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ABSTRACT: Graphene is well-known for its unique combination of
electrical and mechanical properties. However, its vanishing band gap
limits the use of graphene in microelectronics. Covalent functionaliza-
tion of graphene has been a common approach to address this critical
issue and introduce a band gap. In this Article, we systematically
analyze the functionalization of single-layer graphene (SLG) and
bilayer graphene (BLG) with methyl (CH3) using periodic density
functional theory (DFT) at the PBE+D3 level of theory. We also
include a comparison of methylated single-layer and bilayer graphene,
as well as a discussion of different methylation options (radicalic, cationic, and anionic). For SLG, methyl coverages ranging from
1/8 to 1/1, (i.e., the fully methylated analogue of graphane) are considered. We find that up to a coverage θ of 1/2, graphene readily
accepts CH3, with neighbor CH3 groups preferring trans positions. Above θ = 1/2, the tendency to accept further CH3 weakens and
the lattice constant increases. The band gap behaves less regularly, but overall it increases with increasing methyl coverage. Thus,
methylated graphene shows potential for developing band gap-tuned microelectronics devices and may offer further functionalization
options. To guide in the interpretation of methylation experiments, vibrational signatures of various species are characterized by
normal-mode analysis (NMA), their vibrational density of states (VDOS), and infrared (IR) spectra, the latter two are obtained from
ab initio molecular dynamics (AIMD) in combination with a velocity−velocity autocorrelation function (VVAF) approach.

1. INTRODUCTION
Graphene, an extended two-dimensional layer comprising sp2-
hybridized carbon atoms, features remarkable mechanical,
electrical, and transport properties.1−6 It has a high specific
surface area7,8 and large transparency.9 On top, the material
shows special fundamental features, among them the appearance
of Dirac cones and pseudorelativistic linear k-dispersions of
bands around them, both associated with the vanishing gap of
graphene. Due to the mentioned properties, graphene is known
for many (potential) applications in microelectronics, nano-
technology, and analytics.10 Despite the great potential for
applications, it must also be said that pristine graphene, due to its
zero band gap and its inertness against chemical reactions, is still
limited, e.g., for use as a semiconductor or sensor.

A way to optimize the properties of graphene is by doping, a
second one is by substitution of C by other atoms (N, O, etc.),
and a third one is by functionalization with atoms or functional
groups.11−16 Functionalization can be covalent, by forming
strong bonds with the graphene surface, or noncovalent.
Functionalization may also help to avoid agglomeration and
restacking to form graphite, for example.12,17

Perhaps the simplest form of functionalization is hydro-
genation by converting some or all C atoms to C−H groups with
sp3-hybridized carbon, this way possibly transforming graphene
from a gapless material to a semiconductor. The fully
hydrogenated form, graphane, for example, experimentally first

mentioned in ref 18, has a theoretically predicted band gap
between 3.5 eV (when computed with PBE19) and 4.4 eV (when
computed with the hybrid functional HSE06, see below20). The
band gap can be “tuned” between zero and >4 eV by increasing
the level of hydrogenation, according to density functional
theory (DFT) calculations and, partially at least, also according
to experiments (refs 21 and 22 and references therein).
Typically, a certain critical concentration of H is needed to
open a band gap.21 Similar effects were reported after the
functionalization of graphene with halogens, OH groups, or
oxygen, the latter of which led to graphene oxide or reduced
graphene oxide (ref 22 and references therein). The
functionalization of bilayer graphene (BLG) is also an active
field of research.23,24 BLG itself is already a material with a
nonvanishing band gap, which can further be manipulated by
functionalization. The form of BLG with all C atoms
rehybridized to sp3, the two layers connected by C−C bonds,
and every second C atom of the layers saturated at the outer
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sides with H (fully hydrogenated BLG) is called diamane and
was, like graphane, first predicted by theory to be a stable large-
gap material. It was recently also found in high-pressue
experiments, with a reported band gap of 2.8 ± 0.3 eV.25

In the present work, we theoretically study the functionaliza-
tion of single-layer graphene (SLG) and also of BLGwithmethyl
radicals, CH3. This kind of covalentmethylation was achieved by
photochemical splitting of precursor molecules containing CH3
and can be monitored by vibrational spectroscopy, e.g., IR
spectroscopy.26 Nonphotochemical alkylation and arylation of
SLG and BLG were also possible, again probed by vibrational
spectroscopy.24 In this latter case, electrophilic species (e.g.,
methyl cations from methyl halogenides) were involved, and
CH3

+ was added to a (double) layer, which had previously been
reduced. Here, in addition to “radicalic’ pathways, we also study
the “heterolytic” functionalization of SLG by ionic methyl
species (CH3

+ and CH3
−) with appropriate counterions (Cl−

and Li+, respectively) included. In general, functionalization of
(bilayer) graphene with alkyl and aryl groups not only offers the
opportunity to tune the band gap but also opens many
possibilities for chemical modification based on C−C bonding.

From the theory side, Li et al.27 investigated the adsorption of
small hydrocarbons like CH3, CH4, C2H2, C2H4, C2H6, and
C6H6 on pristine, doped, and vacancy graphene. For pristine
graphene, they state that CH3 is chemisorbed, while the other
species (CH4, C2H2, C2H4, C2H6, and C6H6) are bound by
(much weaker) physisorption. Denis et al.28 theoretically
studied the adsorption of different functional groups including
CH3, aryl, C6H4, and COOH, on graphene and alkali-doped

graphene, where alkali is Li and K. In ref 28, it was concluded
that alkali atom doping enhances the chemical reactivity of
graphene dramatically.

In the present work, we survey the structures of single-layer
graphene (SLG) with different amounts of CH3 adsorbed at
different positions, e.g., on one or at both sides of the 2D
material. To this end, density functional theory in the
generalized gradient approximation (DFT-GGA) with dis-
persion corrections is used for periodic models, complemented
by hybrid density functional theory. Both physisorption and
chemisorption modes of adsorption are considered. For the
chemisorbed species, coverages up to one are investigated,
where each C atom is saturated with a methyl group positioned
on alternating sides of the graphene layer, giving the methyl
analogue of graphane, i.e., methyl graphane. Further, chem-
isorption on bilayer graphene (BLG), and also the adsorption of
CH3

+ and CH3
− (with counterions included) will be studied.

Besides stable structures and adsorption energies, we are
interested in optoelectronic properties such as the band gap,
band structure, and spin polarization of the materials. In order to
guide possible experiments, vibrational spectra are computed by
ab initio molecular dynamics (AIMD) combined with the time-
dependent correlation function (TCF) approach, giving vibra-
tional density of states (VDOS) curves and IR absorption
spectra.

The paper is organized as follows. In section 2, we describe
methods andmodels used for stationary and dynamical (AIMD)
calculations. In section 3 we present and discuss results, starting
with low-coverage radicalic methylation of SLG (sections 3.1

Figure 1.Chemisorption of a single CH3 radical on SLG. (a) The (2× 2) unit cell used for SLG in this work, with atom numbering employed in the text
and the CH3 radical adsorbed on top of C1 (top view, C atoms in dark brown, H in light brown). The PBE+D3 optimized lattice constant of the cell is a
= 4.93 Å for “naked” SLG, with a shortest C−C distance of 1.42 Å (Figure 9 in Appendix A). This lattice constant was also used or the calculation of
SLG+CH3, done with PBE+D3/spin-polarized/multiplicity equal to 2 to account for the open-shell character of CH3. Optimized C−C bond lengths
are indicated (all in Å). (b) Side view of (a), with selected bond lengths/distances. (c) Corresponding band structure, with EFermi indicating the Fermi
energy and Γ = (0, 0), K (1, 1)

a
2
3

= , and M (1, 0)
a

= . “Spin-up” bands are in red, and “spin-down” bands are in black. (d) Corresponding DOS curves
for up-spin (on positive scale) and down-spin (on negative scale) compared to the DOS of pristine SLG (red curve).
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and 3.2). We then consider high-coverage radicalic methylation
of SLG (section 3.3), the methylation of BLG (section 3.4),
heterolytic methylations (section 3.5), and finally the impact of
methylation on vibrational spectra (section 3.6). A final section
4 concludes and summarizes this work.

