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ABSTRACT

The gas phase adsorption of 118 organic molecules on graphite and graphene was studied by calculating their mole-
cule-surface binding energies, Ecal*, using molecular mechanics MM2 parameters. Due to the general lack of reported
experimental binding energy values for organic molecules with graphene, E*(graphene), it was considered desirable to
have a simple but effective method to estimate these values. Calculated binding energy values using a three-layer model,
Ecal*(3), were compared and correlated to published experimental values for graphitic surfaces, E*(graphite). Pub-
lished values of experimental binding energies for graphite, E*(graphite), were available from gas-solid chromatogram-
phy in the Henry’s Law region over a range of temperature. Calculated binding energy values using a one-layer model,
Ecal*(1), were compared to the three-layer Ecal*(3) values and found to consistently be 93.5% as large. This relation
along with an E*(graphite) and Ecal*(3) correlation was used to develop a means to estimate molecule-graphene bind-
ing energies. Using this approach we report estimated values of 118 molecule-graphene binding energy values.

Keywords: Molecule-Graphene Interaction; Molecule-Graphite Interaction; Molecular Mechanics; Adsorption Energy;
Binding Energy on Graphene; Binding Energy on Graphite

1. Introduction

Graphene is a now well-known single layer of carbons
arranged in a hexagonal configuration. Multiple layers of
graphene stacked upon each other and held together by
van der Waal forces form graphite. Graphene is of great
interest because of its many unique properties [1,2]. Gra-
phene is transparent, light, and an excellent conductor of
electricity and heat. Its transparency and electric conduc-
tivity are desirable properties for touch screen electronic
devices. Graphene’s thermal and electrical conductivity
outperform copper. At room temperature, copper has a
thermal conductivity of 401 Wm™ "K' while graphene’s
is 5000 Wm K" [3]. The electrical conductivity of
copper is 0.60 x 10° Q-cm™ and graphene’s is 0.96 x
10° Q"-em™ [3]. The breaking strength of graphene is
approximately 42 N/m and an equivalent thickness, steel
has a value of 0.40 N/m [3]. In addition to these striking
graphene properties, one promising application of this
unique two-dimensional material is as a molecular sen-
sor.

Graphene-based devices have been considered for
various electronic and optoelectronic devices as well as
gas sensors and biosensors [4]. A single layer of gra-
phene, bilayer of graphene, few-layers of graphene, or
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modified graphene surface can act as a sensor when a
molecule adsorbs on the surface and changes the gra-
phene’s electric conductivity or other measureable prop-
erty. The change in conductivity or other property can
then be correlated with amount of molecules adsorbed
[5]. For example, the electrical conductivity of a gra-
phene fabricated device was observed to increase linearly
with an increase of carbon dioxide in the 10 to 100 ppm
range [6].

In order to exploit the potential applications of gra-
phene as gas sensors, the adsorption of a series of small
gas molecules on pristine graphene and Si-doped gra-
phene have been investigated by ab initio calculations [7].
Their theoretical results indicated that the electronic pro-
perties are sensitive to oxygen and nitrogen dioxide ad-
sorption, but not as much modified by the adsorption of
carbon monoxide and water [7]. The adsorption of inor-
ganic molecules including water, ammonia, carbon mo-
noxide, nitrogen dioxide, and nitrogen oxide on a gra-
phene substrate were considered using first-principles
calculations [8]. Graphene surfaces and variously modi-
fied graphene surfaces have been used to develop gas
sensor devices and successfully have been used to detect
ammonia [9], sulfur dioxide [10], nitrogen dioxide [11],
nitrogen dioxide and ammonia [12], carbon dioxide [6],
acetone [13], hydrogen sulfide [14], and hydrogen [15,
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16]. A variety of surface modifications have been ex-
plored and their detection effects examined [14-20].

Adsorption can be studied theoretically by calculating
the adsorption interaction energy (binding energy) of a
molecule on the surface. A molecule with higher binding
energy should have greater adsorption on the graphene
surface. For example, given the same amounts of two
different molecules in the gas phase (atmosphere sur-
rounding the graphene sensor surface, for example), the
ratio of the amounts of those two molecules physically
adsorbed on the surface would be different depending on
the relative binding energy. The molecule with the
stronger binding energy would be expected to be favored
in surface physisorption. Therefore, the study of binding
energy is important for developing sensors and correlat-
ing sensor responses to amounts physically adsorbed and
further correlating these amounts to the actual concentra-
tions in a complex mixed molecule environment around
the sensor.

It would be useful to be able to predict single layer
graphene binding energies for a variety of organic mole-
cules. There is a lack of gas phase experimental binding
energies for organic molecules on graphene. However,
there have been many experimental studies relating to
molecule adsorption on graphite. Using this molecule-
graphite binding energy data, our approach is to study the
relationship of calculated and experimental graphite ad-
sorption energies and also of calculated graphite and
calculated graphene binding energies. Assuming suitable
relations are found then it should be possible to calculate
molecule-surface binding energies on graphene or graph-
ite and then predict experimental binding energies of
molecules on graphene.

Previous studies showed that MM2 molecular mecha-
nics parameters for atom-carbon van der Waals (vdW)
interactions are suitable to effectively predict molecule-
carbon surface binding energies [21-25]. In these prior
studies of gas-solid interactions, the standard augmented
MM2 parameters developed by Allinger [26,27] were
used to estimate the binding energies of organic mole-
cules interacting with various model carbon surfaces [21-
25]. The adsorption of neutral molecules on a carbon
surface is dominated by dispersive van der Waals (vdW)
forces. In previous studies [21-25] molecule-surface ste-
ric energy differences for an adsorbate molecule adjacent
to or far from a model adsorbent surface were used to

estimate the energy due to adsorption, the binding energy.

Although force field calculations do not reference elec-
tronic behavior, they have been widely used for deter-
mining minimum energies and optimized molecular ge-
ometries [28].

2. Experimental Data

A review of the literature revealed a lack of experimental
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organic molecule-graphene interaction energies. How-
ever, a significant number of organic molecule-graphite
interaction energies have been reported. These experi-
ments typically utilized either thermal programmed de-
sorption (TPD) or gas-solid chromatography (GSC). TPD
experiments usually give information about multilayer or
monolayer desorption and so molecule-molecule interac-
tions cannot be ignored [21]. However, many GSC deter-
minations involved finding the low coverage Henry’s
constants and so reflect the interaction of isolated mole-
cules with the carbon surface.

Sample gas corrected retention times can be converted
to a Henry’s law adsorption constant (Ky). In various
published studies these Henry law constants were ob-
tained over a range of temperature values [29-42]. A plot
of the natural logarithm of Ky versus the reciprocal of the
temperature (d In Ky/d/T) gives a plot whose slope is
E*/R where E* is the molecule-surface binding energy or
adsorption interaction energy and R is the gas constant. If
given as R = 0.001986 kcal'K "mol™' then the slope
times R gives the E* value in kcal/mol. As E* increases
then it indicates stronger molecule surface interactions.

