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The adsorption of methyl nitrite on the Au(111) surface
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The interaction of the methyl nitrite molecule (CH3ONO) with the gold(111) surface has been studied by means of density functional
calculations. The perfect Au(111) surface has been represented by a rather large cluster model, Au22, that was in turn used to extract
information about the preferred adsorption geometry of the CH3ONO species. Vibrational frequencies and adsorption energy are also
reported. The calculated adsorption energies are 31.2 kJ/mol with respect to gas phasecis-conformer and 35.1 kJ/mol with respect totrans-
methyl nitrite, very close to the experimental adsorption energy of 33.5 kJ/mol. From the analysis of vibrational frequencies of gas phase
and adsorbed species it is concluded that only thecis-conformer is present at the Au(111) surface.
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1. Introduction

Methyl nitrite (CH3ONO) has been proposed as an in-
termediate in the homogeneous [1] decomposition of ni-
tromethane (CH3NO2) and could be present also in the het-
erogeneous reaction. The adsorption of this species is of
interest since methyl nitrite has a weak CH3O–NO bond
(42 kcal/mol in the gas phase [1]) and therefore it can be
used as an adsorbed precursor for preparing surface methoxy
species. Also, the importance of nitromethane as one of
the simplest explosives and as a monopropellant in rocket
thrusters make these species a model to more complex mol-
ecules. Numerous experimental as well as theoretical stud-
ies concerning methyl nitrite reactions as a reactant or an
intermediate species can be found in the literature [1–11].
However, most of the existing studies are related to gas
phase chemistry [1–7], and only a few works are devoted
to the adsorbed methyl nitrite molecule on heterogeneous
catalysts [8–11].

Koel and co-workers have studied the CH3ONO adsorp-
tion on Au(111) [8], Pt–Sn [9] and on Pt(111) [10] surfaces.
On Au(111), the authors propose that adsorbed methyl ni-
trite exists both in thecis andtrans forms with the O–N–O
group in a flat lying geometry nearly parallel to the sur-
face. Pressley et al. [11] studied the methyl nitrite surface
chemistry on the Ag(111) surface and their data suggest a
geometry in which lone-pair electrons on the internal oxy-
gen atom, and possibly on the nitrogen atom, donate elec-
tron density towards the surface. A geometry where the
C–O–N plane is tilted away from the surface normal both in
cis andtrans forms of CH3ONO is also proposed. A larger
interaction of the central oxygen atom with the metal sur-
face is consistent with the propensity to eject NO when ei-
ther electrons or phonons activate adsorbed CH3ONO [11].
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Temperature-programmed desorption (TPD) data obtained
in ultrahigh vacuum (UHV) conditions show a very different
behavior for CH3ONO on these four surfaces. On Ag(111)
and on Au(111), no thermal reaction was observed. On
the other hand, on Pt(111) and on Pt–Sn alloys CH3ONO
is decomposed to NO and an intermediate, possibly CH3O,
which subsequently transforms to CH3OH or CO and H2
on the perfect Pt surface and to H2CO on Pt–Sn surface al-
loys. In a very recent work, concerning the photodissoci-
ation of t-butyl nitrite, (CH3)3CONO, on the Ag(111) sur-
face, an orientation where both oxygen atoms interact with
the surface (trans form) via the lone-pair electrons is pro-
posed [12].

The difficulties in the interpretation of experimental data
in these systems are clearly described in [13] and references
therein. In particular, difficulties arising from the interpre-
tation of experimental data concerning the geometry of the
CH3ONO species on metal surfaces are evidenced in [8,11].
The structures forcis- andtrans-methyl nitrite adsorbed on
the Au(111) surface [8] differ significantly from those pro-
posed on the Ag(111) surface [11]. First, thetrans form sug-
gested in [8], figure 1(a), for adsorption on the gold surface
has the O–N=O group in an flat lying geometry while the
structure proposed for the silver surface [11], figure 1(b), has
the C–O–N plane parallel to the surface and the N=O bond
in an upright conformation. Secondly, thecis form proposed
in [8], figure 1(c), is expected to suffer from a large steric ef-
fect destabilization due to the proximity between the methyl
group, the O–N=O group and the metal surface. From ul-
traviolet photoelectron spectroscopy (UPS), work-function
change measurements (��) and X-ray photoelectron spec-
troscopy data, a geometry in which the central oxygen atom
interacts with the surface and possibly the nitrogen atom too
is also suggested [11], figure 1(d). In a certain manner this
suggestion contradicts the adsorption schemes presented by
these authors in the same paper [11] where the nitrogen atom
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Figure 1. Experimentally proposed adsorption schemes for methyl nitrite
on Ag and Au(111) surfaces. Trans-conformer adsorbed on (a) Au(111)

