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Abstract. We use quantum chemical techniques to evaluate the electrostatic and polarization components
of the interaction between a rigid CH4 molecule and a lattice of point charges representing the MgO(100)
surface. We find that CH4 positioned above Mg adopts an edge-down configuration in which two H atoms
are oriented downward towards the MgO(100) surface and point at O ions in the surface layer. The
CH4–MgO(100) electrostatic interaction is substantially less favorable (but is still attractive) for the face-
down configuration in which three H atoms point downward. Neither configuration is energetically favorable
for CH4 molecules positioned above O ions. We show that for edge-down CH4 molecules above Mg, the
electrostatic component of the CH4-substrate interaction varies considerably as the CH4 molecule rotates
about the surface normal; the polarization component of the interaction, by contrast, is nearly constant
during this rotation. We show that a point-charge model for the CH4 charge distribution, in which the C
and H atoms carry effective partial charges, predicts that the CH4-surface electrostatic interaction should
be more favorable for face-down CH4 molecules than for edge-down CH4 molecules, in disagreement with
the quantum chemical results. We show that this is because the point-charge model poorly represents the
high-order electric multipoles of CH4.

PACS. 33.15.Kr Electric and magnetic moments (and derivatives), polarizability, and magnetic suscepti-
bility – 68.47.Gh Oxide surfaces – 68.43.Fg Adsorbate structure (binding sites, geometry)

1 Introduction

The interaction of CH4 adsorbates with the (100) surfaces
of rocksalt-structure ionic solids has been a topic of con-
siderable interest for many years [1–19]. One of the most
fundamental questions regarding the CH4-substrate inter-
action involves the configuration adopted by the CH4 ad-
sorbates. Deprick and Julg [1,2] were among the first to
try to determine this configuration using ab initio quan-
tum chemical methods. They considered a CH4 adsorbate
suspended above a finite lattice of point charges repre-
senting either the MgO(100) or the NaCl(100) surface, and
computed the energy of the adsorbate at the Hartree-Fock
(HF) level of theory using a relatively small basis set con-
sisting of s and p atom-centered Gaussian orbitals. This
study suggested that on both MgO(100) and NaCl(100)
surfaces, the edge-down adsorption configuration, in which
two hydrogen atoms point towards the substrate and the
CH4 adsorbate’s two-fold rotational symmetry axis is per-
pendicular to the surface, was more stable than the face-
down configuration, in which three hydrogen atoms point
towards the substrate and the CH4 adsorbate’s three-fold
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rotational symmetry axis is oriented perpendicular to the
surface.

Later quantum chemical studies [15] of CH4 adsorbates
on MgO(100) employed an embedded cluster model for
the MgO(100) surface and incorporated electron correla-
tion effects. This model considered explicitly the electronic
structure of both the CH4 adsorbate and a small set of Mg
and O atoms near the adsorbate. These substrate Mg and
O atoms were surrounded by a small array of ab initio
model potentials, and the entire system was embedded in
a Madelung potential representing an infinite lattice of
point charges. Like the earlier quantum chemical investi-
gations, these studies also predicted that the edge-down
configuration was more stable than the face-down configu-
ration. However, the later ab initio studies suggested that
the binding energy of the edge-down CH4 adsorbate was
due almost entirely to dispersion or van der Waals inter-
actions. For example, at the HF level of theory, which
includes both electrostatic and induction contributions
to the adsorption energy, the edge-down binding energy
for an isolated CH4 adsorbate was estimated to be only
2 meV from a calculation that employed s and p Gaus-
sian orbitals on the CH4 atoms. A correlated calculation
employing the same atomic basis set gave an edge-down
binding energy of 27 meV. A correlated calculation using a
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larger atomic basis set gave an edge-down binding energy
of about 40 meV; after the application of empirical cor-
rections for incompleteness in the one- and many-electron
basis sets, the edge-down binding energy estimated in this
study rose to about 55 meV.

A more recent density functional quantum chemical
investigation [19] of adsorption of CH4 monolayers on the
MgO(100) surface also found that the edge-down adsorp-
tion configuration was more stable than the face-down
configuration. This study treated the electronic structure
of both the CH4 adsorbate monolayer and the MgO(100)
surface using the PW91 [20,21] density functional; this ap-
proach thus includes some effects of electron correlation,
although the question of whether long-range dispersion
interactions are treated accurately using the PW91 func-
tional is still a matter of debate. This study found that
the per-molecule adsorption energy of a monolayer of ad-
sorbed CH4 was 18 meV for edge-down CH4 molecules
adsorbed in “herringbone” fashion [22].

