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ABSTRACT: The cycloaddition reactions and noncovalent 7 interactions of 2,3-
dimethoxybutadiene (DMBD), 9-methylanthracene (MeA), tetracyanoethylene
(TCNE), and maleic anhydride (MA) with graphene models have been
investigated using density functional theory (DFT) calculations. Reaction
enthalpies have been obtained to assess the reactivity and selectivity of covalent
and noncovalent functionalization. Results indicate that graphene edges may be
functionalized by the four reagents through cycloaddition reactions, while the
interior regions cannot react. Noncovalent complexation is much more favorable
than cycloaddition reactions on interior bonds of graphene. The relative

reactivities of different sites in graphene are related to loss of aromaticity and can
be predicted using Hiickel molecular orbital (HMO) localization energy calculations.

B INTRODUCTION

Chemical functionalization is a method to manipulate the
electronic properties of graphene.' By forming covalent bonds
and converting sp’- into sp>-hybridized carbons, the electronic
properties of graphene can be tuned, and additional
functionality can be incorporated. However, graphene is a
highly stabilized, intrinsically inert, macromolecular aromatic
material. To overcome the large reaction barrier, highly reactive
chemical reagents or harsh reaction conditions are often
required,l’2 as in examples such as oxidation,®™* fluorination,®™®
hydrogenation,”"! and radical addition.'>"* Inspired by well-
established modifications of fullerenes and carbon nanotubes,
cycloaddition reactions are another approach to the chemical
functionalization of graphene. Nitrenes, which are reactive
intermediates that can be obtained from the decomposition of
azides, are reported to undergo (2 + 1) cycloaddition reactions
on graphene and form aziridines.'*'> Benzynes have been
reported to modify graphene surfaces efficiently with a high
degree of functionalization through (2 + 2) cycloaddition
pathways.'®'” The 1,3-dipolar cycloaddition of an azomethine
ylide has also been reported to functionalize graphene.'®"?

In 2011, Haddon’s group rezported a series of Diels—Alder
(DA) reactions on graphene.”””" It was reported that graphene
reacts reversibly as a dienophile with 2,3-dimethoxybutadiene
(DMBD) or 9-methylanthracene (MeA). The DA reaction of
DMBD with graphene could be achieved both in solution at
120 °C and in the gas phase at 50 °C. Both reactions are
reported to reverse at 170 °C. MeA reacts with graphene in a
solution of p-xylene at 130 °C, and the retro-DA reaction
occurs at 160 °C. Graphene is also reported to react as a diene
with tetracyanoethylene (TCNE) and with maleic anhydride
(MA). The reaction with TCNE proceeds at room temperature
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and reverses at 100 °C. MA requires 120 °C for the DA
reaction and reverses at 150 °C. Raman spectroscopy was
mainly employed to track the reaction process. The ratio of D
to G band intensity (Ip/I;) was considered as an index of the
degree of functionalization.

The noncovalent functionalization of graphene by x
complexes has also been studied extensively.' The graphene
surface is known to adsorb many types of molecules through
noncovalent interactions, from metal ions to small organic
molecules to biomolecules such as DNA and proteins.”*~>* The
electronic properties of graphene can be effectively modified by
adding adsorbate molecules to the surface and forming charge
transfer complexes.”**” Rao and co-workers found that TCNE
and graphene formed a charge transfer complex in the solution
phase, where TCNE was an electron acceptor and graphene
functioned as an electron donor.”* ! Raman spectroscopy was
again utilized as a major characterization tool.*® Through
comparing the Raman spectra before and after the interaction
with TCNE, they found that the intensity of the D band
increased after the complex formation, as did the Ij/I; ratio.
The increased Ip/I; ratio phenomenon was also observed in
the interaction of graphene with electron donor molecules.
Both covalent and noncovalent bonding could increase the D
band intensity in the Raman spectrum.

