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ABSTRACT: In the present article, graphene complexes with out-of-plane organic
substances such as a triphenylmethyl radical, anion, and cation are studied.
Comparison is made with the similar closed-shell molecule (cyclohexa-2,5-dien-1-
ylidenemethylene)dibenzene. The nearest contact in the complexes is realized
between a hydrogen atom of the organic molecule and a carbon atom of graphene.
The geometry of the organic molecules does not change significantly, but changes
in graphene’s electronic density of states make possible the identification of the
formed π−π complex. This effect represents an extension of the idea that graphene
is capable of single-molecule detection to graphene being capable of adsorption
complex detection and, more importantly, identification.

1. INTRODUCTION

The study of graphene has attracted much attention because it
is a promising new material for a variety of applications in the
electronics industry, durable low-resistant coatings, and
medical applications.1 For example, it is demonstrated that
sensors of pristine graphene can achieve a detection limit
beyond the ppm (parts-per-million) range for gas molecules of
NO, NO2, NH3, N2O, O2, SO2, CO2, and H2O at room
temperature: 0.16, 2.06, 33.02, 103, 38.8, 67.4, 136, and 103
parts-per-trillion (ppt), respectively.2 The capability of
detecting an event such as a single gas molecule attaching or
detaching from its surface is related to the changes in the local
carrier concentration in graphene caused by immobilization of
one electron at a time by the adsorbed molecule which leads to
step-like changes in resistance.3 This is reminiscent of the field
effect in semiconductor physics. In effect, graphene is
recognized as a single-molecule detector. Also, a lot of effort
is concentrated on the possible functionalization of graphene
in order to refine the detector’s response: it is established
experimentally that the sensitivity of the sensors can be
enhanced by functionalization of the graphene surface by a
self-assembled single-stranded deoxyribonucleic acid (DNA)
layer;4 moreover, it is observed that the sensitivity depends on
the DNA sequences. Later on, it is reported that covalent
functionalization of graphene, for example with 4-nitrophenyl
groups,5 can lead to a bandgap opening. This is caused by
transition of carbon atoms from sp2 to sp3 hybridization and
subtraction of p electron density from the graphene sheet.
Graphene, possessing a bandgap, can be used directly in the
semiconductor industry or as a sensor material with very low
quiescent current. Graphene, modified with anthraquinone, has
also been proposed for use in electronics components.6 With

this material, the energy storage (per weight) of a battery/
supercapacitor can be increased more than 2 times.
In general, the functionalizing species (different organic

molecules/amino acids/peptides/proteins/enzimes, etc.) can
interact with the graphene surface covalently or noncovalently
(π−π or electrostatic interaction, hydrogen bonding), thus
diversifying the behavior of graphene as an active detector’s
media. It is clear that carefully driven ab initio simulations of
such interactions can significantly facilitate the correct choice
of functionalization species by predicting geometry, stability,
and electronic structure of the formed complexes.
Various small molecules and polymers can bind to graphene

with different affinity. The interaction of the latter with
aromatic molecules (benzene, anthracene, pyrene, tetracene)
has been studied computationally using DFT with the PBE or
B3LYP functional as well as with the semiempirical method
DFTB.7,8 The binding energy of benzene on graphene/
Ru(0001), 52.9 kJ/mol, is experimentally obtained from
thermal desorption spectroscopy (TDS) peak positions.9

Desorption activation energies of the graphite interaction
with benzene, naphthalene, coronene, and ovalene, 48.2, 82.0,
135.1, and 202.6 kJ/mol, respectively, are also obtained with
TDS.10 These values were compared with vdW-DF calcu-
lations.11 Theoretical values compare well, when experimental
errors and the influence of the graphite layers are taken into
account.10,11 As a result, the binding energy of the adsorbed
aromatic molecule to graphene increases with increasing the
number of condensed aromatic rings. The equilibrium
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separation between the molecules and graphene is about 320−
350 pm in all cases. The maximum adhesion force also
increases with the increase in the number of aromatic rings.
The energy gap of benzene in the gas phase and adsorbed to
graphite is compared, using the GW method.12 It is concluded
that the gap decreases with 3.2 eV following the adsorption.
The interaction of benzoic acid with the graphene sheet has

