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Ana Gutiérrez-González,1 F. Fleming Crim,2 and Rainer D. Beck1,a)
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The dissociative chemisorption of singly deuterated methane (CH3D) has been studied on the steps
and terraces of a Pt(211) surface by quantum state resolved molecular beam methods. At incident
translational energy (Et) below 50 kJ/mol, CH3D dissociates only on the more reactive steps of
Pt(211), where both C–H and C–D cleavage products CH2D(ads) and CH3(ads) can be detected
by reflection absorption infrared spectroscopy. Vibrational excitation of a slow beam of CH3D
(Et = 10 kJ/mol), prepared with one quantum of antisymmetric C–H stretch excitation by infrared
laser pumping, allows for fully bond- and site-selective dissociation forming exclusively CH2D(ads)
on the step sites. At higher kinetic energies (Et > 30 kJ/mol), bond selective dissociation by C–H
bond cleavage is observed on the terrace sites for stretch excited CH3D (ν4) while on the steps, the
C–H/C–D cleavage branching ratio approaches the statistical 3/1 limit. Finally, at Et > 60 kJ/mol,
both C–H and C–D cleavages are observed on both step and terrace sites of Pt(211). Our experiments
show how careful control of incident translational and vibrational energy can be used for site and bond
selective dissociation of methane on a catalytically active Pt surface. Published by AIP Publishing.
https://doi.org/10.1063/1.5041349

INTRODUCTION

Being able to control the branching ratio of a chemi-
cal reaction with several possible channels has been a long-
standing goal in chemistry1 both for practical reasons and due
to the theoretical insight that the bond selective reaction con-
trol can offer. Different methods for achieving bond selectivity
in chemical reactions using laser radiation have been proposed
and demonstrated including femtosecond pulse timing,2 phase
control via interfering excitation pathways,3 and vibrationally
mediated reaction control.4 The latter strategy has been shown
to achieve bond selective chemistry in unimolecular dissoci-
ation,5 bi-molecular reactions in the gas phase,6–13 and for
gas/surface reactions.14–16

The first observations of bond selectivity emerged from
studies of gas-phase chemical reactions. Sinha et al.6 reported
vibrational bond selectivity for the bimolecular gas phase reac-
tion of HOD molecules with H atoms. Their results, as well as
experiments by Bronikowski et al.,7, showed that vibrational
excitation of the O–H bond in HOD leads almost exclusively
to the H2+OD product channel, while the excitation of the
O–D stretch produced mainly HD+OH products. In the subse-
quent work, the two groups extended their studies to the reac-
tion of methane isotopologues with Cl atoms. They reported
bond selectivity for both C–H and C–D cleavage channels for
CH3D8–10 and CH2D2

11,12 as well as an enhanced cleavage of
the C–H bond for CHD3.12,13

a)Electronic mail: rainer.beck@epfl.ch

Studies of vibrational bond selectivity were subsequently
extended to gas-surface reactions for methane chemisorp-
tion on nickel and platinum surfaces. The first evidence for
bond selectivity in gas-surface reactions was reported by
Killelea and co-workers.14 They demonstrated bond selec-
tive dissociation of CHD3 on Ni(111) using recombinative
desorption of adsorbed methyl products with sub-surface
H-atoms. Vibrational excitation with one quantum of ν1, the
unique C–H stretch in CHD3, enhanced the C–H cleavage
channel by at least 2 orders of magnitude compared to the
statistical 1/3 CD3/CHD2 branching ratio observed without
C–H stretch excitation. The Lausanne group15,16 studied the
bond selective chemisorption of all three partially deuter-
ated methanes (CH3D, CH2D2, and CHD3) on Pt(111) using
reflection absorption infrared spectroscopy (RAIRS) as the
product detection method. RAIRS can be used to distinguish
the different isotopologues of the methyl species on Pt(111),
formed as the nascent dissociation products of the methane
chemisorption. Their results show that a single quantum of
C–H stretch excitation is sufficient to make the dissociation
of all three methane isotopologues fully bond selective. These
studies demonstrate that vibrational bond selectivity can be
achieved for reactions at the gas-surface interface despite the
high complexity of such systems with many possible energy
relaxation channels.17,18 The observation of strong bond selec-
tivity clearly shows that methane chemisorption occurs via a
non-statistical mechanism where the dissociating molecule at
the transition state retains the memory of the initially prepared
reactant state. Therefore, statistical rate theories cannot cor-
rectly describe the reaction at a microscopic level, and new
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FIG. 1. Model of the Pt(211) surface with three different surface sites which
are labeled as step (orange), terrace (blue), and corner site (gray).