To better understand the reactivity and selectivity of the four
reagents (DMBD, MeA, TCNE, and MA) with graphene, we
have performed a computational assessment through DFT
calculations. Our graphene models are finite-size polybenzenoid
(25 fused benzene rings) hydrocarbons with no considerations
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of complex defects. Reactivities in the interior and peripheral
sites (zigzag and armchair edges) are considered. We evaluated
the feasibility of (2 + 2), (4 + 2), and (4 + 4) cycloadditions,
where graphene functions as a 27 or 47 component. We also
studied the noncovalent interactions of the four compounds
with graphene. We assessed the radical character of graphene
fragments by spin density calculations. HMO theory provides
insights into relative reactivities of different sites in graphene.

Before the submission of this paper, Denis reported a study
of Diels—Alder reactions of graphene with the same dienes or
dienophiles studied here.** Although different models and
density functional methods were used, the conclusions about
the unreactivity of the interior portion of graphene in Diels—
Alder reactions are congruent with our results.

B COMPUTATIONAL MODELS AND METHODS

Ideal graphene has a locally perfectly flat, single-layer structure
comprised of purely sp>-hybridized carbons.*® Graphene flakes
generally have several thousand carbons. In a large graphene flake,
the carbons are indistinguishable and are packed into a honeycomb
lattice with a C—C bond length of 1.42 A.>* However, real graphene
samples inevitably have defects and vary in size, layers, and boundary
conditions, depending on their fabrication processes. Enormous efforts
at fabrication have been made in recent years to prepare pristine
graphene, but still there are significant variations in graphene
structures and qualities. Graphene samples with lateral dimensions
ranging from 2 nm (a few hundred carbon atoms)* up to 1 mm*
have been reported. There are two basic shapes for graphene edges:
zigzag and armchair.®® A previous study indicated that zigzag edges
have multiradical character and are predicted to have high reactivity.*”
Scott’s group also reported the Diels—Alder reaction of acetylene to
the armchair edge of aromatic hydrocarbons.*® We have studied two
graphene models containing both types of edges. They are
polybenzenoid hydrocarbons C,,H,, (25 fused benzene rings). Figure
1 shows structures of the two graphene models: model 1 terminates
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Figure 1. Two graphene models (models 1 and 2) terminated with
hydrogen atoms. Reaction sites including interior and peripheral bonds
are considered. When graphene functions as the 27 component, six
bonds from a to f are considered. When graphene functions as the 47
component, six reaction sites from 1 to 6 are calculated.

with a zigzag edge and model 2 has armchair edges. They are both
terminated with hydrogen atoms. Denis found that unsaturated edges
are much more reactive than edges saturated with hydrogen atoms.*
He also found that the presence of Stone—Wales translocations, 585
double vacancies, and 555—777 reconstructed double vacancies did
not significantly change graphene reactivity.*

For computational investigations, the larger the model is, the more
closely it resembles graphene. However, DFT computation times scale
by about #* (1 = number of atoms) as the size increases, which greatly
limits the size of models.* *' In a previous study, we performed
benchmarks regarding the size effects on graphene models.** It was

found that, for both interior and peripheral bonds, the energetics
quickly converged as the model size increases. This indicates that our
finite-size models provide reliable energetics for both interior and
peripheral bonds.

Reactions of interior and peripheral bonds in graphene are
considered. When graphene functions as the 27 component, three
representative bonds from each model are studied. The bonds a and b
represent zigzag edges. Ideally, the two zigzag bonds are indistinguish-
able when the graphene model approaches infinite. Here, in our finite-
size model, they differ in reactivity. Bonds a and b are most reactive in
these two categories, respectively. The corner bond a in model 1 can
also be viewed as the joint part of zigzag and armchair edges of
graphene. The interior bond ¢ comprises the majority of bonds in
graphene. Likewise, the peripheral bond d in model 2 can be viewed as
the joint part of zigzag and armchair edges of graphene. Due to the
similarities of their structure environments, the d bond is expected to
have reactivity comparable with that of a. The edge bond e in model 2
represents the armchair edge. The interior bond f represents the
graphene interior. In addition to the DA reactions ((4 + 2) reactions
with DMBD and MeA), we also considered the possibilities of (2 + 2)
cycloaddition reactions toward TCNE and MA. Likewise, when
graphene functions as the 47 component, DFT calculations were
conducted on another six sites. In particular, site S is a representative
armchair edge that is similar to the bay region of Scott’s models.*®
Interior sites 3 and 6 represent the graphene interior. The (4 + 2)
cycloaddition reactions with TCNE and MA, as well as the (4 + 4)
reactions with DMBD and MeA, were conducted on these sites.