2. COMPUTATIONAL DETAILS
2.1. Stationary Calculations. Stationary calculations

(geometry optimizations, band structure calculations, and
normal-mode analyses) were performed on periodic supercell
models using density functional theory (DFT) together with
projector augmented wave (PAW) pseudopotentials.29 The
pseudopotential for Li included semicore 1s states. A plane wave
basis with a cutoff, Vc, and Monkhorst−Pack k-point sampling30

as specified below were adopted. Most calculations were done
with the generalized gradient approximation (GGA) functional
of the Perdew−Burke−Ernzerhof (PBE) functional,31 with
dispersion corrections included on the D3 level of theory,32,33

i.e., PBE+D3. For selected cases, the hybrid functional
HSE06+D3 was also used.34,35 All calculations were performed
with the Vienna Ab Initio Simulation Package (VASP).36,37

We applied (2 × 2 × 1) supercells with eight C atoms for SLG,
as shown in Figure 1(a) below. Lateral cell parameters a = b and
an angle of γ = 120° between them were adopted. For SLG, a
lattice constant a = 4.93 Å is found on the PBE+D3 level,
corresponding to a shortest C−C distance of 1.42 Å. These
lattice constants were kept for low coverages with methyl, but
reoptimized with PBE+D3 when many methyl groups were
adsorbed (coverage θ > 1/2), leading to elongated lattice
constants (see below), always with the restriction a = b and γ =
120°. In every case, all atom positions were optimized. A fixed
vacuum gap, c = 20.76 Å, was used for SLG. For BLG, the (2 × 2)
cell consists of two layers (16 C atoms, see below) and c = 20.00
Å was chosen. A Γ-centered grid 11 × 11 × 1 was used for
geometry optimization, while for the calculation of electronic
densities of states (DOS) denser meshes (44 × 44 × 1 for SLG
and 33 × 33 × 1 for BLG) were employed. A plane-wave cutoff
Vc = 700 eV was chosen throughout.

To SLG (or BLG) were added methyl groups, and the
geometries were optimized. Both spin-unpolarized and spin-
polarized calculations were performed, with various spin
multiplicities. Different initial geometries (e.g., “from below”
or “from above”) were chosen, and different adsorption
situations were considered (physisorption or chemisorption).
Depending on the initial geometry and the mode of
computation (spin-polarized or not, different spin multi-
plicities), one obtains different minima and energies. As an
example, in Figure 1(a and b) below, the chemisorption of a
single CH3 radical above one of the graphene C atoms is
illustrated, with the geometry optimized on the spin-polarized
PBE+D3 (multiplicity of 2) level (see section 3.1).

Besides geometries and adsorption energies, band structures
and DOS curves were also determined, and from the latter band
gaps were also determined, separately for electrons with α
(“up”) or β (“down”) spin in case of spin-polarized calculations.
Additionally, normal mode analyses (NMA) were performed to
obtain vibrational frequencies in the harmonic approximation.
2.2. AIMD and Vibrational Spectra Calculation. For

vibrational spectra beyond the uncoupled harmonic approx-
imation and also to include finite temperature effects, we
performed ab initio molecular dynamics (AIMD) simulations
using VASP. Trajectories were run for canonical ensembles
(NVT) using PBE+D3 and a Nose−́Hoover thermostat held at

T = 298.15 K (room temperature).38 We propagated the
equations of motion for (all) nuclear degrees of freedom using
the velocity-Verlet algorithm with a time step of 0.5 fs. For each
studied system, we first ran a 5 ps trajectory for equilibration,
starting from the optimized structure. From these equilibrated
structures, four trajectories were run, each 5 ps long. In every
trajectory, the last 3 ps were used for sampling, i.e., 12 ps in total.

Vibrational density of states (VDOS) curves were obtained
from Fourier transformed velocity−velocity autocorrelation
functions (VVAFs) as39

v v t tVDOS( ) (0) ( ) e d
i

N

i i
i t

1 0
·

= (1)

Here, vi(t) is the velocity of atom i at time t,N is the total number
of moving atoms, and ⟨v i(0) vi(t)⟩ is a VVAF averaged over
different trajectories. The latter was computed as described in
greater detail in ref 40.

Further, we calculated infrared (IR) spectra from the first-
order optical susceptibility, χ1, the latter obtained from the
Fourier transform of the dipole−dipole autocorrelation
function. In order to compute the dipole−dipole correlation
function, we use an efficient, VVAF-only method suggested by
Ohto et al.,41 applying it to the C−C vibrations (within the
graphene layer(s) or between accepting graphene C and
adsorbed methyl) of the systems under study. Using this
method, the first-order susceptibility needed for IR spectra can
be written as40,41

Q

i
v v t t( )

( )
(0) ( ) e d

i

M

j

M

b j a i
i t

ab
(1) CC

2

2 0
,

CC
,

CC=

(2)

Here, va,i = rȧ,i is the a-th component (= x, y, z; z perpendicular to
the surface and x and y being in the surface plane) of the velocity
vector of CC bond i, the time-derivative of the coordinate vector
ri(t) = (xi(t), yi(t), zi(t)) of that bond. Altogether,M oscillators
are considered. In the latter equation, we have also introduced a
quantum correction factor41 Q e( ) / (1 )

k T
k T/

B

B= .

Derivatives of (dynamical, i.e., ω-dependent) dipole moments,
μCC′ (ω) with respect to the vibrational coordinate are treated
here as constant (their ω-dependence is neglected). IR
intensities will be given in arbitrary units and normalized as
described below.

In particular, IR spectra with light polarized along the z-
direction will be computed from the real part of the first-order
susceptibility as IzIR(ω) ∝ Re{χzz(1)(ω)}. We work in full analogy
to the methodology (and with codes) described in ref 40, where
further details can be found.

3. RESULTS AND DISCUSSION
3.1. Functionalization of a Single Graphene Layer with

One Methyl Group: Coverage 1/8. We start with the
adsorption of a single methyl radical per (2 × 2) unit cell,
corresponding to coverage 1/8. Using the same fixed lattice
parameters as for SLG (a = b = 4.93 Å, γ = 120°), attaching a
single CH3 radical to one of the SLGC atoms, and optimizing all
atom positions gives the structure shown in Figure 1(a and b), at
the PBE+D3 spin-polarized (spin multiplicity of 2; in this case,
the magnetic moment of the unit cell is 1 μB).

Accordingly, the methyl group attaches in “staggered” fashion,
perpendicular on top of the accepting C atom (C1), with a C−C
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distance of 1.59 Å, slightly longer than a typical C−C single
bond (1.54 Å). The C−C bond lengths within the SLG layer are
elongated around the accepting C1 (with bond lengths C1−C2
of 1.50 Å compared to the 1.42 Å for SLG without adsorbate),
slightly shortened for the more distant C2−C3 bonds (1.41 Å),
and slightly elongated for most distant C3−C4 bonds (1.43 Å),
cf. Figure 1(a). Additionally, the accepting C atom is lifted out of
the plane (Figure 1(b)) by 0.40 Å, all indicating the sp2 → sp3

rehybridization of C1 and all in good agreement with previous
theoretical work.27

The adsorption energy for accepting a single CH3 was
calculated as

E E E E( )1 SLG CH SLG CH3 3
= + (3)

Here, ESLG−CHd3
is the energy of the adsorbed system, ESLG is the

energy of the SLG layer, and ECHd3
is the energy of the free CH3

radical, the latter of which was calculated by placing the radical in
a cell of the same size as for the adsorbed species. On the (spin-
polarized) periodic PBE+D3 level of theory, ΔE1 = −0.35 eV, cf.
Table 1. This indicates, together with the elongated C1−
C(CH3) bond (1.59 Å), a rather weak covalent bond due to
chemisorption. On the same level of theory, we also find a
physisorbed state, where CH3 adsorbs as a flat molecule also on
top of C1 farther away from the surface with a C1−C(CH3)
“bond” length of 3.22 Å and an adsorption energy of −0.02 eV,
see Table 1. The physisorbed state is reached from the gas phase
without a barrier, but a barrier exists between the physisorption
and the chemisorption well; using the DIMER method,
implemented in VTSTTools,42 a transition state was found
with a barrier of 0.22 eV from the physisorbed side or 0.20 eV
above the SLG+CH3 asymptote. In the literature, theoretical
work was reported with a qualitatively similar outcome, i.e.,
physisorption and chemisorption states and barriers between
them.27,43−45 Quantitatively, adsorption energies and barriers
were slightly different, mostly due to other coverages or other
electronic structure methods and models in the literature.

