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Abstract

Single-atom catalysts, especially with single Pt atoms, exhibit potentially improved catalytic
activity as compared to metal clusters and metal surfaces. Here, the atop and bridged bondings of
the CO molecule on the Pt/C system are studied. Vibrational frequencies, Mulliken populations,
charge transfer, charge density differences and density of states are examined to determine the
influence of the carbon support on electronic properties and catalytic activity of the Pt adatom
and dimer. Comparing orbital populations and the amount of electron transfer to/from the CO
molecule show that the net amount of electron transfer to the anti-bonding 2π∗ orbitals of the
CO molecule is higher for the supported Pt dimer than for the substrate-free Pt dimer which
leads to a lower vibrational frequency and a larger C−O bond distance. The hybridization
between the π orbitals of the polycyclic aromatic hydrocarbons surface and the d orbitals of the
Pt adatoms is responsible for enhancing the back donation of electrons to the 2π∗ orbitals of the
CO molecule which results in a larger peak below the Fermi level for the 2π∗ states of the CO
molecule in the corresponding density of state analysis. Therefore, it can be concluded that the
carbon support significantly enhances the catalytic activity of the Pt atoms in contact with the
surface for activating the CO molecule. The calculated C−O vibrational stretching frequencies
provide valuable guidance for experiments considering the use of atom-type catalyst as building
blocks for designing new catalysts.
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Introduction
Platinum is the most efficient catalyst for oxida-
tion and reduction reactions in direct methanol fuel
cells.1,2 The key barriers to commercialization of
Pt-based fuel cells are the high price and the poor
utilization efficiency of the Pt catalyst loading per
unit area. Typical loadings in platinum black cata-
lysts are about 25 mg Pt/cm2.3 A way to reduce the
metal requirement is to move from platinum black
to carbon-supported platinum (Pt/C) catalysts3 with
loadings of about 0.4−0.8 mg Pt/cm2. Hence, it
is desirable to reduce the size of Pt particles even
to a single atom, which usually exhibit a higher
surface area. Single atom catalysts, by providing
single active sites at the solid surface, exhibit many
fascinating characteristics, such as high activity,
selectivity, and maximum atomic utilization as com-
pared to conventional metal catalysts.4–6

In a Pt/C catalyst, the carbon support plays an im-
portant role in determining the size and degree of
catalyst dispersion. Due to high surface-to-volume
ratio (theoretical value of 2630 m2/g), graphene is
a promising candidate as a substrate for stabilizing
metal nanoparticles in heterogeneous catalysis.7,8

Progress in experimental techniques has made it pos-
sible to study the properties of graphene-supported
metal nanoparticles such as Pt, Pd and Au,9–12

which may offer a new type of carbon-based metal
nanocomposite for the next generation of catalysts.9

Besides the key electrocatalytic role of the Pt cat-
alysts in fuel cells, they have long been used as a
promoter in the Fischer-Tropsch (FT) synthesis for
conversion of syngas (CO + H2) to liquid fuels.13–15

The Pt promoters increase the overall FT activity
by increasing the reducibility of cobalt oxides, and
therefore increases the availability of active metal
sites.13,14

Interfaces between transition metals (TM) and
graphene have been investigated extensively by sev-
eral theoretical and experimental techniques.16–22

Müller et al. investigated a single Pt atom, Pt dimers
and trimers on highly oriented pyrolytic graphite

using a scanning tunneling microscope (STM) in
air.21 The Pt particles were produced by evaporation
of platinum onto the surface and the position of the
Pt atoms were stable, without changes for many
scans. By using the atomic layer deposition tech-
nique, Sun et al. showed that the single Pt atoms
and small clusters have significantly higher catalytic
activity (up to 10 times) for methanol oxidation
and superior CO tolerance compared to commercial
Pt/C catalysts.4

Based on density functional theory (DFT), Wang et
al. examined the interface between graphene and
Pd/Pt surfaces and explained the different behavior
between Pd/graphene and Pt/graphene interfaces.22

Chan et al. investigated the adsorption of 12 dif-
ferent metal adatoms on graphene surface by using
DFT. The interaction between groups I-III adatoms
and a graphene surface has been characterized as
an ionic bonding while TM adatoms, noble metals,
and group IV elements exhibited covalent bonding
characteristics with strong hybridization of adatom
and graphene electronic states.23

More recently, we performed dispersion-corrected
DFT calculations on Pt and Co adatoms and dimers
on polycyclic aromatic hydrocarbons (PAHs).16–18

We found that PAH substrates not only stabilizes
the metal particles but also changes their electronic
structure and can tune their catalytic activity. Hence,
in this work, we consider the adsorption of the CO
molecule on the substrate-free and PAH-supported
Pt atom and dimer to investigate the effect of the
carbon support on the catalytic activity of the Pt
particles. The adsorption of the CO molecule on
TMs, in particular platinum, has been studied ex-
tensively24–30 and indeed the CO−Pt2 system is an
interesting example, as the CO binding energy of
its anion has been estimated from collision-induced
dissociation experiments.31 Hence, we study the
atop and bridged bondings of the CO molecule on
the Pt-surface. The results are discussed based on
the effect of the carbon support on the electronic
properties and catalytic activity of the Pt adatom
and dimer.
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Computational details
All calculations were performed based on DFT
with the S12g form of the generalized gradient
approximation (GGA) proposed by Swart32 and
implemented in the Amsterdam Density Func-
tional (ADF) package.33,34 This functional is the
successor of the Swart-Solà-Bickelhaupt (SSB-
D) functional,35,36 and it includes Grimme’s D3
dispersion correction.37 Its performance for spin
states of transition metal complexes is well docu-
mented.18,32,38 The relativistic effects are taken into
account at the all-electron level with the zero-order-
regular approximation (ZORA) approach.39–44 The
molecular orbitals (MOs) were expanded in an un-
contracted set of Slater-type orbitals (STO), based
on a basis set study. This computational approach
has been successful to describe the Pt/C and Co/C
interactions.16–18

The calculations were carried out using a polycyclic
aromatic hydrocarbon (PAH) molecule as a repre-
sentative example for modelling a real graphene
material, since bonding to PAHs represents a model
for binding to the π system relatively near defects in
a real graphene material. Several PAH models were
investigated in our previous work and the C54H18
molecule was found to be a suitable model system.18