been investigated using DFT at the LDA level.13 It should be
noted that at this level the theory does not cover nonlocal
electron correlation effects and thus cannot describe the
intermolecular interactions quantitatively. Qualitative analysis,
however, reveals that the presence of substituents significantly
alters the π−π interactions between the adsorbates and the
graphene surface. The calculated adsorption energy for
benzene is twice as low as for benzoic acid. The absorption
energy does not increase linearly with the number of COOH
groups in the molecule. The interaction of graphene with
chlorinated and nitrated benzene derivatives has also been
studied theoretically.13 Experimental STM study shows that
1,3,5-benzenetribenzoic acid can absorb to graphene and
assemble in a porous network. Without annealing, both
ordered and disordered structures can be detected. If the
sample is subjected to annealing, domains with long-range
order can be fabricated.14

Amino acids are important for the biocompatibility of a
material. Their interactions with graphene have been studied
with theoretical methods.15−17 As a rule of thumb, charged
groups, like the organic ammonium ion (−NH3

+), interact
more strongly with the graphene sheet than electrically neutral
groups such as, for example, the amino group (−NH2). In this
regard, atomistic ab initio molecular dynamics simulations
have demonstrated that pristine graphene has very low
reactivity toward ammonia (NH3) in comparison with
molecules that can accept electrons from the graphene π-
electron cloud.18 Nevertheless, the presence of defects in the
carbon sheet significantly enhances the graphene/ammonia
interactions, thus leading to relatively facile NH3 dissociation
at moderately low temperatures.19 Rajesh et al.20 studied the
interaction of phenylalanine (Phe), histidine (His), tyrosine
(Tyr), and tryptophan (Trp), with attention to the π−π
interactions between the aromatic rings and the surface. As one
can expect, the covalent bonds between graphene and various
organic molecules are found to be more stable than the various
noncovalent interactions.21

The interaction of graphene with different polymers, used to
form composites, has also been studied.22 Noncovalent
interactions of graphene with polymers rely on the van der
Waals interaction, electrostatic interaction, or π−π stacking.
Such interactions are observed between graphene and
polymers that have charged or aromatic/conjugated groups
in their macromolecules like PFVSO3 or PEG-OPE. In order to
functionalize graphene or graphene oxide with PMMA,
polyurethane, or their derivatives, covalent bonding with the
surface is preferred. However, residual PMMA left on graphene
after the fabrication process affects its electrical and thermal
properties.23

Since dyes are mostly aromatic molecules, they can engage
in π−π interactions with graphene. Rhodamine 6G−graphene
(and defective graphene) interactions have been studied
theoretically employing DFT with the PBE functional as well
as using DFTB+.24 Covalent bonding is employed as a method
for graphene functionalization. Bonding between the epoxy/
hydroxyl group (if present on the surface) and the dye amine

groups is observed. Additionally, experimental characterization
of the dye interactions with graphene materials is investigated
using SPR spectroscopy. Noncovalent adsorption of a perylene
bisimide derivative has also been reported.25 The resulting
film, characterized by Raman spectroscopy and XPS, exhibits
high stability. Dye molecules (such as tetracyanoquinodi-
methane (TCQN)a good electron acceptor) have been
proposed to enhance the electronic properties of pristine and
doped graphene.26

The literature lacks theoretical works dedicated to the
interaction of out-of-plane aromatic molecules with graphene.
This lack of specific knowledge inspired the present study, as
computational chemistry offers useful tools to shed light on the
hybrid systems, composed of 2D solid body (graphene) and
the adsorbed out-of-plane molecules. Triphenylmethyl radical,
cation, and anion were chosen as they can present the
interactions in the purest form, without substituents in the
hydrocarbon part.
In the present article, the interaction between graphene and

out-of-plane aromatic substances triphenylmethyl radical,
cation, and anion is studied theoretically for the first time, to
the best of our knowledge. Because the electronic delocaliza-
tion along the three benzene rings stabilizes the radical, cation,
and anion,27−29 these structures are observed experimentally
and can be used in practice to alter the properties of graphene
or other carbon-based materials, similarly to the functionaliza-
tion examples already discussed. The basic properties of the
complexes such as binding energy, geometry structure, and
electronic configuration are investigated, and synthetic
approaches are discussed. A comparison is made with the
(cyclohexa-2,5-dien-1-ylidenemethylene)dibenzene complex of
graphene. The former molecule is similar in structure to
triphenylmethyl particles but represents a neutral closed-shell
system. The present investigation sheds light on the
interactions of graphene with out-of-plane aromatic hydro-
carbons, including an open-shell structure (radical) and closed-
shell cation and anion.
We have studied the subtle changes in the density of states

