 4 -
Qo4 om w7 W 0% Applied Strain 2] ; L
& i A . > T
_o S A '«
200.3- //.,,I A o § 4 L
‘/ 2 =g L
02{ & i Slope L 0% Strain
li . 0% Applied Strain 0.41 b r
8.7% Applied Strain 0.63 ] L
0.1 15% Applied Strain 0.82 3
00 T T T T T T T T T T :l T T : T II/'I T T : T T
0.0 0.2 04 0.6 0.8 1.0 1.2 1200 1350 1500 1650 2600 2700 2800
1.0 r 1 1 r T : 1 1 1 1 ,I// 1 1
C 1 Avg. Value I/l Ratio G Position | 2D Position d
0.94 Slope - - | 0% Strain 0.21 1582.3 2682.7 L
08 . 0% Strain 0.19 15% Strain 0.45 1598.4 2695.7 2D
-0 4-BBD 15% Strain 0.4 r 4 G : L
0.7 - {\ ——15% Strain | i
0 06 Bl 15% Applied Strain —~ | d A |
= 0 n r = i :
] © | H f r
14 _ R L ~— | i ' \
_00.5 oo 2] ' | i L
004 L2 ] : ! :
oo L | i i i L
0.3 . - £ ] ! i 0% Strain |1
< m ' | |
0.2 L . Moo - L b ! 1 r
= e el 1 ] f |
01 w-=F B 0% Applied Strain 4 : : : i
o N — . . ; —— S ——
0.0 0.2 0.4 0.6 0.8 1.0 1.2 12]00 13:50 15I00 16|50 NZGIOO 27[00 2800
1.0 ] T i T T T ) T T Avg. Value | |/, Ratio ~ G Position 2D Position |’/ f
0.9 € L 0% Strain | 0.21 1581.4 2674.7
1 e - 7| 15% Strain 0.86 1580.7 2671.9 B
08{"°,4-MBD ot D, G 12D
] n B 15% Applied Strain - | ! . L
0.7 / L~ : |
1 .I/ Slope 3 | i ! o . |
0.6 P 0% Strain |~ 013 L & ; : 15% Strain
-% 05.] J/ 15% Strain__ 1.38 > : ' j
=91 ] - @ | 1 \ r
14 ] ’ c | ! |
< 04] B 0% Applied Strain 2] | I
0.3- /" r ] | i
1 - T ! ' 0% Strain || -
0.2 y .___.___.__._-r"'" r ! i
1 = r | i | L
0.1 - ! ! !
00 T T T T T T T I| T ': T T lll'l T : T
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1200 1350 1500 1650 2600 2700 2800

Functionalization Time (min)

Raman Shift (cm'1)

Figure 2. Plots of Ip/lg ratio for unstrained and strained graphene with 20 mM solution of each aryl diazonium; 4-NBD (a),
4-BBD (c) and 4-MBD (e). Plots comparing the Raman spectra after 30 s of functionalization for both strained and unstrained
graphene with each diazonium species; 4-NBD (b), 4-BBD (d) and 4-MBD (f). For each molecule, the addition of mechanical
strain has increased both the rate of reaction as well as the final amount of attached molecules. For clarity, the results
presented are the mean values; for values showing standard deviation and calculated error for slope and intercept, refer to

the Supporting Information (Figures S3—S5).

this value depends on both the thermodynamic and
kinetic regimes of the functionalization reaction. As we
observe, this coverage value increases with strain; this
indicates that the number of thermodynamically favor-
able configurations for aryl attachment is also increas-
ing. This increased coverage could allow for sufficient
yield to reach the values needed to open a practically
applicable band gap in the graphene, a task difficult
to accomplish on relaxed graphene. The inset table
in Figure 2b presents the average values of I/l ratio,

G position, and 2D position across the sample.

BISSETT ET AL.

Figures 2(c) and 2(d) show the same increased reac-
tivity of graphene toward the bromo containing mole-

cule (4-BBD), also demonstrating an
reactivity from 0.19 (0% strain) to

increase in slope of
040 (15% strain) or

approximately double. Again, we see that total functio-
nalization value is also increased, as well as the peak shift
due to increased p-type doping caused by the bromo
functionality. This p-type doping caused by 4-BBD is also

in agreement with previously reported literature.