Several investigations [3,5,15] of the structure and dy-
namics of CH4 monolayers adsorbed on MgO(100) have
employed empirical CH4–MgO(100) interaction poten-
tials. When these empirical potentials have included the
CH4–MgO(100) electrostatic interaction [5,15], they have
done so using a point-charge model for the CH4 charge
distribution, in which the four H atoms have fractional
positive effective charges and the C atom acquires a frac-
tional negative effective charge to maintain charge neu-
trality of the CH4 molecule. In contrast to the quantum
chemical calculations, these empirical potentials predict
the face-down adsorption configuration to be more stable
than the edge-down configuration.

Recent inelastic neutron scattering experi-
ments [13,16,18] that probe the rotational tunneling
transitions of CH4 molecules in a monolayer film
adsorbed on MgO(100) at T = 1.5 K have been in-
terpreted [18] as indicating that the adsorbates adopt
the edge-down configuration at this temperature. The
CH4 rotational tunneling splittings contain information
on the topography of the CH4–MgO(100) interaction
potential; this information can in principle be extracted
from the splittings with the help of quantum dynamical
simulations of the hindered rotor states of the CH4

adsorbates. However, these simulations require as input
a reasonably accurate six-dimensional CH4–MgO(100)
potential energy surface, and such a surface has not yet
been developed.

Toward this end, we report here ab initio quantum
chemical calculations of the interaction between an iso-
lated CH4 adsorbate and a finite lattice of point charges
intended to mimic the MgO(100) substrate. Our computa-
tional approach allows us to isolate the electrostatic com-
ponent of the CH4–lattice interaction energy; we show
that for both edge-down and face-down CH4 adsorbates,
this component can be evaluated quantitatively in terms of
the multipole moments of the CH4 molecule, provided that
values for CH4 multipoles up through the 28-pole are avail-
able. We explain why the empirical CH4–MgO(100) poten-
tial energy functions that employ a point-charge model for

the CH4 charge distribution find the face-down adsorption
configuration to be more stable than the edge-down config-
uration, and we show that this result originates in the fact
that a point-charge model for CH4 does not represent the
molecule’s high-order multipoles very well. We therefore
recommend that future simulations of CH4 adsorption on
ionic solids should abandon point-charge representations
of the CH4 charge distribution and instead employ accu-
rate ab initio CH4 multipole moments.

2 Ab initio calculations

We begin by describing the ab initio quantum chemi-
cal methods we use to investigate the interaction be-
tween CH4 and a lattice of point charges. The point
charge lattice is constructed so as to reproduce the elec-
tric field F = −∇ϕ associated with the potential ϕ above
the MgO(100) substrate; this potential is given by equa-
tion (2.9.16) of reference [23]:

ϕ(X, Y, Z) =
Q

4πε0

16√
2a

(
e−

√
8πZ/a

1 + e−π
√

2

)

× cos
(
2πX/a

)
cos

(
2πY/a

)
. (1)

Here Q is the charge on Mg substrate ions and a = 7.98a0

is twice the nearest-neighbor Mg–O distance in the MgO
solid. The capital letters X , Y , and Z represent Carte-
sian coordinates in a frame of reference defined by the
the MgO(100) surface. In this frame of reference, the X
and Y axes are aligned with nearest-neighbor Mg–O pairs
and the positive Z axis points away from the MgO(100)
surface. The origin (X, Y, Z) = (0, 0, 0) is chosen to be
a surface-layer Mg ion. We should emphasize that equa-
tion (1) is valid in the approximation that the Mg and O
ions are spherical and that the point (X, Y, Z) is outside
the substrate charge distribution.