of the graphene sheet in the cases of triphenylmethyl radical,
anion, and cation complexes. The observed unique changes in
the DOS, caused by the π−π interactions with the aromatic
molecules, can be used not only to detect adsorption/
desorption of molecules but also to identify the type of
molecular complex formed with graphene. Effectively, we
extend the idea of graphene being a single-molecule detector to
graphene being capable of detection of π−π complexes by their
unique DOS features. Such detection can be achieved in any
scheme utilizing the shape of the DOS of a graphene channel
(field effect transistor or other).

2. COMPUTATIONAL DETAILS
All geometry optimizations necessary to calculate the binding
energies of the complexes and the energies of reactions are
performed using the CP2K/Quickstep package.30,31 The DFT
is applied within the generalized gradient approximation
(GGA), using Perdew−Burke−Ernzerhof (PBE) functional.32

Double-zeta basis set DZVP-MOLOPT-SR-GTH, optimized
for calculating molecular properties in the gas and condensed
phases, is applied for all atoms in the studied systems.33 For
reducing the computational cost, Gaussian and plane-wave
(GPW) expansion sets are used for expanding the electronic
wave functions.34,35 Only the valence electrons are explicitly
considered. Their interaction with the remaining ions is
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described using the pseudopotentials of Goedecker−Teter−
Hutter (GTH).36,37 The charge density cutoff of the finest grid
level is equal to 400 Ry. The number of used multigrids is 5.
All systems with odd number of electrons (containing radicals)
are studied, employing the unrestricted Kohn−Sham formal-
ism. The convergence of the SCF procedure is usually difficult
to achieve in systems with small bandgap as metals and
semimetals. This difficulty arises from having to integrate
discontinuous functions that drop to zero when a band crosses
the Fermi energy.38 The difficulty in converging the SCF
procedure increases with increasing the complexity of the
system. The electronic structure of graphene complexes in the
ground state with the triphenylmethane radical, cation, and
anion could not be optimized correctly employing the orbital
transformation (OT) or the standard diagonalization methods.
In order to improve the convergence with respect to Brillouin
zone sampling in our systems with small bandgap, electronic
temperature is introduced, using the Fermi distribution
function.38 All CP2K calculations are performed at T = 300
K, and for the case of complexes, 100 additional unoccupied
orbitals are added. The smearing of the occupation numbers of
the molecular orbitals led to partial occupation of orbitals close
to the Fermi energy. This method allowed for achieving
convergence in all cases. For the radical species, a difference of
1 between the numbers of electrons having spin up and spin
down is shifted with the smearing procedure. Dispersion
interactions (for the PBE functional) are taken into account for
all studied complexes. The DFT+D approach, with D3 set,
recommended for use with electroneutral and charged
complexes is used.39

Geometry optimization of the complexes is performed from
starting with different initial separation of the organic molecule
of 200−250 pm and 350−450 pm from graphene. The trust
(maximum) radius of the optimization step was initially set to
5 pm, but in some cases oscillation of geometry and energy
occurred. In these cases the trust radius is reduced to 1 pm in
order to achieve convergence.
The binding energies of the complexes, ΔE, are calculated

according to eq 1

Δ = + −E E E E( )g m c (1)

where Ec is the electronic energy of the complex; Eg is the
electronic energy of the periodic graphene sheet; and Em is the
electronic energy of the molecule (radical or ion), which
interacts with the graphene sheet. Positive ΔE values indicate
exothermic interactions. Energies of the reactions are
calculated as the difference between energies of the starting
materials and products.
The DOS are calculated with VASP software,40,41 employing

the PBE functional with D3 dispersion. DOS are recalculated
with the optPBE-vdW functional from the PBE+D3 geometry
in order to take into account the nonlocal electron correlations,
important for the description of the graphene−adsorbate
interactions.42 For the calculations with PBE+D3, k-point
sampling with a 5 × 5 × 1 grid is used for all systems, with one
exception. For the complex of graphene and the triphenyl-
methyl radical, a 3 × 3 × 1 grid is used. For all calculations
with optPBE-vdW, a 3 × 3 × 1 grid is used because of the very
high computational cost. We employed a double-ζ basis set in
our calculations with CP2K, while the kinetic energy cutoff is
415 eV in VASP calculations. The bandgap values are
calculated directly from the electronic structure of the systems
as a HOMO−LUMO energy difference. It is checked that both

