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A sharp increase in the rate of hydrogen isotope scrambling was identified during the hydrogenation of

olefins with H2 + D2 mixtures on Pt(111) catalysts, which spectroscopic data suggest is due to a sudden

increase in atomic hydrogen surface mobility because of a decrease in the size of the islands of the

adsorbed hydrocarbons.
Introduction

Thanks to their ability to readily dissociate molecular hydrogen,
transition metals are used extensively to promote the hydroge-
nation of unsaturated bonds.1,2 The kinetics of H2 dissociation
and recombination on late transition metals has been studied
extensively using molecular beams and other modern surface-
sensitive techniques, and determined to be fast even undermild
conditions, namely, at low temperatures and pressures.3–5

However, virtually nothing is known about the behavior of H2

on metal surfaces under the conditions used for catalysis.6–9

Signicant differences are expected, because such catalysis does
not take place on the pristine metal but rather on surfaces
covered with strongly-bonded carbonaceous deposits, alkyli-
dynes in the case of olens,10–13 as well as with reversibly-
adsorbed reactants7,14 The kinetics of H2 adsorption–desorption
on such surfaces are unknown, but expected to be much slower.
In fact, they may perhaps limit the overall rate of the catalytic
hydrogenations, given that the kinetics of those processes are
typically rst order in hydrogen pressure.2,7,15

In this report we discuss results from experiments aimed to
probe those kinetics. Isotope labeling has been used to follow
the kinetics of hydrogen adsorption, diffusion, and desorption
during olen hydrogenation catalysis. Specically, gas mixtures
composed of regular molecular hydrogen, molecular deute-
rium, and ethylene were reacted with the aid of a platinum
single-crystal surface while following the kinetics of both ethane
and HD formation. The key observation from this work is that
the isotopes of hydrogen scramble at a rate that shows a highly
non-linear transition during reaction. This abrupt switch in
for Catalysis, University of California,

cr.edu

(ESI) available: Kinetic data as TOF vs.

with versus without olen in the gas
mperature, effect of sulphur predosed
reaction kinetics is not accompanied by similar changes in
alkane formation. With the aid of data from both mass spec-
trometry analysis of the gas phase and infrared adsorption
spectroscopy characterization of the adsorbed species, we
explain the observed behavior as a consequence of a subtle
change in the size of the islands of the strongly adsorbed
hydrocarbon fragments, in this case ethylidyne moieties, that
form and are present on the surface during the catalysis. The
unique kinetics of hydrogen isotope scrambling reported here
helps explains the non-statistic distribution of isotopomers in
some deuteration reactions, and could be general; it points to
the importance of the heterogeneities of adsorbed layers in
dening reaction kinetics on surfaces.
Results

As stated above, in order to probe the relative rates of hydrogen
adsorption and desorption versus olen hydrogenation steps
under catalytic conditions, we have measured the kinetics of
HD and ethane formation simultaneously using C2H4 + H2 + D2

mixtures and a Pt(111) single crystal as the catalyst. These
experiments were carried out in an instrument that combines
surface-sensitive analytical techniques that operate under
ultrahigh vacuum (UHV) conditions with an atmospheric-
pressure batch reactor in order to be able to clean and fully
characterize the surface and then perform the catalytic runs
without exposing the solid to polluting external elements.13,16,17

The time evolution of the reactants and products was followed
continuously using mass spectrometry detection while the
nature of the species adsorbed on the Pt(111) surface was
characterized in situ using reection-absorption infrared
spectroscopy (RAIRS).18

Fig. 1 displays typical kinetic data from our experiments.
Shown are the temporal evolution of the concentrations of the
reactants, H2, D2, and C2H4, and the products, HD and ethane,
in terms of monolayer equivalents (MLeq, molecules per Pt
surface atoms). Several ethane isotopomers are produced, and
This journal is © The Royal Society of Chemistry 2016
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Fig. 1 Kinetic data for the conversion of a mixture of 25 Torr H2, 25
Torr D2 and 2 Torr C2H4 promoted by a Pt(111) surface at 300 K. A
sudden increase in HD production rate is seen around 500 s not
matched by any significant changes in the rate of ethylene hydroge-
nation, which remains approximately constant until full conversion at
approximately 1000 s. This non-linear change in HD production
kinetics in the middle of the hydrogenation catalysis is the key
observation from the present study.

