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Abstract: Laser light is an invaluable tool for detailed experimental studies of chemical reactions. The ability to pre-
pare reagent molecules in specific quantum states and to resolve the quantum state distribution of reaction prod-
ucts using laser radiation has been key to the field of chemical reaction dynamics, which studies chemistry at a
fundamental microscopic level. Today, state-resolved experiments are common for unimolecular and bi-molecular
reactions in the gas phase, but equivalent measurements for gas/surface reactions have only recently started to
appear. This contribution reviews the methodology developed in our group at the EPFL for the quantum state re-
solved investigation of molecule/surface reactions and gives representative results on the dissociative chemisorp-
tion of methane on single crystal nickel surfaces.
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Introduction

Experimental studies of gas/surface re-
actions have been extensively pursued due
to their importance in many areas of science
and technology such as catalysis, thin film
growth, atmospheric and interstellar chem-
istry. For example, many useful chemical
compounds are produced industrially via
heterogeneous catalysis, where gas-phase
reagents combine on the surface of a cata-
lyst to form gaseous products. The purpose
of the catalyst is to increase the reaction rate
for the desired product by lowering the re-
action�s activation barrier, but frequently its
microscopic mechanism is unknown and
suitable catalysts are found more often by
trial and error. A major difficulty in eluci-
dating the mechanism of a molecule/sur-
face reaction is the large number of molec-
ular and surface degrees of freedom in-
volved. Reactivity measurements per-
formed under equilibrium conditions lead
to results that are extensively averaged over
many initial states, hiding details of the re-

*Correspondence: PD Dr. R. Beck
Laboratoire Chimie Physique Moléculaire
Ecole Polytechnique Fédérale de Lausanne
CH-1015 Lausanne
Tel.: +41 21 693 30 37
Fax: +41 21 693 51 70
E-Mail: rainer.beck@epfl.ch

action mechanism. To avoid this problem
and obtain data that can be compared with
theory without the need for extensive aver-
aging, we perform experiments with inci-
dent molecules prepared in specific quan-
tum states and cooled in a supersonic mo-
lecular beam. In studying the state-resolved
reaction dynamics, we aim to explore how
each of the translational, rotational, vibra-
tional, and electronic degrees of freedom of
the incident molecule, as well as those of
the surface, affect the reaction outcome.
This dynamical approach has been applied
for several decades to a range of bimolecu-
lar reactions in the gas phase principally
through crossed molecular beam experi-
ments. The 1986 Nobel prize in Chemistry
rewarded the pioneering work by Lee,
Herschbach and Polanyi in this area. Simi-
lar methodology, combining a molecular
beam of state prepared molecules with sur-
face science techniques for preparation and
analysis of single crystal surfaces in ultra-
high vacuum, has started to be employed
during the last five years in order to study
technologically important gas/surface reac-
tions at a comparable level of detail. 

Methodology

Our experimental setup for the meas-
urement of state-resolved gas/surface reac-
tivity has been described in detail in a re-
cent publication [1]. It combines a tunable,
narrow bandwidth, pulsed laser system
with a molecular beam/surface science ap-

paratus. Fig. 1 shows a schematic of the
overall system with its different compo-
nents. The main vacuum chamber consists
of a triply differentially pumped molecular
beam source connected to an ultra-high
vacuum surface science chamber (base
pressure 6 × 10�11 mbar). The path of the
molecular beam inside the vacuum cham-
ber is depicted in Fig. 2. We generate a
pulsed molecular beam at 20 Hz by ex-
panding mixtures of a seed molecule such
as methane in a carrier gas of He or H2
through a temperature-controlled solenoid
valve with an open time of 300 µsec. The
beam pulses pass through a 1 mm diameter
skimmer into the second differential pump-
ing region where their duration is reduced
to 30 µsec by a chopper wheel rotating at
200 Hz. After a third differential pumping
stage, the molecular beam enters the UHV
chamber through a 1 mm diameter aperture,
traverses a laser beam alignment tool and
impinges at normal incidence onto a single
crystal surface. The alignment tool ensures
the overlap of the molecular beam with the
laser beam, which is focused to a line by a
cylindrical lens and crosses at 90°. The
length of the line focus and the duration of
the gas pulses are matched, so that depend-
ing on the speed of the beam, between 33%
and 100% of the seed molecules are ex-
posed to the excitation laser. Fig. 3 shows
the layout of the optical system used to gen-
erate tunable laser radiation for the quan-
tum state preparation in the molecular
beam. We produce infrared laser pulses,
tunable in the mid- to near-infrared (3.3�1.4
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µm), by generating the difference frequen-
cy between the fundamental output of an in-
jection-seeded, single-mode Nd-YAG laser
and a narrow band dye laser in a lithium
niobate crystal followed by amplification in
a two-stage optical parametric amplifier us-
ing KTP crystals. To ensure that the infrared