quasi-classical and quantum theories are needed to correctly
describe the reaction dynamics for this and other gas-surface
systems.16,19–21

Here, we report the first combined study of bond- and
surface-site selective dissociation of methane chemisorption.
Until now, bond selectivity studies on gas-surface reactions
have been done only on flat Ni(111) and Pt(111) surfaces.
Molecular beam studies on more complex surfaces that resem-
ble more closely the catalysts used in industry are still rare.22,23

The Pt(211) surface used in this work consists of three-atom-
wide terraces with the (111) structure and one-atom-high
steps with (100) character. Therefore, three different surface
sites (labeled as step, terrace, and corner sites in Fig. 1) are
exposed to the molecular beam. In a recent publication, we
have demonstrated the ability of RAIRS to distinguish between
CH3 adsorbed on the step and terrace atoms of Pt(211)24 and
measure site specific sticking coefficients for CH4. Here, we
combine this ability with quantum state-specific preparation of
the incident CH3D to investigate the degree of bond selectiv-
ity as a function of translational energy on the step and terrace
sites of the Pt(211) surface.

EXPERIMENTAL METHODS

Our molecular beam-surface science apparatus combines
state specific reactant preparation by infrared laser pumping
using Rapid Adiabatic Passage (RAP)25 with product detection
by Reflection-Absorption-Infrared-Spectroscopy (RAIRS).
Details of the design and operation of this apparatus have
been described previously.26 Briefly, a continuous molecu-
lar beam was generated from a supersonic expansion through
a temperature controlled stainless steel nozzle (50 µm ori-
fice diameter) followed by a 2 mm diameter skimmer. Before
the supersonic expansion, the methane/helium gas mixtures
were passed through an oxygen/moisture trap (Supelpure-O,
Supelco) in order to remove any trace of O2 and H2O from the
methane/He gas mixtures.

The translational energy of the molecular beam was con-
trolled by seeding CH3D in either He or Ne and by variation of
the nozzle temperature (TN). Seeding 3% CH3D in He resulted
in translational energies between 25 and 66 kJ/mol for nozzle
temperatures in the range of 300-800 K. For lower transla-
tional energies, a 3% CH3D seeded in Ne mixture was used,

resulting in a translational energy of 10 kJ/mol for TN = 500 K.
The speed distribution of the molecular beam was measured by
a time-of-flight method using a chopper wheel in combination
with the on-axis quadrupole mass spectrometer.27

The molecular beam entered the ultrahigh vacuum (UHV)
chamber (base pressure 5 × 10−11 mbars), where it collided
at normal incidence with the circular Pt(211) surface sam-
ple (Surface Preparation Labs, Leiden) of 12 mm diameter
mounted on a liquid nitrogen cryostat using 0.4 mm diameter
tungsten wires.28 The surface temperature (Ts) was controlled
in the range between 90 and 1100 K using nitrogen cooling
and by passing a DC current through the tungsten wires. For
the deposition of vibrationally excited methane (designated
laser-on), we used a continuous wave, single-mode, infrared
optical parametric oscillator (cw-OPO, Aculight) to prepare
5%-34% of the surface incident CH3D, depending on noz-
zle temperature and molecular beam speed, in the antisym-
metric C–H stretch normal mode ν4 and the rotational state
J = 2, K = 2. The OPO idler frequency was stabilized to the
v = 0→ ν4 R1(1) transition of CH3D by locking to a Doppler-
free Lamb-dip detected in a room temperature static gas cell
filled with 20 µbars of CH3D. To maximize the excited frac-
tion, we focused the infrared laser beam by a cylindrical CaF2

lens into the molecular beam to achieve RAP.25 The vibra-
tionally excited fraction of CH3D in the molecular beam was
measured by a room temperature pyroelectric detector that
could be inserted into the molecular beam before the deposition
experiments.