Published Studies using Graphitized Thermal Carbon
Black (GTCB) were selected as suitable graphitic ad-
sorbents. A total of 118 different organic molecules with
a variety of structures and functionality determined from
GSC on suitable graphitic surfaces were identified and
are reported in Table 1. Table 1 gives the assigned mo-
lecule number, molecule name, chemical formula, refer-
ence source for value, experimental value E*, and the
organic group to which the molecule is assigned. Experi-
mental binding energy data are reported in various units
but were converted to kcal/mol for all comparisons. The
experimental binding energies or physisorption interac-
tion energies are commonly reported in eV, meV, kJ/mol,
and Kelvin. The conversion factors used were based on
the relations 1 kcal/mol = 4.336411 x 107 eV = 43.36411
meV = 4.184 kJ/mol = 503.217 K.

3. Theory

The energy of a molecule calculated from molecular
mechanics, Eyy, (augmented MM2 parameters were
used in this work) is a sum of covalent and noncovalent
energies. The MM2 covalent energy contributions in-
clude stretch, stretch-bend, angle, dihedral, improper
torsion; and the noncovalent energy contributions include
electrostatics, hydrogen-bonding, and van der Waals. The
van der Waals interaction energy, E,qw, iS a parameter
that contributes to the noncovalent bond energy, and the
Van der Waals radius of atoms dominates the molecule-
graphite and molecule-graphene interactions. If two
nonbonded atoms are pushed too close together, they will
strongly repel from one other. If they are at a suitable
intermediate range, they will experience a mutual attrac-
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Table 1. Assigned molecule number, molecule name, chemical formula, reference source for value, experimental value E*,
and the organic group to which the molecule is assigned.

Number Name Formula Ref E*(Graphite) kcal/mol Group

1 butyl aldehyde C,HO 29 7.4 aldehyde

2 capron aldehyde CeH,,0 29 10.3 aldehyde

3 capryl aldehyde CgH;60 29 13.4 aldehyde

4 croton aldehyde C,HO 29 8.7 aldehyde

5 isobutyl aldehyde C4HgO 29 72 aldehyde

6 isovaler aldehyde CsH,00 29 8.7 aldehyde

7 pelargon aldehyde CoH ;90 29 14.1 aldehyde

8 propyl aldehyde C;HqO 29 6.7 aldehyde

9 valer aldehyde CsH,00 29 8.8 aldehyde
10 ethane C,H; 30 4.3 alkane

11 n-butane C4Hyo 30 6.8 alkane

12 n-decane CioHa, 31 16.1 alkane

13 n-heptane C;Hy 31 11.7 alkane

14 n-hexane CeHyy 31 10.3 alkane
15 n-nonane CoHag 31 14.6 alkane

16 n-octane CsHg 31 13.3 alkane

17 n-propane C;H;s 30 53 alkane

18 n-1-butene C,Hg 30 6.7 alkene

19 n-1-decene CioHayo 31 15.3 alkene
20 n-1-heptene C;Hys 31 11.2 alkene
21 n-1-hexene C¢H» 31 10.0 alkene
22 n-1-nonene CoH,g 31 14.2 alkene
23 n-1-octene CsHyg 31 12.9 alkene
24 allyl alcohol C;HgO 29 6.4 alkyl alcohol
25 heptanol-1 C;H,c0 29 12.4 alkyl alcohol
26 hexanol-1 Ce¢H,40 29 10.9 alkyl alcohol
27 Isoamyl alcohol CsH;,0 29 8.5 alkyl alcohol
28 isobutyl alchol CsH,,0 29 7.5 alkyl alcohol
29 isopropyl alcohol C;HO 29 6.7 alkyl alcohol
30 n-pentanol CsH,,0 29 9.5 alkyl alcohol
31 n-butyl alcohol C:H,,0 29 8.3 alkyl alcohol
32 propyl alcohol C3HqO 29 6.8 alkyl alcohol
33 secondary amyl alcohol CsH,,0 29 8.6 alkyl alcohol
34 secondary butyl alcohol C:H,,0 29 7.6 alkyl alcohol
35 tertiary amy alcohol CsH,,0 29 7.8 alkyl alcohol
36 tertiary butyl alcohol C;H,,0 29 7.2 alkyl alcohol
37 di-n-propylamine CioHioN 32 15.8 alkyl amine
38 dibutylamine CsH oN 32 13.3 alkyl amine
39 diisobutylamine CgHoN 32 12.2 alkyl amine
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Continued
40 dipropylamine CeHsN 32 10.3 alkyl amine
41 tri-n-propylamine CsHs3N 32 21.3 alkyl amine
42 tributylamine C,HoN 32 17.3 alkyl amine
43 triethylamine CeHisN 32 8.7 alkyl amine
44 hexyne C¢Hio 29 8.6 alkyne
45 1-aminoadamantane CioH7N 33 10.4 aromatic amine
46 1,3,5-triazine C3H;3N; 34 8.0 aromatic amine
47 1,8-dimethyl naphthalene CpHp» 35 17.4 aromatic amine
48 2-aminoadamantane CioH 7N 33 10.7 aromatic amine
49 2,3-dimethyl indol CioH N 32 16.9 aromatic amine
50 3-methyl indol CoHoN 32 16.0 aromatic amine
51 alpha-naphthylamine CoHoN 32 17.4 aromatic amine
52 alpha-phenyl propionitrile CoHoN 32 12.8 aromatic amine
53 alpha-phenylethylamine CgHi N 32 12.6 aromatic amine
54 aniline Ce¢H-N 32 11.6 aromatic amine
55 Benzonitrile C;HsN 32 11.9 aromatic amine
56 beta-naphthylamine CoHoN 32 17.6 aromatic amine
57 diphenylamine C,H (N 32 21.1 aromatic amine
58 indol CgH,N 32 15.0 aromatic amine
59 m-toluidine C;HoN 32 13.3 aromatic amine
60 N-methylaniline C;HoN 32 13.6 aromatic amine
61 N,N-diethylaniline CioHsN 32 16.5 aromatic amine
62 N,N-dimethylaniline CgH N 32 153 aromatic amine
63 O-toluidine C;HoN 32 13.3 aromatic amine
64 p-toluidine C;HoN 32 13.4 aromatic amine
65 Pyrazine C4H4N, 34 8.7 aromatic amine
66 Pyridine CsHsN 34 9.3 aromatic amine
67 1-methyl-naphthalene CiHyo 30 15.8 benzene
68 1,2,3,5-tetramethyl CioH s 36 15.8 benzene
69 1,2,4-trimethylbenzene CoHy» 36 14.5 benzene
70 1,3,5-trimethylbenzene CoH» 36 14.3 benzene
71 2,3-dimethylnaphthalene Ci-H» 35 18.2 benzene
72 alpha-methyl naphthalene CiHio 35 17.0 benzene
73 benzene CeHg 36 8.9 benzene
74 beta-methyl naphthalene Cy1Hyo 35 17 benzene
75 biphenyl acetylene Ci4Hio 37 20.6 benzene
76 diphenyl CiHio 36 16.3 benzene
77 ethyl benzene CgHyp 36 11.2 benzene
78 fluorene Ci3Hyo 38 194 benzene
79 hexa-methyl benzene C,Hjg 36 18.7 benzene
80 iso-propyl benzene CoH,, 36 11.5 benzene
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81 m-xylene CgHio 36 12.6 benzene
82 n-pentyl benzene CiHie 36 14.6 benzene
83 n-butyl benzene CioHy4 36 13.6 benzene
84 n-propyl benzene CoHy, 36 12.8 benzene
85 naphthalene CioHg 36 14.9 benzene
86 o-xylene CgHig 36 12.6 benzene
87 p-xylene CgHio 36 12.6 benzene
88 para-terphenyl CisHys 39 22.7 benzene
89 penta-methyl benzene CHe 36 17.4 benzene
90 toluene C;Hg 36 10.3 benzene
91 1,3-dichlorobenzene C¢H4Cl, 40 12.4 chloro aromatic
92 1,4-dichlorobenzene C¢H4Cl, 40 12.7 chloro aromatic
93 2-chlorodiphenyl C,HoCl 41 15.8 chloro aromatic
94 2,6-dichlorodiphenyl C,HsCl, 41 16.2 chloro aromatic
95 2,6,2-trichlorodiphenyl C,H,Cl3 41 16.2 chloro aromatic
96 2,4,6-trichlorodiphenyl C,H,Cl3 41 17.7 chloro aromatic
97 4-chlorodiphenyl CipHoCl 41 17.5 chloro aromatic
98 chlorobenzene Ce¢H;sCl1 40 10.6 chloro aromatic
99 cyclohexane CeHin 36 7.0 cycloalkane
100 ethyl cyclohexane CgHig 42 10.2 cycloalkane
101 isopropyl cyclohexane CoHys 42 11.0 cycloalkane
102 methyl cyclohexane C;Hys 42 8.5 cycloalkane
103 acetone C;HgO 29 6.4 ketone
104 dibutyl acetone CoH,;50 29 14.3 ketone
105 dipropyl acetone C;H,0 29 11.1 ketone
106 ethyl-isoamyl-acetone CgH;60 29 12.1 ketone
107 mesityl oxyde CeH,00 29 11.4 ketone
108 methyl-butyl-acetone CeH 12O 29 10.3 ketone
109 methyl-ethyl-acetone C4HgO 29 79 ketone
110 methyl-heptyl acetone CoH 30 29 14.9 ketone
111 methyl-hexyl acetone CsH,c0 29 13.1 ketone
112 methyl-isobutyl-acetone C¢H;,0 29 9.9 ketone
113 2-methyl thiophene CsH;S 40 10.0 thiophene
114 2-methylthianaphene CoHoS 40 15.8 thiophene
115 3-methyl thiophene CsH;S 40 10.0 thiophene
116 3-methylthianaphene CoHoS 40 15.8 thiophene
117 thianaphthene CgHe¢S 40 14.1 thiophene
118 thiophene C4HiS 40 8.0 thiophene
Copyright © 2013 SciRes. Graphene
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tive. However, there is no interaction when the atoms are
a long distance from each other.

