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State-Resolved Gas-Surface Reactivity of Methane
in the Symmetric C-H Stretch Vibration on Ni(100)
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Laboratoire de Chimie Physique Moleculaire, École Polytechnique Fédérale de Lausanne, CH-1015 Lausanne, Switzerland

(Received 23 February 2005; published 22 June 2005)
0031-9007=
The state-resolved reactivity of CH4 in its totally symmetric C-H stretch vibration (�1) has been
measured on a Ni(100) surface. Methane molecules were accelerated to kinetic energies of 49 and
63:5 kJ=mol in a molecular beam and vibrationally excited to �1 by stimulated Raman pumping before
surface impact at normal incidence. The reactivity of the symmetric-stretch excited CH4 is about an order
of magnitude higher than that of methane excited to the antisymmetric stretch (�3) reported by Juurlink
et al. [Phys. Rev. Lett. 83, 868 (1999)] and is similar to that we have previously observed for the excitation
of the first overtone (2�3). The difference between the state-resolved reactivity for �1 and �3 is consistent
with predictions of a vibrationally adiabatic model of the methane reaction dynamics and indicates that
statistical models cannot correctly describe the chemisorption of CH4 on nickel.
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Activated dissociation of molecules on a metal surface is
a fundamental step in many catalytic processes. An im-
portant example is the chemisorption of methane on nickel
to form surface-bound methyl and hydrogen; this reaction
is the rate-limiting step in steam reforming, which is the
principal process for industrial hydrogen production. The
importance of this process has incited a number of studies,
both theoretical and experimental, directed towards under-
standing the detailed mechanism of methane chemisorp-
tion [1–15]. Molecular-beam experiments have shown that
methane chemisorption on nickel is a direct process, acti-
vated by translational and vibrational energy [1,2]. More
recent state-resolved experiments investigating the reactiv-
ity of CH4 excited to the antisymmetric stretch fundamen-
tal vibration (�3) [6] and first overtone (2�3) [9] on Ni(100)
have found that energy in �3 promotes the reaction with
similar efficacy as kinetic energy along the surface normal.
Furthermore, Juurlink et al. [6] have shown that CH4 with
excitation in �3 contributes less than 2% to the activated
chemisorption of thermally excited methane [2]. They con-
clude that vibrational modes other than �3 must play a sig-
nificant role in methane reactivity under thermal condi-
tions. Theoretical treatments of methane chemisorption in-
clude statistical [11,12] as well as dynamical models
[3,4,7,8,13]. While the statistical approach excludes the
possibility of mode-specific reactivity, it has been claimed
to reproduce the results of both thermally averaged and
eigenstate-resolved measurements for CH4 on Ni(100)
[11,12]. On the other hand, simplified dynamical models
for gas-surface reactions suggest the possibility of mode
specificity [7,8]. For reactions that occur entirely in the gas
phase, more realistic dynamical calculations find that the
symmetric-stretch vibration is generally more efficient
than the antisymmetric stretch in promoting reaction
[16–22], and this has been confirmed, in part, by experi-
ments [18,23].

We have previously reported vibrational mode-specific
chemisorption of CD2H2 on Ni(100), where we demon-
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strated the difference in reactivity of two nearly isoener-
getic overtone levels [10]. Directly testing the prediction of
higher reactivity for the symmetric stretch relative to the
antisymmetric stretch in methane is more challenging,
however, since direct IR excitation cannot be used to excite
CH4 via totally symmetric vibrations such as �1. We report
here the first use of stimulated Raman pumping (SRP) to
measure the state-resolved surface reactivity of CH4��1� on
Ni(100). Both SRP and IR excitation have been used
previously [24] to study the gas-phase reaction of CH4

with chlorine atoms to compare the effects of �1 and �3

excitations on the dynamics. While no significant differ-
ence was observed in the rovibrational product state and
angular distributions for the two states, the study did not
exclude the possibility of different reaction cross sections.