While free-standing SLG is a semimetal with zero band gap,
for the free-standing SLGwith onemethyl radical chemisorbed a
band gap opens. This can be seen from the spin-polarized
(multiplicity of 2) bandstructure in Figure 1(c). The band
structure consists of pairs, with band pairs in Figure 1(c)
reflecting bands for up- (in red) and down-spin electrons
(black), respectively. The two flat bands close to the Fermi level
give rise to the density of states (DOS) curves shown in Figure
1(d) (with a positive scale for spin-up and a negative scale for
spin-down). A “total band gap” (the energy difference of the
down-spin conduction band minimum (CBM) at the Γ-point,
and the up-spin valence band maximum (VBM) at the K-point)
of 0.57 eV is found on the PBE level of theory. One also finds
spin-resolved bands gap of 2.10 and 2.21 eV for spin-up and
spin-down, cf. Table 1. Closer inspection of the (atom-)
projected density of states (PDOS) shows that both the

occupied spin-up band right below the Fermi level and the first
unoccupied spin-down above the Fermi level are dominated by
(the pz-orbitals) of C atoms in the ortho position (and to a lesser
extend in para position) relative to the accepting C atom, C1.
These atoms are therefore centers with the highest spin density,
corresponding to unpaired electrons, as expected from simple
chemical resonance structures. In addition, the C atom of the
CH3 contributes to the DOS close to EFermi (but not the
accepting C atom).

It is known that GGA functionals underestimate band gaps.
To check this for methylated SLG, we also applied the HSE06
hybrid functional34,35 with the D3 correction to recalculate the
band structure, adsorption energies, and adsorption geometries.
It is found that indeed the total gap becomes considerably larger
with HSE06 and the band structure shows also some qualitative
difference, namely, the VBMof spin-up is now atΓ and the CBM
for spin-down is now at K (not shown), opposite to what was
found for PBE+D3. On the HSE06+D3 level, the total band gap
is 1.85 eV. Additionally, the chemisorption (−0.44 eV) and
physisorption energies (−0.13 eV) are somewhat larger for
HSE06+D3, and so is the transition state energy (+0.25 eV),
which makes barriers for transitions between the two states
larger for HSE06+D3 (geometries are similar for both
functionals.) While HSE06+D3 is expected to be more accurate,
we will use PBE+D3 for the more systematic studies below,
simply because the former is computationally very costly and
because trends should still be reliable already on the PBE+D3
level. It should be kept in mind, however, that computed
absolute band gaps are probably systematically underestimated
in what follows.
3.2. Functionalization of a Single Layer of Graphene

with Two Methyl Groups: Coverage 1/4. We also studied
the chemisorption of from two to eight methyl radicals on a free-
standing SLG, (2× 2) unit cell, corresponding to coverages from
1/4 to 1, respectively, and giving rise to what we call SLG-nCH3
in what follows (with n = 2−8, and also including n = 0 and 1 for
completeness). Considering two CH3 groups first, and starting
from the SLG-1CH3 structure in Figure 1, we have the choice to
add the second methyl on top of C atoms in positions 2 (nearest
neighbor, “ortho” position), 3 (second-nearest neighbor, “meta”
position), and 4 (third-nearest neighbor, “para” position). Other
positions, namely, 5, 6, 7, and 8, give no other structures by
symmetry. Further, we have the possibility to add the second
CH3 on the same side as the first one, “up” or on the opposite
side of SLG, “down” in what follows, giving combinations “up−
up” or “up−down” for SLG-2CH3. Finally, we can perform spin-
unpolarized or spin-polarized calculations, in the latter case with
multiplicity, M = 1 or 3.

We first of all find that, not surprisingly, spin-polarizedM = 1
and spin-unpolarized calculations give the same structures and
energies (up to very small deviations), the latter measured in
analogy to eq 3 by an adsorption energy for the secondmethyl as
(n = 2)

Table 1. Single CH3 Radical Chemisorbed on (2 × 2)-SLG (Coverage 1/8): Comparison of Two Different Functionals Used
Respectively for the Energetics and the Band Structurea

energetics band structure

method ΔE1
c ΔE1

p ΔETS Δ↑ Δ↓ Δtot gap type

PBE+D3 −0.35 −0.02 +0.20 2.10 2.21 0.57 indirect (K, Γ)
HSE06+D3 −0.44 −0.13 +0.25 3.25 3.38 1.85 indirect (Γ, K)

aΔE1
c,p denotes chemisorptive and physisorptive adsorption energies, ΔETS is the transition state energy relative to the SLG + CH3 asymptote, Δ↑ is

the spin-up gap, Δ↓ the spin-down gap, and Δtot is the total gap. All energies are in eV. .
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E E E E( )n n nSLG CH SLG ( 1)CH CH3 3 3
= + (4)

Equation 4 will later be used to also compute the nth adsorption
energy for n > 2, i.e., the energy change when adding one more
CH3 to SLG-(n − 1)CH3. In Table 2, we show ΔE2 for different

optimized structures (on the PBE+D3 level). These structures
are labeled as “ud-13 (M = 3)” for example, to characterize an
“up−down” structure with two methyls, one above C1 and one
below C3 (“meta”), with multiplicity M = 3.

From the table, we note that (i), as expected, “up−down”
geometries are usually favored over “up−up” geometries (except
for 1−3, M = 3 species). (ii) For “up−down”, M = 1
multiplicities are always more stable than higher multiplicities
(except for 1−3), giving rise to nonmagnetic states, since the
DOS curves for spin-up and spin-down are also the same (see
below). (iii) The most stable system for “up−down” M = 1 is
“ud-12”, followed by “ud-14” and “ud-13”. In line with our
findings, Denis et al.46 reported that functional groups have a
strong tendency to adopt the ortho-up−down functionalization
pattern because it reduces the deformation energy.

Note that the most stable “ud-12, M = 1”, exhibits a much
larger second adsorption energy, ΔE2 = −2.30 eV, than the first
one,ΔE1 =−0.35 eV. In fact, a stable C−C single bond is formed
for SLG-2CH3 (ud-12) between C1 and C2, embedded in a
“sea” of delocalized π-electrons, as visualized in Figure 9(b) in
Appendix A, where rC1−C2 = 1.56 Å is found. In contrast, for
SLG-CH3 an energetically unfavorable “dangling electron”
remains. In Figure 2 we show sideviews of structures of SLG-
nCH3 for n = 1 and 2 (and also for n = 3−8). From panel (b)
there, corresponding to “ud-12”, we note that the two accepting
C atoms C1 and C2 have a quasi-tetrahedral coordination shell,
indicating their sp3-rehybridization, while nonaccepting C
atoms are still in the plane originally spanned by SLG.