The calculated binding energy, Ecal*, can be deter-
mined from

Ecal*=E_ —(E,+E,) (1)

where E,, is the energy of an isolated gas phase molecule,
E; is the energy of the isolated surface adsorbent material,
and E, is the energy of the molecule and solid surface
system where the molecule is placed on the surface to
represent the adsorbed state [21]. Considering the equa-
tion above to represent the final minus the initial state,
the molecule has gone from being free in the gas phase to
being adsorbed on the surface. The energy of adsorption
is a negative energy value but the values are reported
here as absolute values and in kcal/mol since these units
are frequently used in molecular modeling. Desorption
energies would be positive values since an input of en-
ergy is required. The equation above is equivalent to
considering the energy difference, AE, as

AE = Enear _Efar (2)

with respect to the energy of the molecule adsorbed on
the surface, E,.., and the energy of the separated and
non-interacting molecule and surface, Eg, Therefore
Ecal* = AE. To distinguish the experimental and calcu-
lated binding energies they are indicated as E* and Ecal*,
respectively.

The experimental binding energies on a single layer
graphene surface and many layer graphite surface are
reported as E*(graphene) and E*(graphite), respectively.
Molecular modeling values of a one layer graphene and a
three layer graphite surface are indicated as Ecal*(1) and
Ecal*(3), respectively. In prior work it has been shown
that a three graphene layer was adequate to represent
molecule-graphite interactions in molecular modeling
calculations [21]. More than 90% of the vdW interaction
is due to the first layer, less than 10% due to the second
layer and 1% or less due to the third layer in the MM2
parameters for molecule carbon surface interactions [21].
Our interest is in predicting E*(graphene) values for or-
ganic molecules. This work considers how E*(graphene),
E*(graphite), Ecal*(1), and Ecal*(3) are all intercom-
nected.

The relationship between the experimental E*(graphite)
and calculated Ecal*(3) can be expressed as

E *(graphite) = aEcal *(3) 3)

where o is the coefficient or equation multiplied by
Ecal*(3) to approximate E*(graphite). This equation as-
sumes either a simple linear relation with a fixed a or an
o based on an equation to provide a connection between
the experimental and model calculated values and as-
sumes a relation that scales to zero as the values decrease.
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Such a relation was observed and various methods used
to generate the a term or equation are discussed subse-
quently.

The relationship between the calculated values for the
graphene one-layer and graphite three-layer model sur-
faces may be expressed as

Ecal *(1) = fEcal *(3) 4)

where f is the coefficient multiplied by Ecal*(3) to ap-
proximate Ecal*(1). This equation assumes a linear rela-
tion between the molecular modeling binding energies
calculated for our graphene one layer surface model and
our graphite three-layer surface model and a relation that
scales to zero as the values decrease. Such a relation was
observed between these calculated values and will be
discussed.

We further assume that the relationship between the
experimental E*(graphene) and calculated Ecal*(1) will
be analogous to Equation (3) and thus can be expressed
as

E *(graphene) = aEcal *(1). %)

Based on the above equations, predictions of molecule-
graphene binding energies can be made by calculating
Ecal*(1) and using Equation (5) or instead by calculating
Ecal*(3) and using the relation below that results from
combining Equations (4) and (5) to give

E *(graphene) = affEcal *(3). 6)

Such an approach gives a means to reasonable estimate
binding energies on graphene provided Equations (3) and
(4) are found to be valid.