The nascent products of CH3D dissociation on the Pt(211)
surface were detected by the RAIRS technique using an evac-
uated Fourier transform infrared (FTIR) spectrometer (Vertex
V70). The infrared radiation, emitted from the globar source
of the FTIR, was incident at 80◦ from the surface normal on
the Pt(211) single crystal, and the reflected light was detected
using an external InSb infrared detector. RAIRS detection does
not interfere with the chemisorption reaction and can therefore
be used to monitor the buildup of surface adsorbates during
the molecular beam deposition. A RAIR absorption spectrum
is obtained as the ratio of a sample spectrum recorded with
the adsorbate covered surface and a background spectrum
recorded with the bare surface. In this study, all spectra were
recorded with 4 cm−1 resolution at a surface temperature of
150 K. The background spectra are an average of 8192 scans
taken during 20 min acquisition time. Once the background
spectrum was recorded, the surface was flashed to 1000 K
to desorb possible contaminants adsorbed on the surface dur-
ing the background measurement time. The surface was then
cooled back to Ts = 150 K, and the molecular beam deposition
started while the chemisorption product uptake was monitored
by taking sample spectra averaged over 512 scans. Once the
saturation coverage of methyl species was achieved, a final
sample spectrum was recorded by averaging 8192 scans to
achieve a high signal-to-noise ratio. Surface cleaning between
measurements was done by exposing the Pt(211) crystal to
5 × 10−8 mbars of O2 at a surface temperature of 700 K for
5 min followed by annealing at Ts = 1100 K for 2 min. At
the end of each day, cleaning by Ar+ sputtering and annealing
was used. The surface cleanliness was verified using Auger
Electron Spectroscopy (AES), to check that detectable (<1%
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Monolayer) trace of carbon or oxygen was on the surface.
Moreover, no traces of H2O or OH groups were detected on
the surface by RAIRS after the methane depositions.

RESULTS AND DISCUSSION

Figure 2(a) shows a RAIR spectrum of the nascent
chemisorption products of CH3D on Pt(211) recorded follow-
ing a methane deposition to saturation without laser excitation
at Ts = 150 K. The incident translational energy (Et) of CH3D
was 66 kJ/mol obtained with a 3% CH3D in the He mixture
for a nozzle temperature of TN = 800 K. Due to inefficiency
of vibrational cooling in the supersonic expansion,29 the inci-
dent CH3D contains 9.3 kJ/mol of thermal vibrational energy
as calculated from the vibrational partition function, yielding
a total energy of the incident CH3D of 75.3 kJ/mol. Previous
RAIRS measurements15 showed that CH3D dissociates on the
terrace sites of Pt(111), both by C–H and C–D bond cleav-
age resulting in the nascent products CH2D(ads) or CH3(ads)
[see Fig. 2(b)] which can readily be distinguished by RAIRS.
The Pt(211) surface comprises three different types of surface
atoms which we designate as step, terrace, and corner sites
(see Fig. 1). For CH4 dissociation on Pt(211), we reported that
the dissociation product CH3(ads) can be detected with surface
site selectivity on both the step and terrace sites and that no dis-
sociation products were detected on the corner sites consistent
with a much higher dissociation barrier on this site, calculated
by Density Functional Theory (DFT) as 183 kJ/mol.24