Our state-resolved sticking coefficient measurements
are performed in a molecular-beam/surface science appa-
ratus designed to study the interaction of laser-excited
molecules with single crystal surfaces. Only the key as-
pects of this setup are reported here; details can be found in
Ref. [14]. A triply differentially pumped molecular-beam
source produces gas pulses of 27 �s duration at a repeti-
tion rate of 20 Hz. These pulses, consisting of methane
seeded in hydrogen, enter an ultrahigh vacuum (UHV)
surface science chamber where they collide with a
10 mm diameter Ni(100) single crystal surface at normal
incidence. We use time-of-flight measurements to deter-
mine the kinetic energy of the methane molecules incident
on the surface. We determine the methane rotational tem-
perature to be less than 10 K by cavity ring-down spec-
troscopy in a separate chamber with an identical
molecular-beam valve.

A fraction of the incident methane molecules are pre-
pared in the �1 state by SRP starting from the J � 0, 1, and
2 rotational levels, which represent the ground states of the
three nuclear spin species of CH4. Because the Raman
pumping process is not particularly efficient, intense
pulsed laser beams are needed to saturate the transitions.
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The optical layout used to produce the required laser
frequencies is shown in Fig. 1.

The 532 nm Raman pump beam is produced by generat-
ing the second harmonic of an injection-seeded, Nd:YAG
laser operating at 20 Hz. The Stokes radiation at 630 nm is
generated by a dye laser and amplified in a methane-filled
Raman amplifier, both of which are pumped by the same
Nd:YAG laser. To avoid beam instabilities resulting from
thermal lensing inside the Raman amplifier, the methane
is continuously circulated by a series of fans. Both the
pump and Stokes beams entering the UHV chamber each
have energies of 250 mJ=pulse. The methane pressure of
9 bar in the Raman amplifier is chosen to tune the maxi-
mum of the gain profile to overlap the Q�0�, Q�1�, and Q�2�
transitions used to excite the methane molecules in the
molecular beam. Since the 0:05 cm�1 bandwidth of the
Stokes radiation is insufficient to resolve these transitions,
which have Raman shifts of 2916:47, 2916:49, and
2916:53 cm�1, respectively [25], we assume in our analy-
sis that Raman excitation takes place simultaneously on all
three transitions. Pump and Stokes laser beams were fo-
cused on a 1.6 mm (FWHM) long line parallel to the
molecular beam by a cylindrical lens (f � 300 mm) as
shown in Fig. 2. A CCD beam profiler monitors the overlap
of the pump and Stokes beams and determines the respec-
tive focal widths to be 41� 3 and 52� 4 �m.

To perform state-resolved gas-surface reactivity mea-
surements, we expose the Ni(100) surface to the laser-
excited molecular beam for a predetermined time while
monitoring the CH4 flux with a calibrated quadrupole mass
spectrometer. The sample surface is heated to 473 K
throughout the deposition in order to keep the surface
free of adsorbed hydrogen. After the deposition, we detect
the carbon produced by CH4 chemisorption using Auger
electron spectroscopy (AES). The Auger signal is cali-
brated in terms of carbon coverage using the self-limiting
adsorption of 0.5 ML carbon on Ni(100) resulting from a
saturation exposure of methane or ethylene. The Auger
measurements are repeated for different positions across
the sample surface, producing the carbon profile shown in
FIG. 1. Optical setup used for stimulated Raman pumping of
CH4 in the molecular beam.
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Fig. 2. The tight focusing of the laser beams within the
molecular beam generates several distinct regions within
this profile. The narrow peak in the center is due to the
reaction of both laser-excited (‘‘laser-on’’) and unexcited
(‘‘laser-off’’) CH4 molecules. The broad shoulders on
either sides of this peak represent the carbon footprint of
the molecular beam ([ � 1:7 mm) due to chemisorption
of unexcited CH4. The carbon signal outside the
molecular-beam footprint is due to carbon adsorbed from
the background pressure in the chamber (3� 10�10 mbar)
during the 90 min deposition time. The rise in the carbon
baseline is due to the electron beam induced carbon for-
mation during the 30 min Auger analysis. For the calcu-
lation of the state-resolved reactivity, we subtract an
extrapolated laser-off baseline from the central peak and
integrate the resulting laser-on carbon peak along the z
direction. The width of this peak is significantly larger than
the width of laser focus along the z direction. This differ-
ence results from angular misalignment between the laser
focal lines and the molecular beam, the finite size of the
Auger electron beam (FWHM � 140 �m) and the spatial
jitter of the two laser beams along the z direction. Because
of the broadening, we use the C=Ni AES peak integral
rather than peak height in our analysis of the state-resolved
sticking coefficient.