CP2K and VASP give identical optimized geometries of the
studied complexes.
M06-2X calculations are performed only on the triphenyl-

methyl radical in the gas phase, using Gaussian09 software,
with 6-311+G* basis set.43,44 A hybrid functional is used in
order to test if the self-interaction error, occurring with the
GGA functional PBE, will have an effect on the spatial
localization of the unpaired electron in the triphenylmethyl
radical.

3. RESULTS AND DISCUSSION

3.1. Geometry and Stability of the Complexes.
3.1.1. Geometry of the Complexes. The studied complexes
represent a single graphene sheet, interacting with an organic
substance (molecule, radical, or ion). The unit cell of graphene
consists of two carbon atoms with lattice parameters a and b of
246 pm. In order to avoid errors associated with small systems
(too high adsorbate loading, incorect geometry of the
substrate), the supercell used for the simulations contains
288 carbon atoms in a hexagonal cell with lattice parameters A
= 12 × a and B = 12 × b.45 The C edge, i.e., the vacuum space
between the graphene sheets, is fixed to 2000 pm. The
dimension of the C edge of the supercell is assumed to be long
enough to eliminate the interaction between the periodic
images. The angles between the A, B, and C edges of the
supercell, α between B and C, β between A and C, and γ
between A and B, have values of 90°, 90°, and 60°,
respectively.
The triphenylmethyl radical, anion, and cation are chosen to

form complexes with graphene, which are denoted as
RadicalGr, AnionGr, and CationGr. Their geometry is
represented in Figure 1 a,b. A graphene complex with a
closed-shell (singlet) molecule with a similar structure is also
studied. The chosen molecule, (cyclohexa-2,5-dien-1-
ylidenemethylene)dibenzene (denoted as Yl), is presented in
Figure 1c,d. The complex is denoted as YlGr.
Geometry optimization is performed in order to study the

spatial characteristics and stability of the formed complexes.

Figure 1. Geometry of the organic substances: (a) and (b) top and
side view of the triphenylmethyl cation, anion, and radical. (c) and
(d) top and side view of (cyclohexa-2,5-dien-1-ylidenemethylene)-
dibenzene. Selected atoms are denoted by numbers. Carbon atoms
are presented as gray spheres and hydrogen atoms as light blue
spheres.
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The initial positions of the organic molecules and graphene
were as follows: (a) initial distance of 350−450 pm, in order to
study the π−π interactions, and (b) the central carbon atom
C1 of the organic molecule covalently bonded to the graphene
layer. The second, covalently bonded type of interaction was
found to be unstable, and thus, it is not discussed further. Two
initial structures are used with respect to the stacking between
the organic molecule and the graphene sheet, AB stacking
(Figure 2a) and AA stacking (Figure 2b). Initial AB and AA
stacking produced AB and AA optimized complexes,
respectively.

The nearest distance between a hydrogen atom from the Yl
molecule and carbon atom from graphene (Cg···Hh) (Table 1)

is 277 pm for AB configuration and 266 pm for AA
configuration (Figure 2). For the RadicalGr, AnionGr, and
CationGr complexes, these distances are in the range of 282−
287 pm, which is about 5−10 pm larger than for the YlGr
complex in AB configuration. The similar Cg···Hh distances can
be explained with the similar geometries of the RadicalGr,
AnionGr, and CationGr complexes.

The nearest distance between a carbon atom from the Yl
molecule, triphenylmethyl radical, anion, and cation (Cg···Ch)
and a carbon atom from graphene is in the range of 324−336
pm. The distance between the central carbon atom of the
organic molecule (Cg···C1) and the nearest carbon atom from
graphene is in the range of 397−419 pm.
It should be noted that, when graphene interacts with

nonplanar aromatic hydrocarbons, the distance between the
organic molecule and graphene is closer than in the complexes
of graphene with a planar aromatic molecule. For example, the
Cg···Hh distance in the studied complexes of nonplanar
molecules is in the range of 270−290 pm, while the optimized
distance in the case of planar aromatic hydrocarbons is in the
range of 340−350 pm (calculated with PBE-D3).8 The reason
for this is the small atomic radius of the hydrogen atoms that
come into contact with the graphene sheet compared to the
carbon atoms in the complexes of the nonplanar molecules
(see Figure 2c and d).
The geometry of the organic molecules in the gas phase and