With this information, we assign the RAIRS absorp-
tion features for the products of CH3D dissociation on
Pt(211) by comparison with the spectra for CH3D/Pt(111),
CH4/Pt(211), and CH4/Pt(111) taken under similar conditions

FIG. 2. (a) RAIR spectrum for the saturation coverage of chemisorbed methyl
species on Pt(211) and obtained by deposition of CH3D with Et = 66 kJ/mol
and Ts = 150 K. RAIRS features in (a) were assigned by comparison with
RAIR spectra for CH3D and CH4 on Pt(111) and CH4 on Pt(211) shown
in (b), (c), and (d), respectively, obtained under similar conditions. Nascent
methyl products adsorbed on step and terrace sites are labeled (s) and (t),
respectively.

[Figs. 2(b)–2(d)]. The observed vibrational frequencies are
given with their assignments in Table I.

We note that in the C–H stretch region (2850-3000 cm−1),
the absorption due to CH2D(ads) on the step sites is split into
a doublet separated by 11 cm−1. In the C–D stretch region,
both the step and the terrace peaks due to CH2D(ads) are split
and only partially resolved. These splittings are likely due to
anharmonic coupling of CH2D(ads) vibrations. We exclude
orientation effects of the CH2D(ads) on the step sites from
being responsible for the observed splitting based on DFT
calculations which predict the methyl groups to be freely rotat-
ing. Therefore, the precise origin of the observed splitting is
currently unknown.

Figure 2(a) also shows a peak at 2979 cm−1 which we
assign as the antisymmetric C–H stretch of CH3(ads) on the
steps sites. On the terrace sites, this peak is not observed due
to the surface selection rule for RAIRS which states that only
adsorbate vibrations with a transition dipole component along
the surface normal30 can be detected. For the CH3(ads) on the
terrace site, with a local symmetry of C3ν, there is no dipole
moment component along the surface normal for the antisym-
metric C–H stretch mode. However, for CH3(ads) on the step
sites, a small tilt angle of the methyl group’s C3ν axis away
from the microscopic surface normal can lead to a small dipole
component along the surface normal.

Figure 2(a) shows that RAIRS detection on Pt(211) lets
us distinguish between the product species CH2D(ads) and
CH3(ads) on the step and the terrace adsorption sites. We can
therefore use RAIRS to study the bond selective dissociation of
CH3D with site selectivity both on the step and the terrace sites.
To probe the extent of translational and vibrational activation
of CH3D dissociation on Pt(211), we performed deposition
experiments at different incident translational energies, with
and without laser excitation of the C–H stretch mode ν4.
Figure 3(a) shows a series of laser-off RAIR spectra, each
taken following deposition of a molecular beam of CH3D to
create a saturation coverage of methyl products for several dif-
ferent translational energies (Et). In previous work,24 we have
shown that at the low surface temperature used in our experi-
ments, diffusion of the methyl species on the Pt(211) surface
does not occur. For Et = 10-58 kJ/mol, CH3D dissociation is
detected exclusively on the step sites by either C–H or C–D
cleavage. For Et ≥ 58 kJ/mol, dissociation of CH3D starts to
occur also on the terrace sites, signalling a lower CH3D reac-
tivity on the terrace than on the step sites. These results agree
well with measurements and calculations for CH4 dissociation

TABLE I. Assignments of RAIRS features observed for nascent methyl prod-
ucts of CH3D dissociation on Pt(211) at Ts = 150 K. Peak frequencies are taken
from the spectrum of Fig. 2(a).