For the geometry optimization, the BFGS (Broyden-
Fletcher-Goldfarb-Shanno) algorithm45 with a con-
vergence criterion of 10−6 a.u. on the energy and
the charge density is used. Geometry optimiza-
tion has been carried out without any constraints
for the CO−Ptn (n = 1, 2) complex. For the
CO−Ptn/PAH (n = 1, 2) complex, we first opti-
mize the Ptn/PAH (n =1, 2) structure without any
constraints to find the most stable geometry. More-
over, a frequency analysis was carried out to ensure
that the stationary points are minima (only real har-
monic vibrational frequencies). Then, we fixed the
position of the Pt adatoms along the x- and y-axes,

i.e., in the surface plane, and relaxing the distance
along the z-axis (perpendicular to the PAH surface),
and investigated the adsorption of the CO molecule
on the PAH-supported Pt atom and dimers.
The adsorption energy, Eads, is calculated as a mea-
sure for the strength of binding between the CO
molecule and the Ptn/PAH (n = 1, 2) complex as

Eads = ECO−Ptn/PAH −EPtn/PAH −ECO (1)

where ECO−Ptn/PAH , EPtn/PAH and ECO are elec-
tronic ground state energies for the CO−Ptn/PAH
system, the Ptn/PAH complex and a gas phase CO
molecule, respectively. A more negative value of
the adsorption energy indicates a stronger binding
of the CO molecule to the Ptn/PAH complex. In
addition, we examined the binding energy, Eb, of
the CO molecule with the Pt atom and dimer using

Eb = ECO−Ptn −EPtn −ECO (2)

where ECO−Ptn and EPtn are electronic ground state
energies for the CO−Ptn complex and Ptn, respec-
tively. The basis-set superposition error (BSSE) was
included using the counterpoise method.46 A zero-
point vibrational energy correction has not been
considered in this work. Also no entropy effects are
included in this work.
The spin state is denoted with the spin multiplic-
ity, 2S + 1, which for example is 1 for a singlet
state and 3 for a triplet state. The degree of spin
contamination for a spin-unrestricted calculation
is checked by evaluation of < S2 >, which ideally
should be S(S+ 1) and thereby 0.00 for a singlet
state and 2.00 for a triplet state.
The Mulliken population analysis47,48 and the pro-
jected density of states analysis49 were carried
out to understand the interactions between the
CO molecule and the substrate-free and supported
Pt atom and dimer. The charge density differ-
ence (CDD) is calculated to illustrate how the
charge density changes upon adsorption of the CO
molecule and also illustrate the contribution of the
PAH surface to the adsorption of the CO molecule.
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The Hirshfeld charge analysis50,51 is used to assign
partial charges. This method is evaluated by numeri-
cal integration in ADF, and appear to be reliable and
not very sensitive to the basis set,33 as compared to
for example Mulliken charges.

Results and Discussions

Basis set study
To select a proper basis set to describe our system,
we did a basis set study using five different ba-
sis sets (TZP, TZ2P/TZ2P.4f, TZ2P, TZ2P/QZ4P
and QZ4) and the S12g functional on the Pt/ova-
lene (C32H14) complex. In the mixed X/Y basis set,
the X basis is used for the C, O and H atoms and
the Y basis is used for the Pt atoms. The ovalene
molecule has been successfully used as a graphene
model in previous studies52–54 and here it only used
for the basis set study and the C54H18 molecule
has been used in the rest of our calculation. As
shown in Figure 1, the CO adsorption energy is
converged to nearly the same value for the mixed
TZ2P/QZ4P and QZ4P basis sets. The BSSE is
also checked, and comparing to the adsorption en-
ergy, it is small (0.11 eV) for both the QZ4P and
the mixed TZ2P/QZ4P basis sets. Therefore, to
save the computational time, we selected the mixed
TZ2P/QZ4P basis for our calculations, where the
QZ4P basis set55 with quadruple-ζ quality and four
sets of polarization functions, is used for describing
the Pt atom, and the TZ2P basis set55 with triple-
ζ quality and two sets of polarization functions, is
used to describe the C, O and the H atoms. The 1s
electrons are kept frozen for the C atoms to speed
up the calculations without affecting the accuracy
of the results.

Figure 1 The CO adsorption energies with and without
the BSSE correction for the Pt/ovalene complex with
different basis sets. In the mixed X/Y basis set, the X
basis is for the C, O and H atoms and the Y basis is for
the Pt atoms. In the TZP and TZ2P basis sets, the 1s
electrons are kept frozen for the C atoms.

CO interaction with Pt atom and dimer
In this section the structural, energetic and vibra-
tional characteristics of the CO molecule interacting
with the Pt atom and dimer, respectively, are investi-
gated. The results are also compared to experimental
and previous theoretical data on the CO molecule
and the CO−Pt complexes to validate how well our
calculations estimate the electronic and structural
characteristics of these complexes, and also serves
as a reference when we discuss the effect of the
carbon support on the catalytic activity.
Binding of a CO molecule to a metallic surface,
in particular Pt, has been studied extensively by a
variety of theoretical approaches56–60 and it is usu-
ally discussed using the Dewar-Chatt-Duncanson
model.61–64 The main characteristics of this model
are a charge transfer from the lone-pair (5σ ) orbital
of the CO molecule to the 5d orbitals of the Pt
atom (σ donation) and a back donation of electron
density from the 5d orbitals of the Pt atom to the anti-
bonding 2π∗ orbitals of the CO molecule,65 which
is in agreement with photoelectron spectroscopy
experiments.66 The effects of the σ donation and
π back donation interactions most often lead to a
weakening of the C−O bond and consequently to a
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lowering or red-shifting of the carbonyl stretching
frequency.
However, electrostatic interactions can also pro-
vide interesting additional effects in ionized sys-
tems.67–71 Bauschlicher et al. pointed out some
of the subtleties in σ donation versus electro-
static effects, and discussed how their contributions
change for different systems.69 They discuss that
metal-carbonyl bonding involves a complex syn-
ergism between σ donation, electrostatic effects,
and π back-bonding, but the relative importance of
their contributions changes from system to system.
For example, in the metal-carbonyl cations, the
π back-bonding is, in general, much smaller than
for the neutral species.
Molecular orbital analysis shows that both the high-
est occupied molecular orbitals (HOMO), 5σ , and
the lowest unoccupied molecular orbitals (LUMO),
2π∗, of the CO molecule are localized mainly
around the C atom (Figure 2a), indicating that the
CO molecule favours to bind to the metal clus-
ters at the carbon atom. We also tried to calculate
interactions at the O atom, but the CO molecule
changes its direction and returns to the minimum
with the C atom interacting with Pt atom. Hence,
we investigate the adsorption of the CO molecule
on the Pt atom and dimer at the C atom.
Furthermore, according to the CO dipole moment
which point from carbon (the negative end) to oxy-
gen (the positive end), we expect a small attraction
or repulsion between the 5σ orbitals of the CO
molecule and the partial charges appearing on the
Pt/C system. However, the CO dipole moment is
quite small and the polarity of the CO molecule may
reverse when it act as a ligand, depending on the
structure of the coordination complex.70