Prior work on flat, rough, and porous surfaces has in-
dicated that MM2 parameters may be used to calculate
molecule-surface binding energies that compare well to
experimental values obtained from gas-solid chromatog-
raphy (GSC) in the Henry’s Law region of low coverage
over a range of temperatures [22-25]. With a modified
model that took into account molecule-molecule nearest
neighbor interactions, monolayer coverage binding ener-
gies were obtained that compared well to values obtained
from thermal program desorption (TPD). For example
the published E* and our calculated Ecal* associated
with monolayer desorption from graphite were found to
be 0.50 and 0.52, 0.72 and 0.71, 1.41 and 1.47, and 2.18
and 1.86 eV for benzene, o-dichlorobenzene, coronene,
and ovalene, respectively [21].

Previously binding energies for DNA/RNA nucleo-
bases adsorbed on single layer graphene were calculated
[43]. These calculations using direct classical MM2 pa-
rameters without modification compared well to more
sophisticated quantum calculations. The molecular me-
chanics Ecal* values were observed to be between the
values from Moller-Plesset perturbation theory which
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were reported to overestimate and the values from den-
sity functional theory (DFT) which were reported to un-
derestimate molecule-surface binding energies [43].

The goal of this work is to develop a simple and effec-
tive means to estimate molecule-surface binding energy
values for a variety of organic molecules adsorbed on
graphene by comparisons to known molecule-graphite
binding energy values.

4. Analysis and Results

Molecular mechanics MM?2 calculations were performed
with Scigress computer software (Fujitsu, Version 7.7.0)
with the geometry optimized in mechanics using aug-
mented MM2 parameters. The graphene model surface
consisted of one layer of 702 benzene rings with no hy-
drogen atoms. The graphite model surface consisted of
three of these layers each containing 702 rings. The lay-
ers were oriented in the form of Bernal graphite with the
first layer and third layer directly aligned and the second
layer offset by half a benzene ring.

To simulate the adsorption of molecules with graphite
or graphene, molecules were oriented parallel to the sur-
face and adjusted to maximize the physical interaction of
molecules on the surface. The rules used for molecule
placement were that first, a carbon from a methyl group
of the molecule was placed above the middle of the cen-
ter benzene ring in the top layer. The carbon was placed
in the middle by making it equidistant from 3 alternating
carbon atoms in the ring. Second, if the molecule was a
cyclo or benzene containing molecules with no attached
alkyl groups attached, then some carbon in the ring was
selected and centered above the surface six member ring.
Third the molecule was further oriented so that the more
polarizable atoms were nearest the surface. The molecule
was then pushed in closer than an expected optimal
separation. With distances between the molecules and the
surfaces of approximately 0.23 - 0.27 nm, the molecules
were pushed out to the optimal distance after the mo-
lecular mechanics energy optimization calculation.

The 118 molecules listed in Table 1 were modeled and
optimized as isolated molecules in the gas phase to cal-
culate E,, and as described above, the molecules were
then placed on a graphite model surface to calculate the
E.s energy. For each molecule these two values were
used along with the E; energy for the graphite three-layer
model surface and Equation (1) to calculate Ecal*(3).
The model-based calculated values of Ecal*(3) for 118
molecules are given in Table 2 where they may be com-
pared to the experimental values found in Table 1. The
ratios of E*(Graphite)/Ecal*(3) were found to vary from
0.77 to 1.12 and these values also are given in Table 2.

A series of different approaches were examined to find
the best means of correlation between the E*(graphite)
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and Ecal*(3) values. These approaches included (Method
I) direct correlation of all data, (Method II) correlations
of molecule subsets, (Method III) correlation of rigid and
flexible subgroups, and (Method IV) correlation based on
consideration of fraction of non-hydrogen atoms that are
sp° carbon atoms.

In Method I values of E*(graphite) vs. Ecal*(3) were
plotted and a linear regression through the origin deter-
mined. A graph through the origin is desirable so that the
E*(graphite) and Ecal*(3) values scale to zero appropri-
ately. The resultant linear equation (see Figure 1) is

E *(graphite) = 0.9321 Ecal *(3) 7

with R =0.8906 and n = 118.

In Method II comparison, the 118 molecules were di-
vided into 11 different functional groups that included
aldehyde, alkane, alkene/alkyne, alkyl alcohol, alkyl amine,
aromatic amine, benzene derivative, chlorobenzene, cyclo-
alkane, ketone, and thiophene. E*(graphite) data versus
Ecal*(3) data, were plotted for each of the 11 groups of
molecules. As mentioned previously, for appropriate
scaling all linear regressions were required to go through
the origin. Table 3 gives the number of data points, the
slope, and the R* values for each group. The data points
available within a group varied from a low of 4 mole-
cules in the cycloalkane category to a high of 24 in the
benzene derivative category. As shown in Table 3, the
R? values varied from a low of 0.8726 for cycloalkane (n
= 4) to a high of 0.9756 for alkene/alkyne (n = 7). The
slopes varied from a low of 0.8729 for alkane to 1.0312
for chloroaromatic. Recall that for the combined set of all
the molecules (n = 118) the R” value was 0.8906. All the
subset groups have a higher R* except for the cycloal-
kane at 0.8726.

Method III was based on the observation that the linear
regressions of aromatic amine, benzene derivative, chlo-
roaromatic, and thiophene have slopes of 1.0169, 0.9633,
1.0312, and 0.9936, respectively. This indicates that the
computed interaction energies, Ecal*(3) values that with-
out modification agreed well with the experimental val-
ues of E*(graphite). So if a molecule had a benzene or
other flat ring structure such as the thiophene, the mole-
cule was classified as “rigid.” Therefore the aromatic
amine, benzene derivative, chloroaromatic, and thiophene
groups were combined and considered together as the
rigid group. When all these data (n = 60) are plotted to-
gether, the correlating equation is

E* (graphite) =0.9918 Ecal* (3) ®)

with (R* = 0.9130).

As shown in Table 3, the data for the remaining
groups of molecules: aldehyde, alkane, alkene/alkyne,
alkyl alcohol, alkyl amine cycloalkane, and ketone had
slopes that varied from 0.8288 for alkyl amine to 0.9057
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Table 2. Molecule numbers with the calculated binding energy values for graphite Ecal*(3), modified graphite values
Ecal*(3)-mod, ratio of experimental to calculated graphite binding energies E*/Ecal*(3), ratio of experimental to modified
calculated graphite binding energies E*/Ecal*(3)-mod, calculated one layer graphene values Ecal*(1), and predicted values
for graphene binding energies.