Fig. 2 Kinetic data from an experiment where the partial pressure of
ethylenewas topped off after the HD production rate had already gone
through the transition shown above. The net effect from this extra
C2H4 is a switch back to the low-HD-production-rate regime until the
partial pressure of ethylene is reduced again to below 0.8 Torr, at
which point the HD accumulation curve shoots up again. This attests
to the reversibility of the HD kinetic transition. No accompanying
changes in the kinetics of ethane production were seen throughout
the experiment.
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the individual accumulation curves of the most relevant ones
are also displayed in Fig. 1. An alternative report of the data in
terms of turnover frequencies, TOFs (MLeq/s), obtained by
numerical differentiation of the data in Fig. 1, is provided in
Fig. S1 (ESI†). It is clearly seen in both gures that the conver-
sion of C2H4 to C2H6 proceeds at an approximately constant rate
until 100% conversion is reached in about 1000 s. On the other
hand, the production of HD starts at a low steady rate but
suddenly jumps aer about 500 s of reaction, at which point its
rate of formation increases by approximately one order of
magnitude (to the values seen with H2 + D2 mixtures without
any olen in the reaction mixture, Fig. S2†). More accurately,
the rate of overall ethane formation does increase by about
�15% at the HD rate transition time (Fig. S1†), but the change is
much more subtle than that seen in the HD curves, where the
TOF transitions from approximately 1.5 s�1 to �16 s�1. It is this
sudden and unexpected change in hydrogen isotope scrambling
rate, which is not accompanied by any signicant changes in
either the rate or the isotope composition of the ethane
production, that is the focus of our report.

The HD kinetic transition was seen to always occur aer the
C2H4 partial pressure reaches a threshold value of approxi-
mately 0.8 Torr (Fig. S3, ESI†), suggesting that such transition
depends on the coverage of the adsorbed species produced by
ethylene adsorption. It is worth emphasizing again that the
change in the rate of accumulation of HD in the gas phase is
quite abrupt, with the inection point occurring over a change
in ethylene partial pressure of less than 10% (and over changes
in H2 and D2 partial pressures of less than 4%). Since the
catalysis in these experiments has been carried out under
conditions where ethylene adsorption is extensive and the
coverage of the pi-bonded ethylene believed to be the
This journal is © The Royal Society of Chemistry 2016
intermediate for hydrogenation close to saturation, such small
changes in ethylene partial pressure are expected to result in
even more subtle variations in adsorbed ethylene coverages.
These changes alone are not sufficient to explain the sudden
increase in HD production around 500 s reported here.

It was also determined that the switchover in HD production
rate is reversible. Typical data highlighting this fact are pre-
sented in Fig. 2, which corresponds to an experiment where
extra ethylene was added to the reaction mixture aer approx-
imately 940 s of reaction, long aer the sharp increase in HD
production rate and close to the end of the conversion of the
initial ethylene. It is clearly seen that the HD production is
quenched immediately upon the addition of this extra ethylene
(in fact, the concentration of HD in the gas phase decreases
because of a dilution effect), and also that the rate of ethane
production proceeds unaffected. The HD TOF switches back to
the high-rate regime once the pressure of ethylene is lowered to
the threshold value of �0.8 Torr, aer 2560 s of reaction. Full
conversion of the new ethylene to ethane is completed aer
�2850 s.

Our study of the temperature dependence of the kinetics of
this process was not too informative, because the time at which
the HD kinetics undergoes the indicated transition decreases
rapidly with increasing temperature and is already too fast to be
detectable by approximately 330 K (Fig. S4 in ESI†). What can be
said from these data is that in the low-ethylene-pressure (high-
time) regime the activation energy is comparable to the heat of
adsorption reported for intermediate atomic hydrogen cover-
ages on clean Pt(111) based on surface-science experiments.19