Turning to the electronic structure of SLG-2CH3, from Table
2 we also note that the most stable three “up−down, M = 1”
structures show different band gaps. The most stable “ud-12,M
= 1″, has a very small gap with <0.1 eV, if one at all. In fact, the
small finite band gap is numerical in nature: increasing the
number of k-points from 33 × 33 × 1 to 44 × 44 × 1 decreases
the band gap (not shown), and also the band structure, given in
Appendix A in Figure 10(b) for ud-12, is gapless. The bands

shown in bandstructure figures are from energies interpolated
between different k-points, while computed (and tabulated)
band gaps are taken from DOS curves. Among higher-energy
forms, “ud-13,M = 1” has a similar, finite band gap as SLG-1CH3
(0.57 eV, see Table 1), and “ud-14, M = 1” has an even much
larger gap (3.50 eV). From Figure 3(b), where we show
electronic density of states curves for the most stable forms of
SLG-nCH3 (n = 1−8) that we found, in comparison to the DOS
of SLG we see the (numerically) very small gap for the most
stable SLG-2CH3 (ud-12, M = 1). Note also from there that
indeed no spin-polarization occurs in this case, i.e., DOS(spin-
up) = DOS(spin-down). In contrast, for SLG-1CH3 in Figure
3(a) (or Figure 1(d), where it was also shown), the two already
rather localized “midgap” states are visible, one occupied (for
spin-up) and one empty (for spin-down) and shifted, causing a
distinct band gap. The corresponding band structure for SLG-
1CH3 is shown in Figure 1(c) and also in Appendix A, Figure
10(a), while Figure 10(b−h) gives the band structures for SLG-
nCH3 (n = 2−8, respectively).
3.3. Functionalization of Single Layer of Graphene

with More than Two Methyl Groups: Higher Coverages.
We now consider the cases of SLG-nCH3 with n = 3−8 per (2 ×
2) cell, corresponding to coverages from 3/8 (for n = 3) to 1 (for
n = 8), the latter being the methylated analogue to graphane. For
n = 3 and 4, during geometry optimization lattice parameters
were still fixed at a = b = 4.93 Å and γ = 120°, but all atom
positions were optimized. For both, minima are found for
different positions of the methyl groups and different spin
multiplicities. For n = 5−8, on the other hand, the systems
become gradually “overcrowded” and finding stable minima
becomes cumbersome or impossible unless also the lattice
parameters are adjusted. Thus, in these cases we also optimized
lattice parameters, however, under the constraints a = b and γ =
120°.

In Figures 2(c−h) (and 9(c−h) in Appendix A), the found
most-stable structures are shown also for n = 3−8, respectively,
as side (and top) views.We note that for odd n (n = 1, 3, 5 and 7)
the most stable spin multiplicity isM = 2 on the PBE+D3 level of
theory, while the most stable spin multiplicity is M = 1 for the
even n (n = 0, 2, 4 and 8). For the latter, also no differences
between spin-polarized and spin-unpolarized calculations are
found, and DOS(up-spin) = DOS(down-spin) according to
Figure 3. The structures shown in Figures 2 and 9 are, using an
obvious notation, of the type udu-123 for n = 3, udud-1234 for n
= 4, ududu-12345 for n = 5, ududud-123456 for n = 6, udududu-
123457 for n = 7, and udududud-12345678 for n = 8 (the
graphane analogue). These structures were found to be the most
stable ones among three structures studied for n = 3 (namely,
udu-123, udu-128, and udd-126), five structures for n = 4, two
structures for n = 5, and two structures for n = 6. For n = 7 and 8,
only one structure has been optimized.

From the figures, the following is found: (i) Up to n = 4 (with
“normal” unit cell sizes), the methyl groups can largely avoid
each other and bond lengths, as well as buckling behavior,
indicate that the accepting C atoms rehybridize to sp3 and form
single C−C bonds between them. (ii) For n > 4, the situation is
more complicated. The lattice parameters widen considerably
and C−C single-bond lengths (in the SLG) layer also become
larger, with very large values of rC−C between 1.62 and 1.83 Å
(for one C−C bond in case of SLG-7CH3). (iii) The average
buckling of the systems increases with increasing n. (iv) CH3
groups are slightly tilted (not perpendicular to the SLG plane)
for n > 1.

Table 2. Chemisorption of a Second CH3 Radical on (2 × 2)-
SLG (Coverage 1/4): Comparison of Different Structures (1-
2, 1-3, and 1-4; “Up” (u) and “Down” (d)) and Spin
Multiplicities (M = 1 or M = 3)a

structure/
multiplicity

uu-12,
M = 1

uu-12,
M = 3

ud-12,
M = 1

ud-12,
M = 3

ΔE2 −0.07 +1.45 −2.31 −0.25
Δtot 0.09

structure/
multiplicity

uu-13,
M = 1

uu-13,
M = 3

ud-13,
M = 1

ud-13,
M = 3

ΔE2 +0.52 −0.11 +0.17 −0.23
Δtot 0.68

structure/
multiplicity

uu-14,
M = 1

uu-14,
M = 3

ud-14,
M = 1

ud-14,
M = 3

ΔE2 +0.48 −0.11 −1.70 +1.14
Δtot 3.50

aSee text for the nomenclature. Shown are ΔE2 and selected total
band gaps Δtot (both in eV) obtained from spin-polarized PBE+D3
calculations after geometry optimization; however, at fixed lattice
parameters a = b = 4.93 Å and γ = 120°.
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While large C−C bond lengths (up to ∼1.8 Å) are known for
certain very crowded but still stable organic molecules,47 we find
that for methylated SLG, beyond a coverage of 1/2 (or n = 4 in
our case), it becomes energetically quite challenging to add
further methyl groups. This is demonstrated in Figure 4(a)
where, for the structures shown in Figures 2 and 9, the energy
changes ΔEn to add one more methyl group to SLG-(n −
1)CH3, defined in eq 4, are plotted as a function of n and listed in
Table 3. It is seen that, for odd n (>2), adding one more methyl
is energetically unfavorable, and in particular for n = 5 and 7 the
energy cost is more than 2 eV, not even counting possible
additional barriers. As for n = 1 and n = 2, one further notes that
creating even-n species is energetically favored. One may also
define an average adsorption energy per methyl group, i.e.,

E
n

E E nE
1

( )nads SLG CH SLG CH3 3
= [ + ]

(5)

with values given in Table 3. This latter measure supports the
statements just made, with even-n species being relatively more
stable, a general destabilization for large n (in particular for n >
4), and an exceptional instability for n = 7, due to extraordinary
C−C bond lengthening in combination with an unpaired
electron (cf. Figure 9 in Appendix A).

When considering the band structure of the species with n =
1−8, we see from Figure 4(b), where the total band gaps are
shown, and also from Table 3, where they are listed, the overall
trend of increasing band gap with increasing n, in line with the
gradual destruction of the conjugated π-electron system when
more and more C atoms rehybridize to sp3. One also notes an
oscillatory behavior of the gap, with particularly small gaps for n
= 2, 3, 5, and 7, and very large gaps for n = 4, 6, and 8. From the
DOS curves in Figure 3, we see that all even-n species are spin-
unpolarized, forming “singlets”, while all odd-n species show
spin-polarization in their M = 2 ground state.