The number of excited molecules incident on the surface
is determined from the molecular-beam flux, the laser focal
volume, and the saturation parameter of the Raman tran-
sition. The latter is determined by fitting a numerical model
of the Raman excitation process, including the laser beam
profiles, to the fluence dependence of the laser-on carbon
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FIG. 2. Auger analysis of deposited carbon (right-hand side)
together with a schematic of the excitation region (left-hand
side). The individual contributions to the carbon signal from the
electron beam induced carbon formation during the Auger
analysis (dash-dotted line), the unexcited molecular beam
(dashed line) and the laser-excited beam (solid line) are shown
separately. These data were obtained at a molecular-beam kinetic
energy of 63:5 kJ=mol with laser energies of 250 mJ=pulse for
both the pump and the Stokes radiation.
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FIG. 3. Fluence dependence of laser-on carbon signal pro-
duced by chemisorption of CH4��1�.
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signal (Fig. 3). We excite 0.1% of the �1:01� 0:02� �
1014 molecules=�cm2 s� that impinge on the surface.

The state-resolved sticking coefficient S0��1� obtained
from the ratio between the integrated carbon signal and the
incident dose of CH4��1� is shown in Fig. 4 for 49 and
63:5 kJ=mol of translational energy. For comparison, we
show state-resolved sticking coefficients for the antisym-
metric stretch, S0��3�, reported by Juurlink et al. [5,6], as
well as our previous measurements [9] of S0�2�3� and of S0
(laser-off). Experimental limitations prevented us from
measuring S0��1� at higher and lower kinetic energies:
for the higher kinetic energies, the difference in reaction
probability between unexcited and laser-excited molecules
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FIG. 4. State-resolved sticking coefficients for CH4 in the �1

(�), 2�3 (�) [9], �3 (5) [5], and ground (�) [9] vibrational
states on Ni(100) as a function of incident kinetic energy normal
to the surface. The error bars represent the 95% confidence
interval of the convoluted uncertainties. The major source of
uncertainty comes from our estimation of the focal volume.

24610
decreases rapidly, making the laser-on peak too difficult to
detect above the laser-off background; for lower kinetic
energy, the reactivity of the laser-excited beam is too low to
produce a detectable carbon signal above that from the
residual gas in the chamber.

For the two kinetic energies investigated, we found
S0��1� to be almost equal to S0�2�3� measured previously
with our setup using IR overtone excitation [9], despite the
fact that the former has half the amount of vibrational
energy. Moreover, comparison of our results for S0��1�
with those for S0��3� obtained by Juurlink et al. [5,6]
shows that excitation of CH4 to the symmetric stretch
(�1) increases the reactivity approximately 10 times more
than excitation to the antisymmetric stretch (�3). Such a
large difference in reactivity between two nearly isoener-
getic states is a clear sign of mode-specific chemisorption
of CH4 on Ni(100) and is totally inconsistent with a
statistical description of the reaction [11,12]. We have
previously observed vibrational mode specificity in the
reaction of CD2H2 on Ni(100), where excitation of the
combination band (�1 � �6) containing one quantum
each of symmetric and antisymmetric CH stretch vibration
increases reactivity up to 5 times more than the antisym-
metric stretch overtone (2�6) [10]. In this case, the differ-
ence in reactivity for the two isoenergetic states of CD2H2

could be rationalized by the different vibrational ampli-
tudes of the two CH bonds for the initially prepared
quantum states. This is consistent with a number of gas-
phase examples of bond-specific chemistry where the re-
activity of a bond is directly related to its amount of stretch
excitation [26,27].