Number Ecal*(3) kcal/mol Ecal*(3)-mod kcal/mol E*/Ecal*(3) E*/Ecal*(3)-mod  Ecal*(1) kcal/mol E*(graphene)-predict kcal/mol
1 8.6506 7.7828 0.86 0.95 8.1015 7.3
2 11.1165 9.742 0.93 1.06 10.4058 9.1
3 14.9574 12.9141 0.90 1.04 13.9463 12.0
4 8.2166 8.0632 1.06 1.08 7.6482 7.5
5 7.3589 6.6207 0.98 1.09 7.0007 6.3
6 8.8775 7.8661 0.98 1.11 8.3008 7.4
7 16.5201 14.1884 0.85 0.99 15.4480 13.3
8 6.8425 6.2958 0.98 1.06 6.4034 5.9
9 10.3547 9.175 0.85 0.96 9.7028 8.6
10 4.7612 3.8948 0.90 1.10 4.4724 3.7
11 8.4293 6.8954 0.81 0.99 7.9153 6.5
12 19.6667 16.0879 0.82 1.00 18.4730 18.8
13 14.0388 11.4841 0.83 1.02 13.2000 10.8
14 12.0938 9.8931 0.85 1.04 11.3530 10.9
15 17.7549 14.524 0.82 1.01 16.6638 13.6
16 15.7817 12.9099 0.84 1.03 14.8105 12.1
17 6.6601 5.4481 0.80 0.97 6.2488 5.1
18 7.311 6.7268 0.92 1.00 6.8623 6.3
19 18.2374 15.6633 0.84 0.98 16.8021 14.5
20 12.5233 10.9748 0.89 1.02 11.6826 10.2
21 10.7325 9.5098 0.93 1.05 10.0684 10.3
22 16.2582 14.0372 0.87 1.01 15.2171 15.2
23 14.4672 12.5729 0.89 1.03 13.5386 11.8
24 6.9502 6.7495 0.92 0.95 6.5403 6.4
25 15.1773 12.8027 0.82 0.97 14.2459 12.0
26 13.4105 11.3612 0.81 0.96 12.5882 10.7
27 10.2173 8.7056 0.83 0.98 9.6006 8.2
28 8.2506 7.0861 0.91 1.06 7.7106 6.6
29 7.163 6.2251 0.94 1.08 6.7163 5.8
30 11.5711 9.8592 0.82 0.96 10.8568 9.3
31 9.8345 8.4464 0.84 0.98 9.2276 7.9
32 7.8316 6.8061 0.87 1.00 7.3479 6.4
33 10.4037 8.8645 0.83 0.97 9.7412 8.3
34 7.7058 6.6182 0.99 1.15 7.2012 6.2
35 8.4669 7.2142 0.92 1.08 7.9534 6.8
36 7.6704 6.5878 0.94 1.09 7.2051 6.2
37 20.5656 17.2049 0.77 0.92 19.3175 16.2
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38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77

16.9265
13.8254
13.1701
24.9434
19.6055
10.54
10.4035
9.9188
7.7967
18.0297
10.1525
17.4376
15.5252
17.3498
12.354
11.2788
12.2977
10.8717
17.3573
19.2333
13.6384
14.3381
13.4991
15.4251
14.6248
14.2315
14.4434
8.3784
8.9317
16.3601
16.9358
17.0702
15.5725
18.2023
16.2701
9.576
16.6829
19.6911
15.4355
12.1126

14.2303
11.6231
11.1576
20.7226
16.3457
8.9294
9.2183
8.2979
7.9695
17.8159
8.4934
17.1769
15.5524
17.7343
12.1234
11.0171
12.5703
11.1127
17.4199
19.6596
13.9407
14.29
13.4538
14.6219
14.2855
14.1838
14.395
8.5641
9.1297
16.4191
15.9283
16.287
14.858
17.9864
16.3288
9.7882
16.7431
20.1275
15.7776
11.7629

0.79
0.88
0.78
0.85
0.88
0.83
0.83
1.05
1.03
0.97
1.05
0.97
1.03
1.00
1.04

0.94
1.09
1.01
1.10
1.10
0.93
1.01
1.07
1.05
0.93
0.93
1.04
1.04
0.97
0.93
0.85
0.92
1.00
1.04
0.93
1.02
1.05
1.06
0.92

15.8909
12.9545
12.3575
23.4343
18.4211
9.8632
9.7249
9.3384
7.2819
16.8329
9.5514
16.2713
14.4886
16.1790
11.4931
10.2624
11.4819
10.0317
16.2012
17.8932
12.7200
13.4207
12.5911
14.4485
13.6487
13.2930
13.4916
7.8201
8.3523
15.2564
15.8278
16.1040
14.5969
16.9797
15.1739
8.8834
15.5687
18.3850
14.3828
11.2379

14.9
12.3
11.9
19.5
15.1
8.1
8.6
7.8
7.4
16.6
8.0
16.0
14.5
16.5
11.3
9.1
11.7
8.9
16.3

13.0
134
12.5
14.7

132
13.4
8.0
8.5

13.4
16.3
13.6
14.4

9.1
15.6
154
144
10.5

Copyright © 2013 SciRes.
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78 18.2586 18.3766 1.06 1.06 17.0269 17.1
79 20.2064 18.5918 0.93 1.01 18.9263 17.4
80 11.4603 10.9345 1.00 1.05 10.6949 10.2
81 13.6196 13.2264 0.93 0.95 12.7310 13.0
82 17.5189 16.2816 0.83 0.90 16.3308 15.2
83 15.5873 14.66 0.87 0.93 14.5106 13.9
84 13.8437 13.2085 0.92 0.97 12.8623 10.9
85 14.6034 14.9271 1.02 1.00 13.6477 14.0
86 13.1729 12.7926 0.96 0.98 12.2962 10.5
87 13.5546 13.1633 0.93 0.96 12.6671 12.3
88 22.6612 23.1635 1.00 0.98 21.1151 21.6
89 18.2592 16.9696 0.95 1.03 17.1053 15.9
90 11.5674 11.4864 0.89 0.90 10.8043 10.7
91 12.9318 13.2184 0.96 0.94 12.0376 12.3
92 12.8689 13.1541 0.99 0.97 11.9701 12.2
93 14.8622 15.1916 1.06 1.04 13.8765 14.2
94 15.2383 15.576 1.06 1.04 14.3751 14.7
95 15.4103 15.7518 1.05 1.03 14.4006 13.7
96 16.3088 16.6703 1.09 1.06 15.2360 15.6
97 17.1266 17.5062 1.02 1.00 15.9001 15.4
98 11.2641 11.5138 0.94 0.92 10.4851 10.0
99 8.7455 7.1541 0.80 0.98 8.2032 6.7
100 11.8776 9.7162 0.86 1.05 11.1466 9.1
101 11.8508 9.6943 0.93 1.13 11.1610 9.1
102 10.5161 8.6025 0.81 0.99 9.8764 8.4
103 7.0548 6.4911 0.91 0.99 6.6022 6.1
104 17.7988 15.2866 0.80 0.94 16.6893 14.3
105 14.0043 12.1706 0.79 0.91 13.1325 11.4
106 14.6858 12.6796 0.82 0.95 13.8034 11.9
107 12.0338 11.2477 0.95 1.01 11.2562 9.3
108 12.4057 10.8718 0.83 0.95 11.6537 10.2
109 8.7048 7.8315 0.91 1.01 8.1405 7.3
110 17.9867 15.448 0.83 0.96 16.8834 16.8
111 16.1562 13.9491 0.81 0.94 15.1430 13.1
112 11.1266 9.7508 0.89 1.02 10.4099 10.7
113 10.7257 10.5985 0.93 0.94 9.9975 9.9
114 15.7348 15.7623 1.00 1.00 14.6754 14.7
115 10.604 10.4782 0.94 0.95 9.8864 9.8
116 15.4225 15.4495 1.02 1.02 14.3652 14.7
117 13.65 13.9525 1.03 1.01 12.7079 12.4
118 8.5846 8.7749 0.93 0.91 7.9981 8.2
Copyright © 2013 SciRes. Graphene
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E*(Graphite)