For the CO−Pt complex, the initial structure is lin-
ear and as given in Table 1, two spin-multiplicities
were examined. The singlet state is found to be the
ground state with a binding energy of −3.60 eV.
This value is in close agreement with the binding
energy of 3.32±0.52 eV determined using collision-
induced dissociation experiment.31 The triplet state

is higher in energy by −1.51 eV, and its structure
deviates from a linear structure by 12◦. The bond
distance of Pt−C is calculated to 1.75 Å, which
is shorter than for the triplet state by 0.15 Å. For
the gas phase CO molecule, the bond distance, vi-
brational stretching frequency (νCO) and the dipole
moment are calculated to 1.135 Å, 2140.4 cm−1,
and 0.21 D (C−O+) which compare favourably with
experimental values of 1.128 Å,73 2143 cm−1,72

and 0.12 D (C−O+),77 respectively. A small elon-
gation (0.03 Å) of the C−O bond compared to the
gas phase upon adsorption on the Pt atom indicates
a relocation of electrons to the anti-bonding 2π∗

orbitals of the CO molecule. Reduction of νCO in
the CO−Pt complex (2065.3 cm−1) compared to the
gas phase (2140.4 cm−1) confirms the weakening
of the C−O bond due to the interaction with the Pt
atom.
In case of the CO−Pt2 complex, two different
structures were studied: linear (atop) and bridged
structures. We find a bent structure for the atop
structure in both the singlet and triplet states, which
is in agreement with another theoretical study.57

For both the atop and bridged structures, the singlet
state is found to be the ground state with the triplet
state higher in energy. The CO binding energy for
the ground state of the bridge structure is calculated
to −3.04 eV which is more stable than for the atop
structure by 0.79 eV. This is in agreement with previ-
ous ab initio results.76,78–80 Multireference singles
and doubles configuration interaction (MRSDCI)
calculations resulted in that the bridge structure is
about 0.98 eV stronger than the atop structure.76

Collision-induced dissociation experiments also
showed that the bridge structure is the most stable
structure for the CO−Pt2 anion.31 The dissocia-
tion energy of CO in the CO−Pt−2 was reported to
3.58±0.67 eV. However, a variety of experimental
techniques showed that at low coverages, CO is
mainly chemisorbed on the atop sites of the Pt(111)
surface, and at high coverage, it is chemisorbed
above both atop and bridge sites of the Pt(111)
surface,75,81–83 although the differences between
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Table 1 Results for the gas phase CO molecule and the CO interaction with Ptn (n = 1, 2). The relative
energy (Erel , the energy relative to the lowest spin state), the CO binding energy, Eb, the Pt−C bond dis-
tance, dPt−C, the CO bond distance, dC−O, the vibrational stretching frequency of CO, νCO, the Hirshfeld
atomic charge of Pt atoms, and the calculated < S2 > values for different spin multiplicities (2S+1) of the
CO−Ptn (n = 1, 2) complexes are given. The value in parenthesis is the atomic charge related to the Pt atom
that is not connected to the CO molecule in the atop structure.

Molecule 2S+1 Erel(eV) Eb(eV) dPt−C(Å) dC−O(Å) Pt charge (e) νCO(cm−1) < S2 >

CO
1 0.00 1.135 2140.4 0.00
3 5.68 1.205 1779.1 2.01

1.128a 2143 b

CO-Pt
1 0.00 −3.60 1.752 1.158 0.04 2065.3 0.00
3 2.08 −1.51 1.897 1.161 0.07 1948.2 2.00

3.32±0.52c

CO-Pt2

Atop
1 0.00 −2.25 1.804 1.158 0.057(-0.008) 2031.5 0.00
3 0.12 −2.13 1.827 1.155 0.061(-0.017) 2037.4 2.00

1.87±0.08d 1.90e 1.20e 2063 f

1.86g 1.14g 2029.4g

Bridged
1 0.00 −3.04 1.90 1.186 0.090(0.090) 1839.8 0.00
3 0.90 −2.14 1.92 1.180 0.076(0.076) 1872.7 2.00

3.58±0.67c 1.90g 1.19g 1840 f

a Ref. [72] Molecular Spectra and Molecular Structure
b Ref. [73] Physics Handbook
c Ref. [31] Binding energies in platinum-carbonyl cluster anions using collision−induced dissociation experiment.
d Ref. [74] Single crystal adsorption calorimetry analysis of CO on Pt(111) surface at low coverage.
e Ref. [24] LEED intensity analysis of CO adsorbed on atop site of the Pt(111).
f Ref. [75] Infrared reflection−absorption spectroscopy of CO adsorbed on Pt(111).
g Ref. [76] Second−order Møller−Plesset perturbation theory.

the atop and bridged binding energies are rather
small.75 The heat of adsorption for the CO molecule
on the Pt(111) surface at low coverage (atop site) is
reported 1.87±0.08 eV using single crystal adsorp-
tion calorimetry.74

The C−O bond distance and νCO are calculated to
1.158 Å (1.186 Å) and 2031.5 cm−1 (1839.8 cm−1) for
the atop (bridge) structure, respectively. The lower
νCO for the bridge structure reflects a stronger inter-
action between the CO molecule and the Pt dimer
and consequently a stronger back donation to the
anti-bonding 2π∗ orbitals of the CO molecule. The
Pt−C bond distance is calculated to 1.90 Å and

1.80 Å for the bridge and atop structures, respec-
tively. Our results are in good agreement with
previous studies and are compared with some theo-
retical and experimental studies in Table 1.
The results of a Mulliken population analysis are

shown in Table 2. The orbital populations for the C
and O atoms for the free CO molecule and for the Pt
atom in the free Pt atom and dimer are computed to
C:2s1.802p1.86, O:2s1.792p4.40, Pt:6s1.005d8.996p0.00

and Pt:6s1.115d8.846p0.05, respectively. By com-
paring the orbital populations before and after
adsorption, one can obtain the nature of bonding be-
tween the CO molecule and the Pt atom and dimers.
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Table 2 The results of Mulliken population analysis on the low-lying electronic states for the gas phase CO
molecule and different configurations of the CO−Pt2 (n = 1, 2) complexes.

