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The adsorption of Xe on graphene has been systematically investigated by ab initio MP2 calculations using
Dunning’s correlation-consistent basis sets. The polycyclic aromatic hydrocarbon (i.e., coronene) is employed
to model the graphene surface. The adsorption energies at three high-symmetry sites on the surface are calculated
at the MP2/cc-pVTZ/cc-pVDZ-PP level. Our results show that Xe preferentially occupies the hollow site on
the graphene surface. The equilibrium distance of Xe at the hollow site is calculated as 3.56 A, which is in
excellent agreement with the available experimental value of 3.59 + 0.05 A. The corresponding binding
energy at the hollow site is calculated as —142.9 meV, whereas the binding energies at the bridge and on-top
sites are calculated as —130.8 and —127.4 meV, respectively. The adsorption of polar molecules, XeF and
XeBeO, on graphene is also investigated to analyze the site preference.

1. Introduction

Rare-gas atoms have long been the classical adatoms for the
study of physisorption mainly because of their notable inertness.
The adsorptions of rare-gas atoms on graphite or close-packed
transition-metal surfaces have been extensively investigated in
recent years. The early experimental analysis by spin-polarized low-
energy electron diffraction (SPLEED) and theoretical studies based
on empirical pair potentials had concluded that rare-gas atoms
prefer to adsorb at the hollow site on graphite and metal surfaces
(see Figure 1 for illustration).!”® However, SPLEED analysis
showed that the perpendicular distance from Xe to the Pt(111)
surface was 4.2 A, which is much longer than the expected hard
sphere distance (van der Waals radii for Xe and Pt atoms are 2.16
and 1.75 A7 respectively). Scanning tunneling microscopy (STM)
and low-energy electron diffraction (LEED) experiments were
consequently performed, respectively, for Xe on Pt(111)® and Xe
on Ru(0001),>'% Cu(111),'" and Pt(111)."” These experiments
independently found that the Xe adatom preferentially binds to the
low-coordinated on-top site instead of the high-coordinated hollow
site on the metal surface. Motivated by the argument, a number of
dynamical LEED experiments and density functional theory (DFT)
calculations have been successively performed for Xe on close-
packed metal surfaces, such as Pt(111),"*~'7 Pd(111),"7-1
Cu(111),'2021 Cu(110),"22 and Ag(001).2* From this, it was shown
that Xe preferentially occupies the on-top site on the metal surface,
mostly as a rule.

Compared to extensive investigations on the Xe/metal surface,
the study of Xe/graphite is limited in recent years. A dynamical
LEED observation indicated the hollow site preference for Xe
on graphite, with an equilibrium distance of 3.59 £ 0.05 A from
Xe to the surface.’* To our best knowledge, there is no
experimental information about the adsorption energy for Xe
on graphite. In previous DFT studies, within the framework of
local density approximation (LDA), the adsorption energy of
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Xe at the hollow site of the graphite surface was calculated as
—168% and —204 meV,?® where the former value was evaluated
by the all-electron full-potential linearized augmented plane
wave plus local orbitals (LAPW+1o) method, whereas the latter
was evaluated by the pseudopotential plane wave (PPPW)
method. These studies employed a small unit cell for modeling
the graphite surface where the distance between adjacent Xe
adatoms is only about 4.26 A, and the artificial interaction of
two neighboring Xe adatoms might be introduced because the
van der Waals radius of Xe is 2.16 A.

In the most recent DFT-LDA/GGA calculations on the
adsorption energy for Xe on the Pd(111) surface,'® even the
superior GGA functionals predicted the hollow site preference,
which is contrary to the experimental observation.'® Therefore,
theoretical calculations beyond the DFT-LDA/GGA framework
is required to evaluate the weak interaction of Xe/graphite
quantitatively (it is noted, however, that new DFT ap-
proaches?’ "% have been successfully developed for treating
dispersion interactions in noncovalent systems). It is well-known
that London dispersion is a correlation phenomenon. Therefore,
with a reasonable description of correlation, post-Hartree—
Fock methods, such as the second-order Mgller—Plesset per-
turbation theory (MP2) and the coupled cluster theory, including
single, double (CCSD), and triple excitations [CCSD(T)], are
proper alternatives for describing Xe/graphite interaction. Taking
into account the computational cost, MP2 is the most feasible
method to investigate the interaction in Xe/graphite.