Figure 2e,f shows the results fo
taining molecule (4-MBD). Becau
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Figure 3. Schematic comparing the functionalization reaction for relaxed graphene (a and b) and graphene which is strained
then relaxed before functionalization (c—f). (g) Plot comparing the reactivity of 4-NBD on unstrained graphene (seenin (a) and
(b)) and graphene that is first strained to 15% then relaxed (seen in (c—f)). The slope is seen to be within standard error for
both samples, indicating that the increased reactivity is not attributed to damage but instead distortion of the graphene

lattice. The dashed line is added to guide the eye.

donating nature of methoxy moieties and the relative
redox potential of 4-MBD to unstrained graphene, the
rate of reaction is very low with a slope of only 0.13 and
saturation has not occurred in the same time frames
as the other molecules. However, after applying 15%
strain, the rate of reaction is drastically improved, with
a slope of 1.38 or a 10-fold increase in reactivity and
the saturation value is ~0.9. Figure 2f illustrates the
dramatic difference in spectra when comparing un-
strained graphene and strained graphene that have
been functionalized for 30 s. In the highly functiona-
lized spectra, the D band becomes broad due to over-
lap with neighboring PDMS peaks, as well as overlap
with increased intensity diazonium specific peaks
(1400 and 1440 cm™").'® The enhanced D band is
clearly seen by the deconvolution of the Raman
spectrum, as shown in Supporting Information
(Figure S6). The electron donating methoxy function-
ality on 4-MBD has previously been shown to pro-
duce n-type doped graphene* and a downshift in
Raman peak position is observed in this work also
indicating n-type doping. However, despite the large
degree of functionalization, the overall down-shiftin
peak position due to n-type doping is quite small
(1—3 cm™") due to the nonadiabatic Kohn anomaly,
which causes peak shift to be only minor for n-type
doping.32'33'45

BISSETT ET AL.

To ensure that the increased reactivity observed
is due to distortion of the graphene lattice and not
damage being caused to the graphene such as tears,
which would also increase the reactivity, a sample of
graphene on PDMS was strained to 15% and then
relaxed back to its original dimensions before being
functionalized with 4-NBD. If the mechanical strain was
sufficient to damage the graphene by causing tears
or inducing other defects, we would expect that the
strained and then relaxed graphene have similar re-
activity to the 15% strained sample seen in Figure 2a,b.
However, we can see that in Figure 3 that the strained
then relaxed substrate exhibits reactivity that is similar
to the unstrained sample; this confirms that strain is
necessary for the increased reactivity and is not the
result of damage. The lack of increased reactivity
indicates that the level of strain applied (15%) allows
for reversible, and damage free strain to be applied to the
graphene. This also matches previous work where me-
chanical strain was shown not to induce defects in grap-
hene until excessively high strain values are used.>*3373°

Theoretical Calculations. To explain the strain depen-
dent increased reactivity, density functional theory
(DFT) calculations were used. When external stress is
applied to graphene, the orbital hybridization of the
carbon atoms is affected, causing the formation of an
extended ot orbital with a localized electron (p, orbital)
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Figure 4. (a) Calculated total energy of graphene containing a Stone-Wales defect as well as 4-NBD functionalized graphene.
(b) Calculated formation energy of 4-NBD functionalized graphene. The formation energy is defined as the difference
between the functionalized complex plus the free nitrogen and the individual starting components (Formation Energy =
4-NBD_Graphene complex + N,—Graphene—4-NBD). (c) Energy level diagram illustrating how the increased total energy of
strained graphene leads to a decrease in the activation energy and an increase in reactivity. (d) Molecular image of optimized
structure used for calculations showing 4-NBD functionalized graphene with a Stone-Wales defect.

available to form a covalent bond perpendicular to the
graphene.>**® This extra electron availability is ideal for
diazonium functionalization and can explain the in-
creased reactivity observed experimentally in Figure 2.
The charge density can also be altered by external
strain,*® and this may alter the charge transfer between
the graphene and the diazonium molecule, leading to
an increased rate of reactivity. Previous theoretical
calculations on deformed graphene showed that as
strain was increased the total energy of the graphene
was also increased;””?®*7 this increased total energy
leads to increased reactivity of the graphene.