adsorbed in the complex with graphene is studied. The bond
lengths between the central carbon atom and the covalent
bonded carbon atom from the benzene rings (partially
aromatic ring in Yl) are compared (for notation of the
atoms, see Figure 1). The dihedral angles are also studied
(Table 2). For the Yl molecule, the C−C bond distances (C1−
C2, C1−C3, C1−C4) are 139, 148, and 148 pm, respectively.
The double bond is the shortest one of 139 pm. In the
complex, these bond lengths do not change significantly. In the
AB configuration, one of the bonds is elongated by 1 pm from
148 to 149 pm. All C−C distances in the gas phase radical and
anion are 146 pm and do not change in the complex (see
Table 2). The C−C bond lengths in the cation are 145 pm.
One of the bonds is longer by 1 pm in the AB and AA
configurations.
Dihedral angles that define the planarity of the molecules are

also studied (see Figure 1 and Table 2). In the case of the Yl
molecule, the dihedral angles C4C1C2C5 and C3C1C2C6,
containing atoms of the partially conjugated ring, have small
values of 13.3°. The double bond at the partially conjugated
ring is responsible for this effect. In the complexes with
graphene, these values generally decrease (Yl becoming more
planar), with one exception at the AA configuration. The
triphenylmethyl radical, anion, and cation have C3v group
symmetry. For this reason, C1−C2, C1−C3, and C1−C4
bonds are equal in length, and dihedral angles have similar
values. The dihedral angles are equal to 33.5−33.8° for the
radical, 30.3−30.6° for the anion, and 33.4−33.6° for the
cation (Table 2). The geometry of the organic molecules does
not change significantly in the complexes. When the complexes
are formed, the organic molecules generally become slightly
more planar. Dihedral angles’ values decrease: for YlGr
complexes by 1−6°, for the RadicalGr by 2−3°, and for
CationGr by 1−3°. Exceptions are AnionGr complexes, where
dihedral angles either do not change or increase by up to 1°.

3.1.2. Stability of the Complexes. The binding energies,
accounting for the stability of the complexes, are calculated.
Organic cations and anions produce more stable complexes,
with the most stable being the complexes with the
triphenylmethyl cation, ΔE = 301 kJ/mol for AB and 300
kJ/mol for AA configuration (Table 1). The second most
stable are the complexes of the triphenylmethyl anion with ΔE
= 128 kJ/mol for AB configuration and 127 kJ/mol for AA.
The radical and the closed-shell molecule (Yl) have similar

Figure 2. Geometry of the graphene complexes: (a) AB configuration,
(b) AA configuration, (c) side view of the graphene complexes with
the triphenylmethyl cation, anion, and radical, and (d) side view of
the graphene complex with (cyclohexa-2,5-dien-1-ylidenemethylene)-
dibenzene.

Table 1. Geometric and Energy Characteristics of the
Complexesa

complex/
configuration Cg···Hh [pm] Cg···Ch [pm] Cg···C1 [pm]

ΔE
[kJ/mol]

YlGr/AB 277 324 416 87
YlGr/AA 266 331 403 82
RadicalGr/AB 282 329 417 82
RadicalGr/AA 283 335 397 82
AnionGr/AB 285 328 418 128
AnionGr/AA 287 332 397 127
CationGr/AB 285 330 419 301
CationGr/AA 284 336 397 300

aCg − nearest carbon atom from graphene; Hh − nearest hydrogen
atom from the organic molecule; Ch − nearest carbon atom from the
organic molecule; C1 − the central carbon atom of the organic
molecule; ΔE  the binding energies of the complexes.

