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Intermolecular migration of methyl groups at a Cu(211) surface
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The exposure of preadsorbed oxygen to monomethylamine or the coadsorption of a 2:1 monomethylamine (CH3NH>)/dioxygen
mixture at a Cu(211) surface at room temperature results in the formation of a surface species characterised by C(1s) and N(1s) binding
energies of 285.2 and 398.2 eV, respectively, with a calculated carbon to nitrogen ratio of 2:1. This species, which we assign to a
chemisorbed dimethylamine ((CHs)>,NH_.(a)), is the only adsorbed product of the reaction and its formation must involve the breaking
of a carbon—nitrogen bond and the intermolecular transfer of a methyl group.
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1. Introduction

We report surface spectroscopic evidence for the activa-
tion of carbon—nitrogen bonds at a Cu(211) surface at room
temperature and the intermolecular transfer of a methyl
group between adsorbed amine molecules. This process
maybe of interest to the catalytic community in respect of
chain building reactions such as Fischer—Tropsch. The sys-
tem we have studied is the chemisorption of monomethyl-
amine (CH3NH,) in the presence of oxygen. Our objective
was to investigate the properties of the molecule at oxi-
dised surfaces with the aim of comparing its behaviour to
that of ammonia — which has been studied in detail by this
group [1-3] and by others [4-6] and with its oxygen ana-
logue, methanol, which has also been extensively studied
at copper surfaces [7-11]. Previous studies of monometh-
ylamine [12-17] have considered aimost exclusively its in-
teractions with clean metal surfacesand utilised in the main
temperature-programmed desorption (TPD) and vibrational
spectroscopy (RAIRS). Whilst these methods give some
information about the nature of the species on the surface,
neither is easy to quantify. In contrast, the present work
utilises X-ray photoel ectron spectroscopy (XPS) which has
a well established track record for providing accurate sur-
face concentration data [18]. In the case of methylamine
reacting with oxygen at copper surfaces, quantification of
the data turns out to be of crucial significance.

2. Experimental

The XPS spectrawere recorded on a Vacuum Generators
photoel ectron spectrometer equipped with an Al Ko photon
source. All O(1s), C(1s) and N(1s) spectra were recorded
with a pass energy of 50 eV and the binding energy scale
calibrated to the Cu(2psz/,) peak at 932.7 eV. Cooling is
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achieved using liquid nitrogen flowing through a reservoir
close to the sample and heating, with a heating element
in the probe. Maximum heating rates were approximately
5 K per minute. The temperature of the sample was mea-
sured using a thermocouple mounted close to the sample
holder. The purity of the dioxygen (Argo Ltd., 99.99%) and
methylamine (Argo Ltd., 99.0%) gases was checked with
an in situ quadrupole mass spectrometer and in the case
of the latter confirmed by condensing it onto the sample at
80 K. This gave rise to single peaks in the N(1s) and C(1s)
regions only, with a C: N ratio of 1:1. XPS data were ac-
quired using commercial software (Spectra, R. Unwin) and
analysed using software developed in-house. Surface atom
concentrations and atom ratios were obtained using quan-
tification procedures which have been described in detail
elsawhere [18].

3. Resaults

3.1. Monomethylamine adsorption at clean Cu(211)
surfaces

Monomethylamine does not adsorb at Cu(211) surfaces
at room temperature but physisorbs at lower temperatures.
Figure 1 shows C(1s) and N(1s) spectrarecorded after about
amonolayer of monomethylamine was adsorbed at 80 K. In
the C(1s) region the dominant peak occurs at 286.8 eV sim-
ilar to that observed for the methyl group of a chemisorbed
methoxy species. The N(1s) peak, on the other hand, lies
at 400.4 eV close to the binding energy observed for ad-
sorbed ammonia. Taking into account the larger photoelec-
tron cross section of the nitrogen, the C: N ratio at the sur-
face is calculated to be 1:1. Whilst XPS cannot provide
direct evidence for the activation of N-H bonds neither
ammonia [1] nor methanol [7,8] dehydrogenates at clean
copper surfaces at this temperature and it is likely therefore
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Figure 1. XPS spectra of physisorbed methylamine at a Cu(211) surface following the adsorption of 0.5 L monomethylamine at the clean surface at
80 K. Surface concentrations are shown with units of atomscm=—2.
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Figure 2. X PS spectra of chemisorbed dimethylamine (CH3),NH.. (a) formed after exposing a preoxidised Cu(211) surface (o¢ = 2.4x 10 atomscm—2)
to 12.5 L of monomethylamine at room temperature. Surface concentrations are shown with units of atomscm=—2.

that the amine group remains intact. This is confirmed, on
warming, by the complete desorption of the methylamine
though in contrast to ammonia (which desorbs from clean
copper surfaces at approximately 170 K [1,19]) the mono-
methylamine does not desorb until ~250 K. The higher heat
of adsorption is probably being due to the greater Lewis ba-
sicity of the nitrogen atom in methylamine.