The accurate prediction of physisorption of Xe on graphite also
requires a suitable model to represent the graphite surface. The
hydrogen-saturated cluster model is certainly an ideal choice
because graphite is a typical covalent compound.® In particular,
the monolayer graphite (i.e., graphene) has been prepared in
experiments,®! and it can be regarded as an infinite aromatic
molecule. Polycyclic aromatic hydrocarbon (PAH) molecules have
been successfully utilized in modeling the graphene surface.*® In
this study, we performed ab initio MP2 calculations by using the
PAH cluster model to determine accurately the site preference,
equilibrium structures, and physisorption energies for Xe on the
graphene surface. To analyze the site preference, the adsorption
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Figure 1. Polycyclic aromatic hydrocarbons (PAHs) used in this study. The open circle indicates the adsorption site, whereas H, T, and B stand

for hollow, top, and bridge sites, respectively.

of two synthesized highly polar molecules, XeF and XeBeO, on
graphene was also investigated as the first report.

2. Computational Methods

The PAH molecules were chosen to model the graphene
surface. To know the appropriate PAH size for modeling the
graphene surface, the adsorption energies for Xe on a series of
PAH molecules, starting from benzene to circumanthracene
(Figure 1), were first calculated by the MP2 method using
Dunning’s cc-pVDZ basis sets®? for C and H atoms and the
pseudopotential cc-pVDZ-PP basis set®® for the Xe atom. To
check the effect of the basis set size and electronic structure
methods on the interaction of Xe—aromatic species, MP2, DFT
(BOP,** BOP+LC,* B3LYP?*®), and CCSD(T)*’ were then
applied to the Xe—benzene system using cc-pVXZ for C and
H and cc-pVXZ-PP for Xe (X = D, T, Q), with and without
diffuse functions. cc-pVXZ is denoted as VXZ, and aug-cc-
pVXZ (including diffuse functions) is denoted as AVXZ (X =
D, T, Q) in this paper. In all calculations, the geometry of the
PAH molecules is fixed at a planar structure with a C—C
distance of 1.421 A and a C—H distance of 1.07 A; these values
correspond to the experimental C—C and C—H bond lengths
in graphite and benzene,*® respectively. The counterpoise (CP)
corrections® were applied to correct the basis set superposition
error (BSSE). Finally, the adsorption energy was estimated from
the Xe/PAH CP-corrected pair potential, which was determined
as a function of the Xe—PAH distance, ranging from 2.0 to 7.0
A. Similar calculations were also performed for XeBeO/
graphene and XeF/graphene systems. Pair potentials were

TABLE 1: Adsorption Energies (E,q in meV) and
Equilibrium Distances (d; in A) for Xe on PAH Molecules
Calculated at the MP2//cc-pVDZ/cc-pVDZ-PP Level

PAH molecule Ea d
C¢Hg (benzene) —44.6 3.85
CoHg (naphthalene) —60.8 3.75
C4H; (anthracene) —80.8 3.66
CsH, (tetracene) —96.3 3.64
CxHy4 (pentacene) —101.7 3.63
Ci¢Hjo (pyrene) —82.4 3.66
C,4H;, (coronene) —126.2 3.57
C5,Hy4 (ovalen) —134.9 3.56
C4Hj¢ (circumanthracene) —143.8 3.54

calculated by Gamess,** whereas NBO charges and dipole

moments were calculated by Gaussian 03.4!

3. Results and Discussion

Table 1 shows the adsorption energies and equilibrium
geometries of Xe on nine PAH molecules (Figure 1) calculated
at the MP2//VDZ/VDZ-PP level. It is shown that there is a
notable correlation between the PAH size and adsorption energy.
As the size of the PAHs increases, the adsorption energy sharply
increases while the equilibrium distance from Xe to the center
of the PAH decreases gradually. The adsorption energy of Xe
for the smallest and the largest PAH molecules was calculated
as —44.6 meV (benzene) and —143.8 meV (circumanthracene),
respectively. This is a relatively large difference, but it tends to
converge when the size of the PAH exceeds the size of
coronene; the adsorption energies for Xe/ovalene and Xe/
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Figure 2. (a) Adsorption energies and (b) equilibrium distances of
Xe/benzene calculated by MP2, LC-BOP, CCSD(T), and the corre-
sponding counterpoise-corrected methods with Dunning’s correlation-
consistent basis sets, cc-pVXZ, and aug-cc-pVXZ (X = D, T, Q).

circumanthracene show a very small difference, 8.9 meV. On
the basis of this finding, coronene was employed as a model to
represent the graphene surface. Actually, coronene has been
successfully employed in theoretical studies of physisorption
of small atoms (or molecules) on the graphene surface.*** In
these studies, geometrical parameters of coronene were fixed
with experimental data for C—C and C—H bond lengths as the
interaction energy in physisorption is so small that the adsorbate
does not affect the substrate geometries noticeably. To check
the effect of geometrical relaxation on the site preference, we
carried out preliminary MP2/VDZ calculations using the relaxed
and nonrelaxed coronene model and verified that the order for
the adsorption energies were unchanged (E,y (hollow) > Ey
(bridge) > E,s (on-top)). Therefore, we decided to fix the
geometry of coronene to the isolated one.

