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The adsorption of CO and C2H2 molecules on the perfect basal surface of graphite is investi-
gated by adopting cluster models in conjunction with quantum chemical calculations. The non-
covalent interaction potential energy curves for three different orientations of CO and C2H2 
molecules with respect to the inert basal plane of graphite are calculated via semi-empirical 
and Möller-Plesset ab initio methods. Then, we have considered the effects of interaction en-
ergies on the C�O and C�C bond lengths by performing the partial geometry optimization pro-
cedure on the CO-graphite and C2H2-graphite systems in various intermolecular distances. The 
computational analysis of all physical noncovalent potential energy curves reveals that the 
relative configurations in which CO and C2H2 molecules approach the graphite sheet from out 
of the plane have stronger interaction energy and so is more favorable from the energetic 
viewpoint. This means that the graphite layer prefers to increase its thickness via the chemical 
vapor deposition of CO and C2H2 on the graphite.  
 
K e y w o r d s: graphite basal surface, carbon monoxide, acetylene, physical interaction en-
ergy, quantum chemical calculations. 

INTRODUCTION 

The recent advances in experimental techniques and the ever-growing interest in nanotechnology 
applications brought considerable attention to graphite systems. One of the most important methods of 
producing carbon materials is chemical vapor deposition (CVD) on graphite surface. In the recent 
years much attention to the growth of carbon materials, such as carbon fibers, carbon nanotubes [ 1, 
2 ], pyrolytic carbons [ 3, 4 ], and carbon nanospheres (that are all related mainly to graphite structures) 
by performing the catalytic CVD procedure. In this technique, carbon monoxide and acetylene are 
widely used as appropriate substrates. 

It should be stated that the extended honeycomb structure model of graphite surface is the basic 
building block of other important allotropes such as 3D graphite, 1D nanotubes, and 0D fullerene. So, 
we have chosen polycyclic aromatic hydrocarbons to model the adsorption of CO and C2H2 molecules 
on graphite nanolayers. These polycyclic aromatic hydrocarbons themselves are of great research in-
terest due to their high stability, rigid planar structure, and characteristic optical spectra [ 5, 6 ]. 

In general, the adsorption on planar surfaces is classified into two categories. One is the physi-
sorption on a perfect surface that is chemically inert towards the adsorption and dissociation of small 
molecules, and another is chemisorption that happens on defective reactive surfaces and thus contri-
butes to catalytic reactions. It is well known from previous experimental observations that small mo- 
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lecular species only physisorb on the clean graphite basal surface with the corresponding low binding 
energy [ 7, 8 ].  

From the theoretical viewpoint, in some previous systematic investigations [ 28, 29 ] Xu and co-
workers have studied computationally the adsorption interactions and dissociative adsorption reaction 
of water, COx, and NOx (x = 1, 2) on the (0001) graphite surface using the ONIOM integrated method 
[ 30 ]. Firstly, they have selected the B3LYP/6-31+G* hybrid density functional method as high level 
theory for the C24H12 + COx /NOx model system and then a less expensive self-consistent charge den-
sity functional tight binding plus London dispersion (DFTB-D) method [ 31, 32 ] was employed to in-
clude the horizontal �-conjugation effects. They have also chosen a C94H24 dicircumcoronene gra-
phene slab as a model system for the graphite surface in a finite-size molecular structure. They have 
predicted the potential energy surface (PES) for the dissociative adsorption reaction of COx /NOx with 
the graphite slab surface and calculated their corresponding reaction rate constants at high tempera-
tures and pressures using the PES data in RRKM computations [ 33 ]. 

In another theoretical study, Zhang and coworkers [ 34 ] have investigated the interactions be-
tween perfect, doped, and defective graphenes with small gas molecules (CO, NO, NO2, and NH3)  
using density functional computations [ 35 ] with the plane-wave basis set and the periodic boundary 
condition. In the case of CO on the graphene surface, the adsorption energy and the distance between 
CO and a graphene sheet in basal and doped models have been calculated to be around –0.15 eV and 
3 Å respectively. On the other hand, the adsorption energy and the distance between CO and a defec-
tive graphene sheet have been obtained of about –2.3 eV and 1.3 Å respectively. So, they have indi-
cated that defective graphene is more suitable for sensing CO than basal and doped graphene. 