0 5 10 15 20 25
Ecal*(3)

Figure 1. Experimental organic molecule-graphitic surface

binding energies versus three layer calculated binding en-

ergies for 118 adsorbate molecules gave a linear regression
of E*(graphite) = 0.9321 Ecal*(3) with (R? = 0.8906).

Table 3. Number of data points, the slope, and the R? values
for each group. The data points available within a group
varied from a low of 4 molecules in the cycloalkane cate-
gory to a high of 24 in the benzene derivative category. R?
values varied from a low of 0.8726 for cycloalkane to a high
of 0.9756 for alkene/alkyne. The slopes varied from a low of
0.8729 for alkane to 1.0312 for chloroaromatic.

Parameters

Functional Group n

Slope R’
aldehyde 0.9057 0.9308 9
alkane 0.8291 0.9971 8
alkene/alkyne 0.8751 0.9756 7
alkyl alcohol 0.8564 0.9043 13
alkyl amine 0.8288 0.96 7
ketone 0.8362 0.9421 10
cycloalkane 0.8581 0.8726 4
aromatic amine 1.0169 0.9394 22
benzene 0.9633 0.8971 24
chloroaromatic 1.0312 0.9257 8
thiophene 0.9936 0.9728 6

for aldehyde and were grouped together in what we con-
sidered as the “flexible” category. The flexible molecules
lacked a flat ring structure in the molecule and so had
potentially more conformational flexibility. The average
of the slopes in Table 3 for these seven groups was
0.8556 with a 0.0280 standard deviation. When all these
“flexible” data (n = 58) are plotted together, the correlat-
ing equation is

E*(graphite) = 0.8500 Ecal*(3) 9
with (R* = 0.9621).

Copyright © 2013 SciRes.

While these R* values of 0.9130 for the rigid and
0.9621 for the flexible molecules are better than the R* of
0.8906 for all the molecule together, a still better correla-
tion is needed to be able to effectively use Ecal*(3) val-
ues to predict E*(graphite). From the considerations
above, it is clear that the calculated values are too high
for the “flexible” structures since as shown in Figure 2
the Ecal*(3) values must be multiplied by on average
0.85 to bring their values down to agreement with the
E*(graphite) experimental values. However, there is
more variation within individual molecules than simply
placing into these two groups.

To reconcile the differences observed for the “rigid”
and “flexible” molecules and to have one common equa-
tion and one correlation for all the molecules, a different
approach was needed. We observed that the MM2 vdW
parameters for the sp’ carbon atoms were overestimating
their carbon surface interactions and hence could be cor-
related only by using about 85% of their estimated bind-
ing energy values. The flexible molecule category was
dominated by tetrahedral bonded carbons which we label
below as C-sp> atoms. However, the trigonal planar sp’
carbons dominated the so called rigid molecules had
MM2 vdW parameters that matched well with the ex-
perimental interaction energies and hence had slopes
close to one. In examining the individual molecules we
were able to observe variations depending on the number
of C-sp® atoms and C-sp” and other atoms. These obser-
vations led to the next approach.

In Method IV for every molecule all non-hydrogen
atoms were counted and placed into one of two catego-
ries. The atom was either a sp® hybridized carbon or not.
The non sp’ carbon atoms included sp” trigonal planar
bonding carbon atoms, sp linear bonding carbon atoms,
and all other atoms such as oxygen, nitrogen, sulfur. All
hydrogen atoms were excluded from the counting proc-
ess. So the relations may be summarized as

25 4

E*(Graphite)
— (3
o (=1

—

Rigid e Flex

0 i 10 15 2‘0 2‘5
Ecal*(3)

Figure 2. Experimental organic molecule-graphitic surface
binding energies versus three layer calculated binding en-
ergies for rigid (n = 60) and flexible (n = 58) adsorbate
molecules gave linear regressions of E*(graphite) = 0.9918
Ecal*(3) with R* = 0.9130 and E*(graphite) = 0.8500
Ecal*(3) with R? = 0.9621, respectively.
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Ny = Nesgps T Dogper (10)
fC-sp} =N g3 / a1 (11)
fother = Nother / Ntotal (12)
1= + Fotper (13)

where ny is the total number of nonhydrogen atoms,
Nc.sps is the number of sp3 carbon atoms, Nyge 1S the
number of all other nonhydrogen and non sp’ carbon
atoms, fc_gp3.c 18 the fraction of sp3 carbon atoms, and f,ge,
is the fraction of all other nonhydrogen atoms.

Using the above relations then the Equation (3) may be
written as

E*(graphite) = (CC-sp3 fegps + Cother T,

other “other

) Ecal*(3) (14)

Cesp3 and Comer are the best fit coefficients multiplied by
the fraction of sp’ carbon atoms and fraction of other
non-hydrogen atoms, respectively. The a term in Equa-
tion (3) is now represented as o = (Ccsp3 fesp3 + Cother
fotmer). The cc.gps and coper were derived from multilinear
regression calculation using E*(graphite) and Ecal*(3)
values in Table 1 along with fc.; and fope values for
each of the 118 molecules. The best fit coefficients for
Cspa-c Was found to be 0.8180 and for copmer was found to
be 1.0221.

The originally calculated Ecal*(3) for each of the 118
molecules could then be modified by the equation for a
in Equation (14) and are given in Table 2. These modi-
fied values are indicated as Ecal*(3)-modified. For ex-
ample, consider the molecule 1,2,3,5-tetramethylben-
zene that consist of 4 sp® carbon atoms and 6 sp* carbon

atoms. The fractions are fc.g3 = 0.4000 and foer = 0.6000.