To approximate ϕ in the region above the MgO(100)
substrate, we construct a finite square bilayer of point
charges located at Mg and O lattice sites. The first layer
is at Z = 0 and contains 83 × 83 = 6889 point charges;
the central charge in this layer represents the Mg ion at
(X, Y, Z) = (0, 0, 0) and carries charge Q. Underneath this
layer is a second layer, also with 6889 point charges, cen-
tered at (X, Y, Z) = (0, 0,−a/2); the point charge at this
location represents an O ion and carries charge −Q. To
confirm that this bilayer mimics the MgO(100) surface
electric field accurately, we evaluate the Cartesian com-
ponents of the bilayer field at 66 points with Z = 2.5 Å
and 0 ≤ X ≤ Y ≤ a, and compare these components to
those computed by differentiating equation (1). We find
that the Cartesian components of the bilayer field agree
with those obtained from equation (1) to an accuracy of
better than 1%.

We position a CH4 molecule above the central Mg
ion, oriented either edge-down or face-down, with the C
atom located at (X, Y, Z) = (0, 0, h). For the edge-down
CH4 molecule, two H atoms are located at (X, Y, Z) =
(0,±b

√
2/3, h + b/

√
3) and two H atoms are located at
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Fig. 1. Dependence of the ab initio CH4–lattice interaction
energy V on the charge Q for edge-down CH4 with h = 3.5 Å.
The open circles are the ab initio interaction energies; the solid
line is a quadratic fit (V = sQ + pQ2) to these points.

(X, Y, Z) = (±b
√

2/3, 0, h− b/
√

3), where b = 2.0518a0 is
the equilibrium CH bond length [24]. For the face-down
molecule, one H atom is located at (X, Y, Z) = (0, 0, h+b),
one is at (X, Y, Z) = (b

√
8/9, 0, h − b/3), and two are

at (X, Y, Z) = (−b
√

2/9,±b
√

2/3, h − b/3). We then
use Gaussian 03 [25] to compute the total energy of the
CH4 molecule in the presence of the point charges, and
subtract from this the total energy of the isolated CH4

molecule to obtain V , the interaction between the CH4

molecule and the point charge lattice. Both total energy
computations are performed at the HF level of theory us-
ing the aug-cc-pCVTZ atom-centered basis set for C and
the aug-cc-pVTZ basis set for H [26–28]; at this level of
theory, the total energy of the isolated CH4 molecule is
E = −40.2138242 au. (Note that the internal geometry of
the CH4 molecule is held fixed at its equilibrium tetrahe-
dral configuration in all of the calculations reported here.)
The interaction energy V is computed for several values
of Q between −2qe and +2qe.

Figure 1 shows how the ab initio CH4–lattice inter-
action V depends on Q for edge-down CH4 molecules at
h = 3.5 Å. The interaction energy is well fit by a quadratic
equation in Q, V (Q) = sQ+pQ2, where sQ represents the
electrostatic interaction between the point charge lattice
and the CH4 molecule and pQ2 represents the induction
energy arising from polarization of the CH4 molecule by
the electric field of the lattice. For the data shown in Fig-
ure 1, s < 0, which indicates that the electrostatic inter-
action between an edge-down CH4 molecule and the point
charge lattice is favorable when the molecule is positioned
above a positive surface-layer ion (and unfavorable when
CH4 is above a negative surface-layer ion).

Figure 2 shows how the electrostatic interaction co-
efficient s for edge-down and face-down CH4 adsorbates
depends on the adsorbate height h. (The coefficient p rep-
resenting the polarization interaction is relatively small
for both adsorption configurations and decays rapidly
with increasing h; at h = 3.5 Å, p = −0.82 mV/qe and
−1.36 mV/qe for face-down and edge-down molecules, re-
spectively. This indicates that for realistic values of Q, the
ab initio interaction energy is dominated by the electro-
static component.) Also shown in Figure 2 is the substrate-
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Fig. 2. Dependence on the CH4 height h of both the ab ini-
tio CH4–lattice electrostatic interaction coefficient s and the
substrate-charge-normalized interaction Ves/Q [Eq. (2)]. Open
and filled circles represent s for face-down and edge-down ad-
sorbates, respectively; dashed and solid curves represent Ves/Q
for face-down and edge-down adsorbates, respectively.

charge-normalized electrostatic interaction

Ves

Q
=

1
Q

5∑
i=1

qiϕ(Xi, Yi, Zi) (2)

between the MgO(100) substrate and a point-charge
model of the (edge-down or face-down) CH4 adsorbate.
In this point-charge model for CH4, the effective charge q
on each H atom is taken to be q = 0.143qe and the effective
charge on the C atom is taken to be −4q; the coordinates
(Xi, Yi, Zi) of the C and H atoms were defined above for
edge-down and face-down CH4 molecules. As noted previ-
ously, this point-charge model for the electrostatic compo-
nent of the CH4–MgO(100) interaction has been used in
earlier classical [5] and quantum mechanical [14] studies
of the dynamics of CH4 monolayers on MgO(100), studies
which found the most stable configuration for CH4 to be
face-down above Mg.