For CH4, the observed difference in reactivity between
�1 and �3 cannot be explained simply in terms of bond-
specific laser excitation, since all four CH bonds initially
carry amplitude for both states. However, recent theoretical
models based on a vibrationally adiabatic treatment
[8,16,19–22] suggest that the interaction with the ap-
proaching reaction partner can lead to energy localization
which is different for different initial states, resulting in
mode-specific reactivity, and this has been confirmed by
experimental results in gas-phase reactions [18,23].
Halonen et al. [8] used this vibrationally adiabatic model
to simulate the interaction of a vibrating CH4 molecule
close to a flat nickel surface. They predict that the vibra-
tional energy of the symmetric and antisymmetric stretches
becomes localized in the proximal and distal CH bonds,
respectively, during the adiabatic approach toward the
surface, and based on this they suggest that CH4��1� should
be significantly more reactive than CH4��3� in the adia-
batic limit. In calculations for gas-phase reactions
[16,17,19–22], similar vibrational adiabatic models are
used to investigate the reactivity of vibrationally excited
molecules. All these calculations show that the symmetric
stretch of the reactant transforms adiabatically into the
stretching of the bond that breaks during the reaction. In
4-3
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fact, Halonen et al. suggested that the experimentally
observed increase in reactivity for CH4 upon excitation
of �3 is due to curve crossing to the reactive �1 state at
incident speed above the Massey velocity [8]. The large
difference between S0��1� and S0��3� that we observe
would indicate that the mixing due to the curve crossing
is far from complete at the kinetic energies of our experi-
ment. Although the predictive capabilities of the vibration-
ally adiabatic model alone may be limited due to its
strongly simplifying assumptions, it is reinforced by the
experimental observation of a large difference in reactivity
for the symmetric and antisymmetric stretch vibrations.
Moreover, the experimentally confirmed prediction of the
vibrationally adiabatic model should encourage efforts to
develop more sophisticated dynamical treatments of meth-
ane chemisorption. On the other hand, our results are
clearly inconsistent with statistical theories, which assume
rapid intramolecular energy randomization and predict
reactivities that scale with total internal energy indepen-
dent of the initially excited vibrational state.

Using a different approach than vibrationally adiabatic
models previously cited, Milot et al. [7] have performed
wave packet calculations of methane scattered from a flat
surface, including all nine internal vibrations. Based on the
calculated kinetic energy loss during the collision, they
predicted the same trend in reactivity: �1 > �3 > �4 >
ground state.

In addition to comparing the effect of different vibra-
tional modes on the reactivity of methane on nickel, we can
compare the effect of vibrational energy in �1 with that of
translational energy. One can see from Fig. 4 that putting
35 kJ=mol of vibrational energy in �1 results in the same
increase in reactivity as adding 50 kJ=mol of kinetic en-
ergy normal to the surface. This indicates that energy in �1

is 1.4 times more efficient than translational energy in
promoting the reaction. A similar effect has been observed
for CH4��3� on Ni(111) [15], where the relative efficacy of
�3 was found to be 1.25 compared to translational energy.
Smith et al. have argued that an efficacy larger than 1 can
result either from lattice recoil, where some translational
energy is lost to the motion of the surface [3], or from
nonadiabatic dynamics, where ground state molecules do
not follow the minimum energy path due to coupling
between translation and vibration [15].

In conclusion, we have used stimulated Raman pumping
to measure for the first time the state-resolved surface
reactivity of CH4 in its totally symmetric CH stretch vi-
bration (�1). Comparison of our results with those using
direct IR excitation of the �3 and 2�3 vibrations confirms
the qualitative predictions of simple vibrational adiabatic
calculations and wave packet simulations [7,8] and sug-
gests that quantitative predictions of methane reactivity
24610
will require dynamical calculations on a realistic multi-
dimensional potential energy surfaces [28]. Our results
clearly indicate that statistical models do not capture the
essential physics of the reactive encounter and therefore
can neither qualitatively nor quantitatively predict methane
chemisorption.
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