As the graphene used in this work is polycrystalline,
we must also consider the effect of domain boundaries
on the reactivity of graphene under mechanical strain.
For wide scale roll-to-roll production, polycrystalline
graphene is the most likely candidate, and thus, under-
standing the behavior of these domain boundaries is
of paramount importance. Domain boundaries are
typically thought of as detrimental to graphene's ex-
cellent properties; however, their presence also allows
unique behavior that can be exploited.*®*>° Typically
domain boundaries consist of a wide variety of defec-
tive structures,®’ but the most common is alternating
pentagon-heptagon (5—7) rings which is similar in
structure to the Stone-Wales defect. When we calculate
the total energy of graphene using density functional

BISSETT ET AL.

theory, containing a Stone-Wales defect, while under-
going strain, we find the energy increases with
tensile strain, as shown in Figure 4a, in agreement with
previous reports.>”24” As discussed, this increased
energy comes from destabilization of the graphene
and leads to increased reactivity. This defect contain-
ing graphene is a more accurate approximation of the
polycrystalline graphene used for our experimental
results than the defect-free ideal graphene investi-
gated previously. If we compare the total energy of
the graphene containing a Stone-Wales defect as well
as the aryl diazonium and N, molecules, in this case
4-NBD was used, the formation energy of the functio-
nalized complex can be calculated, seen in Figure 4b.
As strain is increased, we see a decrease in the forma-
tion energy; this will then decrease the energy gap
between the initial and transition states, leading to the
observed increase in reactivity. In this proposed model,
we assume that the transition state energy remains
similar for both strained and unstrained systems; we
believe that this is a plausible assumption as the strain
should alter the initial electron transfer step but not
the subsequent transition state. The proposed energy
level diagram is shown schematically in Figure 4c. The
optimized structure showing the 4-NBD molecule
attached to the Stone-Wales defect on the graphene
is shown in Figure 4d. When similar calculations are
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Figure 5. (a) Schematic showing graphene on PDMS was strained to 15% and then divided by using a PDMS mask, with one
side being functionalized using 4-MBD (1 min), while the other side is functionalized with 4-NBD (1 min). This produces an
interface where one side is p-type doped and the other n-type. (b) By mapping the Raman spectra at the interface, we can see
that on one side the 2D peak position has downshifted due to n-type doping, while the other side has up-shifted due to p-type
doping. (c) The Raman spectra of the 2D region are compared for pristine graphene (red), 4-MBD graphene (green), and 4-NBD
graphene (blue). The 2D band intensity is decreased significantly for both doping types, and we see a downshift in position for
the 4-MBD doped side matched by an upshift on the 4-NBD side, indicating that a p—n interface has been created.

performed for pristine graphene, it is found that the
binding energy is significantly lower than that for the
graphene with defects and there is no clear strain
dependence (see Supporting Information Figure S7),
indicating the importance of domain boundaries and
defects in the reactivity of graphene. Although calcula-
tions indicate that ideal graphene exhibits no strain
dependence, in reality nearly all graphene produced
experimentally will possess some degree of defects,
wrinkles or other imperfections from the growth or
transfer processes making the strain enhanced func-
tionalization applicable.

Synthesis of In-Plane p—n Junction. The method pre-
sented here allows for a dynamic tuning of the strain
and thus a wide degree of control over the final degree
of functionalization, essential for device integration.
With the use of a combination of mechanical strain and
chemical functionalization, it may be possible to create
highly functionalized in-plane p—n junctions on gra-
phene for use in electronic devices. When two areas of
a single sheet of strained graphene are functionalized
with both 4-NBD (p-type) and 4-MBD (n-type), it is
possible to create an interface of p- and n-type doped
graphene. With the use of Raman mapping to measure

BISSETT ET AL.

the peak position, a measure of doping, it was possible to
create such a junction, as shown in Figure 5. Further
Raman mapping results are included in the Supporting
Information (Figures S9, S10). Each side was functiona-
lized for 1 min while 15% strain was applied; this is shown
schematically in Figure 5a and then a Raman map was
obtained of the interface (Figure 5b). After this bifunctio-
nalization of the graphene, we see that the 2D peak
position has downshifted on the n-type side while
upshifting on the p-type side. The maximum difference
in peak position is up to 20 cm ™", representing a signif-
icant difference in charge carrier concentration.>® Figure 5¢
illustrates the 2D spectrum from pristine graphene as
well as typical spectra from both sides of the interface.