Table 3 also lists other properties of SLG-nCH3, like spin-
resolved band gaps and utilized lattice constants. While SLG-
7CH3 is particularly unstable, the methylated form of graphane,
SLG-8CH3, has a thermodynamic tendency to form, as indicated
by the negative (albeit small) adsorption energy per CH3, Eads.
The methylated graphane structure shown in Figures 2 and 9 is a
“chair” conformer, whose hydrogenated (graphane) analogue
was predicted to also be the most stable form of graphane.19 For
methyl graphane, however, the ligands (CH3) are slightly tilted.
The PBE+D3 band gap for this species is 3.14 eV, and it is direct,
as also predicted for graphane.19,20 For comparison, as
mentioned earlier the computed band gap of graphane is

Figure 2. Side view of optimized most-stable found structures of SLG-nCH3 (from n = 1 to n = 8) for (2 × 2) unit cells used in this work. For n = 1−4,
the lattice parameters were fixed at a = b = 4.93 Å and γ = 120° (the optimized values of free-standing SLG), while for the n = 5−8 lattice parameters
were reoptimized (see text). All calculations are done using spin-polarized PBE+D3, for multiplicitiesM = 2 (for n = 1 (a), 3 (c), 5 (e), and 7 (g); in
these cases, the magnetic moment of the unit cell is 1 μB) orM = 1 (for n = 2 (b), 4 (d), 6 (f), and 8 (h); in these cases, the magnetic moment of the unit
cell is 0 μB).
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between 3.5 (on the PBE level19) and 4.4 eV (with HSE0620).
Further, the band gap of diamond is around 4.3 eV when
computed with PBE, 5.3 eV on the HSE06 level, and around 5.5
eV experimentally.48 We therefore anticipate a band gap
ordering of Δtot(methyl graphane) < Δtot(graphane) <
Δtot(diamond).
3.4. Adsorption of One or Two Methyl Groups to

Bilayer Graphene. We also studied adsorption of methyl
groups on bilayer graphene, an experimentally well-known 2D
material. BLG is modeled as a free-standing bilayer, in the
particular stable AB (Bernal) stacking. The interlayer distance
was optimized on the PBE+D3 level using (2× 2) unit cells, now
with 16 C atoms, assuming lattice parameters a = b = 4.93 Å and
γ = 120° as earlier (c = 20 Å). For other computational
parameters, see section 2.1.

BLG can be functionalized at the outside(s) of or inside the
bilayer. We have studied low-coverage situations only, with one
CH3 per (2 × 2) cell adsorbed either “outside” or “inside” or
with two methyl groups adsorbed, one “outside” and the other
one “inside”, both attached to the same layer. Again, spin-
unpolarized and spin-polarized calculations with different
multiplicities were tested, as well as different adsorption sites
for BLG-2CH3.

Starting with BLG-1CH3 “outside”, we find physisorption and
chemisorption wells when approaching one C atom of one of the
layers. The resulting geometries are similar to those found for
SLG-1CH3, as shown for the chemisorbed species in Figure
5(a). For this arrangement the interlayer distance D is 3.32 Å
according to the figure, which is close to the value for pristine
BLG. Note that the interlayer distance, indicated by dashed lines
in Figure 5 (also for other methylated BLG species), varies

Figure 3. Electronic density of states (DOS) curves of optimized most-stable found structures of SLG-nCH3 (from n = 1 to n = 8) for (2 × 2) unit cells
used in this work. All calculations are done with PBE+D3 andM = 2 (in the case of n = 1 (a), 3 (c), 5 (e), and 7 (g)), andM = 1 (in the case of n = 2 (b),
4 (d), 6 (f), and 8 (h)). For the latter, no spin-polarization can be seen, i.e., DOS(spin-up) = DOS(spin-down). In all panels, the DOS of SLG from a
spin-unpolarized PBE+D3 is shown in red for comparison.
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slightly depending on which C atoms are chosen for distance
measurements because the methylated layer is not ideal flat.
Additionally, the physisorption, chemisorption and transition
state energies are very similar to SLG-1CH3, as can be seen from
comparing the ΔE1

p,c and ΔETS values of Table 4 (entry “BLG-
1CH3, outside”) with the corresponding PBE+D3 values of
Table 1 for SLG-1CH3. Like for SLG-1CH3, for BLG-1CH3
(outside) the most stable spin state also has multiplicity M = 2.
Note that in contrast to SLG-1CH3, only a small gap of ∼0.07 eV
is found for BLG-1CH3. This is consistent with a symmetry
breaking in BLG by functionalization, similar to small-gap
openings in BLG by symmetry breaking caused by a gate voltage,
a surface on which BLG is adsorbed, or doping.49 The gap is
small due to the second graphene layer remaining almost intact,
only weakly interacting with the first layer. As a consequence,
also the electronic density of states curve of BLG-1CH3 is
essentially the sum of the DOS of graphene and SLG-1CH3, as
can be seen from Figure 6(a). This is further reflected by the
band structure itself, shown in Figure 11(a) in Appendix B.

The situation is different for BLG-1CH3 “inside”. To
accommodate CH3 between the layers, by chemical bonding,
the bilayer has to widen, and the interlayer distance increases
from 3.32 to 5.20 Å (between two C atoms, as shown in Figure
12(a) in Appendix B). As can be seen from Table 4, the
adsorption energy is much smaller than that for BLG-1CH3
“outside”, as one might expect, due to the loss of van der Waals
attraction between the more distant graphene layers. The
computed band gap is vanishingly small (or zero), again since

the second, nonfunctionalized layer is still intact. The
corresponding DOS curves and band structure are shown in
Figure 12(b and c) in Appendix B.

When adsorbing a second methyl group, we consider only the
case of adsorption on one of the two layers. This could be the
“upper layer” in case BLG is mounted on a surface. Among
several possibilities studied, the most stable configurations are
ud-12, ud-13, and ud-14 with multiplicity, M = 1, giving spin-
unpolarized situations. The geometries of ud-12, ud-13, and ud-
14 are shown in Figure 5 as side views. The corresponding
second adsorption energies, ΔE2 in Table 4, indicate similar
values as those of the most stable SLG-2CH3 species in Table 2.
The most stable form is ud-12, followed by ud-14 and ud-13 as
before. From the table, we also note that the total gaps are very
small (of the order of those found here numerically for free-
standing BLG, which is 0.004 eV), simply because the second
graphene layer still remains almost intact. Here also the resulting
DOS curves in Figure 6 can be interpreted as arising from the
sum of the DOS curves of SLG-2CH3 and the one of graphene
(see, for example, Figure 3(b)).
3.5. Methylation of Graphene by Heterolytic Reac-

tions: Methyl Anion and Methyl Cation. So far, we
considered methylation only via a homolytic route, i.e., reaction
withmethyl radicals. An alternative route would be heterolytic in
nature by splitting CH3X (with X = halogen, for example) into
CH3

+ and X− and attaching the methyl cation to SLG or BLG.
Similarly, one could split CH3M (with M = alkali, for example)
heterolytically into CH3

− and M+ and attaching the methyl
anion. Here we study both routes by adding one or two methyl
cations or anions to a SLG graphene layer, using (2 × 2) unit
cells as before. As counterions we use Cl− (corresponding to the
splitting of CH3Cl) or Li+ (corresponding to the splitting of
CH3Li), respectively.

The reaction energy for first heterolytic methylation is
calculated as

E E E E( )1 SLG CH Cl /Li SLG CH Cl/Li3
/

3
= ++ ++ + (6)

Here, ESLG−CHd3
++Cl− is the energy of SLG-CH3

+ with a Cl−

counterion nearby, and ESLG−CHd3
−+Li+ is that of SLG-CH3

− with a
Li+ counterion. Further, ESLG and ECHd3+Cl/Li are energies of the
starting materials, SLG and homolytically dissociated CH3Cl or
CH3Li, respectively, used as reference species here (i.e., as
reactants after photolytic splitting of CH3Cl or CH3Li). The
latter was calculated from optimizing CH3 with Cl and Li at a
large distance from CH3 using the same unit cell parameters as
those for SLG-CH3

±+Cl−/Li+. Note that also for radicalic
methlyation in previous chapters we did not include the energy
costs to create methyl radicals prior to attachment to SLG and
BLG, so the comparison based on eq 6 is fair. We remark that the
homolytic dissociation energies of CH3Cl and CH3Li are around
3.750 and 2.0 eV,51 respectively, according to high-level ab initio
calculations. Note finally that the anticipated assignment of
charges for the product is somewhat formal so far, see below for
this issue. Expressions similar to eq 6 hold for adding a second
CH3 anion or cation, with a reaction energy ΔE2, in which case
two counterions are needed per unit cell. Again, different
adsorption sites or combinations of adsorption sites were
considered. Although the number of electrons is even in all cases,
both spin-unpolarized and spin-polarized calculations were
performed, the latter with different spin multiplicities.