and (b) Ag(111). Cis form on (c) Au(111) and on (d) Ag(111).

is shown to lie much closer to the surface than the oxygen
atom. Significant differences between methyl nitrite adsorp-
tion on Ag(111) and Au(111) surfaces are not expected since
previous studies [14,15] show that the main difference be-
tween adsorption on silver and on gold concerns mainly the
interaction energies. The adsorption energy is larger for the
Ag surface than for the Au surface and the geometric para-
meters are similar.

2. Computational details

In the present work, the cluster model approach [16,17]
together with density functional theory (DFT) based calcu-
lations have been used to investigate the adsorption geome-
try of methyl nitrite adsorbed on the Au(111) surface. The
DFT calculations were carried out by means of the B3LYP
hybrid method which yields very good results in systems
where transition metal atoms are present [18–23]. The hy-
brid B3LYP method uses an exchange functional that mixes
the non-local Fock exchange with the gradient corrected
form proposed by Becke [24] and adds the functional corre-
lation proposed by Lee et al. [25] based in the previous work
of Colle and Salvetti [26,27]. To model the metal surface,
the Au22 cluster model depicted in figure 2 has been used.
This reasonably large cluster with Cs symmetry is made up
of two metal layers. The first metal layer contains fourteen
gold atoms and the second layer contains eight metal atoms.
A third layer was judged to be unnecessary because of the lo-
cal nature of the chemisorption phenomena and vibrational
frequencies. In order to make the calculations feasible the
gold atoms in the cluster model were assigned to different
regions that are treated differently in terms of basis set em-
ployed. The Au atoms closest to the adsorption site, four
from the outer layer and three from the second layer, define
the inner region. The atoms in this region were treated with
the LANL2DZ basis set derived by Hay and Wadt [28]. This
basis set treats explicitly the outer 5s25p65d106s1 electrons
in gold atoms by a double-zeta basis set while the inner core

Figure 2. Top view of the Au22 (14,8) cluster used to model the (111)
gold surface. B, H and T label the three different bridge, hollow and top

adsorption sites, respectively.

electrons were replaced by the relativistic effective core po-
tential, RECP, of Hay and Wadt [28]. The gold atoms farther
from the adsorption site, outer region, were described by the
LANL2MB [28] basis set which differs from the LANL2DZ
basis set by the use of a minimal basis instead of the double-
zeta one to treat the valence electrons. These two different
regions are illustrated in figure 2. The standard split valence
basis set, 6-31G, plus polarization and diffuse functions, re-
sulting in a 6-31+G* basis, has been employed to describe
the non-metallic atoms. All calculations were carried out by
means of the Gaussian 98 suite of programs [29].