To examine the effects of the electronic structure method and
basis sets on the interaction in the Xe/PAH system, we
performed systematic calculations using MP2, DFT, and
CCSD(T) methods with Dunning’s correlation-consistent basis
sets for Xe—benzene. CCSD(T) calculations are performed with
only VDZ, AVDZ, and VTZ basis sets because of huge
computational costs. Figure 2 describes the dependence of
adsorption energies and equilibrium distances on the size of
the basis sets, and Table 2 presents the MP2 results in detail.
In DFT calculations, PBE and LC-BOP methods presented very
small interaction energies, whereas B3ALYP and BOP methods
gave no binding for the Xe/benzene system. One possible way
to improve this weak interaction in the DFT scheme is to include

Sheng et al.

TABLE 2: MP2 Adsorption !Energies (E.q in meV) and
Equilibrium Distances (d; in A) for the Xe/Benzene System

CP-corrected no correction

basis set E,q in meV d, in A E,q in meV d, in A
cc-pVDZ —254 4.07 —=50.9 3.85
aug-cc-pVDZ —54.1 3.86 —122.6 3.67
cc-pVTZ =777 3.78 —94.9 3.71
aug-cc-pVTZ —94.1 3.72 —138.2 3.61
cc-pvVQZ —100.5 3.69 —110.8 3.66
aug-cc-pVQZ —107.2 3.68 —120.8 3.63
exptl” —78.7 3.77

“The experimental value is taken from ref 44.

TABLE 3: Adsorption ]:Energies (E,q in meV) and Equi-
librium Distances (d; in A) for Xe on Graphene at the
MP2//cc-pVTZ/cc-pVDZ-PP Level

CP-corrected no correction

adsorption
site Ead dz Ead dz
hollow —142.9 3.56 —226.1 3.40
bridge —130.8 3.60 —208.7 3.44
top —127.4 3.61 —204.1 3.45
exptl 3.59 £ 0.05¢

“The experimental value is taken from ref 24 for Xe adsorption
at the hollow site.

the van der Waals correlation functional. In ab initio calcula-
tions, the counterpoise-corrected MP2 (MP2-cp) adsorption
energy tends to converge with increasing size of the basis set;
the adsorption energy is evaluated as —94.1, —100.5, and
—107.2 meV for AVTZ, VQZ, and AVQZ, respectively. For
the largest basis set, AVQZ, the BSSE is shown to be 13.8 meV.
As for the equilibrium distance, MP2 calculations also show a
good convergence as the size of the basis set increases.

In experimental study for the Xe/benzene system,* the adsorp-
tion energy and the equilibrium distance were reported as —78.7
meV and 3.77 A, respectively. The CP-corrected MP2/VTZ results
(=77.7 meV and 3.78 A) are in excellent agreement with the
experimental ones, whereas the MP2/AVQZ calculation obviously
overestimates the adsorption energy by about 27 meV. Our MP2
calculations are consistent with the general acceptance that the MP2
theory with a moderately large basis set can describe such weakly
bound systems with sufficient accuracy.*> As shown in Figure 2,
CCSD(T)-cp results definitely approach the experimental adsorp-
tion energy with increasing size of the basis set, but CCSD(T)
calculations with large basis sets are computationally expensive,
even for the Xe—benzene system. An interesting finding from
Figure 2 and Table 2 is that the calculated values with the VXZ
(X =D,T, Q) basis sets without CP correction for BSSE are very
close to those obtained with the AVXZ basis sets with CP
correction. For instance, MP2 energies with VIZ and AVTZ plus
CP correction are —94.9 and —94.1 meV, respectively. CCSD(T)
results show the same tendency, where the adsorption energies with
VDZ and AVDZ plus CP correction are —31.4 and —32.0 meV,
respectively. Taking into account the above findings, we decided
to employ the MP2//VTZ/VDZ-PP method, which is expected to
give the results close to CP-corrected MP2/AVTZ calculations.
For other systems, however, we reduced the basis set size to VDZ
to provide qualitative analysis for the savings of computational cost.