The Journal of Physical Chemistry C Article

DOI: 10.1021/acs.jpcc.9b03550
J. Phys. Chem. C 2019, 123, 21448−21456

21451

http://dx.doi.org/10.1021/acs.jpcc.9b03550


binding energies (in the range of 82−87 kJ/mol). In the case
of the YlGr complex, the AB configuration is more stable than
the AA one by 5 kJ/mol. For the other complexes, the AB and
AA configurations have similar stability. Other theoretical
works suggest that AB is the preferred way of stacking in the
complexes of graphene and planar aromatic molecules.8,46 It
should be noted that Cg···Hh, Cg···Ch, and Cg···C1 distances do
not correlate with the binding energy between the organic
molecule and the graphene sheet. No correlation is observed
between the binding energy and the C1−C2, C1−C3, and
C1−C4 bonds as well as the dihedral angles. The binding
energies of graphene complexes with planar aromatic hydro-
carbons, having 18−20 C atoms, are calculated to be in the
range of 105−115 kJ/mol (PBE-D3).8 These values differ by
only 20 kJ/mol from the binding energies of YlGr, RadicalGr,
and AnionGr complexes.
In order to get insight into the high stability of the cation

complex, adiabatic ionization potential (IP) for the triphe-
nylmethyl radical in vacuum and in the graphene complex is
calculated. IP is calculated as the energy difference between the
cation and radical. Results show that IP is higher in the case of
the radical in vacuum (482 kJ/mol) than in the complex
RadicalGr (263 kJ/mol); in other words, ionization is less
energetically demanding for the complex. It can be concluded
that the cation is stabilized due to the interaction with the
electron-rich π system of graphene. This stabilization is the
reason for the high energy of formation (binding energy) for
the CationGr complex. Adiabatic electron affinity (EA) for the
triphenylmethyl radical in vacuum and in complex is also
calculated. EA is relatively higher in the case of the radical in
complex RadicalGr (238 kJ/mol) than in vacuum (192 kJ/
mol). Hence, it is more energetically favorable for the complex
to receive electrons.
Possible routes for the synthesis of the studied complexes

are considered, via vacuum deposition technology, to avoid
interference with atmospheric gases. Starting materials are
chosen for their relative stability (see eqs 2−8). The YlGr
complex can be synthesized from the Yl molecule and
graphene (Gr) (eq 2). As already discussed, the reaction is
exothermic, with energy of 87 kJ/mol. Also, there is no
activation energy for the π−π complex formation (eq 2), as the

process does not involve chemical bond scission or overcoming
other potential barriers. The possibility of the RadicalGr
complex formation by the reaction of eq 3 is also studied. The
reaction is also exothermic, with energy of 66 kJ/mol.
However, the first elementary step of the reaction in eq 3
includes C−H bond cleavage which typically requires more
than 400 kJ/mol (416 kJ/mol in cyclohexane),47 hence this
process could be energetically hindered. Thus, we recommend
that the direct synthesis of the YlGr complex is carried out at
low temperature, to avoid side processes. AnionGr and
CationGr complexes can be synthesized utilizing elimination
reactions (eqs 4 and 5), where (Ph3C)Na is triphenylme-
thylsodium48 and (Ph3C)Cl is trityl chloride (CAS Number:
76-83_5). It is expected that the good leaving groups (Na+ and
Cl−) will favor the progress of reactions. Calculations show
that the first reaction is endothermic, with energy of −159 kJ/
mol, and the second, with −57 kJ/mol. Regardless of the
endothermic nature of the reactions, electric fields can be used
in vacuum to draw Na+ and Cl− leaving groups away from the
reaction products, thus accelerating the processes and making
them irreversible. The formation of CationGr and AnionGr
complexes by the reactions of eqs 6 and 7, having H− and H+

as leaving groups, is highly disfavored, by −1200 and −1144
kJ/mol, respectively. Finally, the RadicalGr complex can be
synthesized from chlorinated graphene (GrCl) and triphenyl-
methylsodium (Ph3C)Na, yielding NaCl in the gas phase. This
reaction is exothermic, with energy of 317 kJ/mol (eq 8).

+ → +Yl Gr YlGr 87 kJ/mol (2)

+ → + +Yl Gr RadicalGr 1/2 H 66 kJ/mol2 (3)

+ → + −+(Ph C)Na Gr AnionGr Na 159 kJ/mol3 (4)

+ → + −−(Ph C)Cl Gr CationGr Cl 57 kJ/mol3 (5)

+ → + −−Yl Gr CationGr H 1200 kJ/mol (6)

+ → + −+Yl Gr AnionGr H 1144 kJ/mol (7)

+ → + +(Ph C)Na GrCl RadicalGr NaCl 317 kJ/mol3
(8)