3. Results and discussion

The computed geometries and energies for the gas phase
cis and trans conformations of methyl nitrite are compared
to previous calculated [30] and experimental microwave
spectra results [31,32] in table 1. For the cis-methyl nitrite,
the results obtained with the B3LYP/6-31+G* approach
compare to experiment even better than those obtained us-
ing the in principle more accurate, and much more com-
puting resources demanding, CCSD(T)/6-311++G(2d,2p)
method [30]. The largest deviations between B3LYP re-
sults and experimental values correspond to the C–O bond
length and the C–O–N angles. Likewise, results presented
in this work for the trans-methyl nitrite molecule also agree
with available experimental data. Again, B3LYP plus the
6-31+G* basis set shows to be competitive when compared
with the coupled-cluster including triple excitations results.
For the angle between the methyl hydrogen atom in the mo-
lecular plane and the C–O bond, see figure 3, a curious dif-
ference between B3LYP and CCSD(T) results occurs. The
B3LYP predicts a value of ∼105◦ close to the experimental
value from [31] while the CCSD(T) result of 109.6◦ close
to the experimental value reported in [32]. The energetic
results show that cis-methyl nitrite is more stable than the
trans-conformer. The energy difference between both iso-
mers is ∼4 kJ/mol while using either B3LYP/6-31+G* or
CCSD(T)/6-311++G(2d,2p). Again, the B3LYP/6-31+G*
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Table 1
Geometric parameters and total energy for cis- and trans-conformers of methyl nitrite calculated using the B3LYP method plus the and 6-31+G*
basis set. Results are compared to CCSD(T)/6-311++G(2d,2p) theoretical values [23] and microwave spectra experimental results [24,25]. In

bold, the results calculated in this work that when compared to CCSD(T) values agree better with experimental data.

Parameter Cis-methyl nitrite Trans-methyl nitrite

B3LYP CCSD(T) Experimental B3LYP CCSD(T) Experimental
6-31+G* 6-311++G(2d,2p) [25] 6-31+G* 6-311++G(2d,2p) [24] ([25])

d(N=O) (Å) 1.1908 1.1933 1.182 1.1821 1.1772 1.170 (1.164)
d(O–N) (Å) 1.3963 1.4011 1.398 1.4125 1.4323 1.451 (1.415)
d(C–O) (Å) 1.4426 1.4369 1.437 1.4405 1.4379 1.435 (1.436)
d(H1,2–C) (Å) 1.0941 1.0848 1.102 1.0940 1.0862 1.099 (1.09)
d(H3–C) (Å) 1.0899 1.0800 1.09 1.0908 1.0875 1.099 (1.09)
d(C· · ·O) (Å) 2.5349 – – – – –
� (O–N=O) (deg.) 114.57 114.41 114.8 110.99 111.05 110.2 (111.8)
� (C–O–N) (deg.) 116.08 114.09 114.7 110.20 109.33 107.8 (109.9)
� (H1,2–C–O) (deg.) 110.56 110.67 109.9 110.59 108.52 111.0 (109.5)
� (H3–C–O) (deg.) 104.23 104.44 101.8 105.05 109.62 102.6 (109.5)
� (H1,2–C–O–H3) (deg.) 119.22 119.34 118.8 118.68 120.16 118.1 (120.0)
� (H1–C–O–H2) (deg.) 121.54 121.32 122.4 122.64 119.68 123.8 (120.0)
Energy (a.u.) −245.015772 −244.656520 – −245.014293 −244.654913 –

Cis Trans

Figure 3. Gas phase optimised structures for cis- and trans-methyl nitrite.

Table 2
Calculated geometrical parameters for gas phase cis-methyl nitrite and ad-
sorbed on the Au(111) surface. d – distance, nnd – distance to the nearest

gold atom in the surface, � – bond or dihedral angles.

Geometrical parameters CH3ONO adsorbed Free cis-CH3ONOa

on Au(111)a

d(N=O) (Å) 1.1920 1.1908
d(O–N) (Å) 1.3922 1.3963
d(C–O) (Å) 1.4426 1.4426
d(H1,2–C) (Å) 1.0941 1.0941
d(H3–C) (Å) 1.0897 1.0899
d(C· · ·O) (Å) 2.5435 2.5349
nnd(O–Au) (Å) 3.5591 –
nnd(N–Au) (Å) 4.1938 –
nnd(C–Au) (Å) 4.2078 –
nnd(H3–Au) (Å) 3.2645 –
Tilt (O–N) (deg.) 32.82 –
Tilt (C–O) (deg.) 30.59 –
� (O–N=O) (deg.) 114.65 114.57
� (C–O–N) (deg.) 116.59 116.08
� (H1,2–C–O) (deg.) 110.44 110.56
� (H3–C–O) (deg.) 104.14 104.23
� (H1,2–C–O–H3) (deg.) 119.22 119.22
� (H1–C–O–H2) (deg.) 121.56 121.54
� (H1–C–O–H2) (deg.) 121.56 121.54

approach shows to be competitive with more computational
resources demanding methods.