We see from Figure 2 that the ab initio calcula-
tions predict that the electrostatic component of the
CH4–MgO(100) interaction stabilizes the edge-down con-
figuration with respect to the face-down configuration.
The relative stabilities of these two configurations are re-
versed, however, when the point-charge model for CH4 is
used to compute the CH4–MgO(100) electrostatic interac-
tion; this is in accord with the results of the earlier dynam-
ical studies [5,14]. The discrepancy between the ab initio
results and those of the point-charge model originates in
the fact that the point-charge model is an unfaithful repre-
sentation of the high-order multipole moments of the CH4

molecule. To demonstrate this, we turn our attention to
these multipole moments.
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Table 1. Primitive Cartesian multipole moments Pi,j,k, in
atomic units, for CH4 at the Hartree-Fock (HF) and coupled-
cluster singles-and-doubles (CCSD) levels of theory.

(i, j, k) HF CCSD

(1, 1, 1) 0.974 1.013
(4, 0, 0) –44.089 –44.451
(2, 2, 0) –13.214 –15.360
(6, 0, 0) –441.014 –450.911
(4, 2, 0) –101.371 –103.626
(2, 2, 2) –33.584 –34.487
(5, 1, 1) –119.326 –120.344
(3, 3, 1) –69.251 –69.978
(8, 0, 0) –6868.103 –7283.087
(6, 2, 0) –1188.802 –1255.169
(4, 4, 0) –753.107 –794.449
(4, 2, 2) –276.050 –291.205

3 CH4 electrical properties

The charge distribution within the CH4 molecule is char-
acterized by the primitive Cartesian multipole moments

Pi,j,k =
∫

xiyjzkρ(r)dr (3)

where ρ(r) is the molecule’s charge density (including both
electronic and nuclear contributions) and i, j, and k are
non-negative integers. In equation (3), the C nucleus is
taken as the origin of the (x, y, z) Cartesian coordinate
system.

When the CH4 molecule is oriented with its two-fold
rotational axes along the x-, y-, and z-axes and one CH
bond along the vector (1, 1, 1), symmetry considerations
force Pi,j,k to vanish unless i, j, and k are either all even
or all odd integers. Table 1 lists several primitive multi-
pole moments for the CH4 molecule in this orientation,
which we refer to as the standard orientation henceforth;
these moments were calculated using Dalton 1.2.1 [29]
at both the HF and coupled-cluster [30,31] singles-and-
doubles [32] levels of theory, employing the same atom-
centered basis sets and CH bond length given above. Note
that in the standard orientation, Pi,j,k is invariant under
any permutation of its subscripts.

The Cartesian tensor multipole moments of the CH4

molecule are defined via

Mαβγ... =
(−1)n

n!

∫
r2n+1

[
∂n

∂rα∂rβ∂rγ · · ·
(

1
r

)]
ρ(r)dr.

(4)
The tensor moment M with n indices is termed the 2n-pole
moment; there are simple algebraic relations between the
individual components of this moment and the primitive
Cartesian moments Pi,j,k of equation (3) with i+j+k = n.

The first two nonvanishing tensor moments for CH4

are the octopole (23-pole) and hexadecapole (24-pole) mo-
ments; these tensor moments each have one independent
component, conventionally [33] taken to be

Ω = Mxyz = 5
2P1,1,1 (5)

for the octopole moment and

Φ = Mxxxx = 7
4 (P4,0,0 − 3P2,2,0) (6)

for the hexadecapole moment. From the results given in
Table 1, we obtain HF ab initio values for these mo-
ments of Ω = 2.436 au and Φ = −7.781 au using the
atom-centered Gaussian basis sets mentioned previously.
These values are in good agreement with those obtained
by Maroulis [34] (Ω = 2.409 au and Φ = −7.690 au) us-
ing a comparable, but not identical atom-centered basis
set. Electron correlation effects on Ω and Φ are appar-
ently relatively small, as the coupled-cluster values ob-
tained from the results in Table 1 are Ω = 2.533 au and
Φ = −7.650 au.