A previous computational study from our group indicates that
polyacenes possess an open-shell singlet ground state.** The
polyradical behavior was also found in graphene nanoflakes with
system sizes on the order of 100 carbon atoms.>” Qur calculation is in
agreement with previous findings that graphene models are more
stable as open-shell singlet states than as closed-shell singlet and open-
shell triplet states.** The open-shell character requires unrestricted
DFT calculations for species involving graphene. All calculations were
performed with Gaussian 09.* The geometry optimizations of all the
minima were carried out at the (U)M06-2X level of theory*®*” with
the 6-31G(d) basis set.* Single-point energy calculations were
subsequently carried on the optimized structures at the (U)M06-2X
and (U)wB97X-D levels*® with the larger basis set 6-311G(d,p). Both
methods yield better results when describing medium- to long-range
electron correlation and dispersion effects than traditional hybrid DFT
methods such as B3LYP.**** M06-2X is reported to provide reliable
energetics for cycloaddition reactions.’® Very recently, M06-2X has
also been demonstrated to generate good results for calculating the
adsorption enthalpies of small organic molecules on graphene.’
Vibrational frequencies were computed at the (U)M06-2X/6-31G(d)
level to check whether each optimized structure is an energy minimum
and to evaluate zero-point vibrational energies (ZPVE) and thermal
corrections at 298 K. Here only (U)M06-2X results will be discussed.
The (U)wB97X-D results are provided in the Supporting Information,
which gave similar energetics and the same general conclusions.

It is well-known that, for bimolecular reactions, the free energy term
(AG) is unfavorable due to the entropy contribution (AG = AH —
TAS; —TAS is positive). Recently, it was reported that the entropy
contribution is small (within S kcal/mol) from calculations on free
energies of the noncovalent association of graphene with small organic
molecules.”® This corresponds to a AS of about —15 eu (cal/(mol K)),
appropriate for loss of one translational and two rotational degrees of
freedom. Consequently, a complex of a small molecule at graphene will
be exergonic if AH is about —5 kcal/mol or more exothermic. For a
covalent cycloadduct, the AS will be —30 eu or even more negative so
that a AH of reaction of —10 kcal/mol or more exothermic will be
necessary for an exergonic reaction. We use enthalpies to evaluate the
feasibility of reactions, as the entropy term in AG is overestimated by
gas-phase calculations based on harmonic frequencies.
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B RESULTS AND DISCUSSION
2,3-Dimethoxybutadiene (DMBD). Figure 2 shows the

product structures and reaction enthalpies for Diels—Alder

a) DMBD_a (-22.2)

d) DMBD_d (-17.8)

Figure 2. Diels—Alder adducts of DMBD with graphene on bonds a—c
in model 1 and d—f in model 2, where graphene functions as a
dienophile. Reaction enthalpies are given in kcal/mol. The C—C bond
lengths are given in A.