laser is tuned into resonance with the select-
ed rovibrational transition of the incident
molecules, we split off a small portion of the
IR beam and do cavity ring-down spec-
troscopy (CRDS) in a separate expansion
chamber. We also use the rotationally re-
solved CRDS spectra of the seed molecules

in the jet expansion to obtain information on
the rotational level population needed for the
sticking coefficient determination. 

For the methane reactivity measure-
ments described in this review, we use a 10
mm diameter Ni(100) single crystal surface
oriented to within 0.1°. The surface is
cleaned in the UHV chamber by Ar+ sput-
tering/annealing cycles followed by oxida-
tion and reduction treatments until impuri-
ties can no longer be detected by Auger
electron spectroscopy (AES). We measure
the translational energy, Et, of the methane
molecules in the beam by time-of-flight us-
ing the chopper wheel and an on-axis
quadrupole mass spectrometer. We adjust
Et by varying the seed ratio and by small
changes in the nozzle temperature. To de-
termine absolute sticking coefficients for
methane, we perform a timed exposure of
the clean Ni(100) crystal to the molecular
beam, measuring both the incident dose of
CH4 molecules per unit area as well as the
resulting surface density of carbon reaction
products. Initial sticking coefficients S0 are
calculated as the ratio between the surface
density of carbon and the incident dose per
unit area in the limit of low coverage
(5�10% ML). We determine the flux of
methane [molecules sec�1 cm�2] incident
on the surface from the methane partial
pressure rise due to the molecular beam
monitored by a calibrated quadrupole mass
spectrometer together with the beam cross
section at the surface, which is measured by
AES to be 0.03 cm2. The primary reaction
products of the direct methane chemisorp-
tion on Ni(100) are adsorbed methyl and
hydrogen according to [2]:

CH4(g) → CH3(ads) + H(ads)

At the surface temperature of 475K at
which we perform the deposition, the
methyl radicals quickly dehydrogenate, and
the hydrogen leaves the surface by recom-
binative desorption of H2. The carbon
atoms remain on the nickel surface and are
detected by AES. We repeat the deposition
several times at different positions on the
Ni(100) surface for improved statistics of
the sticking coefficient measurements. Af-
ter the depositions are completed, we move
the surface in front of the Auger system and
quantify the C coverage, recording C and
Ni Auger signals at typically 80 points
across the surface in an automated comput-
er-controlled scan.

Fig. 4 shows an example of such an
Auger line scan across the Ni(100) surface
on which two depositions were performed
with (left) and without (right) laser excita-
tion. For the laser-on deposition, ~14% of
the incident CH4 molecules were excited
with two quanta of asymmetric C-H stretch
excitation via the 2ν3 R(1) transition at
6026.21 cm�1. The two �carbon spots� pro-

Fig. 1. Overall schematic of the experimental apparatus. The apparatus includes a molecular beam
source for producing microsecond gas pulses, an ultra-high vacuum chamber equipped for surface
analysis and product detection, a time-of-flight setup for molecular beam speed measurements, a
pulsed laser system for generating intense laser pulses tunable in the range 3.3–1.4 µm, and a cav-
ity ring-down spectrometer for measuring laser absorption in a jet expansion.

Fig. 2. Schematic view of the molecular beam path. Short molecular pulses formed by a pulsed valve
and fast chopper wheel pass through three differential pumping stages before entering the UHV de-
position chamber. A pulsed infrared laser beam is focused in one dimension by a cylindrical lens and
overlapped with the molecular beam in an alignment tool.
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duced by localized carbon deposition from
the incident molecular beam show the foot-
print of the molecular beam on the Ni(100)
crystal surface. The observed C/Ni Auger
signal ratio (left-hand scale) is calibrated in
terms of C coverage (right-hand scale) us-
ing ethylene exposures, which lead to a
known saturation coverage of 0.5 ML car-
bon on the Ni(100) surface.