Table 2. Bond Lengths and Dihedrals of the Organic Molecules in Vacuum and in the Adsorption Complexes with Graphene

bond lengths [pm] and dihedrals [o] radical Yl anion cation

molecules in vacuum C1−C2 146 139 146 145
C1−C3 146 148 146 145
C1−C4 146 148 146 145

C4C1C2C5; C3C1C2C6 33.7; 33.8 13.3; 13.3 30.5; 30.6 33.6; 33.6
C2C1C4C10; C3C1C4C9 33.7; 33.6 47.5; 45.0 30.4; 30.5 33.5; 33.6
C8C3C1C4; C7C3C1C2 33.7; 33.5 44.7; 47.3 30.4; 30.3 33.5; 33.4
AB configuration of the complexes C1−C2 146 139 146 146

C1−C3 146 148 146 145
C1−C4 146 149 146 145

C4C1C2C5; C3C1C2C6 31.0; 30.9 11.6; 11.4 30.5; 30.4 32.4; 32.1
C2C1C4C10; C3C1C4C9 31.7; 31.7 47.0; 44.2 30.4; 30.4 29.9; 29.9
C8C3C1C4; C7C3C1C2 30.1; 30.2 39.0; 40.9 31.4; 31.5 31.2; 31.3
AA configuration of the complexes C1−C2 146 139 146 146

C1−C3 146 148 146 145
C1−C4 146 148 146 145

C4C1C2C5; C3C1C2C6 31.6; 31.5 13.4; 12.8 31.0; 31.2 31.8; 31.7
C2C1C4C10; C3C1C4C9 30.9; 30.9 46.0; 43.2 31.6; 31.4 30.6; 30.6
C8C3C1C4; C7C3C1C2 30.4; 30.4 38.1; 40.8 30.3; 30.2 31.1; 31.1
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3.2. Electronic Structure of Molecules and Com-
plexes. First, the electronic structure of pristine graphene is
simulated, in order to compare to that of the complexes. A
supercell containing 288 carbon atoms is used,45 correspond-
ing to that for the complexes. After geometry optimization, the
C−C interatomic distance is mainly 142 pm, which is the mean
value reached after 1 ps of dynamical simulation.45 The DOS
of the system is calculated, and as expected, there are
continuous valence and conduction bands, with DOS
approaching zero at the Dirac point (see Supporting
Information, Figure S1). The energy gap (difference between
the highest occupied orbital (HOMO) and the lowest
unoccupied orbital (LUMO)) is <1 meV. Such a value is
negligible, keeping in mind that the density functional theory
and PBE functional usually have errors (mean absolute
deviation compared to thermochemical experimental data) >
0.1 eV.49

The energy gaps of the organic molecules in vacuum and
participating in the complexes are calculated with PBE and
optPBE-vdW functionals (Table 3). The values vary from 2.0

eV (for the anion) to 2.6 eV (for the radical) and do not
change significantly during the complex formation. These
values are typical for aromatic organic molecules, including
dyes. It should be noted that the energy gaps of the complexes
and adsorbates in vacuum are directly derived from HOMO−
LUMO differences for the corresponding systems. The energy
gaps for the adsorbates in the complexes are calculated from
the decomposed DOS (Figure 3), as the energy differences
from peak to peak, around the Fermi level. The energy gaps of
the radical (in vacuum and complex) are obtained as
differences between the SOMO orbital and the next state,
higher than the singly unoccupied orbital. The geometry and
electronic structure of the adsorbates in vacuum are not
affected by dispersion interactions, as they are determined by
covalent bonding; thus PBE and optPBE-vdW functionals give
the same values for their energy gaps.
The DOS for the graphene complexes and the individual

adsorbates in the complexes are presented in Figure 3. When
the corresponding out-of-plane hydrocarbons are adsorbed at
graphene, the electronic structure is not changed significantly,
and the whole systems remain conducting with zero bandgap,
because of the graphene part. The values of the HOMO−
LUMO gaps for all complexes are very close to zero, in all
cases <1 meV. The notable change in the DOS, when
adsorbates are added, is the appearance of additional states

near the Fermi level, seen as small peaks, for both PBE and
optPBE-vdW functionals. The decomposition of DOS proves
that these small peaks are exactly caused by the adsorbates
(Figure 3). The graphics of the DOS for the complexes and the
adsorbates in complexes, for both used functionals, practically
coincide at ±2 eV from the Fermi level. As expected, DOS
graphics, calculated with a 3 × 3 × 1 k-point grid, have lower
resolution (curved line) than those calculated with a 5 × 5 × 1
grid (see Section 2).
The conductivity σ(ε), known as the transport distribution