This is the regime that can be associated kinetically with
hydrogen isotope scrambling on a clean platinum surface.
Chem. Sci., 2016, 7, 4660–4666 | 4661
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One viable explanation for the two HD production regimes
reported above is that the reaction that produces the mixed-
isotope product may occur on two different catalytic sites.
Although we carried out the experiments on a Pt(111) single
crystal specically to minimize this potential complication, it is
known that even such samples may have a small percentage of
steps, kinks, and other types of defects. It has also been estab-
lished that, on clean platinum surfaces, hydrogen scrambling is
much faster on such defects.4,20 In order to investigate the
possibility that defect sites on the surface may be driving the
fast HD formation regime, additional kinetic experiments were
carried out on surfaces where the defects were selectively
blocked by sulfur atoms (by dosing small amounts of 1-pro-
panethiol under UHV and decomposing the adsorbed species at
725 K).21,22 The data, provided in Fig. S5 (ESI†), clearly show that
the addition of small amounts of sulfur to the surface does not
poison the fast HD formation regime. Instead, the main effect is
to reduce the initial rate of HD production. This, it should be
emphasized, is not accompanied by any signicant changes in
the kinetics of production of ethane.

To better understand the kinetic changes reported here, in
situ spectroscopic studies of the surface were carried out by
using reection-absorption infrared spectroscopy (RAIRS),
which were combined with quenching of the reaction at
different times by adding carbon monoxide to the reaction
mixture23 in order to get a snapshot of the nature and coverage
of the surface species during the course of the catalytic
conversion.24 The infrared absorption spectra recorded aer
such quenching are displayed in Fig. 3. Clear signals are seen
around 2080 cm�1 for the C–O stretching mode of carbon
monoxide adsorbed on atop Pt sites, an indication that
Fig. 3 Reflection-absorption infrared spectra (RAIRS) from the Pt(111)
surface after quenching the conversion of C2H4 + H2 + D2 mixtures by
adding carbon monoxide to the gas at different reaction times. The
peaks associated with CO (1800–1870 and 2080 cm�1) and ethylidyne
(1350 cm�1) were used to estimate the evolution of the surface
coverages of the metal sites and the carbonaceous deposits, respec-
tively, as a function of reaction time (the data are reported in Fig. 4).
The top (purple) traces are reference spectra from saturation layers of
ethylidyne (left) and CO (right).

4662 | Chem. Sci., 2016, 7, 4660–4666
a signicant fraction of the platinum surface remains exposed
and available for reaction all throughout these catalytic runs
(those are the sites capable of the CO uptake seen in these
spectra). Moreover, the fact that the peaks are red-shied with
respect to what is seen for CO adsorption on clean Pt(111)
suggests that the Pt open sites, where the CO adsorbs, are
intermingled with other adsorbed species, ethylidyne in this
case. The peak shapes and peak positions vary somewhat
among the different spectra, but we believe that those uctua-
tions may not be signicant but rather a consequence of
experimental artifacts, given the difficulty to exactly reproduce
the nature of the surface during catalytic reactions and because
these spectra need to be ratioed against appropriate back-
ground traces. The most important information to be extracted
from these data is the coverages of open Pt sites available for
reaction versus reaction time, as discussed next, and those data
are not sensitive to the position or shape of these peaks.

The areas under the main peaks were analyzed according to
previous literature reports25 in order to quantify the coverages of
the respective species and correlate them to the extent of reac-
tion, as mentioned above. Specically, the areas under the
peaks associated with CO (1800–1870 and 2080 cm�1) and
ethylidyne (1350 cm�1) were calibrated to provide values for the
surface coverages of those adsorbed species (the CO coverage is
used here as a measure of the number of platinum sites avail-
able for reaction). Particular attention was placed on calibrating
the signals for CO, since those are well known to deviate from
linearity at high coverages because of strong intermolecular
dipole–dipole interactions. Both ourselves26 and other
groups27,28 have clearly shown this effect under ultrahigh
vacuum (UHV) conditions and adjusted for it. In this case the
CO signals are measured under atmospheric conditions and on
surfaces covered with other species (alkylidyne) and that may
render previous IR signal calibrations inapplicable here, but if
anything the deviations from non-linearity may be less marked
because of the dilution effect (the CO peaks are indeed red-
shied in Fig. 3 from their values under vacuum, as mentioned
above and expected if less dipole–dipole interactions are in
play). Regardless, the coverage variations seen here are small
enough for this effect not to be critical. Additionally, the trends
observed with CO roughly mirror the ones extracted from the
ethylidyne peak, which does not suffer from the same limita-
tion. Finally, the arguments discussed below rely on relative
trends, not absolute coverage values, and those are less affected
by these signal calibration.