In this research, we have mainly focused on the theoretical effective cluster model of a basal 
graphite layer and its growth via the pyrolysis reaction of CO and C2H2 from the structural and ener-
getic viewpoints. In this respect, we calculated the physical interaction potential energies at several 
orientations of CO and C2H2 molecules with respect to the basal graphite surface via the semi-
empirical and Möller-Plesset ab initio quantum chemistry methods [ 9 ]. It is important to note that 
these relative configurations may have different contributions to the primary interactions between mo-
lecular species and graphite and consequently to the determination of the precursor structure of the 
reaction complex in the chemical vapor deposition process. Additionally, we analyzed the ability of 
three various semi-empirical quantum mechanical techniques for the accurate description of physical 
interactions in noncovalent molecular systems such as CO-graphite and C2H2-graphite.  

It should be stated that the choice of the Möller-Plesset ab initio method for the prediction of 
noncovalent physical interactions was motivated by the facts that the London dispersion energy plays 
a key role in this type of interactions and consequently it requires the use of the procedure by inclu-
ding a large portion of the electronic correlation energy together with an extended atomic orbital (AO) 
basis set. 

Furthermore, we have investigated the effect of potential interaction energies on the C�O and 
C�C bond lengths while CO and C2H2 molecules are approaching the graphite sheet with different 
relative orientations. A comparative study on the obtained physical interaction potential energy curves 
of CO-graphite and C2H2-graphite systems demonstrates that the orientations in which CO and C2H2 
molecules approach the graphite sheet from out of the plane have the stronger interaction potential 
energy and consequently suggests that graphite prefers to grow from its surface and so increases its 
thickness in CVD of carbon monoxide and acetylene.  

COMPUTATIONAL DETAILS 

As the first step in the survey of physical interaction potential energies between CO and C2H2 
molecules with a graphite layer, we have employed a planar polyaromatic molecule as an inert basal 
graphite model. By choosing this model, the graphite system is reduced to a computational tractable 
size. It was discussed in [ 10, 11 ] that this size of the graphite model provides a reliable and accurate 
representation for the structural and energetic features of the graphite surface. It is noteworthy that in a 
previous computational study [ 7 ], the reliability of the graphite model adopted in our present study  
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Fig. 1. Schematic representation of the basal  
structure for the graphite sheet 

  
 

 
 
 

Fig. 2. Three different relative orientations of molecular 
species with respect to the basal graphite plane 

 
has been verified by a comparative study of larger planar polyaromatic models. A schematic structure 
of this basal model has been shown in Fig. 1. The boundaries of this model were saturated with hydro-
gen atoms, which is a typical procedure for covalent materials [ 12 ].  

In the next step, three different relative orientations were considered for the approach of CO and 
C2H2 molecules towards the graphite basal surface: two of them are out of the plane and the other is in 
the plane of the graphite sheet. These orientations have been chosen based on the active sites of the 
graphite surface and are illustrated in Fig. 2. 

All calculations were carried out in the framework of AM1 [ 13 ], PM3 [ 14, 15 ], and PM6 [ 16 ] 
semi-empirical methods and the second-order Möller-Plesset (MP2) ab initio level of theory [ 17 ] to-
gether with the 6-31++G** basis set [ 18—21 ] for all atoms. It should be emphasized that AM1 and 
PM3 semi-empirical methods are not accurate enough for the energetic description of noncovalent in-
teractions for many reasons: i) parametrization for only a limited number of atoms and ii) overesti-
mated stabilization energies for optimized geometries especially in H-bonded complexes. On the other 
hand, the new PM6 method is superior to other semi-empirical quantum mechanical methods in va-
rious aspects. It is an NDDO-based method improved by the adoption of Voityuk�s core-core diatomic 
interaction term [ 22 ] and Thiel�s d-orbital approximation [ 23, 24 ]. These modifications allowed the 
parametrization of 80 elements and also reduced the error for main group elements. So, one of the 
most important goals of this research is to examine the ability of the PM6 method in the prediction of 
physical interaction energies in comparison with AM1 and PM3 semi-empirical methods and the MP2 
ab initio approach. 

All MP2 interaction potential energies were corrected for the basis set superposition error via the 
standard counterpoise procedure [ 25 ]. In semi-empirical calculations, the convergence criteria for the 
SCF procedure was adopted as 10–10 kcal �mol–1. All MP2 computations were performed using the 
GAMESS suite of programs [ 26 ] and the MOPAC 2009 software [ 27 ] was utilized for the semi-
empirical calculations. 