Frequency (cm�1)

Methyl Terraces Steps Mode assignment

CH3(ads)
2886 2903 Symmetric C–H stretch

2979 Antisymmetric C–H stretch

CH2D(ads)
2921 2936 and 2947 Symmetric C–H stretch

2173 and 2194 2178 and 2186 C–D stretch
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FIG. 3. RAIR spectra following dissociation of CH3D on Pt(211) as a function of incident translational energy Et without [laser-off, panel (a)] and with state
specific v4 C–H stretch excitation [laser on, panel (b)].

on Pt(211) where the barrier for CH4 dissociation on Pt(211)
was found to be higher on the terraces (84 kJ/mol) than on the
steps (42 kJ/mol).24

Figure 3(b) shows RAIR spectra obtained following laser-
on depositions to saturation of CH3D on Pt(211) at differ-
ent incident energies. IR pumping prepared a fraction of the
incident CH3D with 36 kJ/mol of vibrational energy in the
C–H antisymmetric stretch normal mode ν4. Comparison of
the spectra in Figs. 3(a) and 3(b) for the same translational
energies shows the effect of ν4 excitation on the dissociative
chemisorption for both the step and terrace sites. At the low-
est translational energy Et = 10 kJ/mol, where no chemisorbed
products were detected for the laser-off deposition, fully bond-
and site-selective dissociation occurs for ν4-excited CH3D,
dissociating only by C–H cleavage and exclusively on the step
sites. For Et ≥ 25 kJ/mol, C–D cleavage (to produce CH3)
now starts to occur on the steps, but an enhancement of the
C–H over C–D cleavage is still observable, which decreases
with increasing Et. For Et = 39-53 kJ/mol, bond selectivity
switches from the step to the terrace sites, leaving exclu-
sively the C–H cleavage product on the terraces. The C–D
cleavage product CH3(ads) on the terraces appears only for
Et ≥ 58 kJ/mol.

To quantify the degree of bond selectivity, we compared
the product yield for C–H and C–D cleavage channels, lead-
ing to CH2D(ads) and CH3(ads) products, respectively, both
for the step and terrace sites at saturation coverage. Here, we
calibrate the relative RAIRS intensities in terms of coverage
for CH2D(ads) and CH3(ads), assuming that the C–H/C–D
cleavage branching ratio has reached the statistical 3/1 limit
at the highest incident translational energy (Et = 66 kJ/mol)
for the laser-off experiments. This assumption was confirmed
in previous measurements for the dissociation of CH3D on

Pt(111)15 together with a linear dependence of the RAIR
signals on methyl coverage.26 Therefore, the calibrated RAIRS
signals enable us to calculate the C–H/C–D branching ratios
as a function of Et for the laser-on experiments.

Since the efficiency of the vibrational excitation by RAP
decreases with increasing molecular beam velocity,25 we need
to take into account the fraction of incident C–H stretch excited
CH3D (f exc) in the calculation of the C–H/C–D branching
ratio at different Et. For a particular laser-on experiment, we
detect the contribution from both the excited and non-excited
molecules in the molecular beam. We remove the contribution

FIG. 4. CH/CD branching ratio on the steps and terraces as a function of
incident kinetic energy Et. The dashed line indicates the statistical 3/1 limit.
Error bars were calculated by propagating error estimates for measured RAIRS
peak areas (laser-off and laser-on) and the v4-excited fraction for laser-on
measurements using Eq. (1).



074701-5 Gutiérrez-González, Crim, and Beck J. Chem. Phys. 149, 074701 (2018)

FIG. 5. Schematic of energetics and dissociation pathways for CH3D chemisorption on the steps (left) and terraces (right) of Pt(211). For laser-off depositions,
the sum of incident translational energy and thermal vibrational energy is indicated in black as ET. Once ET exceeds the reaction barrier, both C–H and C–D
cleavage are observed with a near statistical branch ratio. State specific laser excitation of the ν4 C–H antisymmetric stretch normal mode adds EV = 36 kJ/mol
selectively to the C–H bonds which enables bond selective C–H cleavage if the dissociation barrier cannot be overcome by ET alone.

of the non-excited (laser-off) molecules using the data from the
laser-off experiments with Eq. (1) to obtain the state resolved
branching ratio

(
CH
CD

)
ν4

,(
CH
CD

)
Laser ON

= (1 − fexc)

(
CH
CD

)
Laser OFF

+ fexc

(
CH
CD

)
ν4

. (1)

Figure 4 shows how the degree of bond selectivity expressed in
terms of the branching ratio decreases with increasing Et for the
step and terrace sites. When full bond selectivity is observed
[no CH3(ads) is detected], we calculate only a lower limit for
the C–H/C–D branching ratio based on the signal-to-noise of
our RAIR spectra.