4 Electrostatic interactions between CH4

and MgO(100)

We now consider the electrostatic interaction between the
(frozen) charge distribution of the CH4 molecule and the
electric field F = −∇ϕ above the MgO(100) surface. If
the charge distributions of the CH4 molecule and the
MgO(100) surface do not overlap, this electrostatic inter-
action is given by

Ves = −
∑
α

FαMα − 1
3

∑
αβ

FαβMαβ − 1
15

∑
αβγ

FαβγMαβγ

− 1
105

∑
αβγδ

FαβγδMαβγδ − · · · (7)

where the Greek-letter subscripts symbolize Cartesian di-
rections x, y, and z in the aforementioned coordinate sys-
tem originating at the C nucleus. In this equation,

Fα = − ∂ϕ

∂rα
(8)

represents a Cartesian component of the electric field, and
the field gradients Fαβ and Fαβγ are defined as

Fαβ = − ∂2ϕ

∂rα∂rβ
and Fαβγ = − ∂3ϕ

∂rα∂rβ∂rγ
(9)

with a straightforward generalization to Fαβγδ and higher-
order field gradients. In equations (8) and (9), the com-
ponents and gradients of the field F are evaluated at the
carbon nucleus of the CH4 molecule. The prefactor associ-
ated with the 2n-pole term in equation (7) is −1/(2n−1)!!

To take advantage of the simplifications afforded by
the standard orientation for CH4, we must transform
ϕ(X, Y, Z) [Eq. (1)] into the (x, y, z) coordinate system
defined by the CH4 standard orientation before evaluat-
ing the electric field and its gradients. Suppose that an
edge-down CH4 adsorbate is stationed above a surface-
layer Mg ion and oriented so that its surface-directed CH
bonds are in the Y = 0 plane. In this case, we have

X =
(
x + y

)
/
√

2 (10)

Y =
(
x − y

)
/
√

2 (11)
Z = h + z (12)



P.J. Stimac and R.J. Hinde: Simulating CH4 physisorption on ionic crystals 73

where h is the adsorption height, defined as the distance
between the C nucleus and the Z = 0 MgO(100) plane.
For a face-down CH4 adsorbate stationed above a surface-
layer Mg ion and oriented so that one surface-directed
CH bond resides in the Y = 0 plane, we choose the MgO
surface normal to be aligned with the CH bond that points
in the (x, y, z) = (1, 1, 1) direction. Then we have

X =
(
2z − x − y

)
/
√

6 (13)

Y =
(
x − y)/

√
2 (14)

Z = h +
(
x + y + z

)
/
√

3. (15)

Substituting equations (10) through (12) or (13)
through (15) into equation (1) and differentiating with
respect to the Cartesian coordinates x, y, and z gives the
field gradients needed to evaluate the electrostatic inter-
action energy Ves using equation (5) when CH4 is held in
its standard orientation.

Performing this computation and retaining terms
through the 28-pole moment of CH4, we find that for the
edge-down CH4 adsorbate,

V
(8)
es,edge =

Q

4πε0

128
√

2
3

(
e−

√
8πh/a

1 + e−π
√

2

) (
U4,0,0 − 3U2,2,0

+
4

105
U8,0,0 − 16

15
U6,2,0 +

4
3
U4,4,0

)
(16)

where we have defined Ui,j,k = (Pi,j,k/a)(π/a)i+j+k for
the sake of conciseness, and the superscript (8) indicates
that the expression given is correct through the 28-pole
moment. For the face-down CH4 adsorbate,

V
(8)
es,face =

Q

4πε0

32
9

(
e−

√
8πh/a

1 + e−π
√

2

)

×
(
− 20

√
3U1,1,1 − 7

√
2U4,0,0 + 21

√
2U2,2,0

+
16

√
2

45
U6,0,0 − 16

√
2U4,2,0 + 32

√
2U2,2,2

+
208

√
3

9
U3,3,1 +

11
√

2
105

U8,0,0 − 44
15

U6,2,0 +
11
3

U4,4,0

)
.