Table 3 shows the adsorption energy and the equilibrium
distance for Xe adsorption on graphene, calculated at the MP2//
VTZ/VDZ-PP level, using the coronene model. We obtained the
CP-corrected MP2 adsorption energy of —142.9 meV, whereas
the previous calculation with LDA/LAPW+10* and LDA/PPPW?
basis sets reported —168.0 and —204.0 meV, respectively. The
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TABLE 4: MP2 NBO Charges and Dipole Moments (in debye) Calculated at the VDZ/VDZ-PP Level

Xe/graphene
NBO charge hollow site on-top site bridge site
Xe 0.0042 0.0038 0.0039
dipole 0.123 0.125 0.123
XeBeO/graphene
NBO charge hollow site on-top site bridge site XeBeO* BeO*
O —1.5737 —1.5740 —1.5737 —1.5610 —1.5600
Be 1.3979 1.3979 1.3968 1.3941 1.5600
Xe 0.1739 0.1737 0.1746 0.1669
dipole 10.87 10.98 10.92 9.52 6.37
XeF/graphene
NBO charge hollow site on-top site bridge site XeF
F —0.6814 —0.6862 —0.6867 —0.6509
Xe 0.6835 0.6857 0.6868 0.6506
dipole 4.58 4.70 4.69 3.73

“The geometries are optimized by MP2 using the AVQZ basis set for Be, O, and F atoms and the VDZ-PP basis set for the Xe atom.

LDA approach overestimates the interaction energy compared with
our MP2 results. As for ab initio calculations, the MP2 adsorption
energy approaches the converged result only with large augmented
basis sets, but such calculation is too expensive. As discussed
above, however, we can estimate the converged adsorption energy
by using a moderate basis set. For the Xe/graphene system, the
MP2/VTZ adsorption energy without CP correction would be very
similar to that of CP-corrected MP2/AVTZ, as found in the study
of the Xe—benzene system. Thus, the MP2/VTZ value, —226.1
meV, could approach much more closely to the CP-corrected MP2/
AVTZ result. This is expected as a converged adsorption energy
for Xe/graphene at the MP2 level because the adsorption energy
has been found to converge by the AVTZ basis set for the Xe/
benzene system. Considering that the MP2 method usually
overestimates the interaction energy,*® we believe that the CP-
corrected MP2/VTZ value of —142.9 meV is more reasonable to
estimate the correct adsorption energy of Xe/graphene because, at
the same level of theory, the calculated interaction energy of Xe/
benzene is in excellent agreement with the experimental result.
Also, the CP-corrected MP2/VTZ equilibrium distance of 3.56 A
is in very good agreement with the measured value of 3.59 4 0.05
A for Xe adsorption at the hollow site of the graphene surface.
In the two DFT-LDA studies, the equilibrium distance was reported
as 3.497 A in ref 25 and 3.60 A in ref 26.

The present MP2 calculations doubtlessly show that Xe
preferentially binds to the hollow site, which is more stable in
energy (about 15.5 meV) than the on-top site and more stable
(about 12.1 meV) than the bridge site. Our MP2 adsorption
energies are fairly different from those calculated by LDA/
LAPW+lo (6.24 and 5.51 meV)® and LDA/PPPW methods
(4.9 and 2.2 meV).% The zero-point vibrational energies (ZPVE)
for the Xe—graphene intermolecular stretching mode were also
calculated by the numerical differentiation of energy for the
purposes of evaluating the site preference. The ZPVE values
were calculated as 2.73, 2.65, and 2.67 meV for hollow, bridge,
and on-top sites, respectively. The difference between ZPVE
at the three adsorption sites is so small that it does not change
the site preference for the Xe/graphene system.