A comparison of the carbon spots, nor-
malized to the incident dose of methane,
shows the increase in the sticking coeffi-
cient averaged over all states populated
with and without laser excitation, S0

laser-on

and S0
laser-off respectively. As Juurlink et al.

have shown [3], the state-resolved sticking
coefficient can be calculated from the dif-
ference between laser-on and laser-off

measurements, taking into account the frac-
tional population fexc of the laser-excited
state and adding the sticking coefficient for
the vibrational ground state v = 0: 

We determine fexc experimentally from
the laser power dependence of the carbon
coverage. The power dependence is fitted
to the functional form describing the satu-
ration of the selected transition and the ex-
cited fraction is determined as a fitting pa-
rameter. Both the fit of the experimental da-
ta and calculations using the known
Einstein coefficient confirm that we can
completely saturate the methane overtone
transition, transferring close to 50% of the
irradiated molecules from v� = 0, J� = 1 to
the excited state with v3 = 2 and J = 2. 

Dissociative Chemisorption 
of Methane

The reaction of methane on a nickel cat-
alyst to form surface-bound methyl and hy-
drogen is the rate-limiting step in steam re-
forming, which is the principal process for
industrial hydrogen production as well as
the starting point for the large-scale synthe-
sis of many important chemicals such as
ammonia, methanol and higher hydrocar-
bons [4]. Because of its importance, the dis-
sociation of methane on nickel has been
considered a prototype for chemical bond
formation between a polyatomic molecule
and a solid surface, with many experimen-
tal and theoretical studies directed at eluci-
dating its mechanism [3][5�9]. Despite in-
tense effort, there is still no atomic scale
picture of the dynamics of this important
gas/surface reaction. Molecular beam ex-
periments [6] have firmly established that
methane chemisorption is a direct process
that can be activated with about equal effi-
ciency by both incident kinetic energy nor-
mal to the surface and thermal vibrational
energy of the incident methane. Our group
[7][10] and others [3][11] have recently
performed state-resolved reactivity meas-
urements for the dissociative chemisorption
of CH4 and its isotopomers on nickel in or-
der to obtain detailed information on the
role of vibrational excitation in the reaction. 

The first set of experiments was de-
signed to compare the effect of translation-
al energy of the incident methane with vi-
brational energy contained in the antisym-
metric stretching vibration [7]. It is
apparent from Fig. 5 that the excitation of
the antisymmetric stretch vibration has a
dramatic effect on the reaction probability,
increasing it as much as four orders of mag-
nitude. For a quantitative comparison of the

Fig. 3. Schematic of the laser system used for state preparation of the molecular beam. Tunable, nar-
rowband infrared radiation is produced by difference frequency generation (DFG) between a single
mode Nd-YAG and a narrow bandwidth dye laser. The output of the DFG stage is amplified in an op-
tical parametric amplifier (OPA) to 150 mJ/pulse (20 Hz) of infrared energy.

Fig. 4. Auger analysis of two carbon spots on the Ni(100) surface, resulting from local carbon depo-
sition due to chemisorption of CH4 in a molecular beam with 52 kJ/mol of incident kinetic energy. For
the laser-on spot (left) 14% of the incident CH4 molecules were prepared with 6004.69 cm–1 of vi-
brational energy by pulsed laser excitation via the 2ν3 R(1) transition. For the laser-off spot (right), a
20-time higher incident dose of methane was deposited to produce a detectable carbon spot.

position on crystal [mm]

ca
rb

on
 c

ov
er

ag
e 

[%
 M

L]



THEORETICAL CHEMISTRY: MOLECULAR SPECTROSCOPY AND DYNAMICS 309
CHIMIA 2004, 58, No. 5

effect of translation and vibration motion
on the reaction probability, we mapped out
the kinetic energy dependence of the state-
resolved sticking coefficient both for the vi-
brational ground state as well as for the first
overtone of the antisymmetric stretch, la-
beled 2ν3. The horizontal offset of the two
state-resolved datasets clearly shows that
the relative effect of translational and 2ν3
vibrational energy depends on the kinetic
energy. At low incident energy (12 kJ/mol)
an offset of 66 kJ/mol in kinetic energy
along the surface normally results in the
same reactivity increase as 72 kJ/mol of vi-
brational energy contained in the antisym-
metric C�H stretch, indicating that vibra-
tion is about 92% as efficient as translation
in promoting the dissociation reaction.
With increasing kinetic energy the horizon-
tal offset between the datasets decreases,
indicating that the effect of 2ν3vibration
relative to translation decreases. This de-
crease most likely reflects the fact that
when the total energy of the incident mole-
cule (translation + vibration) reaches and
exceeds the barrier height, the reaction
probability cannot exceed a value of one,
which will cause the two datasets to merge
towards a common asymptote. The state-re-
solved sticking coefficient for CH4 on
Ni(100) reported by Juurlink et al. [3] show
equal (100%) efficiency for a single quan-
tum of ν3 vibration relative to translation,
consistent with this interpretation.