RESULTS AND DISCUSSION 

The interaction energy at each distance R, were defined according to the expression 
�Eint(R) = E(G-m) – E(G) – E(m), 

where E(m) is the energy of an isolated molecule, E(G) is the energy at its optimized relaxed geometry 
in the absence of adsorbed species, and E(G-m) corresponds to the energy of CO-graphite and C2H2-
graphite complexes at a distance R, and a negative �Eint value means a stable structure in energy. 

Firstly, the adsorption of CO and C2H2 molecules on the graphite surface has been considered in 
three relative configurations for the basal structure model of graphite. The CO-graphite and C2H2-
graphite interaction potential energy curves derived from AM1, PM3, and PM6 computations for three 
different orientations (displayed in Fig. 2) are plotted in Fig. 3, a—c and Fig. 4, a—c respectively.  
A qualitative analysis of the aforementioned figures depicts that some of the potential curves obtained 
with AM1 and PM3 methods are not well-behaved functions of R so that some of potential curves  
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Fig. 3. Physical interaction potential energy curves 
for three different relative orientations of CO mole-
cule calculated using AM1 (a), PM3 (b), and PM6 
                     (c) semi-empirical methods 

 Fig. 4. Physical interaction potential energy curves 
for three different relative orientations of the C2H2 
molecule calculated using AM1 (a), PM3 (b), and 
                PM6 (c) semi-empirical methods 

 
show a barrier before or after reaching the potential minimum point. Meanwhile, all of the potential 
energy curves for three different orientations obtained with PM6 calculations have a typical and well-
behaved potential well.  

As already discussed, these findings confirmed the relative success of the PM6 method compared 
to AM1 and PM3 techniques in the description of noncovalent physical interactions between CO and 
C2H2 molecules with the graphite surface. Thus, the rest of this article is devoted to the results ob-
tained with PM6 computations.  

It is important to state that the order of contributions to the overall physical interaction for differ-
ent orientations can be determined based on their minimum point (equilibrium) energies. Strictly 
speaking, the relative orientations with the deeper potential well should possess the larger contribution 
in the pyrolytic reaction of CVD process.  

As it can be seen from Figs. 3, c and 4, c, among the aforementioned three structures, the orienta-
tions in which CO and C2H2 molecules approach the graphite sheet from out of the plane have a 
stronger interaction potential compared to the other orientation. However, the calculated values of po-
tential energies for the interaction of CO and C2H2 with the basal surface of graphite reveal that CO 
and C2H2 species can only be physisorbed on the perfect basal graphite sheet while the potential ener- 
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Fig. 5. Variation of the C�O bond length as a func-
tion of the intermolecular distance for three different 
relative orientations of the CO molecule with respect 
                     to the basal graphite surface 

 Fig. 6. Variation of the C�C bond length as a func-
tion of the intermolecular distance for three different 
relative orientations of the C2H2 molecule with re-
                spect to the basal graphite surface 

 
gy well depth is about 0.02 kJ/mol at the PM6 level, suggesting a weak nature of noncovalent interac-
tions.  

In the next step, we have investigated the effect of potential interaction energies on the C�O and 
C�C bond distances while CO and C2H2 molecules are closing to the graphite basal sheet. It should be 
noticed that during this process, we have only relaxed the C�O and C�C bond lengths while all the 
other structural parameters have been frozen. The variations of calculated C�O and C�C bond lengths 
have been illustrated in Figs. 5 and 6 respectively as a function of intermolecular distances. Figs. 5 and 
6 depict clearly that for intermolecular distances larger than 2 Å the C�O and C�C bond lengths do not 
change considerably while their values are about 1.13 Å and 1.20 Å respectively, the same as those of 
calculated free CO and C2H2 in the gas phase. This behavior can be essentially due to the weak nature 
of physical interactions between CO and C2H2 molecules with the basal surface of graphite. Moreover, 
for the shorter intermolecular distances, the C�O and C�C bond lengths were elongated to �2 Å, which 
indicated that the adsorbed CO and C2H2 species are chemically activated and the chemical adsorption 
can occur at close intervals to the basal graphite surface. 