The hollow site preference for Xe adsorption on graphene
can be analyzed from the electronic structure of the substrate.
Table 4 shows natural bond orbital (NBO) charges and induced
dipole moments calculated at the MP2 level. In graphene, each
carbon atom can donate an electron through a p, orbital that
forms an aromatic sr-bond structure above and below the six-

membered ring. Because of delocalized 7 electrons, graphene
has donor-like character at the on-top region, while it has
acceptor-like character at the hollow region. When the neutral
Xe atom approaches the graphene surface, the induced dipole
moment is quite small at the three sites, and their values are
almost equal to each other, as shown in Table 4. This result
shows that the attractive interactions at the three sites are not
so different from each other, while the Pauli repulsion force,
naturally, drives the adatom to the hollow site, which tends to
accommodate the valence electrons of Xe. In Table 4, the
partially positive NBO charge on the Xe adatom indicates that
the electrons are transferred to the substrate. Such a situation is
just contrary to the case of Xe adsorption on a close-packed
transition-metal surface, in which the charge is partially
transferred to the adsorbate. This indicates that d electrons of
metal atoms play a donor-like role and thus Xe binds to the
on-top site on the metal surface. Owing to the high polarizability,
d electrons can efficiently reduce the repulsion interaction and
contribute to the stronger attractive interaction between Xe and
the metal surface.!” Because graphene does not have such d
orbital valence electrons, it only provides the hollow site to
accept the Xe adatom. Therefore, Xe binds to the on-top site
on the metal surface, but to the hollow site on graphene.

The analysis is further supported by additional calculations
on the adsorption of two polar molecules, XeBeO and XeF, on
graphene. The dipole moments are calculated as 9.52 and 3.73
D for XeBeO and XeF, respectively, as shown in Table 4. For
XeBeO, the electron-withdrawing ability of the BeO group is
so strong that the charge is partially transferred from the 7
system of the graphene surface to the adsorbate. This case is
similar to the Xe/metal system, in which the strongly polarized
XeBeO is natural to adsorb at the on-top site where graphene
donates its aromatic 7 electrons. As for XeF, the electron-
withdrawing ability of the adsorbate is moderate, and the
competition for electrons between XeF and the 7 system of
graphene compromises so that charge transfer does not arise,
even at the on-top and bridge sites. Hence, there is no strong
indication for the adsorption site preference, which is consistent
with the calculated adsorption energy. The MP2 results for XeF/
graphene and XeBeO/graphene are presented in Table 5. For
the former, the difference of adsorption energies at the three
sites is quite small (within 2 meV), whereas for the latter, the
adsorption energy at the on-top site is more stable by about
41.5 and 33.9 meV than at the hollow and bridge sites,
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TABLE 5: MP2 Adsorption !Energies (E.q in meV) and
Equilibrium Distances (d; in A) for XeF and XeBeO on
Graphene Given by MP2 Calculations

XeF“/graphene XeBeO"/graphene

CP-corrected no correction CP-corrected no correction
E.q d, E. d, E.q d, E.q d,

z 4

hollow —2332 3.51 —297.3 338 —321.0 3.44 —442.1 3.3l
bridge —235.4 3.47 —302.8 3.34 —328.6 3.43 —4269 3.3l
top —2352 346 —303.3 3.33 —362.5 3.37 —446.0 3.33

“The XeF and XeBeO geometries are optimized by MP2 using
the AVQZ basis set for Be, O, and F atoms and the VDZ-PP basis
set for the Xe atom.

respectively. It is noted that, for Xe on graphene, the adsorption
energy at the hollow site is greater by 15.5 and 12.1 meV than at
the on-top site and bridge site, respectively. Therefore, the
adsorption site preference for rare-gas atoms or molecules on a
solid surface mostly depends on the electronic character of the
adsorbate and substrate, which determines the competition between
the attraction and repulsion interactions in the adsorption process.

4. Conclusion

In this paper, we presented a systematic ab initio MP2 study
for Xe, XeBeO, and XeF adsorption on the graphene surface.
After performing test calculations to examine the effects of the
electronic structure method, the basis sets, and the model size,
we decided to employ the MP2 method with Dunning’s cc-
pVTZ/cc-pVDZ-PP basis sets to evaluate the physisorption
energy and geometry for the Xe/graphene system, while
considering the compromise of accuracy and efficiency. At this
computational level, the adsorption energy of Xe on graphene
was calculated as —142.9, —130.8, and —127.4 meV at the
hollow, bridge, and on-top sites, respectively, and the equilib-
rium distance was calculated as 3.56 A for Xe adsorption at
the hollow site, which was in excellent agreement with the
dynamical LEED experimental value of 3.59 4 0.05 A. Our
MP2 results clearly show that Xe preferentially binds to the
hollow site. Through comparisons of the Xe, XeBeO, and XeF
adsorptions on the graphene surface, it is shown that the
electronic character of the adsorbate and substrate determines
the adsorption site preference, which results from the compro-
mise of the attraction and repulsion interactions.
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