In Figure 7 we show stable structures found on the PBE+D3
level for SLG-CH3

++Cl− (a), SLG-2CH3
2++2Cl− (b), SLG-

Figure 4. (a) Energy change ΔEn as a function of n to add one more
methyl group to SLG-(n − 1)CH3, as defined in eq 4, for all structures
shown in Figure 2 (and Figure 9). (b) Total gap Δtot for the same
structures. All values calculated at the PBE+D3 level of theory.

Table 3. Properties of SLG-nCH3
a

n a ΔEn Eads Δ↑ Δ↓ Δtot gap type

1 4.93 −0.35 −0.35 2.10 2.21 0.57 indirect (K, Γ)
2 4.93 −2.31 −1.33 0.09 0.09 0.09 indirect (K, Γ)
3 4.93 +0.71 −0.65 0.70 1.22 0.40 direct (Γ)
4 4.93 −1.04 −0.75 2.15 2.15 2.15 indirect (K, Γ)
5 5.36 +2.30 −0.14 0.89 2.68 0.87 indirect (K, Γ)
6 5.47 −0.79 −0.25 3.62 3.62 3.62 direct (Γ)
7 5.63 +2.45 +0.14 0.41 2.24 0.37 direct (Γ)
8 5.81 −1.27 −0.04 3.14 3.14 3.14 direct (Γ)
aa(= b) is the lattice constant adopted or optimized, ΔEn is the
adsorption energy when adding one extra CH3 to SLG-(n− 1)CH3,
Eads is the adsorption energy per methyl group relative to the SLG
+CH3 asymptote, Δ↑ is the spin-up gap, Δ↓ is the spin-down gap, and
Δtot is the total gap. All energies are in eV, the lattice constant are in
Å.
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CH3
−+Li+ (c) and SLG-2CH3

2−+2Li+ (d), respectively. Apart
from the counterions, the structures of SLG-1CH3

∓ and SLG-
2CH3

2−/2+ are similar to those of SLG-1CH3 and SLG-2CH3,
respectively. In particular, the accepting C atoms of SLG
rehybridize and pyramidalize and, for SLG-2CH3

2−/2+, the ud-12
species are most stable, as for SLG-2CH3. We further find some
small differences in C−C bond lengths for SLG-2CH3

2 ± and
SLG-2CH3.

From Table 5, where first and second reaction energies are
indicated, along with the total band gap and the type of
calculation (e.g., spin-polarized, M = 1), we note the following:

(i) All reaction energies shown are large and negative,
indicating exoenergetic processes. Typical reaction
energies are larger than those for radicalic methylation.
For CH3Li, this is in agreement with results by Denis, who
showed that lithium doping significantly increases the
reactivity of monolayer graphene, enhancing the binding

energy of CH3 by about 0.66 eV.52 The reaction energies
involving CH3Cl are more negative, by about 0.2 eV for
the formation of SLG-CH3

+ and about 1.0 eV for
formation of SLG-2CH3

2+, than the corresponding values
for SLG-CH3

− and SLG-2CH3
2− obtained with CH3Li.

However, since the homolytic dissociation energy of
CH3Li is about 2.0 eV smaller than the dissociation
energy of CH3Cl, the overall energy balance is in favor of
CH3Li.

(ii) ΔE2 is larger than ΔE1 as for radicalic methylation;
however, the difference between the two is not quite as
striking compared to the radical route. That is, low-
coverage situations (e.g., one methyl per (2 × 2) cell)
should be more easily accessible via the heterolytic
pathway.

(iii) For the coverages studied here (1/8 and 1/4), computed
band gaps are small or zero. For twomethyl groups added,

Figure 5. Side views of (a) BLG-1CH3 (outside), (b) ud-12 BLG-2CH3 (named here BLG-2CH3(1,2)), (c) ud-13 BLG-2CH3, and (d) ud-14 BLG-
2CH3 optimized at the PBE+D3 level of theory. Some bond lengths, out-of-plane displacements, and interlayer distances (in Å) are indicated.

Table 4. Single CH3 Radical Chemisorbed on (2 × 2)-BLG (BLG-1CH3) Either “Outside” of One Layer or “Inside” Between the
Layersa and Similar (Selected) Information for the Three Forms of BLG-2CH3 Shown in Figure 5 ud-12, ud-13, and ud-14b

energetics band structure

BLG-1CH3 ΔE1
c ΔE1

p ΔETS Δ↑ Δ↓ Δtot gap type D

outside −0.34 −0.03 +0.19 0.30 0.26 0.07 direct (M) 3.32
inside −0.02 0.00 0.00 0.00 5.20

BLG-2CH3 ΔE2 Δtot D

ud-12 −2.15 <0.01 5.16
ud-13 −0.39 <0.01 4.84
ud-14 −1.52 <0.01 5.19

aΔE1
c,p are chemisorption and physisorption energies, ΔETS is the transition state energy relative to the BLG+CH3 asymptote, Δ↑ (Δ↓) is the spin-

up (down) gap, Δtot is the total gap, and D is the distance between the two layers (in Å), as defined in Figure 5 above and Figure 12 in Appendix B.
bΔE2 is defined here as the energy gain when adding a CH3 group to BLG-1CH3 “outside”. All energies are in eV, and all calculations were done
with PBE+D3.
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this is in agreement with the homolytic case, whereas
adding only one CH3 radical led to a larger (∼0.57 eV)

band gap according to Tables 2 and 3. In contrast, for
SLG-1CH3

−+Li+ we find no gap and a very small one for
SLG-1CH3

++Cl−.

(iv) We cannot exclude that the very small or zero gaps are
caused by incomplete charge transfer. Calculating Bader
atomic charges53 at the PBE+D3 level using VASP, we
find for SLG-CH3

−+Li+ and SLG-2CH3
−+2 Li+ that the

charge transfer from the Li subsystem to the methylated
graphene system is 0.43 and 1.72 e, respectively. Similarly,
for SLG-CH3

++Cl− and SLG-2CH3
2++2 Cl− we have

charge transfer of 0.44 and 0.58 e from the methylated
SLG to the Cl subsystem, respectively. It is presently not
clear if the incomplete charge transfer, which also causes
zero or very small gaps, is due to the (DFT)methods used
here or a physical feature of the low-dimensional system
under study. HSE06+D3 calculations on the PBE+D3-
optimized SLG-1CH3

−+Li+ and SLG-1CH3
++Cl− struc-

tures also result in very small gaps, and Bader charges are
very similar to the PBE+D3 values.

In addition to the systems studied in Figure 7 and Table 5, we
also considered other structures arising from heterolytic
functionalization, other spin multiplicities and, finally, also the
heterolytic functionalization of BLG. Some findings for those
systems and settings are described in Appendix C.

Figure 6. Electronic DOS curves for the four systems shown in Figure 5, namely, (a) BLG-1CH3 (outside), (b) ud-12 BLG-2CH3 (named here BLG-
2CH3(1,2)), (c) ud-13 BLG-2CH3, and (d) ud-14 BLG-2CH3, in comparison to the DOS of pristine BLG (red).

Figure 7. Optimized structures (side views) of (a) SLG-1CH3
++Cl−,

(b) SLG-2CH3
2++2Cl−, (c) SLG-1CH3

−+Li+, and (d) SLG-
2CH3

2−+2Li+, all calculated on the PBE+D3 level of theory. Cl is in
blue and Li in green. Some bond lengths and out-of-plane displace-
ments are indicated.