reactions between DMBD and two graphene models, where
graphene functions as a dienophile. The peripheral bonds a and
d are relatively reactive with comparable reaction enthalpies of
—22.2 and —17.8 kcal/mol, respectively. The zigzag edge b and
armchair edge e are slightly reactive with enthalpies of —9.3 and
—0.4 kcal/mol. However, interior bonds c and f are inert with
highly endothermic reaction enthalpies of 37.5 and 43.8 kcal/
mol. The DA reactions at interior bonds are highly
endothermic, due to the aromaticity breaking and curvature
introduction. The reaction on the interior bond has a direct
impact on four local benzene rings. Through comparison of the
product morphology shown in Figure 2, it is clearly seen that
obvious curvature is introduced at the tetrahedral atoms where
two new C—C bonds formed. This suggests that DMBD can
functionalize graphene edges or defects through DA reactions,
while the interior areas will not react at all. When DMBD reacts
with graphene through the (4 + 4) cycloaddition on sites 1-3
in model 1 and 4—6 in model 2, these six reactions are all
unfavorable with reaction enthalpies ranging from 12.8 to 57.1
kcal/mol. The product structures and reaction enthalpies are
provided in Figure S1 (see the Supporting Information).
Overall, the (4 + 4) cycloaddition of DMBD with graphene is
not feasible at edges or interior sites.

In addition to cycloaddition reactions, we also assessed the
feasibility of the formation of DMBD—graphene complexes.
Figure 3 shows the structures of DMBD—graphene complexes
in two graphene models from two viewpoints (top and side).
DMBD retains the s-trans conformation, and the distance
between DMBD and graphene is about 3.2 A. The binding
enthalpies from the two models are very close: —14.9 and
—15.7 kcal/mol, respectively. Recently, Otyepka and co-
workers performed a combined experimental and theoretical
exploration of the adsorption of seven small organic molecules
onto graphene.’’ The experimental adsorption enthalpies of
seven organic molecules on graphene were obtained from gas

Sideview

b) DMBD_complex_2 (-15.7) Sideview
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Figure 3. DMBD—graphene complex structures in both models from
two viewpoints. The binding enthalpies are given in kcal/mol. The
distances are given in A.

chromatography measurements and spanned from —5.9
(dichloromethane) to —13.5 kcal/mol (toluene). Quantum
mechanical calculations were conducted on a coronene model
to calculate theoretical interaction energies. M06-2X gives a
mean error of 0.8 kcal/mol from the gold-standard CCSD(T)
method.>' Therefore, our M06-2X calculations are believed to
give reliable energetics for the formation of complexes on
graphene. In addition, it is found that noncovalent graphene
complexes are predominantly stabilized by dispersion, which
contributes more than 60% to the attractive energy, even in
polar complexes.>’ Our calculations show that, for DMBD,
noncovalent binding (Figure 3) is less exothermic than the DA
functionalization on the edge bonds a/d (Figure 2). The
covalent functionalization on the graphene edges is preferred
over the 7 complex. In contrast, the DA reaction at the interior,
which consists of the majority of graphene bonds, is highly
endothermic (around 40 kcal/mol; Figure 2). Formation of the
DMBD—graphene complex is exothermic by about 15 kcal/mol
(Figure 3); therefore, the 7 complex is preferred over
cycloaddition reactions on the interior of the graphene surface.

9-Methylanthracene (MeA). The same calculations were
performed on the MeA molecule. Figure 4 shows the product
structures and reaction enthalpies for Diels—Alder reactions
between MeA and graphene models, where graphene functions
as a dienophile. In general, reactions of MeA are less
exothermic than these of DMBD, because MeA forms strained
bicyclo[2.2.2]octadiene adducts. The edge bonds a, b, and d
may react, as their reaction enthalpies are below 0 kcal/mol
(Figure 4). The armchair edge e is barely reactive with an
enthalpy of 4.9 kal/mol. Highly endothermic enthalpies (over
39 kecal/mol) in interior bonds c and f are obtained, indicating
that MeA could not functionalize the graphene surface through
DA reactions. We also calculated the (4 + 4) reactions between
MeA and graphene models. All of the reaction enthalpies are
highly endothermic, even on the edges. This suggests that the
(4 + 4) cycloadditions are highly unfavorable. The product
structures and reaction enthalpies are provided in Figure S2
(see the Supporting Information).