(17)

The leading terms (through the 24-pole moment) of equa-
tions (16) and (17) can be simplified by recalling the def-
initions of Ω and Φ given in equations (5) and (6):

V
(4)
es,edge =

Q

4πε0

512
√

2π4Φ

21a5

(
e−

√
8πh/a

1 + e−π
√

2

)
(18)

and

V
(4)
es,face =− Q

4πε0

128
9

(
2
√

3π3Ω

a4
+
√

2π4Φ

a5

)(
e−

√
8πh/a

1 + e−π
√

2

)
.

(19)
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Fig. 3. Dependence of the CH4 octopole moment Ω and the
hexadecapole moment Φ on the hydrogen effective charge q for
a point-charge model of CH4. Horizontal dotted lines indicate
the Hartree-Fock ab initio values for Ω and Φ obtained in this
work.

For a point-charge model of CH4 in its standard orienta-
tion,

Ω =
10qb3

3
√

3
and Φ = −14qb4

9
(20)

where q is the effective charge of the H atoms. Figure 3
shows how the Ω and Φ values for the point-charge model
depend on q when the CH bond length b is fixed at its
equilibrium value [24]. This figure, and equations (18)
and (19), help us understand the shortcomings of a point-
charge model for the CH4 charge distribution.

The CH4 octopole moment Ω makes no contribution
to the electrostatic interaction Ves,edge for edge-down CH4

adsorbates, and the leading term in Ves,edge is proportional
to the CH4 hexadecapole moment Φ. For face-down ad-
sorbates, on the other hand, both Ω and Φ contribute to
the electrostatic interaction Ves,face. Because Φ is nega-
tive (see Fig. 3), it stabilizes the edge-down configuration
and destabilizes the face-down configuration. Because Ω
is positive, it stabilizes the face-down configuration (and
makes no contribution to the energy of the edge-down con-
figuration).

Figure 3 shows that if the partial charge q on the hy-
drogen atoms of CH4 is chosen so as to reproduce the
CH4 octopole moment (q ≈ 0.15qe), as was done in ref-
erences [5,14], the resulting hexadecapole moment will be
almost 50% too small. In this case, the leading term in
Ves,edge will also be underestimated by roughly 50%, as will
the destabilizing hexadecapolar contribution to Ves,face for
the face-down configuration. The net result is that the
binding of the face-down CH4 adsorbate to the MgO(100)
surface will be artificially strengthened, while the binding
of the edge-down adsorbate to the MgO(100) surface will
be artificially weakened. For the empirical CH4–MgO(100)
interaction potentials used in references [5,14], this pro-
vides enough additional relative stability to the face-down
adsorption configuration to make it the minimum energy
configuration.

Figure 4 compares the electrostatic coefficients s for
edge-down and face-down CH4 molecules with substrate-
charge-normalized electrostatic interactions Ves/Q com-
puted from equations (16) and (17), using the HF mul-
tipole moments of Table 1. We see that the interaction
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Fig. 4. Dependence on the CH4 height h of both the ab ini-
tio CH4–lattice electrostatic interaction coefficient s and the
substrate-charge-normalized interaction Ves/Q given by equa-
tions (16) and (17). Open and filled circles represent s for face-
down and edge-down adsorbates, respectively; dashed and solid
curves represent Ves/Q for face-down and edge-down adsor-
bates, respectively.

energies given by these two equations are in excellent
agreement with those obtained from the ab initio calcula-
tions, indicating that (at least for the h range studied here)
CH4 multipoles beyond the 28-pole moment make insignif-
icant contributions to the CH4–lattice interaction for the
two adsorption configurations studied here. At h = 3.5 Å,
the truncated Ves expressions given in equations (18) and
(19) give interaction energies that are respectively 1%
and 37% larger than those obtained using the more com-
plete expressions in equations (16) and (17). This indicates
that while the hexadecapolar term in Ves is overwhelm-
ingly dominant for edge-down CH4 molecules, higher or-
der CH4 multipoles (particularly the 26- and 27-pole mo-
ments) make significant contributions to Ves for face-down
CH4 adsorbates.