CONCLUSION

In summary, we have demonstrated here that che-
mical reactivity of graphene can be tuned by applying
external strain via stretching of the supporting flexible
substrate. The application of strain provided impress-
ive increases in the rate of reactivity, by a factor of up to
10. It was also found that strain could be used as a
catalyst to allow reactions that would otherwise not
proceed, such as for electron donating functionalities
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(4-MBD) which display very low reactivity on relaxed
graphene, exhibiting a dramatic enhancement under
strain. This also allowed the design of an in-plane p—n
junction by doping graphene with different aryl func-
tionalities, a reaction that would otherwise not be
possible without strain tuning. Theoretical calculations
supported the increased reactivity and it was attributed

METHOD

Graphene Synthesis and Transfer. Single-layer polycrystalline
graphene was grown on copper foil by atmospheric pressure
CVD as has been previously demonstrated.>? In brief, the copper
foil was first cleaned using isopropyl alcohol, then placed
in a tube furnace with a 26 mm diameter quartz tube before
annealing under hydrogen (10 sccm) and argon (300 sccm)
atmosphere at 1000 °C for 60 min. Methane (0.5 sccm) was then
introduced as the carbon source for 10 min before rapid cooling
under the hydrogen and argon atmosphere. Large domain
graphene was grown using the same growth conditions but
lowering the methane flow rate to 0.15 sccm and increasing the
growth time to 20 min. The graphene was then transferred from
the copper foil to flexible PDMS substrates by drop coating
liquid PDMS (Sylgard 184 Elastomer Kit, Dow Corning), with a
base to curing agent ratio of 10:1 before curing. After the curing
step, the copper foil was removed by etching in 1 M aqueous FeCl;
leaving the graphene attached to the cured PDMS substrate.

Aryl Diazonium Functionalization. After graphene was transferred
to the PDMS substrates, they were submerged in 20 mM aqueous
solutions of aryl diazonium salt for varying amounts of time. The
three molecules studied were 4-nitrobenzenediazonium tetra-
fluoroborate (4-NBD), 4-bromobenzenediazonium tetrafluorobo-
rate (4-BBD) and 4-methoxybenzenediazonium tetrafluoroborate
(4-MBD). Because of the volatility of diazonium solutions, fresh
solutions were prepared and used immediately. For the
strained measurements, the PDMS/graphene substrates were first
elongated using a custom built strain apparatus and then functio-
nalized as shown in Figure S2.

Raman Spectroscopy. Raman spectroscopy was performed
on a Nanofinder 30 (Tokyo Instruments, Japan) using a laser
excitation wavelength of 532 nm with a power of 5 mW and
a 100 x objective with a numerical aperture of 0.9. Raman maps
were constructed by taking spectra spaced by 300 nm. It is
possible to use Raman spectroscopy to calibrate the actual
strain being exerted onto the graphene by measuring the strain
induced peak shifts and fitting to the theoretical equations 2323
However, this method does not compensate for localized varia-
tions in strain, and samples a large area due to the spot size
of the Raman laser. To attempt to compensate for this, the
results presented here are the averages of several (n = 15—60)
individual spectra taken from across the sample and the strain
values presented are simply the applied strain as defined by the
change in length of the substrate. For plots showing the mean
as well as the standard deviation for each strain value, refer to
Figures S3—S5.

Theoretical Calculations. All calculations were performed in
the framework of density functional theory with local density
approximation (LDA). To avoid the dipole effect from the
periodic images of 4-NBD molecule, we adopted an effective
screening medium method normal to the graphene layer.
We used a 9 x 5 +/3 lateral unit cell of graphene sheet with a
Stone-Wales defect, seen in Figure 4d to investigate the ener-
getics of adsorption of a 4-NBD molecule. We apply tensile
strain up to 15% along the y-direction corresponding to
the armchair direction of the graphene network; the lattice
parameter for the super cell was fixed along the x-direction.
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Supporting Information Available: Individual reactivity plots,
spectra deconvolution, further theoretical calculation details

to distortions in the graphene lattice, especially potent
at defect sites present along domain boundaries, due
to destabilization of the graphene with increasing
strain. This strain-catalyzed functionalization could be
expanded to a wide variety of electron-transfer chemis-
tries greatly increasing the functionalization options
available for graphene and similar 2D materials.

and comparison to ideal graphene surface, and Raman map-
ping of functionalized graphene on PDMS and SiO, substrates.
This material is available free of charge via the Internet at http://
pubs.acs.org.
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