function, is given by

σ ε ε ε μ ε ε μ= =D f e n e( ) ( ) ( ) ( ) ( ) (e) (9)

where D(ε) is the energy-dependent DOS; f(ε) is the Fermi
distribution function; and μ(ε) is the charge carrier mobility.
n(ε) = D(ε)f(ε) is the carrier concentration. Effectively, the
conductivity of a graphene field effect transistor channel
depends on the DOS of the material. However, the DOS is
determined by the formed π−π complex (see Figure 3), and
therefore a graphene channel in a field effect transistor can
“sense” the different chemical complexes formed with
hydrocarbons.
Finally, the localization of the singly occupied molecular

orbital (SOMO) of the triphenylmethyl radical and its complex
with graphene is investigated. The SOMO orbital of the radical
is presented in Figure 4 a. The hybrid functional M06-2X with
54% Hartree−Fock exchange is chosen for the wave function
optimization in order to avoid electron self-interaction,
associated with GGA functionals. As expected, the electron
density is localized mainly around the central carbon atom of
the molecules (C1). It should be noted that the PBE functional
gives the same orbital localization, and therefore self-
interaction should be neglected for the corresponding system.
The single electron, visualized as spin density of the complex
RadicalGr, is presented in Figure 4 b. The same localization as
in the radical in vacuum is observed. Hence, the formation of a
complex with graphene does not change the localization of the
single electron.

4. CONCLUSIONS
Graphene complexes with out-of-plane organic substances, the
triphenylmethyl radical, anion, and cation, as well as (cyclo-
hexa-2,5-dien-1-ylidenemethylene)dibenzene, are studied in
their AA and AB configurations. In these complexes, the
nearest contact is between a hydrogen atom from the organic
molecule and a carbon atom from graphene. This distance is in
the range of 270−290 pm and is about 65 pm smaller than the
nearest C−C contact in the complexes of graphene with planar
aromatic molecules.
The geometry of the organic molecules does not change

significantly, but when the complexes are formed, the organic
part generally becomes more planar. Organic cation and anion
produce more stable complexes than the radical or the closed-
shell molecule (Yl) with the same structure. The stability of the
studied complexes decreases in the following order:
triphenylmethyl cation > anion > closed-shell (Yl) ∼ radical.
High stability of the cation complexes can be attributed to the
stabilizing interaction with the electron-rich π system of
graphene. In all cases, the AB-stacked configurations have
higher stability than the AA ones. No correlation is observed
between the geometry parameters and stability of the
optimized complexes. Possible routes for the synthesis of the
complexes are considered, and the nature of the leaving groups

Table 3. Energy Gaps (in eV) of the Complexes (in AB and
AA Configurations), the Organic Molecules (Abbreviated as
Mol.) in the Gas Phase (Vacuum), and the Organic
Molecules in the Complexes, Calculated with PBE and
optPBE-vdW Functionals

radical Yl anion cation

AB, PBE+D3,
optPBE-vdW

<1 × 10−3 <1 × 10−3 <1 × 10−3 <1 × 10−3

AA, PBE+D3,
optPBE-vdW

<1 × 10−3 <1 × 10−3 <1 × 10−3 <1 × 10−3

Mol. in gas, PBE,
optPBE-vdW

2.6 2.5 2.0 2.2

Mol. in AB,
PBE+D3

2.6 2.4 2.2 2.4

Mol. in AB,
optPBE-vdW

2.5 2.4 2.2 2.4
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is found to play a major role for the energetic feasibility of the
processes.
When the corresponding out-of-plane hydrocarbons form a

complex with graphene, the electronic structure is not
significantly changed, and the systems remain conductors
with a zero bandgap. The density of states near the Fermi level,
however, is altered by the interaction with the adsorbates. The
single electron in the triphenylmethyl radical is localized
mainly around the central carbon atom, both in vacuum and in
the complex with graphene.
We report the changes in DOS of the graphene sheet when

various organic molecules are adsorbed due to the formation of

π−π complexes. The observed changes in DOS can be used to
identify the type of molecular complex formed with graphene,
and as a result, we predict graphene being capable of detection
of adsorption complexes.
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