The starting adsorption sites used for methyl nitrite ad-
sorbed on the Au(111) surface are shown in figure 2. La-
bels T, B and H mean adsorption of the cis-methyl nitrite
with the central oxygen atom placed above a top, bridge and

Figure 4. Side view of the final optimised structure of methyl nitrite ad-
sorbed on the Au22 (14,8) cluster shown in figure 1. The central oxygen
atom of the adsorbed CH3ONO molecule is located above the bridge site

connecting two neighbouring gold atoms.

hollow site, respectively. Based on experimental informa-
tion [8,11], the optimization of the adsorbate geometry has
been carried out starting from an orientation where the O–N
axis is parallel to the surface. Next, all parameters defining
the internal geometry of CH3ONO and their position above
the surface have been fully optimized, keeping the cluster
geometry fixed at the bulk value. Despite the fact that dif-
ferent initial conformations were used, the energy gradient
driven optimization procedure always converges to the same
final structure. In this optimum geometry, the central oxy-
gen atom is always placed above the bridge site but the O–
N bond is considerably tilted away from the surface. This
final geometry clearly indicates that the interaction occurs
through an oxygen lone pair. The optimized geometric pa-
rameters for the final structure are reported in table 2 and in
figure 4.

The calculated equilibrium geometry for the adsorbed
species is very similar to those calculated for the gas phase
cis-methyl nitrite. Differences in internal bond lengths are
smaller than 0.01 Å and than 0.6◦ for bond and dihedral
angles. The C–O and O–N bonds are tilted away from
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the parallel to the metal surface leaving the central oxy-
gen atom much closer to the surface when compared to the
carbon and nitrogen atoms. The oxygen atom lies 3.6 Å
away from the nearest surface gold atom while carbon and
nitrogen are 4.2 Å displaced from the nearest gold atoms,
cf. table 2. The C–O and N–O bonds tilting angles from
the parallel to the Au(111) surface are 30.6◦ and 32.8◦, re-
spectively. From the low adsorption energy of 33.5 kJ/mol
reported experimentally [8], the similarity between the in-
ternal geometry of adsorbed and gas phase CH3ONO is to
be expected. Present calculations show that this is indeed
the case. The calculated interaction energy is defined as the
negative difference between the energy of the metal cluster
plus the adsorbate at the optimum geometry minus the en-
ergy of the separated fragments. Hence, a calculated value
of 31.2 kJ/mol with respect to separated cis-methyl nitrite is
found, this in turn being 35.1 kJ/mol when referred to the
trans-conformer. Therefore, the CH3ONO adsorption en-
ergy should lie between 31.2 and 35.1 kJ/mol since in the
gas phase a mixture of both conformations exists. The cal-
culated value for the interaction energy is surprisingly close
to the experimental result. Given the rather limited repre-
sentation of the surface, the agreement between theoretical
and experimental interaction energies is perhaps fortuitous.
Nevertheless, it is concluded that, as predicted by Pressley
et al. [11] for the methyl nitrite adsorption on the Ag(111)
surface, the interaction of CH3ONO with the metal surface
arises essentially from the oxygen lone-pair electrons, the
adsorbate donates electronic density towards the metal sur-
face. On the other hand, the larger distance to the surface
calculated for the carbon and nitrogen atoms is in agreement
with experimental evidence arising from the activation of the
CH3ONO adsorbed molecule by electrons or phonons [11].
Under these conditions the surface ejects NO molecules to

the gas phase and leads to an adsorbed methoxy species that
is known to bond metal surfaces through the oxygen atom
[14,33]. It is worth pointing out that the calculated adsorp-
tion geometry described above is also in agreement with the
model suggested in [11]. These authors found a monolayer-
coverage ratio of one CH3ONO molecule per three surface
atoms. A possible adsorption scheme compatible with these
measurements is given in figure 5. Due to the large surface
area occupied by the adsorbed methyl nitrite molecule, the
possible neighboring adsorption sites in the COM plane di-
rection and in oblique directions would be not available for
adsorption because of the large steric hindrance.