A schematic of the energetics and dissociation pathways
for this reaction is shown in Fig. 5. Without state specific C–H
stretch excitation of the ν4 normal mode, only translational
energy and a limited amount of thermal vibrational energy are
available for dissociation of the incident CH3D, as indicated
by the black arrows. Both C–H and C–D cleavage products
are detected with the nearly statistical product branching ratio
once the available energy ET exceeds the dissociation bar-
rier height. A small preference for C–H cleavage due to the
zero-point energy difference is observed. Fully bond selec-
tive dissociation is observed for incident ν4-excited CH3D,
where 36 kJ/mol of vibrational energy are added selectively to
the C–H stretch vibration, if its translational energy is well
below the barrier for dissociation. This situation is shown
by the red arrows in Fig. 5. Due to the different dissociation
barrier heights for step and terraces sites, bond selective disso-
ciation by C–H cleavage occurs with increasing translational
energy Et, first on the steps (Et ≥ 10 kJ/mol) and later for
Et = 39–53 kJ/mol on the terrace sites. Once Et alone is suf-
ficient to overcome the dissociation barrier, the effect of C–H
excitation and the degree of bond selectivity decreases, and the
branching ratio approaches the statistical 3/1 value. Figure 4
shows how the C–H/C–D branching ratio changes for dissoci-
ation of ν4 excited CH3D as a function of Et between these two
limiting cases where the translational energy is well below the
barrier for dissociation, and full bond selectivity is observed
and the case where the translational energy is above the barrier
and ν4 excitation no longer leads to bond selective dissociation.

The decrease in bond-selectivity with increasing Et observed
here was predicted by quasi-classical trajectory calculations
by Shen et al.31 for the dissociation of partially deuterated
methanes (CH3D, CH2D2, and CHD3) on Pt(111). In agree-
ment with our interpretation given above, the authors argued
that by increasing the non-selective translational energy, the
influence of the bond selective vibrational excitation is dimin-
ished which alters the branching ratio toward the statistical
limit.

SUMMARY

The dissociative chemisorption of CH3D on the steps and
terraces of a Pt(211) surface was studied by quantum state
resolved methods using RAIRS detection of the dissociation
products. The ability of this technique to distinguish between
C–H and C–D cleavage products adsorbed on step- and terrace
sites allowed us to study CH3D dissociation as a function of
incident translational energy Et with surface site selectivity.
We find the step sites of Pt(211) to be more reactive than the
terraces. From observed changes in the RAIR spectra as a
function of Et, we estimate the difference in barrier height to
be approximately 33 kJ/mol.

The C–H bond selectivity, observed for excitation of the
antisymmetric C–H stretch mode ν4, was studied for incident
energies in the range of 10-62 kJ/mol. With increasing Et, bond
selectivity is first observed on the steps and then on the terrace
sites. At low incident energy (Et = 10 kJ/mol), fully bond-
selective C–H cleavage occurs on the steps while dissociation
on the terraces is absent, making the methane dissociation both
bond- and site-selective. For Et = 35-52 kJ/mol, both C–H and
C–D cleavage occur on the steps, but full C–H bond selectiv-
ity now occurs on the terraces. Finally, for Et > 53 kJ/mol, the
C–H/C–D branching ratio approaches the statistical 3/1 limit
on both steps and terraces. Our results indicate that when the
sum of translational and thermal vibrational energy exceeds the
dissociation barrier on a particular surface site, the observed
bond selectivity on that site decreases. Therefore, careful tun-
ing of the incident translational energy and control of the
vibrational state of the incident CH3D allows for both bond-
and site-specific dissociation on Pt(211).
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