5 Rotational barriers for edge-down CH4

molecules

Recent experimental studies [13,16,18] of the
CH4–MgO(100) system have focused on the rota-
tional dynamics of the CH4 adsorbate molecules. These
molecules (whether edge-down or face-down) each have 12
equivalent adsorption configurations, distinguished solely
by permutations of the H atoms, and linked by 120◦ and
180◦ rotations around the CH4 molecule’s symmetry axes.
Because energetic barriers inhibit free rotation of the
adsorbate around these symmetry axes, the adsorbates
exhibit tunneling splittings associated with the “jumps”
among these equivalent configurations. An analysis of
the experimentally-observed tunneling splittings for CH4

adsorbates on MgO(100) suggests that the molecules
adopt the edge-down adsorption configuration [18].

A first-principles simulation of these tunneling
splittings would provide further insight into the relation-
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Fig. 5. Variation of the ab initio CH4–lattice induction inter-
action coefficient p (panel a) and electrostatic interaction co-
efficient s (panel b) as an edge-down CH4 molecule at height
h = 3.5 Å (filled circles) or 4.0 Å (open circles) rotates around
the surface normal; θ is the angle between the X-axis and a
line through the two downward-pointing H atoms.

ship between the splittings and the underlying adsorbate-
substrate interaction potential; however, such a simula-
tion requires an accurate six-dimensional CH4–MgO(100)
potential energy surface, which is not yet available. Nev-
ertheless, an examination of the physical origin of the en-
ergetic barriers to CH4 adsorbate rotation could help us
both understand the tunneling splittings in more detail,
and extract useful information from them. We therefore
use the ab initio protocol outlined above to quantify the
electrostatic and induction components of the barrier to
rotation, about the surface normal, of edge-down CH4 ad-
sorbates positioned at fixed height above the point charge
bilayer. Our results for adsorbates at h = 3.5 Å and 4.0 Å,
computed at the HF level of theory, are shown in Figure 5.

For an isolated edge-down CH4 molecule above the
point charge bilayer, a 90◦ rotation about the surface nor-
mal returns the CH4 molecule to an energetically degen-
erate configuration, as is obvious in Figure 5. In the real
CH4/MgO(100) monolayer, this degeneracy may be bro-
ken by lateral CH4–CH4 interactions [19], in which case
a rotation of 180◦ would be required for the CH4 adsor-
bate to revisit an equivalent configuration. However, if the
CH4–MgO(100) and CH4–CH4 interactions are pairwise
additive (or nearly so), the electrostatic and induction
components of the rotational barriers that are depicted
in Figure 5 will carry over into the full CH4–MgO(100)
interaction potential.

What this figure indicates is that at h = 3.5 Å,
the electrostatic component of the interaction gives rise
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to a substantial barrier to rotation of edge-down CH4

molecules about the surface normal. The induction com-
ponent of the interaction, on the other hand, varies only
weakly as the CH4 molecule rotates about this axis. Be-
cause the dipole-dipole polarizability tensor α for CH4 is
isotropic, induction contributions associated with α are
invariant to reorientation of the CH4 molecule; the weak
angular corrugation observed in Figure 5a must therefore
arise from higher order polarizabilities of CH4 such as the
dipole-quadrupole or quadrupole-quadrupole polarizabili-
ties. What is clear from Figure 5, however, is that induc-
tion effects arising from polarization of CH4 adsorbates
by the MgO(100) near-surface electric field will probably
make only minor contributions to the barrier to rotation
of edge-down adsorbates about the surface normal. (While
the calculations summarized in Figure 5 have been done
only at the HF level, electron correlation effects on the
anisotropic polarizabilities of CH4 appear to be relatively
small [34], so that the inclusion of these effects should not
change this conclusion.)

6 Discussion

In this work, we have used ab initio quantum chemical
methods to investigate the electrostatic interaction be-
tween a CH4 adsorbate molecule and a finite lattice of
point charges intended to mimic the MgO(100) surface.
We find that the CH4 molecule adsorbs above a positive
surface-layer ion, and that the edge-down adsorption con-
figuration is substantially more stable than the face-down
configuration. This is in contrast to the prediction of em-
pirical CH4–MgO(100) interaction potentials that use a
point-charge model to represent the charge distribution
of the CH4 adsorbate; as we have shown, this discrepancy
can be understood through an analysis of the electrostatic
component of the CH4–MgO(100) interaction in terms of
the multipole moments of the CH4 adsorbate.