The MeA—graphene noncovalent complex is much easier to
form. Figure 5 shows the structure of MeA—graphene
complexes in two graphene models from two viewpoints (top
and side). The binding enthalpies from both models are quite
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a) MeA_a (-9.2)

d) MeA_d (-5.9)

Figure 4. Diels—Alder adducts of MeA with graphene on bonds a—c in
model 1 and d—f in model 2, where graphene functions as a
dienophile. Reaction enthalpies are given in kcal/mol. The C—C bond
lengths are given in A.

a) MeA_complex_1 (-24.2)

Sideview

330
= il D

b) MeA_complex_2 (-23.8) Sideview

Figure 5. MeA—graphene complex structures in both models from
two viewpoints. The binding enthalpies are given in kcal/mol. The
distances are given in A

large, around —24 kcal/mol, and are more favorable than the
most reactive DA functionalization on bond a (—9.2 kcal/mol,
Figure 4). MeA itself is an aromatic molecule, forming 7—7
stacking between graphene with a distance of 3.30 A. The
noncovalent interaction of graphene and anthracene was
studied before. Lee and co-workers utilized the noncovalent
interaction between 9-anthracenecarboxylic acid and graphene
to prepare stable aqueous graphene at room temperature.”” The
anthracene-modified graphene material was found to have good
electrochemical properties for supercapacitor applications.*®
Such a stable 7—7 stacking interaction was also reported in
other aromatic molecules on graphene.”*** Graphene function-
alized by aromatic molecules is easily dispersible for solution
processing. More importantly, the 7—7 stacking interaction is a
promising method to control the electronic properties of
graphene, such as opening the band gap, optimizing the charge
carrier type, and so on.”® Here our calculations indicate that, for
the MeA molecule, the noncovalent interaction with graphene

is significant, in agreement with the above experiments.
Although the DA functionalization might occur on certain
edges or defects, the noncovalent complex is preferred.
Tetracyanoethylene (TCNE). For graphene reactions with
the electron-deficient 27 components TCNE and maleic
anhydride (MA), both (4 + 2) and (2 + 2) pathways were
considered. Figure 6 shows the product structures and reaction

1) TCNE_1(56.8) 4) TCNE_4 (1.2)

3) TCNE_3 (46.8)
Q
1.72 1.72

EEEEEEy

Figure 6. Diels—Alder adducts of TCNE with graphene on sites 1—-3
in model 1 and 4—6 in model 2, where graphene functions as a diene.
Reaction enthalpies are given in kcal/mol. The C—C bond lengths are
given in A

6) TCNE_6 (42.5)

enthalpies for Diels—Alder reactions between TCNE and two
graphene models. The DA reactions of dienes 1—3 in model 1
are all energetically unfavorable, with reaction enthalpies from
26.3 to 56.8 kcal/mol. The zigzag edges of graphene cannot
function as a diene in this reaction. The armchair edge 5
resembles the bay region reported by Scott.>® The reaction of
TCNE at this site has a slightly negative reaction enthalpy, —3.2
kcal/mol. The interior site 6 is unfeasible with an enthalpy of
42.5 kcal/mol.

TCNE is also known to react with electron-rich alkenes to
give (2 + 2) adducts.>® We tested the energetics of (2 + 2)
adducts, as shown in Figure 7. Six graphene bonds, a—f, were
considered as 27 components in (2 + 2) reactions with TCNE.
Only peripheral bonds a and d react favorably, with enthalpies
of —10.4 and —6.8 kcal/mol, respectively. The reactions on
interior bonds ¢ and f are endothermic by 38.9 and 45.1 kcal/
mol. Therefore, TCNE could selectively functionalize graphene
edges and defects through (2 + 2) or (4 + 2) reactions.
However, interior areas will not react, due to the highly
unfavorable reaction energetics.