C O Pt a Pt
Molecule 2S+1 s p d s p d s p d s p d

CO
1 1.799 1.862 0.078 1.792 4.395 0.060
3 1.163 2.410 0.069 1.842 4.435 0.068

CO-Pt
1 1.308 2.243 0.118 1.827 4.462 0.064 1.033 0.014 8.876
3 1.461 2.209 0.106 1.823 4.425 0.063 0.907 0.244 8.725

CO-Pt2

Atop
1 1.382 2.224 0.114 1.826 4.450 0.064 0.958 0.258 8.544 1.099 0.059 8.929
3 1.409 2.203 0.111 1.825 4.439 0.064 0.964 0.268 8.503 1.334 0.060 8.710

Bridge
1 1.345 2.326 0.141 1.829 4.496 0.061 0.792 0.068 9.002 0.792 0.068 9.002
3 1.342 2.333 0.136 1.830 4.469 0.062 1.105 0.113 8.660 1.105 0.118 8.659

a Pt is connected to the CO molecule in the atop structures.

It is evident from Table 2 that after adsorption of
the CO molecule on the Pt atom and dimer, the
orbital population of C2s is decreased, while the
orbital population of C2p is increased. Moreover,
with respect to the oxygen population of the free
CO molecule, the oxygen population in the s and
p orbitals show a marginal increase, indicating a
polarization of the C−O bond due to the interaction
with the Pt atom and dimer.
In the CO−Pt complex, there is a transfer of 0.49e
from 2s orbitals of the C atom to the 5d orbitals of
the Pt atom, while the 5d orbitals of the Pt atom
donate only 0.38e to the 2π∗ orbitals of the C atom.
In the case of CO−Pt2 complex, the net transfer
from the 2s orbitals of the C atom to the 5d or-
bitals of the Pt atoms is 0.42e (0.45e) for the
atop (bridge) structure, while the back donation
from the 5d orbitals of the Pt atoms to the anti-
bonding 2π∗ orbitals of the C atom is 0.36e (0.46e)
for the atop (bridge) structure, respectively.
In the atop structure, the Pt atom participating in
the bonding with the CO molecule loses more elec-
tronic density, while the other Pt atom slightly gains
electronic density. However, in the bridge structure,
the charge density is distributed equally on both the
Pt atoms and they lose the same amount of charge
density (see Table 2). For the bridge structure,
the population of the Pt6s orbital is considerably

decreased compared to the dissociated fragments,
while the Pt5d orbital population is increased which
is consistent with the bonding picture between the
Pt dimer and CO molecule.
As shown in Table 2, electron charge distribution
on the CO molecule is not very sensitive to the spin
state under consideration for both the CO−Pt and
CO−Pt2 complexes. However charge distribution
on the Pt atoms and dimers vary with the spin state
under consideration. The results of Mulliken popu-
lation analysis are consistent with the results from
vibrational frequency analysis. For example, the
smallest νCO is calculated for the bridge structure
of the CO−Pt2 complex, where the largest amount
of back donation to the 2π∗ orbitals of the CO
molecule is calculated (Tables 1 and 2).
The electronic density of state (DOS) is also ana-

lyzed to further investigate the nature of interaction
between the CO molecule and the Pt dimer. Fig-
ure 2b shows the total density of state (TDOS) of
the Pt dimer and its individual contribution from the
Pt6s and the Pt5d states. According to these DOS
plots, the s−d hybridization does play an important
role in maximizing the overlap between molecular
orbitals in the Pt dimer. The asymmetric distribution
of the majority (spin up) and minority (spin down)
spins of the 5d states are mainly responsible for
spin polarization and magnetic moment of 2µB for
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Figure 2 a) The HOMO and LUMO molecular orbitals
of the CO molecule, b) Total density of states (TDOS)
of the Pt dimer and partial density of states (PDOS) of
the Pt6s and Pt5d states. The majority (blue line) and
minority spins (red dash line) are also given. c) TDOS of
the CO−Pt2 complex and PDOS of the free and adsorbed
CO molecule. PDOS of the Pt6s and Pt5d states are also
given. The vertical pink dash line in each panel indicate
the position of the Fermi level which is shifted to zero.

the Pt dimer.17 Moreover, when a CO molecule
approaches the Pt dimer, the 6s occupation becomes
less favorable, because of the Pauli repulsion be-
tween a diffuse 6s orbital of the Pt atom and the
5σ orbital of the CO molecule, and on the con-
trary the occupation of the inner shell 5d orbitals
becomes more favorable due to the shielding of the
Coulomb repulsion in these orbitals. Hence, the
magnetic moment of the Pt dimer quenches to zero
and the singlet state becomes the spin ground state
of the CO−Pt2 complex. The shift of the Pt6s states
toward higher energy in Figure 2c, which indicates
less contribution to the occupied states, illustrates
this phenomena. This also affects on the Pt−Pt
bond distance, which increases from 2.36 Å (in the
Pt dimer) to 2.55 Å (in the CO−Pt2 complex), due

to loosing some contributions from the Pt6s states.
The hybridization between 5d states of the Pt dimer
and 2π∗ states of the CO molecule near the Fermi
level are also illustrated in Figure 2c. The vertical
red line is drawn as a guide to the eye to show the
hybridization between 5d and 2π∗ orbitals. The
energy levels of the CO molecule are significantly
shifted upward due to interaction with the Pt dimer.
The Fermi level of the CO molecule is shifted from
−9.02 eV (before adsorption) to −5.33 eV (after
adsorption). It is noteworthy that the appearance of
a new peak below the Fermi level is corresponding
to relocation of electrons from the 5d orbital of the
Pt atom to the 2π∗ anti-bonding orbitals of the CO
molecule.