Vibrational frequencies for the adsorbed CH3ONO spe-
cies were also calculated and are reported in table 3. Se-
lected computed vibrational frequencies for cis-CH3ONO
adsorbed on the Au(111) surface are compared in table 3
to those computed for the two conformers in the gas phase,
using the same computational approach, to the HREELS val-
ues for CD3ONO adsorbed on the Au(111) surface [8] and to
the FTIR values for solid CH3ONO [34]. Since there are no

Figure 5. Possible packing arrangement of methyl nitrite on (111) metal
surfaces with a monolayer-coverage ratio of one CH3ONO molecule per
three metal surface atoms. In black the aligned CH3ONO molecules and in

light grey the Au(111) surface top layer.

Table 3
Vibrational frequencies for adsorbed cis-methyl nitrite on the Au(111) surface. Results for the free cis- and trans-

conformers are also reported.

Vibrational frequencies CH3ONO Free Free CD3ONO Solid
adsorbed on cis-CH3ONOa trans-CH3ONOa monolayer on cis-CH3ONOc

Au(111)a Au(111)b

νas(CH3) 3189 3192 3180 2275 3031
νas(CH2) 3145 3145 3146 – 3001
νs(CH3) 3068 3070 3067 – 2952
ν(N=O) 1684 1690 1754 1635 1613
δas(CH3) 1503 1507 1516 – 1454
δas(CH3) 1503 1496 1507 – 1438
δs(CH3) 1451 1455 1474 1050 1408
ρ(CH3) 1191 1192 1204 – 1230
ρ(CH3) 1160 1160 1174 – 1140
ν(C–O) 1001 1002 1057 945 990
ν(O–N) 859 861 845 790 838
δ(O–N–O) 690 681 597 585 625
τ (O–NO) 372 369 350 – –
δ(C–O–N) 342 343 211 310 351
τ (CH3–O) 185 186 xxx i – –

a B3LYP/6-31+G*.
b HREELS results taken from [8].
c FTIR values taken from [26].
d TPD result taken from [8].
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significative differences between the calculated geometries
for gas phase and adsorbed cis-methyl nitrite, only minor
differences are found for the calculated vibrational frequen-
cies involving normal modes where there is no direct inter-
action with the surface. However, when the computed nor-
mal frequencies of cis-methyl nitrite are compared to those
calculated for the trans-conformer, significant differences in
the N=O and C–O stretching modes and the O–N–O and
C–O–N bending modes appear. Therefore, these four modes
could be used to discern which of these two conformers can
be found on the Au(111) surface. From the calculated re-
sults for the adsorbed cis species, table 3, it is concluded
that only this conformer is present on the Au(111) surface.
This conclusion follows from the fact that calculated results
for the adsorbed cis-conformer compare well with the ex-
perimental data and are sufficiently different from those cor-
responding to the trans-conformer. Here, we must mention
that for one of the four modes commented above, δ(ONO),
the experimental result is in better agreement with the value
calculated for the gas phase trans-conformer than the cor-
responding value for cis-methyl nitrite. The experimental
value, 585 cm−1, is smaller than that corresponding to the
gas phase cis-isomer and even smaller than that correspond-
ing to the gas phase trans-conformer. It is very likely that
this normal mode is more affected by lateral interactions
which results in the decrease of the ONO angle value, cf.
figure 5. In addition, from the proposed adsorption schemes
reported in [11], it is difficult to assign the 585 cm−1 mode
to the adsorbed trans species since there are no significant
differences involving the location of the oxygen and nitro-
gen atoms on the silver surface for both the cis- and trans-
conformers.

4. Conclusions

(1) The most favorable adsorption geometry for methyl ni-
trite on Au(111) is the bridge-bonded central oxygen
atom.

(2) The computed structural parameters for the adsorbed
species are very close to the gas phase values.

(3) The theoretical value for the adsorption energy is
∼33.2 kJ/mol, which compares well with the 33.5 kJ/
mol experimental value.

(4) From the vibrational frequency analysis of gas phase and
adsorbed species it is concluded that only cis-methyl ni-
trite is present on Au(111), supporting one of the hy-
potheses proposed in previous studies.
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