In order to achieve a more reliable description for noncovalent physical interactions between CO 
and C2H2 molecules with the basal graphite surface we have calculated the interaction energy values 
via the MP2 ab initio method for three different relative configurations. In Figs. 7 and 8, the CO-gra-
phite and C2H2-graphite interaction potential energy curves derived from the MP2 computations have 
been illustrated respectively. In Table 1, we have reported the equilibrium distance Re at the minimum 
point of the potential energy curves and its corresponding interaction energy �Ee obtained from the 
MP2 calculation for three different relative orientations in CO-graphite and C2H2-graphite systems. 
The reported Table 1 results clearly show that i) the orientations in which CO and C2H2 molecules ap-
proach the graphite sheet from out of the plane have a considerably deeper potential well in compari-
son with the other orientation and ii) there is a little distinction in the behavior of potential energy 

curves between two relative orientations in 
which CO and C2H2 molecules approach the 
graphite sheet from out of the plane (as repre-
sented in Figs. 7 and 8). We have also asses-
sed and compared the ability of PM6 and 
 

 

Fig. 7. MP2/6-31++G** calculated physical inter-
action potential energy curves for three different 
orientations of the CO molecule with respect to the  
                       basal graphite surface 

  



������ �	��
	����� ����. 2013. 	. 54, � 5 817

Fig. 8. MP2/6-31++G** calculated physical inter-
action potential energy curves for three different 
orientations of the C2H2 molecule with respect to  
                     the basal graphite surface 

 
MP2 methods for a reliable quantitative de-
scription of noncovalent interactions. In Ta-
ble 2, we have presented Re and �Ee values 
calculated at the PM6 and MP2/6-31++G** 
levels of theory for three relative orientations 
in CO-graphite and C2H2-graphite systems. It 
can be clearly derived from the reported Table 2 results that the PM6 approach is inadequate for an 
accurate quantitative representation of interactions in comparison with the MP2 method. Indeed, the 
PM6 interaction energies are about 0.01—0.02 kJ/mol while MP2 calculated ones are about 7—
11 kJ/mol. 

In overall, based on MP2 and semi-empirical results, the orientation in which CO and C2H2 mole-
cules approach the basal graphite sheet in the plane not only has a weaker interaction energy, but also 
this orientation has a considerably shallower potential well in comparison with the other orientations, 
which can be seen more clearly in the MP2 computations.  

CONCLUSIONS 

To summarize, semi-empirical and MP2 ab initio molecular orbital calculations have been per-
formed to study and analyze the adsorption behavior of CO and C2H2 molecules on the basal cluster 
model of graphite from the energetic and structural viewpoints. A comparative study on the calculated  
 
           T a b l e  1  

Equilibrium distance Re at the minimum point of the potential 
energy curves and its corresponding interaction energy �Ee 
obtained from MP2 calculations for three different relative  

orientations in CO-graphite and C2H2-graphite systems 

CO-graphite C2H2-graphite 
Orientation 

Re, Å �Ee, hartree Re, Å �Ee, hartree 

X axis, out of plane 3.5 –0.00279 3.4 –0.00418 
Y axis, out of plane 3.5 –0.00281 3.6 –0.00359 
In plane 4 –0.00068 4 –0.00085 

 
         T a b l e  2  

PM6 and MP2/6-31++G** calculated values of Re and �Ee for three different relative  
orientations of CO-graphite (CO—G) and C2H2-graphite (C2H2—G) systems.  

The definitions of Re and �Ee are the same as in Table 1 

X axis, out of plane Y axis, out of plane In plane Computational  
method CO—G C2H2—G CO—G C2H2—G CO—G C2H2—G 

PM6 
Re, Å 3.8 3.5 3.5 3.5 3.5 3.8 

�Ee, kJ/mol –0.0234 –0.00925 –0.0209 –0.0144 –0.0178 –0.0125 

MP2/6-31++G** 
Re, Å 3.5 3.4 3.5 3.6 4 4 

�Ee, kJ/mol –7.3251 –10.9745 –7.3776 –9.4255 –1.7853 –2.2316 
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noncovalent interaction potential energy curves of CO-graphite and C2H2-graphite systems shows that 
i) the PM6 method can provide a qualitatively more reliable theoretical description of noncovalent in-
teractions in comparison with AM1 and PM3 techniques, but it is not superior to the MP2 ab initio 
method for providing an accurate quantitative description and ii) the relative configurations in which 
CO and C2H2 molecules approach the basal graphite sheet from out of the plane have a more potential 
well depth and consequently depict stronger interactions. Therefore, based on the obtained PM6 and 
MP2 results, we predict that graphite prefers to grow from its surface and so increases its thickness in 
CVD of carbon monoxide and acetylene.  

In addition, we have found that the selected active sites on the basal surface model of graphite 
exhibit active catalytic reactivity toward the dissociation of CO and C2H2 and the chemical adsorption 
can occur at close intervals to the basal graphite surface. 
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