Statistical versus Mode-specific
Chemisorption

The result that vibrational energy in the
antisymmetric stretch is found to have near-
ly identical efficiency as translational ener-
gy for activating the dissociation reaction
might be interpreted as evidence for a sta-

tistical reaction mechanism. In fact, Harri-
son and coworkers have proposed a micro-
canonical model for the chemisorption re-
action of methane on nickel [12], which as-
sumes the formation of a transient complex
consisting of the incident molecule and a
few surface atoms prior to the dissociation.
In this model, translational energy along the
surface normal as well as vibrational ener-
gy of the incident molecule are freely and
rapidly redistributed within the complex,
leading either to desorption or chemisorp-
tion, the rates of which are calculated using
microcanonical theory. One of the salient
features of this model, termed physisorbed
complex microcanonical unimolecular rate
theory, (PC-MURT) [9], is that translation-
al and vibrational energy of any mode are
treated equally as part of the total available
internal energy. The model therefore pre-
dicts that all vibrational modes of the inci-
dent molecule will activate the chemisorp-
tion with equal efficiency as translation, ex-
cluding the possibility of mode-specificity
in the state resolved reaction probability.
On the other hand, dynamical calculations,
which include the detailed motion in all or
in at least a subset of internal degrees of
freedom of the incident molecule, have pre-
dicted the occurrence of mode specific re-
activity for the chemisorption of methane
on Ni. For example, wavepacket calcula-
tions by Milot and Jansen [8], which in-
cluded all nine vibrational degrees of free-
dom of methane, showed clear mode-spe-
cific effects in the energy transfer during
the collision with the target surface. The
simulations found the loss of kinetic energy
of the incident molecules to the surface de-
pends on their vibrational state, exhibiting
the trend ν1 > ν3 > ν4 > ground state, where
ν1, ν3, and ν4 designate the symmetric
stretch, antisymmetric stretch and umbrella
bending modes of CH4 respectively. Since

a larger inelasticity is thought to lead to
higher reactivity, the simulation was inter-
preted as evidence for decreasing
chemisorption probability in the same or-
der, which would be a sign of mode specif-
ic reactivity. 

The ability of our experimental setup to
measure quantum state-specific sticking
coefficients allows us to test for the pres-
ence or absence of mode-specific behavior
in the chemisorption of methane. For a first
test [10], we chose the doubly deuterated
isotopomer of methane, CD2H2, because of
its spectroscopic properties. While the sym-
metric stretch vibration of CH4 (ν1) is in-
frared inactive due to its symmetry and can
only be excited by stimulated Raman
pumping, both the symmetric (ν1 ) and an-
tisymmetric (ν6) C�H stretch modes of
CD2H2 are infrared active and can be excit-
ed by our pulsed infrared laser. For com-
parison, we prepared different nearly isoen-
ergetic vibrational eigenstates correspond-
ing to 2ν6 and ν1 + ν6 in normal mode
notation. In a local mode C�H stretch basis
for the vibrational states of CD2H2, these
two states correspond to |11> and |20>�

with energies of 5999 and 5829 cm�1 re-
spectively [13]. Fig. 6 shows the results of
a direct comparison of the reactivity of
CD2H2 prepared in these two states. For this
experiment, a molecular beam containing
18% CD2H2 in H2 was directed at two dif-
ferent locations of the clean Ni(100) crys-
tal. During the first deposition, labeled
|20>, a fraction of the incident CD2H2 was
prepared in the |20> state by our pulsed
laser system. For the second deposition,
shown on the right hand side of Fig. 6, laser
pulses of the same energy promoted the in-
cident molecules to the |11> state. From the
absorption spectra measured by cavity ring
down spectroscopy in the jet expansion, we
determined the strength of the transition to
the |11> level to be a factor 1.5 times high-
er than of the equivalent transition leading
to |20>. Despite being weaker, excitation of
CD2H2 to the |20> state leads to a three-
times larger amount of carbon product, in-
dicating a higher sticking coefficient com-
pared to CD2H2 in the |11> state. For a
quantitative comparison of the sticking co-
efficients for the two vibrational states, we
determine the degree of saturation of the
optical excitation from the measured flu-
ence dependence and correct the observed
carbon peak intensities. The results shown
in Fig. 7, together with the much lower
ground state reactivity, constitute the first
experimental observation of mode-specific
reactivity in a chemisorption reaction. At
the lowest kinetic energy, we observe a fac-
tor of five difference in sticking coefficients
between the two local mode state |20> and
|11>. The higher reactivity of the |20> state
can be rationalized in terms of a larger pro-
jection onto the reaction coordinate consis-