Of what relevance is this work for the real
CH4–MgO(100) system? The results shown in Figure 4
suggest that for Q values close to 2qe (representing a fully
ionic MgO solid) and adsorption heights near 3.5 Å (which
is close to the adsorption heights predicted in Refs. [15,
19]), the electrostatic component of the CH4–MgO(100)
interaction potential should contribute about 25 meV to
the CH4 adsorption energy for edge-down CH4 adsorbate
molecules. As we mentioned previously, the analysis pre-
sented here is quantitatively accurate only when the ad-
sorbate and substrate charge distributions do not overlap;
for the real CH4–MgO(100) system, or for quantum chem-
ical calculations which treat the electronic structure of the
MgO(100) substrate explicitly, the electrostatic contribu-
tion to the adsorption energy will be reduced somewhat
because of interpenetration of the CH4 and MgO(100)
charge distributions.

To assess the magnitude of these interpenetration ef-
fects, we can compare our purely electrostatic estimates
of the CH4 adsorption energy to the adsorption energies
obtained from a molecular orbital quantum chemical cal-
culation that included the substrate electronic structure

explicitly [15]. In this calculation, the MgO(100) surface
was represented by a small cluster of Mg and O ions di-
rectly underneath the CH4 adsorbate (one surface-layer
Mg2+ ion and its five nearest-neighbor O2− ions); these
ions were surrounded by an array of ab initio model po-
tentials which was then embedded in a Madelung poten-
tial representing the rest of the MgO(100) substrate. The
CH4 adsorption energy was computed at the HF and mod-
ified coupled pair functional (MCPF) levels of theory; the
HF calculations used a CH4 atom-centered basis set some-
what smaller than the one employed here. In this study,
the HF CH4–MgO(100) binding energy was computed to
be about 2 meV; calculations using a larger basis set at
the MCPF level gave a computed CH4 binding energy of
about 40 meV, which rose to about 55 meV after empiri-
cal adjustment to account for incompleteness in the one-
and many-electron basis sets.

The HF CH4 adsorption energy obtained from this ab
initio calculation should already encompass nearly all of
the electrostatic component of the CH4-substrate interac-
tion; however, the ab initio adsorption energy differs by
an order of magnitude from the purely electrostatic es-
timate obtained here for a hypothetical fully ionic MgO
substrate. One possible explanation for this discrepancy
is that the interpenetration effects described above are
substantial for adsorption heights near 3.5 Å. But these
effects should also be present in the density functional the-
ory (DFT) studies [19] of CH4 adsorption on MgO(100),
studies which predict a per-molecule adsorption energy of
18 meV for “herringbone” monolayers of CH4 [22]. This
latter per-molecule adsorption energy estimate is in qual-
itative agreement with our purely electrostatic estimate.
It thus seems unlikely that our neglect of interpenetra-
tion effects is responsible for the order-of-magnitude dis-
agreement with the adsorption energy obtained in the HF
calculation.

Furthermore, DFT studies of bare MgO(100) sur-
faces [35] suggest that the surface-layer Mg ions carry an
effective partial charge of Q ≈ 1.7qe; because the elec-
trostatic component of the CH4–MgO interaction scales
linearly with Q, using this value for Q gives an electro-
static contribution to the CH4–MgO(100) binding energy
of about 21 meV. This value is in semi-quantitative agree-
ment with the value obtained in the DFT calculation, sug-
gesting that dispersion interactions make a fairly small
contribution to the DFT-computed CH4–MgO binding en-
ergy. (This is not to say that dispersion interactions are
unimportant in the real CH4–MgO system, only that these
interactions play a minor role in promoting CH4 adsorp-
tion in the DFT-simulated system. The failure of the DFT
protocol used in Ref. [19] to predict the physisorption of
CH4 on Ir surfaces [36] suggests that this protocol prob-
ably underestimates the magnitude of dispersion interac-
tions.)

One notable difference between the HF calculation [15]
and the DFT calculation [19] is that the latter calculation
employs periodic boundary conditions. Periodic HF calcu-
lations of CH4 adsorption on MgO(100) might therefore
help resolve the discrepancies between these calculations,
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and could also help quantify the extent to which the DFT
studies actually do incorporate dispersion interactions.
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