CO adsorption on carbon-supported Pt
atom and dimer
We recently studied the interaction of the Pt atom
and dimer with a PAH surface on three highly sym-
metric adsorption sites of the PAH surface: the top
site, above a carbon atom, the bridge site, between
two neighboring carbon atoms, and the hollow site,
surrounded by six carbon atoms, where it turns out
that the bridge site is the most favorable adsorption
site.17 Therefore, in the present work we investigate
the adsorption of the CO molecule on the Pt atom
and dimers located at the bridge adsorption sites of
the PAH molecule.
To investigate the adsorption energy of the CO
molecule on the supported Pt atom, the CO molecule
is located on top of the Pt adatom (Figure 3a). After
optimization, the CO molecule remains on top of
the Pt adatom for the singlet state in a linear struc-
ture perpendicular to the PAH plane, whereas it is
tilted out from the normal to the surface by 20◦

for the triplet state. The CO adsorption energy for
the singlet state is −3.63 eV, which is more stable
than for CO−Pt by only 0.03 eV. The triplet state
is higher in energy at −1.96 eV. The C−O bond
distance for the singlet state of the CO−Pt/PAH
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complex is 1.162 Å which is longer than for the
CO−Pt complex by 0.04 Å. The calculated νCO of
2023.8 cm−1 confirm the weakening of the C−O
bond due to presence of the PAH substrate. The
results are shown in Table 3.
For adsorption of the CO molecule on the Pt2/PAH
complex, we considered two different adsorption
sites: linear (atop) and bridged structures. Consid-
ering two possible configurations for the Pt dimer
on the PAH surface (parallel and perpendicular
configurations), we have thus four configurations
for adsorption of the CO molecule on the Pt2/PAH
complex (Figures 3b−e). The results are based
on fixing the position of the Pt atoms along the x-
and y-axes, i.e., in the surface plane, and relaxing
the distance along the z-axis (perpendicular to the
PAH surface), to study different possible config-
urations for interaction of the CO molecule with
the adsorbed Pt dimer. However, after a complete
relaxation of geometry, only the configurations
in Figures 3b and 3d are stable. Moreover, no
imaginary frequencies for these configurations are
observed indicating they are stable minima on the
potential energy surface.
The most stable configuration is found to be the

configuration in Figure 3b, where the CO molecule
is adsorbed on the bridge site of the parallel configu-
ration of the Pt dimer. In this configuration, both the
Pt atoms are in contact with the PAH surface and
due to strong hybridization with the π orbitals of
the PAH surface, they can both participate in charge
transfer to the anti-bonding 2π∗ orbital of the CO
molecule. Generally, the PAH support has the capac-
ity to accept electron density from Pt clusters,17 but
it can also donate electrons when the CO molecule
adsorbs to Pt atoms. In fact, the electron density
surrounding metal particles has a major effect on
their catalytic activity and the presence of the PAH
substrate modulates the electron density. This par-
ticular feature of the PAH substrate is illustrated in
the charge density difference plots, which will be
discussed later.
The positive partial charge on the Pt atoms (0.14e)

Figure 3 Top and side views of different configurations
for adsorption of the CO molecule on the Ptn/PAH (n
= 1, 2) complex. b and d are the bridge configurations
and the c and e are the atop configurations, respectively.
Gray, brown, red and pink circles indicate Pt, C, O and
H atoms, respectively.

bonded to the PAH surface results in receiving a
large amount of electron density from the 5σ or-
bitals of the CO molecule by σ -donation, and the
de-localized π electrons of the PAH support en-
hance the back donation to the anti-bonding 2π∗ or-
bitals of the CO molecule. The weaker νCO of
1827.1 cm−1 reflects a stronger interaction between
the CO molecule and the Pt dimer and consequently
a stronger back donation. The Pt−C and C−O
bond distances are calculated to 1.88 and 1.187 Å,
respectively. The lower CO vibrational stretching
frequency and the longer C−O bond length of this
configuration (Figure 3b), in comparison to the
CO binding to the substrate-free Pt dimer, also
illustrates the impact of the PAH support in the
adsorption of the CO molecule.
Despite the fact that the configuration in Figure 3c,
was found to be the most stable configuration for
adsorption of the Pt dimer on the PAH surface,17 it
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is not the most favourable adsorption site for a CO
molecule. The high electron density and negative
partial charge on the upper Pt atom at the perpen-
dicular Pt dimer, increase the repulsion between the
5σ orbital of the CO molecule and the s-d orbitals of
the Pt atom and consequently decrease the strength
of the Pt−CO interaction. This repulsion is consis-
tent with the direction of the dipole moment of the
CO molecule with a small partial atomic charge on
the C atom. Thus, CO adsorption becomes weaker
for the atop site on the upper Pt adatom. In com-
parison with the other configurations (Table 3) and
with the free Pt dimer (Tables 1), the relatively large
value (2052.5 cm−1) for νCO, reflects a weaker
Pt−CO interaction. The C−O bond distance is
calculated to 1.158 Å for this configuration.
The second stable structure is the configuration
in Figure 3d, where CO molecule is adsorbed on
the bridge site of the perpendicular Pt dimer. The
positive partial charge on the Pt atom bonded to
the PAH surface, facilitates the electron transfer
from the 5σ orbitals of the CO molecule to the 5d
orbitals of the Pt adatom by σ -donation, and as seen
from orbital population analyses (Table 4), some
of the electron densities on the upper Pt atom is
transferred to the anti-bonding 2π∗ orbitals of the
CO molecule by back donation. The C−O bond
distance and the νCO for this structure are calculated
to 1.185 Å and 1843.4 cm−1, respectively.

Another structure that we considered is the con-
figuration in Figure 3e, where the CO molecule is
adsorbed on the atop site of the parallel Pt dimer.
Due to repulsion between the localized electron
density on the O atom and the de-localized π elec-
trons of the PAH surface, the CO molecule is tilted
out from the surface and form a bent structure in
relation to the Pt dimer. The Pt atom in contact with
the CO molecule is slightly moved away from the
surface due to interaction with the CO molecule.
The Pt−PAH distance is calculated to 2.13 Å for
the Pt adatom bonded to the PAH surface. The νCO
frequency is calculated to 2021.1 cm−1, indicating
a stronger interaction between Pt−CO as compared

to the atop structure in the substrate-free Pt dimer.
The C−O bond distance is calculated to 1.162 Å.
The results presented in Table 3 indicate that the CO
adsorption for the bridge structures of the supported
Pt dimer (Figures 3b and 3d) are stronger than for
the atop structures (Figures 3c and 3e). This in
agreement with the results from substrate free Pt
dimer (Tables 1). The CO adsorption energy for the
singlet state of the configurations in Figures 3b, 3c,
3d and 3e are calculated to −3.33, −1.69, −3.21
and −3.11 eV, respectively. Moreover, in compar-
ison with the substrate-free Pt dimer (Tables 1),
the adsorption energy for the CO binding to the
Pt adatom far from the PAH surface (Figure 3c) is
weaker and it is stronger when CO is adsorbed on
Pt atoms connected to the PAH surface.
Therefore, it can be concluded that the PAH sub-
strate significantly enhances the catalytic activity
of the Pt adatoms for activating the CO molecule,
where the reason is twofold: the positive partial
charge on the Pt adatoms, due to interaction with
the PAH surface, reduces the repulsion between the
5σ orbitals of the CO molecule and the s-d orbitals
of the Pt atom and facilitates the σ -donation from
the 5σ orbitals of the CO molecule to the 5d orbitals
of the Pt atoms. Secondly, the donation capability
of electrons from the π orbitals of the PAH substrate
enhances the back donation to the 2π∗ orbitals of
the CO molecule. This is also corroborated by the
fact that the CO molecule is a strong π−acid. Cav-
allo et al. illuminated the key role of the π−acid CO
ligand for promoting the reactivity of the Ru−olefin
metathesis catalyst.84