Table 5. Reaction of Single or Two CH3 Cations or Anions with SLGa

system 1CH3
++Cl− 1CH3

−+Li+ system 2CH3
2++2Cl− (ud-12) 2CH3

2−+2Li+ (ud-12)

ΔE1 −1.43 −1.20 ΔE2 −4.36 −3.37
Δtot 0.04 <0.01 Δtot <0.01 <0.01
mode spin-polarizedb (M = 1) spin-polarizedb (M = 1) mode spin-polarized (M = 1) spin-polarizedb (M = 1)

aAlso taking the counterions into account. Shown are first and second reaction energies, ΔE1 and ΔE2, respectively, the latter of which computed
by adding CH3Cl/Li to the most stable single-methylated species, SLG-1CH3

±+Cl−/Li+. All for (2 × 2) unit cells. All energies refer to the
structures shown in Figure 7, calculated using PBE+D3. Computed total gaps Δtot and computation mode are also shown. All energies are in eV.
bAlmost the same as spin-unpolarized, M = 1.
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3.6. Vibrational Spectra for Methylated SLG and BLG.
We have seen a great variety of structures and compositions of
homolytically or heterolytically methylated SLG and BLG from
DFT calculations. The question arises how these different forms
could be disentangled experimentally. Here we briefly study one
possibility to do so, namely through the vibrational signatures of
these materials, probed by vibrational spectroscopy.

Let us start with SLG, methylated with one or two methyl
radicals, as studied in section 3.1 and 3.2. In Figure 8, we show
VDOS curves obtained from AIMD calculations at 298.15 K as
described in section 2.2 using eq 1. The VDOS curves are shown
for SLG-1CH3 and SLG-2CH3, the latter for ud-12, ud-13, and
ud-14, all in comparison to the VDOS curve of SLG.

Considering pristine SLG first, we see from the figure that
vibrations of the carbon lattice extend up to ∼1600 cm−1, with a
maximum around 1300−1400 cm−1 and a smaller VDOS toward
lower frequencies. When adding CH3 (see Figure 8(a)), the
most striking effects are due to the appearance of new features,
most notably around 2950 and 3100 cm−1 (C−H symmetric and
asymmetric stretches, respectively), at 1350−1450 cm−1 (H−
C−H scissor and umbrella modes), and around 1000 cm−1

(CH3 rocking). Further, there is the C−CH3 stretching modes
(around 650 cm−1). This assignment is based on analysis done in
Appendix D in Table 6, where we also compare characteristic
AIMD peaks to a normal-mode analysis. The latter does not
account for anharmonicity and temperature effects, though.
Apart from the new peaks, we also find that the graphene C−C
vibrations shift somewhat and can have different intensities
compared to pristine SLG. Adding a second CH3 group (Figure
8(b)) has some small effects. According to Table 6, the most
prominent quantitative effect (apart from intensities) when
going from SLG-1CH3 to SLG-2CH3 (ud-12) is a ∼50 cm−1

blueshift of the H−C−H scissoring mode(s) between 1400 and
1500 cm−1. Further, the VDOS curves of all double-function-
alized species are similar. Closer inspection shows that the most
obvious distinction between SLG-2CH3 (ud-12) on the one

side, and SLG-2CH3 (ud-13) and SLG-2CH3 (ud-14) on the
other is through the CH3 rocking mode(s) around and above
1000 cm−1, which are blue-shifted for the latter two by ∼70 cm−1

compared to the former, cf. Table 6.
In Figure 13 in Appendix D, it is shown that similar

conclusions hold for computed IR spectra, calculated by the
AIMD-VVAF method as described in section 2.2. That is, for z-
polarized IR spectra, the most striking features are intensity
changes when going from single- to double-methylation, or
when comparing different double-functionalized species.
Further, there are similar peak shifts as for the VDOS. Note
that in our approach computed IR spectra will only represent the
C−C vibrations reliably. Still, C−H vibrations can also be seen
due to the fact that in AIMD all modes are coupled. Finally, for
completeness, we show in Appendix D, in Figures 14 and 15,
VDOS curves and IR spectra for selected other systems studied
in this work, with heterolytic CH3

± functionalization and or
functionalization of BLG.

4. SUMMARY AND CONCLUSIONS
Here we studied the methylation of SLG and BLG via
“homolytic” (reactions with CH3 radicals) and “heterolytic”
pathways (reactions with CH3 anions or cations). Besides
structures and reaction energies, properties such as band gaps
and vibrational signatures were also computed, all with PBE+D3
using periodic supercell models. The most important findings
are as follows.

• Low-coverage radicalic methylation of SLG is exoener-
getic, with weak physisorption wells and deeper
chemisorption wells separated by small barriers. The
chemisorption with an odd number of CH3 radicals (per
unit cell) is energetically less favorable than situations
with an even number of CH3 radicals, for which “dangling
electrons” can pair up to create stable species, such as in
ud-12, for example. During chemisorption, accepting C
atoms of SLG rehybridize to sp3, and both the accepting C

Figure 8. VDOS for pristine SLG (red curves) and methylated systems (black curves) obtained from AIMD/NVT at 298.15 K: (a) SLG-1CH3, (b)
SLG-2CH3 (ud-12), (c) SLG+2CH3 (ud-13), and (d) SLG+2CH3 (ud-14).
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atoms and the methyl C adopt pyramidal (nonflat) local
geometries. When functionalizing with increasing
amounts of methyl, alternating “up−down” structures
are formed (due to reducing the deformation energy
necessary for the functionalization) up to full saturation,
this way creating a methylated analog of graphane. All of
this is similar to what is found for hydrogenated graphene;
however, at least the structures above a coverage of θ = 1/
2 are high-energy, probably unstable, compounds with
strongly elongated C−C bonds. Themethylated analog of
graphane, methyl-graphane, on the other hand is less
unstable than its high-coverage neighbors such as SLG-
5CH3 to SLG-7CH3.

• Like for hydrogenated graphene, an increasing degree of
functionalization (methylation) converts SLG from a
zero-gap semimetal to a semiconductor. At low coverage,
θ = 1/4, the gap is still almost zero but then increases
nonmonotonically up to ∼3.1 eV for methyl graphane on
the PBE(+D3) level. We expect the band gap of methyl
graphane to be smaller than that of graphane, which has a
gap smaller than diamond. In almost all cases we studied,
low-spin states were preferred, i.e., for the series SLG-
nCH3M = 1 in the case of even n andM = 2 in the case of
odd n. For the latter, the band structure appears to be
spin-polarized, and interesting magnetic properties can be
expected.

• Radicalic “outside” methylation of bilayer graphene shows
quite similar behavior to SLG. “Inside” adsorption is less
favored at low coverages due to the loss of van der Waals
attraction between layers arising from large space
requirements, which push the two graphene layers apart.
However, with increasing degrees of methylation,
alternating “up−down” (or “outside-inside”) structures

are favored compared to “outside−outside”. Electronic
and structural properties of methylated BLG are, broadly
speaking, a simple combination of properties of pristine
graphene weakly interacting with a functionalized SLG
layer.

• Considering the “heterolytic” route to methylated SLG
and BLG, by (formally) splitting CH3Li and CH3Cl into
ion pairs and adding methyl anions or cations to the
substrate, appears first of all to be energetically favorable
in comparison to the “homolytic” route. Additionally,
since unpaired electrons play no role, differences between
odd and even numbers of methyl groups are less
pronounced and spin-polarization does usually not
occur. Other than that, the most stable structural motifs
found are very similar to those found via the “radical
route”. Up to the θ = 1/4 coverages studied, only very
small or no band gaps were observed for the heterolytic
species.

• Methylation gives also rise to altered vibrational spectra.
Several features have been identified that may be used as
“fingerprints” of methylation, and, perhaps, also to
quantify the degree of methylation.