Using the best fit values of the fractions cgs.c gives
[(0.8180) (0.4000) + (1.0221) (0.6000)] 16.9358 kcal/
mol = [0.9405] [16.9358] = 15.9274 or 15.9 kcal/mol.
Clearly 15.9 is much better estimate of the reported ex-
perimental binding energy of 15.8 kcal/mol.

Figure 3 shows a plot of E*(Graphite) versus Ecal*(3)-

modified where

Ecal*(3)-modified
(15)
=(0.8180 ., +1.0221 f,

C-sp3 other

) Ecal*(3)

The linear regression for E*(graphite) versus Ecal*(3)-
modified (n = 118) gave a slope of 1.0000 and (R? =
0.9647). While still using the standard MM2 parameters
this approach provides a fairly simple modification that
provides reasonable estimates of E*(graphite). A com-
parison of Figures 1 and 3 shows a change of R* from
0.8906 to 0.9647 indicating a significant improvement in
the correlation.

Next, it was necessary to determine values of Ecal*(1).
A molecule must have same placement and orientation

Copyright © 2013 SciRes.

for accurate comparison. The only part that should be
different was the number of layers for the surface. To
convert graphite to graphene, the second and third layers
were removed from molecules already placed on the
graphite model using the procedure previously described.
The E,, was recalculated for each molecule after MM2
optimization and then used with E, values and an
Eg(graphene) calculated value to find Ecal*(1) using
Equation (1). The average ratio of Ecal*(1)/Ecal*(3) for
the 118 molecules gave an average and standard devia-
tion of 0.9350 + 0.004. Figure 4 shows a plot of Ecal*(1)
versus Ecal*(3) and the slope based on a linear regres-
sion was 0.9349 with (R* = 0.9998). The results indicated
the calculated binding energy of a molecule on graphene
is consistently 93.5% of the calculated value on graphite.
Thus, the § from Equation (4) is determined to be 0.935
and may the relation may be expressed as

Ecal*(1) = 0.935 Ecal *(3) (16)

257

20 4

E*(Graphite)

0 SI lb lé 2‘() 2IS
Ecal*(3)

Figure 3. Experimental organic molecule-graphitic surface

binding energies versus modified three layer calculated

binding energies for 118 adsorbate molecules gave a linear

regression of E*(graphite) = 1.0000 Ecal*(3)-modified (n

=118) with (R? = 0.9647).

25 4

20 A

—
W
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Ecal*(1)

0 5 10 15 20 25
Ecal*(3)

Figure 4. Plot of Ecal*(1) modeling binding energy on gra-

phene versus Ecal*(3) modeling binding energies on graph-

ite for 118 organic adsorbate molecules gave a linear re-

gression with a slope of 0.9349 and (R? = 0.9998).
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So we propose that using MM2 parameters for a
molecule in optimized geometry and then placed on a
three layer graphite surface can give a reasonable esti-
mate of the graphene binding energy using our Equation
(6) expressed after combining Equations (14) and (15) to
give

E*(graphene)
(17)
=0.935[ 0.8180 f, +1.0221 f

other

J Ecal*(3)

Or more directly if a molecule is placed on a single
layer model graphene surface, a reasonable estimate of
the expected molecule-graphene interaction or binding
energy is obtained from

E*(graphene)
=[0.8180 ., +1.0221 f,

other

]Ecal*(l) 1%

It is assumed that the graphite correction also can be
applied to graphene. This assumption is reasonable con-
sidering a single carbon layer accounts for 93.5% of the
MM2 graphite binding energies for the 118 molecules
considered. The ccqp3 and coper above are taken directly
from Equation (15). The a in Equation (3) is now repre-
sented from the above as a = (Ccsps fe-sps T Cother Tother)-

5. Discussion

The binding energy of an adsorbate molecule on an ad-
sorbent surface can be affected by molecule size, mole-
cule orientation, and the nature of surface. For organic
molecules adsorbed on graphitic surfaces, van der Waals
forces tend to dominate the physical adsorption. Larger
more polarizable atoms tend to increase vdW forces in-
crease the binding energy. For example, comparing mole-
cules M91 1,3-dichlorobenzene and M73 benzene, one

observes E* values of 12.4 and 8.9 kcal/mol, respectively.

More atoms in a molecule increases the vdW forces. For
example, comparing molecules M12 decane and M11
butane, one observes E* values of 16.1 and 6.8 kcal/mol,
respectively. Different orientations of the molecule and
different conformations can also affect the binding en-
ergy. Orientations of molecules were selected to have the
maximum contact with the surface. Since our focus was
to find the lowest energy for a molecule adsorbed on a
surface, we chose the most polarizable atom facing the
surface as previously described because the vdW is
stronger with more polarizable atoms near the surface
and a flat orientation to put as much of the molecule on
the surface as possible.

The approach illustrated in Table 3 was to divide the
experimental values into one of nine subgroups based on
the molecular structure of the adsorbate. With the excep-
tion of the cycloalkane group that only had four mole-
cules and R? = 0.8726, all the remaining R? values were

Copyright © 2013 SciRes.

better than the set of all 118 molecules with R* = 0.8906.
The R? for the eight other groups ranged from 0.8971 up
to 0.9971. However it was desirable to have one general
equation that would allow calculation of Ecal* for what-
ever molecule was selected without regard to functional
group.

As shown in Table 2, our coefficients and the equation
do not make our Ecal* values match with E* exactly.
However, our modification provides a reasonable ap-
proach to interpret the over-calculated values for the at-
oms with sp® hybridizations and improves the match of
calculated and experimental values. Using the values of
the E*/Ecal*(3) ratios gives an average of 0.93 and a
0.09 standard deviation. Using the values of the E*/
Ecal*(3)-modified ratios gives an average of 1.01 and
0.07 standard deviation. This modification was necessary
to successfully predict the binding energy. Figure 1
shows the E* versus Ecal* plots somewhat scattered with
R? of 0.8906 and a slope of 0.9321. However, Figure 3
shows E* versus Ecal*(3)-modified with a slope of 1.0000
and R? of 0.9647. So Equation (15) provides an effective
method to estimate E*(graphite) by modifying computed
values of Ecal*(3). There is a regular relation between
Ecal*(1) and Ecal*(3) with the Ecal*(1) values being
93.5% of the Ecal*(3) values as shown in Figure 4 and
in Table 2.

Our initial adjustment for the scatter in Figure 1 was
to place molecules in categories of rigid (ring containing)
or flexible (no ring) as illustrated in Table 3 based on the
slopes that were near one for aromatic amine, benzene
derivatives, chloroaromatic, and thiophene groups but
clearly less than one for the remaining seven groups.
While this division into two categories led to improved
correlation coefficients with R* equal to 0.9621 and
0.9130 for the flexible and rigid, respectively the cause
of this difference was based on the overestimate of vdW
forces between the surface carbon atoms and sp® carbon
atoms. For instance, Table 2 shows the ratio of E*
(graphite)/Ecal*(3) is 0.87 for n-butyl benzene (M83) but
for naphthalene (M85) this ratio is 1.02 meaning the cal-
culated and experimental are in close agreement. Both
molecules have same number of carbons but the Ecal* is
about 15% too large due to the calculated vdW energy
being too high.