Fig. 5. Sticking coeffi-
cients as a function of
incident kinetic energy
(normal incidence) for
dissociative chemisorp-
tion of CH4 on Ni(100).
Squares: laser-off data
giving an upper limit for
S0(ν = 0); circles: state-
resolved sticking coef-
ficients for 2ν3, J = 2.
Solid lines show fitted
sticking functions using
a model described in [7].
Error bars are 95% con-
fidence limits of convo-
luted uncertainties.
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tent with a calculated transition state struc-
ture with a single C-bond extended by up to
30% [14]. The observation of a large differ-
ence in the reactivity for two nearly isoen-
ergetic vibrational states clearly excludes
statistical models such as the PC-MURT
from correctly describing the chemisorp-
tion reaction. It also provides compelling
evidence that intramolecular vibrational re-
distribution (IVR) does not randomize the
vibrational energy during the 10 µsec flight
time between laser preparation and surface
impact. Moreover, the interaction of the in-
cident molecule with the surface is not suf-
ficient to scramble the vibrational energy
on the psec approach timescale before the
chemisorption reaction occurs.

Summary and Future Directions

Over the last five years we have devel-
oped new methodology to study the chemi-
cal dynamics of gas/surface reactions with
single quantum state resolution. Our exper-
iments use a molecular beam/surface sci-
ence apparatus together with pulsed laser
preparation of the incident molecules in
known rovibrational eigenstates for the de-
termination of state-specific sticking coef-
ficients. Efficient excitation of weak over-
tone and combination band transitions is
made possible with a tunable infrared laser
system that generates narrow-band laser ra-
diation with energies of up to 150 mJ/pulse
at 20 Hz. We have demonstrated the feasi-
bility of the method by performing state-
specific measurements of the reactivity of
CH4 excited to the first overtone of the an-
tisymmetric C�H stretch on Ni(100) as a
function of incident translational energy.
Comparison of the reactivity for two nearly
isoenergetic states of CD2H2 provides for

Fig. 6. Surface carbon Auger signal for identical doses of CD2H2 excited to
the |20> and |11> vibrational states incident on a Ni(100) surface at 41
kJ/mol of kinetic energy. The cartoon visualizes the vibrational amplitudes
for the two local mode states. 

Fig. 7. State-resolved sticking coefficients for CD2H2 in the |20> (�), |11>
(�) and ground (�) vibrational states on Ni(100) as function of incident ki-
netic energy normal to the surface. The surface temperature is 473 K.

Normal kinetic energy [kJ/mol]

the first time unequivocal evidence for
mode specific reactivity in a gas/surface re-
action and sheds light on the mechanism of
methane chemisorption. In future experi-
ments, we will exploit the wide tuning
range of our DFG-OPA pulsed infrared
source to access a variety of different vi-
brational states via infrared active funda-
mental transitions as well as overtone and
combination bands in order to explore more
fully the reactive part of the potential ener-
gy surface. Furthermore, pulsed laser exci-
tation can also be used for stimulated Ra-
man pumping of totally symmetric vibra-
tional states, which cannot be populated by
single photon absorption. The ability to ob-
tain state�resolved reactivity data for a
range of different vibrational states of a giv-
en molecule will help our understanding of
the chemical dynamics of gas/surface reac-
tions by pinpointing the types of intramole-
cular motion that best map onto the reaction
coordinate. Finally, for molecule/surface
systems where vibrational energy strongly
increases the sticking coefficient, the
method may be used for isotopically selec-
tive deposition, since the vibrational excita-
tion in the molecular beam using narrow
band laser radiation can usually be done
with very high isotope selectivity.
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