In summary, we have shown that the methylation of single-
and bilayer-graphene should be feasible, possibly also beyond
very low coverages. The methylation can be understood as a first

Figure 9. (a−h) Top view of optimized most-stable found structures of
SLG-nCH3 (from n = 0 to n = 8) for (2 × 2) unit cells used in this work.
The structure of SLG in comparison is shown in the upper left corner.
For n = 1−4, the lattice parameters were fixed at a = b = 4.93 Å and γ =
120° (the optimized values for n = 0, i.e., free-standing SLG), while for
crowded n = 5−8 the lattice parameters have been reoptimized (see
text). Bond lengths (in Å) are also indicated. All calculations were done
using spin-polarized PBE+D3 for multiplicitiesM = 2 (in the case of n =
1 (a), 3 (c), 5 (e), and 7 (g)) andM = 1 (in the case of n = 2 (b), 4 (d), 6
(f), and 8 (h)).

Figure 10. (a−h) Band structures of optimized most-stable found
structures of SLG-nCH3 (from n = 1 to n = 8) for (2 × 2) unit cells used
in this work. All calculations were done using spin-polarized PBE+D3
for multiplicitiesM = 2 (in the case of n = 1 (a), 3 (c), 5 (e), and 7 (g))
and M = 1 (in the case of n = 2 (b), 4 (d), 6 (f), and 8 (h)).
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step toward the construction of C−C connected layered
structures with rich structural variability and hopefully also
with tunable optoelectronic properties.

■ APPENDICES

A. SLG Functionalized with Various Amounts of CH3
Radicals
For graphical representations of this topic, see Figures 9 and 10.
B. BLG Functionalized with Various Amounts of CH3
Radicals
For graphical representations of this topic, see Figures 11 and 12.
C. SLG and BLG Functionalized with CH3 Cations or Anions:
Further Findings
In section 3.5, the methylation of graphene by heterolytic
reactions (methyl cations and anions) was studied. In particular,

the most stable structures of SLG after functionalization with
one or two methyl ions and corresponding energies and
optoelectronic properties were considered (cf. Figure 7 and
Table 5). In addition, we also considered other structures, other
spin multiplicities and, finally, the heterolytic functionalization
of BLG. Some interesting findings in this context are as follows:

(i) In all cases studied for heterolytically functionalized SLG,
systems with spin multiplicity M = 1 were more stable
than higher multiplicities. For example, for SLG-
1CH3

−+Li+, a spin-polarized calculation with M = 3
gave ΔE1 = −0.64 eV, which is about half the reaction

Figure 11. Band structures for the four methylated BLG systems shown
in Figure 5: (a) BLG-1CH3 (outside), (b) ud-12 BLG-2CH3 (named
here BLG-2CH3(1,2)), (c) ud-13 BLG-2CH3, and (d) ud-14 BLG-
2CH3. All calculations were done with PBE+D3, spin-polarized, and
multiplicity equal to 2.

Figure 12. (a) Side view of BLG-1CH3 (inside), optimized, with some
bond lengths (in Å) indicated. (b) Corresponding electronic DOS
curve for spin-up and spin-down (black) in comparison to the (spin-
unpolarized)DOS of BLG (red). (c) Corresponding band structure. All
calculations were done with PBE+D3, spin-polarized, and multiplicity
equal to 2.

Table 6. Comparison and Assignment of Normal Mode
Wavenumbers (in cm−1) for SLG with One or Two CH3
Radicals at the PBE+D3 Level of Theorya

assignment

structure

C−H
asym
str.

C−H
sym
str.

H−C−H
sci. in CH3

bending
umbr.

CH3-
rock. on
SLG

CH3-
SLG
str.

SLG-CH3 3067 2975 1545 1434 973 638
3066 1543 1434 973 638

AIMD 3087 2945 1422 1348 1004 660
SLG-2CH3
(ud-12)

3073 2992 1563 1442 970 618

3072 2985 1441
3070 1438
3067 1438

AIMD 3110 2948 1478 1363 1005 650
SLG-2CH3
(ud-13)

3076 2978 1531 1469 998 628

3072 2978
AIMD 3109 2960 1468 1375 1080 640
SLG-2CH3
(ud-14)

3065 2970 1637 1453 985 626

3064 1636 1452 985
3061
3061

AIMD 3105 2955 1462 1370 1078 640
aThe entry “AIMD” gives the position of the corresponding AIMD
peak (with maximal intensity).

Figure 13. IR spectra (z-polarized) for methylated SLG systems
obtained from AIMD/NVT at 298.15 K: (a) SLG-1CH3, (b) SLG-
2CH3 (ud-12), (c) SLG-2CH3 (ud-13), and (d) SLG-2CH3 (ud-14).
For the spectra, μCC′ = 1 was used in eq 2. The most intense peak of the
figure (the one close to 1000 cm−1 in panel (d)) was normalized to 1,
and the same scaling was used for all other panels.
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energy obtained with a spin-polarized M = 1 calculation
(see Table 5).

(ii) After double-functionalization of SLG, as mentioned in
the main text, the ud-12 forms are most stable compared
to alternatives like ud-13, ud-14, or uu-12. For example,
for SLG-2CH3

2−+2Li+, the reaction energies leading to
ud-13 and ud-14 are −0.96 and −1.99 eV, respectively,
compared to ΔE1 = −3.37 eV for ud-12.

(iii) We have also studied the heterolytic methylation of BLG.
For the reaction of a (2 × 2) unit cell of BLG with a single
CH3Li molecule, the most stable arrangement is CH3

−

adsorbing “outside” and Li+ “inside” (i.e., between) the
two layers, with a reaction energy ΔE1 = −1.98 eV, which
is somewhat more exoenergetic than the corresponding
reaction with SLG (ΔE1 = −1.20 eV, see Table 5). The
most stable form obtained after adding a second CH3Li is
ud-12 and two Li+ ions between the layers, with a reaction
energy ΔE2 = −2.27 eV, which is somewhat less
exoenergetic than the corresponding reaction with SLG
(ΔE2 = −3.15 eV, see Table 5). The formed structures are
gapless and spin-unpolarized. Similarly, for the reaction of
a (2 × 2) unit cell of BLG with a single CH3Cl molecule,
the most stable arrangement is that with both CH3

+ and
Cl− “inside”. We find ΔE1 = −1.32 eV, similar to what was
found for SLG (−1.43 eV, see Table 5). Double-
functionalization with CH3Cl gives ud-12 and two Cl−
ions between the layers as the most stable structure, with
ΔE2 = −4.32 eV, again similar to the value for SLG. Here
also the formed structures are gapless and spin-
unpolarized.

D. Vibrational Spectra of SLG and BLG Functionalized with
CH3 Radicals, Anions, Or Cations
For data and graphical representations of this topic, see Table 6
and Figures 13−15.
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Figure 14. VDOS for pristine SLG and BLG (red curves),
heterolytically methylated SLGs, and homolytically methylated BLGs
(black curves) obtained from AIMD/NVT at 298.15 K: (a) SLG-
1CH3

−+Li+, (b) SLG+2CH3
−(1,2)+2Li+, (c) SLG-1CH3

++Cl−, (d)
SLG+2CH3

+(1,2)+2Cl−, (e) BLG-1CH3, and (f) BLG+2CH3(1,2).
Note: the black spectrum in (b) is for a slightly less stable structure than
the one shown in Figure 7(d), with both Cl atoms on one side.

Figure 15. IR spectra corresponding to the systems considered in
Figure 14: (a) SLG-1CH3

−+Li+, (b) SLG+2CH3
−(1,2)+2Li+, (c) SLG-

1CH3
++Cl−, (d) SLG+2CH3

+(1,2)+2 Cl−, (e) BLG-1CH3, and (f)
BLG+2CH3(1,2). For the spectra, μCC′ = 1 was used in eq 2. The most
intense peak of the figure (the one close to 1000 cm−1 in panel (b)) was
normalized to 1, and the same scaling was used for all other panels.
Note: the spectrum in (b) is for a slightly less stable structure than the
one shown in Figure 7(d), with both Cl atoms on one side.
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