Since this overestimation occurs in a regular pattern
we were able to adjust the Ecal* simply based on the
fraction of nonhydrogen atoms that were sp’® carbon at-
oms. This adjustment was accomplished by Equation (15)
where the fraction of sp® carbons is multiplied by 0.8180
Ecal* to give its E* contribution to E* and the fraction of
all other nonhydrogen atoms is multiplied by 1.0221
Ecal* to give its contribution to E*. We see that on av-
erage sp° carbons have a value that is too high and all
other nonhydrogen atoms have values that are on average
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slightly low.

To test the application of our approach a molecule not
in the original set of 118 molecules was selected for es-
timation of E*(graphite) and E*(graphene). C. Thier-
felder et al. reported calculated binding energies of me-
thane on graphene with five different methods [44]. They
used a reported experimental value of methane on graph-
ite in the range of 0.12 - 0.14 eV. They also made an
assumption that the binding energy of methane on gra-
phene should be about 0.01 eV less than on graphite so
their estimated binding energy value for methane on gra-
phite was E*(graphite) = 0.12 to 0.14 eV and on gra-
phene they estimated E*(graphene) = 0.11 to 0.13 eV.
Our estimated energy for Ecal*(3) for methane was 3.40
kcal/mol and Ecal*(3)-modified was 2.8 kcal/mol (0.12
eV) and the predicted Ecal*(graphite) was 2.6 kcal/mol
(0.11 eV). So our estimated binding energies of
E*(graphite) = 0.12 eV and E*(graphene) = 0.11 eV
agree with well their suggested values.

6. Conclusions

The weakness of noncovalent vdW interactions presents
a general challenge for more exact quantum mechanical
methods and density functional theory (DFT) calcula-
tions as indicated by a comparison of 40 density func-
tionals with noncovalent interaction energies [45,46].
DFT results have been reported to underestimate vdW
interactions [47]. However, Moller-Plesset perturbation
theory (MP2) has been reported to overestimate the
binding energies [48]. The basis set used to model a
molecule and a dimer cluster (benzene-coronene for ex-
ample) can greatly affect the interaction energy. This er-
ror is known as the basis set superposition error (BSSE).
For benzene-coronene quantum calculations where coro-
nene can be used to represent a graphene surface the
MP2 results had to be modified by a counterpoise correc-
tion of about 40% [48]. Tauer and Sherrill examined n-nt
interactions for benzene dimers and trimmers and found
that MP2 calculations with small basis sets tended to
have cancelling errors. By allowing these errors to offset
each other they were able to find interaction energies
close, few tenths of kcal/mol, of a complete basis set
couple cluster CCSD(T) limit [49]. Because of these
computational challenges, for ease of use, for representa-
tions of larger surface areas or multiple molecules, and
for simpler and quicker calculations it can be useful to
make estimates based on molecular mechanics and the
approach outlined in this work.

We used augmented MM?2 parameters and classical
molecular modeling to predict molecule-graphene bind-
ing energies of 118 organic molecules. Our results sug-
gest that this method can provide useful estimates of ex-
perimental values that may otherwise be difficult to ob-
tain. In prior work MM2 parameters and molecular me-

Copyright © 2013 SciRes.

chanics calculations have been used to estimate molecule
surface interaction energies on flat, rough, and porous
carbon surfaces [22-25,43].

The calculated binding energies for a molecule on the
single layer graphene model were consistently found to
be 93.5% of the value for the same molecule on the
three-layer graphite model. This is in agreement with
prior work for nucleobases on graphene and graphite that
showed going from 1 to 3 layers increased binding en-
ergy by 8% to 10% [43]. The MM2 calculations for these
binding energies are dominated by vdW forces and these
have been observed to give reasonable correlations when
a standard 0.9 nm cutoff value was used. One implication
for future sensor devices based on adsorption due to dis-
persive forces on bilayer graphene is that the interaction
energy for a bilayer should be very close, within a few
percent, to the value for graphite.

Although the MM2 parameters were not optimized for
adsorption energy calculations, the values obtained for
vdW dominated adsorption on carbon give good correla-
tions with experimental. It was observed that calculated
Ecal* values had to be corrected to better agree with the
experimental E* for the set of 118 organic molecules
used. The calculated binding energy was corrected with
simple modification using coefficients that reduced the
energy contribution from all sp® carbon atoms by multi-
ply the fraction of these atoms by 0.818 and the remain-
ing carbon and heteroatoms (hydrogen atoms were not
included in determining these fractions) were almost un-
changed being multiplied by 1.022, respectively.

The direct MM2 results gave the ratio of E*/Ecal*(3)
as 0.93 (n = 118) with a standard deviation of 0.09. The
modified MM2 results gave the ratio of E*/Ecal*(3)-mod
as 1.01 (n = 118) with a standard deviation of 0.07. So
the direct MM2 model based binding energies were on
average larger than the experimental values by about
7.5% (1/0.93 = 1.075), but after the modification de-
scribed previously and given in Equation (15), the aver-
age of all 118 values was within about one percent. Most
calculated values were within 7% of the corresponding
experimental ones (see Table 2). The slope of E* versus
Ecal*(3)-mod was 1.00 with R? = 0.965 as shown in Fig-
ure 3.

The modification of the Ecal*(3) calculated values
should apply to the graphene also so the Ecal*(3)-mod
could be multiplied by 0.935 as shown in Equation (16)
to find E*(graphene). Or more directly Ecal*(1) can be
converted to E*(gaphene) using Equation (17). In other
words, a molecule’s interaction energy can be calculated
on a three layer model or a one layer model and effec-
tively converted to a reasonable estimate of the expected
experimental interaction energy on single layer graphene
surface, E*(graphene). Using our data set correlations
and extending it to a molecule not included in the origin-
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nal set of 118 allowed us to test this method. Binding
energies of 0.12 and 0.11 eV were obtained for methane
and these compared well to published experimental and
estimated values for graphite and graphene, respectively.

Simpler non quantum mechanical calculations based
on classical molecular mechanics continue to be of use to
estimate molecule-surface binding energies based on
weaker dispersion forces. This molecular mechanics ap-
proach does not provide any electronic details but it is a
useful, computationally simple approach to study mole-
cule interactions on carbon surfaces and should be help-
ful to predict how strongly various molecules may be
held on future single layer graphene or bilayer graphene
sensor detection devices. This approach may also be
useful to predict interactions in other possible applica-
tions such as surface self assembly, molecular separa-
tions, or graphene-molecule storage and delivery devices.
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