We also investigated the changes in the spin state
and electronic structure of the PAH-supported
Pt atom and dimer due to adsorption of the CO
molecule. As shown in Figure 4, the spin ground
state of the CO−Pt2/PAH complex is the singlet
state, and the triplet state is higher in energy for all
configurations. The change from a triplet ground
state to a singlet ground state due to interaction
with the CO molecule was discussed above for
the CO−Pt2 complex. The spin multiplicity has a
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Table 3 Results for the CO adsorption on the Ptn/PAH (n = 1, 2) with configurations according to Figure 3.
The CO adsorption energy, Eads, the height of the Pt atom with respect to the averaged z coordinates of the
C atoms in the PAH molecule, dPt−PAH , the distance between the Pt atom and the CCO, dPt−C, the CO bond
length, dC−O, the vibrational stretching frequency of CO, νCO, the Hirshfeld atomic charge of Pt atoms, and
the calculated < S2 > values for different spin multiplicities (2S + 1) of the CO−Ptn/PAH (n =1, 2) complexes
are given. The values in parentheses for the configurations c, d, and e are the atomic charges related to the Pt
atoms further from the PAH surface.

config. 2s+1 Eads (eV) dPt−PAH (Å) dPt−C (Å) dC−O (Å) νCO(cm−1) Pt charge (e) < S2 >

a 1 -3.63 2.52 1.78 1.162 2023.8 0.11 0.00
3 -1.96 2.52 1.79 1.161 2019.6 0.12 2.00

b 1 -3.33 2.78 1.88 1.187 1827.1 0.14(0.14) 0.00
3 -2.51 2.82 1.92 1.181 1877.1 0.10(0.10) 2.00

c 1 -1.69 2.85 1.82 1.159 2052.5 0.11(-0.10) 0.10
3 -1.49 2.53 1.84 1.158 2047.4 0.08(-0.06) 2.00

d 1 -3.21 2.18 1.88 1.185 1843.4 0.19(0.04) 0.00
3 -1.98 2.20 1.91 1.184 1851.1 0.18(-0.04) 2.00

e 1 -3.11 2.13 1.78 1.162 2021.1 0.14(0.02) 0.00
3 -2.30 2.29 1.80 1.160 2005.8 0.11(-0.02) 2.00

Figure 4 Singlet-triplet excitation energy for the CO
adsorption on the PAH-supported Pt atom and Pt dimer.

large effect on structural, electronic and vibrational
properties of the CO−Pt2/PAH complex. At all
adsorption configurations, changing the spin state
from the singlet state to the triplet state, accompa-
nied with changing the orbital population in the Pt
adatoms, in which the population of outer shells (6s
and 6p) is increased (Table 4). The Pt−CO inter-
action is, therefore, quenched due to increasing the

Pauli repulsion between the 6s− p states of the Pt
adatom and the lone-pair 5σ orbitals of the CO
molecule, and consequently the adsorption energies
become weaker for the triplet state. The C−O bond
distances are also shorter for the triplet state as
compared to the singlet state.
The degree of spin contamination is checked by
comparing the expectation value, < S2 >, with the
ideal value, S(S+1), as seen in Tables 1 and 3. A
small deviation of < S2 > from the ideal value
confirms the good performance of the S12g func-
tional for studying spin states of transition metal
complexes.32,38

The results of the Mulliken population analysis for
various atoms at the CO−Ptn/PAH complexes are
shown in Table 4. Comparing the orbital popula-
tions of the supported Pt atom and dimer and the
CO molecule before and after adsorption, gives us
the characteristic features of bonding between the
CO molecule and the supported Pt atom and dimers.
For all configurations, as for the substrate-free Pt
atom and dimer, the population of the 2s orbital of
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Table 4 The results of Mulliken population analysis on the low-lying electronic states for different configura-
tions of the CO−Ptn/PAH (n=1, 2) complex, according to Figure 3.

C O Pt a Pt b

config. 2S+1 s p d s p d s p d s p d
a 1 1.385 2.279 0.078 1.819 4.496 0.060 0.793 0.250 8.707

3 1.393 2.272 0.119 1.820 4.485 0.061 0.767 0.260 8.698

b 1 1.368 2.452 0.140 1.835 4.492 0.060 0.734 0.140 9.000 0.741 0.134 9.000
3 1.391 2.505 0.138 1.837 4.487 0.062 1.135 0.176 8.674 1.143 0.172 8.671

c 1 1.534 2.227 0.114 1.822 4.472 0.064 0.640 0.383 8.455 1.241 0.200 8.962
3 1.527 2.199 0.110 1.821 4.467 0.062 1.041 0.257 8.526 1.382 0.134 8.757

d 1 1.492 2.381 0.114 1.836 4.489 0.064 0.741 0.180 8.799 0.959 0.099 8.873
3 1.487 2.386 0.096 1.815 4.476 0.033 0.876 0.212 8.463 1.177 0.169 8.575

e 1 1.470 2.290 0.114 1.844 4.471 0.064 0.890 0.080 8.948 0.931 0.239 8.585
3 1.476 2.294 0.107 1.838 4.464 0.062 0.985 0.183 8.731 1.108 0.265 8.461

a Pt adatom is connected to the PAH surface.
b Pt adatom is far from the PAH surface for the c, d and e configurations.