3.2. Monomethylamine adsorption at Cu(211) surfaces in
the presence of oxygen

The situation is very different when monomethylamine
interacts with the Cu(211) surface in the presence of oxy-
gen. In figure 2, N(1s) and C(1s) spectra are shown for
an experiment in which a partially oxidised Cu(211) sur-

face (00 ~ 2.4 x 10'* atomscm—2) was exposed to 12.5 L
of monomethylamine at room temperature. As in the case
of ammonia, exposure to monomethylamine results in the
desorption of oxygen and its replacement by a species con-
taining carbon and nitrogen only. In the case of ammonia
the oxygen desorbs in the form of water but this is not nec-
essarily the case for methylamine (see discussion below).
What is particularly striking about this reaction, however,
is the stoichiometry of the nitrogen- and carbon-containing
product which we find to be is 1:2 + 0.3 (the error being
estimated from repeated experimental observations).

An identical species to that shown in figure 2 is ob-
tained when a clean Cu(211) surface is exposedto a2:1
monomethylamine/dioxygen mixture at room temperature,
figure 3. In contrast to ammonia/dioxygen mixtures for
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Figure 3. XPS spectra of chemisorbed dimethylamine (CHz),N(a) formed when a clean Cu(211) surface was exposed to 20 L of a 2:1 methylami-
ne/oxygen mixture at room temperature. Surface concentrations are shown with units of atomscm—?2.

which a 2:1 ratio would give both oxide and imide, the
2: 1 monomethylamine/dioxygen mixture does not leave
any oxygen at the surface, only carbon and nitrogen. This
can be attributed to the higher heat of adsorption of the
methylamine which results in a higher equilibrium cover-
age during exposure and hence a greater probability that the
reactive oxygen transients will encounter methylamine mol-
ecules before forming the relatively unreactive oxide [1].

The carbon and nitrogen binding energies of the new
species (285.2 and 398.2 eV, respectively), are substan-
tially different from those of the physisorbed methylamine
(286.5 and 400.5 eV). The N(1s) bonding energy is closest
to adsorbed amide (NHz, ~298 eV) but the latter is not
stable at copper surfaces above approximately 200 K [1].
The C(1s) binding energy, on the other hand, is signifi-
cantly higher than that expected for graphitic carbon at this
surface (284.5 eV). On the basis of the binding energies
and the surface stoichiometry we assign the observed N(15)
and C(1s) peaks to a dimethylamine (CH3),NH_.(a), where
x=0or 1

4. Discussion

The assignment of the carbon- and nitrogen-containing
species to dimethylamine (CH3),NH,.(a) depends princi-
paly on the quantification of the XPS data The 1:1
stoichiometry obtained for the physisorbed monomethyl-
amine (figure 1) gives strong support for the accuracy of
this data and there is also considerable evidence in the
literature confirming the reliability of stoichiometry cal-
culations from XPS data [18]. In particular correct stoi-
chiometries have been reported for a very large number
of adsorbed molecules including NH,CO, [19], CO3; and
CO, [20,21], CH30OH [9], HCO, [22], CsHgN [23] and
10,11-dihydrocinchonidine [24]. We can therefore have

complete confidence in our interpretation of the XPS re-
sults.

The 2:1 C:N stoichiometry implies the transfer of a
methyl group between nitrogen species. Although Freund
[25] and Solymosi [26] have independently reported C-C
bond formation when CH3l and CO, are coadsorbed at low
temperatures, the reaction reported here is unusual because
it involves the scission of a relatively strong [12-17] C—N
bond. Furthermore, the absence of any decomposition prod-
ucts (C(a) and CH,(a)) from the methyl group strongly sug-
gests that methyl transfer occurs directly between nitrogen
atoms rather than via the metal surface. The only similar
case that we are aware of in the literature is the observa-
tion in 1962 by Roberts and co-workers [27] of dimethyl
sulfide ((CH3),S) in the gas phase after nickel was exposed
to methyl sulfide (CH3SH).

Assuming that the relevant oxygen species are chemi-
sorbed atoms (though we cannot rule out molecular oxygen
in the case of the coadsorption experiment) we have iden-
tified two possible reaction schemes:

2CH3NH,(a) + 0%~ (a)

2CH3NH,(a) + 0%~ (a)
— NO(Q) + (CH3)2NH, () + (4 — 2)H(@E@  (2)

Amide (NH»(@)) is not stable at copper surfaces at room
temperature and when formed at lower temperatures dehy-
drogenates on warming rather than desorbing, hence mech-
anism (1) should lead to chemisorbed imide and/or nitride.
There is no evidence, however, for either species and so if
the reaction follows mechanism (1), the amide must desorb
from the surface, either as NH3 after scavenging another hy-
drogen, or as hydrazine (NH2NH;). Neither of these path-
ways are observed in XPS [1] or TPD [28] studies of the
ammonia/oxygen system, however, and we must therefore
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consider an aternative model which is suggested by the
formation [23,29] of a pyridine—oxide complex (CgHsN—
0% (a) at Cu(111) surfaces. A similar methylamine—
oxygen intermediate could lead to the formation of an N-O
bond and the subsequent desorption of nitric oxide, mecha-
nism (2). With the data presently available to us, we are un-
able to discriminate between these two pathways and more
detailed investigations designed to resolve this question are
currently underway [30].
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