Figure 8 shows TCNE—graphene complexes that are formed
with a quite short distance of about 3.1 A. In addition, Mulliken
charge analysis shows that there is partial charge (0.0Se)
transfer from graphene to TCNE within their noncovalent
complexes. The complexes from the two models have binding
enthalpies of —16.1 and —16.4 kcal/mol, respectively. Rao’s
group has systematically studied the interaction of electron-
donor and -acceptor molecules with graphene and single-walled
carbon nanotubes. An experimental binding free energy has
been measured to be —5.7 keal/mol for TCNE and graphene in
solution from isothermal titration calorimetry (ITC) measure-

dx.doi.org/10.1021/ja410225u | J. Am. Chem. Soc. 2013, 135, 17643—17649
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a) TCNE_a (-10.4) d) TCNE_d (-6.8)

e) TCNE_e (1.4)
R,
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c) TCNE_c (38.9)

1.63 1.63
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Figure 7. (2 + 2) adducts of TCNE with graphene on bonds a—c in
model 1 and d—f in model 2, where graphene functions as a 27
component. Reaction enthalpies are given in kcal/mol. The C-C
bond lengths are given in A.

a) TCNE_complex_1 (-16.1) Sideview
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b) TCNE_complex_2 (-16.4)

Figure 8. TCNE—graphene complex structures in both models from
two viewpoints. The binding enthalpies are given in kcal/mol. The
distances are given in A.
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ments.”® This is in agreement with our DFT calculations,
considering that the entropy contribution in solution is 5—10
kcal/mol. They found that the single-walled carbon nanotubes
interacted reversibly with TCNE through charge transfer
interactions. The noncovalent functionalization by TCNE has
a significant impact on the electronic properties of metallic
carbon nanotubes, with an opening in band gap and changes in
Raman spectral features.”” A similar impact is expected on
graphene. Both electron donors (tetrathiafulvalene) and
electron acceptors (TCNE) establish charge transfer inter-
actions with graphene, and the changes in Raman spectral
features of graphene were reported upon the noncovalent
functionalization of TCNE.*® These experimental observations
support our computational results that the van der Waals
complex is the dominant product of the reaction of TCNE with
graphene.

Maleic Anhydride (MA). The reactions of MA were also
explored. For DA reactions, only armchair edges 4 and S in

17647

model 2 show exothermic enthalpies of —2.8 and —9.8 kcal/
mol. The reaction enthalpies on the two zigzag edges 1 and 2
are both more than 22 kcal/mol. The reactions on interior
bonds in both models are about 40 kcal/mol (Figure S3; see
the Supporting Information). For the (2 + 2) cycloadditions,
edge bonds a and d show slightly favorable enthalpies of —7.1
and —4.2 kcal/mol, respectively. Reactions of interior bonds ¢
and f are endothermic by around 40 kcal/mol (Figure S4,
Supporting Information). Therefore, the interior bonds of
graphene cannot be functionalized by MA through cyclo-
additions. Very recently, Baek and co-workers reported Diels—
Alder reactions on graphite through dry ball-milling in the
presence of MA, in which graphite functions as the diene and
MA as the dienophile.*® They found that the DA adducts are
edge-selective. This is in agreement with our calculation results.
The complex between MA and graphene is formed with a
distance of 3.10 A and is exothermic by about —11 kcal/mol
(Figure 9). This suggests that noncovalent complex formation
is also dominant with MA.

a) MA_complex_1 (-11.2)

Sideview

Sideview

Figure 9. MA—graphene complex structures in both models from two
viewpoints. The binding enthalpies are given in kcal/mol. The
distances are given in A.