the carbon atom is decreased due to donation of
electrons to the 5d orbitals of the Pt atom, while the
orbital population of the 2p orbitals of the carbon
atom is increased because of back donation from
5d orbitals of the Pt adatoms to the 2π∗ orbitals of
the CO molecule. Moreover, increasing the popu-
lation of the s and p orbitals of the oxygen atom
as compared to the free CO molecule indicates a
polarization of the C−O bond after adsorption on
the supported Pt atom and dimer.
To highlight the impact of the PAH support on
adsorption of the CO molecule, it is worth com-
paring the orbital populations and the amount of
electron transfer to/from the CO molecule on the
substrate-free and carbon-supported Pt dimer. For
example, in the most stable configuration of the
CO−Pt2/PAH (Figure 3b), the net amount of elec-
tron transferred from the 2s orbitals of the C atom
to the 5d orbitals of the Pt atoms is 0.43e, and
the back donation from the 5d orbitals of the Pt
atoms to the anti-bonding 2π∗ orbitals of the C
atom is 0.54e, while for the most stable structure of
the CO−Pt2 complex (bridge structure), the corre-
sponding values are 0.45e and 0.46e, respectively.
Hence the net amount of electron transfer to the

anti-bonding 2π∗ orbitals of the CO molecule is
higher in the carbon-supported Pt dimer than for the
substrate-free Pt dimer which is also reflected in a
lower vibrational frequency and a larger C−O bond
distance for the CO−Pt2/PAH complex. This is
showing the significant contribution from the PAH
support on the adsorption of the CO molecule by
enhancing the back donation of electrons to the
2π∗ orbitals of the CO molecule.
Moreover, comparing the partial Hirshfeld charges
on the carbon atoms in the PAH connected to the
Pt adatoms, before and after adsorption of the CO
molecule, results in a small transfer of electrons
from the carbon support to the Pt adatoms. For ex-
ample, for the configuration in Figure 3b, the partial
charges for the carbon atoms connected to the Pt
adatoms were −0.024e, while this value changed to
−0.011e, after adsorption of the CO molecule.
Generally, the additional bonds from the Pt atoms to
the PAH support may reduce the under-coordination,
which is responsible for the surprisingly high re-
activity of the atom-type Pt catalysts.4,85 However,
donation capability of electrons from the π orbitals
of the PAH substrate, enhances the back donation
of electrons to the 2π∗ orbitals of the CO molecule
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and strengthens the Pt−CO interaction. Sun et al.
reported that the atom-type Pt catalyst on graphene
surface exhibit higher activity (up to 10 times) for
methanol oxidation and superior CO tolerance than
the conventional Pt/C catalyst.4 Using X-ray absorp-
tion fine structure analyses, they showed that the
low-coordination and partially unoccupied densities
of states of the Pt 5d orbitals are responsible for the
excellent performance. Therefore, CO adsorption
energy on atom-type Pt catalysts is generally greater
than that on Pt particles and their corresponding
extended surfaces.86,87

We also investigated the CDD for all configura-

Figure 5 The calculated charge density differences for
adsorption of the CO molecule on the PAH-supported
Pt dimer. The a, b, c, and d plots are correspond to the
configurations b, c, d and e in Figure 3, respectively. The
blue and red contours indicate the areas of the charge
accumulation and depletion, respectively. The same iso-
value of 0.0003 a.u. was employed for all contours.

tions of the CO−Pt2/PAH complex (Figure 5).
The strong variation in the charge density at the
interface is due to the interaction with the PAH
surface. The iso-surfaces show enhancement of
charge density (blue map) around the Pt−PAH and
the Pt−C bonds. There is also an accumulation of
charge density on the oxygen atom and a depletion
of charge density (red map) on the C atom of the CO

molecule. A red iso-surface surrounding the PAH
substrate indicates a depletion of the charge density
on the π orbitals of the PAH surface when the CO
molecule adsorbes. This observation is corroborated
by the Mulliken population analysis (Table 4).

Figure 6 shows the DOS plots from different
configurations of the CO−Pt2/PAH complex. For
all configurations, the energy levels of the CO
molecule are significantly shifted due to adsorption
to the Pt2/PAH, and the new states appearing below
the Fermi level correspond to relocation of electrons
to the 2π∗ anti-bonding orbitals of the CO molecule.
These states were also present in the DOS plots of
the CO molecule interacting with the substrate-free
Pt dimer, but here the states are shifted slightly up-
ward due to interaction with the PAH orbitals, and
the peaks are larger indicating that more electrons
are relocated to the 2π∗ orbitals of CO molecule.
This clearly illustrates the influence of the PAH sup-
port on the CO activation and it is consistent with
the results from the Mulliken population (Table 4)
and the vibrational stretching frequencies (Table 3).
The DOS spectrums show that the 5d orbital of the
Pt adatom and the 2π∗ orbital of the CO molecule,
which are mainly responsible for the Pt-CO interac-
tion, are in the same energy scale below the Fermi
level and the strength of the Pt−CO interaction
depends on the strength of the overlap between
these states. The vertical red line in each panel is
drawn as a guide to the eye to show the hybridiza-
tion between 5d and 2π∗ orbitals. For example, the
DOS plots in Figures 6a and 6b correspond to the
most and the least stable configurations (Figures 3b
and 3c, respectively) for the CO−Pt2/PAH com-
plexes, where the amount of overlap between the
5d and 2π∗ orbitals are the largest and the smallest,
respectively. Moreover, the amount of contribution
from the Pt6s, which is a source of the repulsion
with the 5σ orbitals of the CO molecule, in the
hybridization below the Fermi level, are again the
smallest and the largest for explained configurations,
respectively. Therefore, changing the chemical sur-
rounding of the 5d states by the PAH support leads

13



0

1

2

3

Free CO

0

1

Adsorbed CO

0

1

2

3
PDOS Pt_d

PDOS Pt_s

-15 -10 -5 0 5 10

E - E
f
 (eV)

0

5

10

15

20 TDOS

D
en

si
ty

 o
f 

S
ta

te
 (

ar
b

. 
u

n
it

s)

2π
∗

2π
∗

(a)

0

1

2

3
Free CO

0

1

2

Adsorbed CO

0

1

2

PDOS Pt-1_d

PDOS Pt-1_s

PDOS Pt-2_d

PDOS Pt-2_s

-15 -10 -5 0 5 10

E - E
f
 (eV)

0

10

20 TDOS 

D
en

si
ty

 o
f 

S
ta

te
 (

ar
b

. 
u

n
it

s)

2π
∗

2π
∗

(b)

0

1

2

3
Free CO

0

1

Adsorbed CO

0

1

2
PDOS Pt-1_d

PDOS Pt-1_s

PDOS Pt-2_d

PDOS Pt-2_s

-15 -10 -5 0 5 10

E - E
f
 (eV)

0

10

20 TDOS

D
en

si
ty

 o
f 

S
ta

te
 (

ar
b

. 
u

n
it

s)

2π
∗

2π
∗

(c)

0

1

2

3
Free CO

0

1

2

Adsorbed CO

0

1

2

PDOS Pt-1_d

PDOS Pt-1_s

PDOS Pt-2_d

PDOS Pt-2_s

-15 -10 -5 0 5 10

E - E
f
 (eV)

0

10

20 TDOS

D
en

si
ty

 o
f 

S
ta

te
 (

ar
b

. 
u

n
it

s)

2π
∗

2π
∗

(d)

Figure 6 Total density of states (TDOS) and partial
density of states (PDOS) of the CO molecule before
and after adsorption on different configurations of the
CO−Pt2/PAH complex. TDOS of the CO−Pt2/PAH
for all configurations and PDOS from the s and d orbitals
are also given. The a, b, c, and d plots correspond to the
configurations b, c, d and e in Figure 3, respectively. The
vertical pink dash line in each panel indicate the position
of the Fermi level which is shifted to zero.

to significantly change in the hybridization fea-
tures between 5d and 2π∗ orbitals and consequently
in the adsorption characteristics of the CO molecule.