Computed Indicators of Reactivity. Jiang and co-workers
reported that, for graphene nanoribbons, the unpaired &
electrons are distributed mainly on zigzag edges.”” The partial
radical character is related to the high chemical reactivity of
zigzag edges in comparison to interior bonds and armchair
edges of graphene.”® Similar phenomena were reported by
Lischka and co-workers.>” We have calculated the spin densities
of two graphene models, as shown in Figure 10, using

Figure 10. UM06-2X-computed spin densities for graphene models 1
(a) and 2 (b).
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unrestricced MO06-2X calculations. The unpaired electron
density is mainly distributed on the edges in both models.
Model 2 has two zigzag edges and two armchair edges. The
unpaired 7 electron density is highest on the zigzag edges. This
is in agreement with previous studies and qualitatively explains
why edges are generally much more reactive than interior
regions.

We have also evaluated the reactivities of graphene using
localization energies calculated by simple Hiickel molecular
orbital (HMO) theory. While very approximate, HMO does
give a good account for reactivities of different aromatic
hydrocarbons. The energy of 7 electrons is expressed in terms
of @ and f: E = na + Af. ar is the Coulomb integral, and /3 is the
resonance integral. The localization energy (E; ) was recognized
and developed by Wheland® and Brown® in the 1940—1950s.
By definition, it is the energy difference between the residual
molecule (E,) and the original 7 system (E): E; = E, — E. Here,
in our systems, the residual molecule is that remaining after the
two reacting carbon atoms of the graphene are removed from
models 1 and 2 (Figure 1). The localization energy qualitatively
correlates with the reactivity of aromatic substitution
reactions.”” The most reactive position has the smallest
localization energy. We calculated the HMO energies using
SHMO.®" Table 1 summarizes the localization energies for our
two graphene models. The 2a term is neglected, as it is the
same for all reactions.

Table 1. HMO Localization Energies for Graphene Models
Shown in Figure 1 (in Units of —f)

bond E, site E.
a 3.0 1 5.5
b 33 2 4.6
c 4.4 3 5.1
d 3.1 4 42
e 33 S 3.9
f 4.6 6 49

When graphene functions as a 27 component, bonds a—c in
model 1 and bonds d—f in model 2 are considered. Bond a is
the most reactive with the smallest localization value of 3.0.
Bond d, with close reactivity to a, has a value of 3.1. The
interior bonds ¢ and f are the most inert, as indicated by their
localization values of 4.4 and 4.6, respectively. In the case of
graphene acting as a 47 component, sites 1—3 in model 1 and
sites 4—6 in model 2 are considered. Although site 1 is in the
edge, it is the least reactive with the largest value of 5.5. Site S
with a value of 3.9 is the most reactive. In both models, interior
regions of graphene are substantially more inert than active
edges. These are all in agreement with the DFT calculations
reported. This suggests that the reactivities of different
graphene sites are largely determined by the loss of aromaticity
energies after functionalization. The HMO theory can quickly
provide information for the prediction of the reaction sites on
graphene fragments of any size.

H CONCLUSION

We have calculated the cycloaddition reactions and non-
covalent interactions of four reagents (DMBD, MeA, TCNE,
and MA) on two graphene models. The interior bonds in both
models, which resemble most of the bonds in graphene, cannot
be directly functionalized through cycloaddition reactions by
these four reagents, due to their highly unfavorable reaction

enthalpies. DMBD and MeA could react with graphene edges
through (4 + 2) cycloadditions. Both (4 + 2) and (2 + 2)
reaction pathways may be feasible between TCNE/MA and
graphene edges. The enthalpies of noncovalent interactions of
these four molecules range from —11.2 to —24.2 kcal/mol.
Except for the DMBD molecule, the binding interactions of the
other three molecules are all more favorable than their
cycloaddition counterparts, even on reactive edge bonds. This
suggests that the noncovalent interaction is dominant on
graphene interior regions. We also performed spin density and
HMO calculations on our graphene models. The spin density
diagram shows multiradical character on the edges, especially
the zigzag edges. We found that Hiickel molecular orbital
(HMO) localization energies can be used to predict the relative
reactivities of different sites in graphene.
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Figures S1—S4 and tables giving computational details. This
material is available free of charge via the Internet at http://
pubs.acs.org.
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