Conclusions
Density functional theory calculations were used
to characterize the influence of carbon support on
adsorption of the CO molecule on the Pt atom and
dimer. CO adsorption energies have been calculated
for different configurations on the PAH-supported
and substate-free Pt atom and dimer. The results
have been discussed based on the adsorption sites,
molecular orbital populations, vibrational frequen-
cies, charge transfer in terms of partial atomic
charges, charge density differences and the pro-
jected density of states. Our results show that the
presence of the PAH surface changes the electron
density distribution around the Pt adatoms since
the carbon support enhances the back donation of
electrons to the 2π∗ orbitals of the CO molecule
and consequently enhances the catalytic activity of
the Pt adatoms in contact with the PAH surface as
compared to the substrate-free Pt atoms. Hybridiza-
tion between the π orbitals of the PAH surface and
the d orbitals of the Pt adatoms is responsible for
this effect which results in a larger peak below the
Fermi level for the 2π∗ states of the CO molecule
in the corresponding DOS plots. While the high
electron density and the partial negative charge
on the Pt atoms not directly bonded to the PAH
surface, increase the repulsion between the 5σ or-
bital of the CO molecule and the s-d orbitals of the
Pt adatom and consequently reduces the Pt−CO
interaction. This results in a higher vibrational
stretching frequency for the CO molecule, com-
pared to the substrate-free Pt atoms, and a smaller
peak below the Fermi level for the 2π∗ states of the
CO molecule in the corresponding DOS plots.
Therefore, changing the chemical surrounding of the
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5d states of the Pt atoms by the PAH support leads
to significantly change in the hybridization features
between 5d and 2π∗ orbitals and consequently in
the adsorption characteristics of the CO molecule.
By further modulating the electron density of the
carbon support (by adding defects, dopants, edge
functional groups, etc.), one may design the cat-
alytic activity of the atom-type Pt catalysts.
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Güell, M.; Swart, M. A Density Functional Study of the
Spin State Energetics of Polypyrazolylborato Complexes
of First-Row Transition Metals. Phys. Chem. Chem. Phys.
2014, 16, 14514–14522.

(39) Heully, J. L.; Lindgren, I.; Lindroth, E.; Lundqvist, S.;
Martensson-Pendrill, A. M. Diagonalisation of the Dirac
Hamiltonian as a Basis for a Relativistic Many-Body
Procedure. J. Phys. B: At. Mol. Phys. 1986, 19, 2799–
2815.

(40) van Lenthe, E.; Baerends, E. J.; Snijders, J. G. Rela-
tivistic Regular Two-Component Hamiltonians. J. Chem.
Phys. 1993, 99, 4597–4610.

(41) van Lenthe, E.; Baerends, E. J.; Snijders, J. G. Rela-
tivistic Total Energy Using Regular Approximations. J.
Chem. Phys. 1994, 101, 9783–9792.

(42) van Lenthe, E.; Snijders, J.; Baerends, E. The Zero-Order

Regular Approximation for Relativistic Effects: The
Effect of Spin-Orbit Coupling in Closed Shell Molecules.
J. Chem. Phys. 1996, 105, 6505–6516.

(43) van Lenthe, E.; van Leeuwen, R.; Baerends, E. J.; Sni-
jders, J. G. Relativistic Regular Two-Component Hamil-
tonians. Int. J. Quantum Chem. 1996, 57, 281–293.

(44) van Lenthe, E.; Ehlers, A.; Baerends, E. Geometry Opti-
mization in the Zero Order Regular Approximation for
Relativistic Effects. J. Chem. Phys. 1999, 110, 8943–
8953.

(45) Schlegel, H. B. Ab-Initio Methods in Quantum Chem-
istry; Wiley: New York, 1987; Vol. I.

(46) Boys, S. F.; Bernardi, F. The Calculation of Small Molec-
ular Interactions by the Differences of Separate Total
Energies. Some Procedures with Reduced Errors. Mol.
Phys. 1970, 19, 553–566.

(47) Mulliken, R. S. Electronic Population Analysis on
LCAO-MO Molecular Wave Functions. I. J. Chem. Phys.
1955, 23, 1833–1840.

(48) Mulliken, R. S. Electronic Population Analysis on
LCAO-MO Molecular Wave Functions. IV. Bonding and
Antibonding in LCAO and Valence-Bond Theories. J.
Chem. Phys. 1955, 23, 2343–2346.

(49) Kittel, C.; McFadden, P. Introduction to Solid State
Physics, 8th ed.; Wiley: New York, 1976.

(50) Hirshfeld, F. L. Bonded-Atom Fragments for Describing
Molecular Charge Densities. Theor. Chim. Acta 1977,
44, 129–138.

(51) Wiberg, K. B.; Rablen, P. R. Comparison of Atomic
Charges Derived via Different Procedures. J. Comput.
Chem. 1993, 14, 1504–1518.

(52) Sheng, L.; Ono, Y.; Taketsugu, T. Ab Initio Study of Xe
Adsorption on Graphene. J. Phys. Chem. C 2010, 114,
3544–3548.

(53) Kim, C. K.; Park, B. H.; Park, S. J.; Kim, C. K. Mod-
eling Studies on the Uptake of Hydrogen Molecules by
Graphene. J. Mol. Model. 2015, 21.

(54) Fowler, P. W.; Gibson, C. M.; Bean, D. E. Writing with
Ring Currents: Selectively Hydrogenated Polycyclic
Aromatics as Finite Models of Graphene and Graphane.
Proc. R. Soc. A 2014, 470.

(55) van Lenthe, E.; Baerends, E. J. Optimized Slater-Type
Basis Sets for the Elements 1-118. J. Comput. Chem.
2003, 24, 1142–1156.

(56) Schimka, L.; Harl, J.; Stroppa, A.; Grüneis, A.; Mars-
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