A summary of the results from the titration experiments in
terms of coverages of the adsorbed species versus reaction time
is shown in Fig. 4. While the kinetic data attest to the effec-
tiveness of the added CO in suppressing all catalytic activity
(Fig. 4 only shows the data for ethane formation, but the halting
of the HD formation with CO addition was also evident), the
information extracted from the infrared absorption spectra
indicates that there is a decrease in ethylidyne coverage, and
a concurrent increase in CO coverage (which, as said before,
reects the fraction of the metal surface exposed for reversible
adsorption and reaction during catalysis) with increasing reac-
tion time, with a more visible jump in those quantities around
This journal is © The Royal Society of Chemistry 2016
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Fig. 4 Correlation between the kinetics of ethylene hydrogenation
and HD formation and the surface coverages of ethylidyne and carbon
monoxide after quenching the reaction with CO at various times. The
ethane accumulation curves provided in the lower left corner attest to
the effectiveness of CO in suppressing all catalytic activity, whereas the
surface coverage data in the upper left corner indicate a reduction in
ethylidyne coverage and an opening of more sites around the time
where the HD production rate (red trace in main frame, without CO
quenching) changes from slow to fast.

Fig. 5 Kinetic data for the hydrogenation of either ethylene (first three
frames) or propylene (last frame) with H2 + D2 mixtures on Pt(111)
surfaces, clean (1st and 4th frames) or pre-modified with saturation
layers of ethylidyne (2nd frame) or propylidyne (3rd frame). The
absolute values of the reaction rates change somewhat across this
series, but the qualitative observation of a sharp HD rate switch during
olefin hydrogenation is evident in all cases.
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the time when the HD production kinetics switches from slow
to high. It should be indicated that the observed changes are
somewhat limited, amounting to only about 20% of their total
values, and that the measurements of surface coverages carry
signicant error bars. Nevertheless, they do seem to correlate
reasonably well with the kinetic switchover discussed in this
report.

The data reported above point to the role that the strongly
bonded carbonaceous deposits, that is, the ethylidyne layer that
forms on the surface during reaction, play in affecting the
kinetics of hydrogen scrambling. In order to test that effect
further, contrasting kinetic experiments were carried out on
Pt(111) surfaces precovered with different alkylidyne layers
(ethylidyne or propylidyne) as well as for the conversion of
propylene instead of ethylene (on the initially clean metal). The
data, reported in Fig. 5, attest to the generality of the HD
switching kinetics. Predosing the surface with ethylidyne results
in no kinetic changes at all, not surprisingly because an ethyl-
idyne layer forms on the clean Pt within the rst seconds of
exposure to the ethylene + hydrogen reaction mixture anyway.
Replacing the ethylidyne layer with propylidyne slows down all
reactions, but still allows for the HD rate transition at approxi-
mately the same threshold ethylene pressure. Finally, all initial
reactions are slower with propylene, but a transition to fast HD
production is still seen before the olen hydrogenation (which is
not affected) is over. Overall, the changes in the kinetics of the
hydrogenation and isotope scrambling reactions seen upon
varying the nature of the carbonaceous deposits or the gas-phase
olen are quantitative rather than qualitative, and the HD rate
switchover midway throughout the olen conversion general.
This journal is © The Royal Society of Chemistry 2016
Discussion

The emulation of steady-state olen hydrogenation catalysis
under vacuum has by and large eluded the surface-science
community,29–31 even though catalytic hydrogenations under
atmospheric pressures are relatively facile reactions. Also, the
kinetics of most hydrogenation catalytic reactions are
approximately rst order in hydrogen and zero or negative
order in the organic reactant, indicating that the rate limiting
step involves hydrogen atoms,2 but they also display quite low
reaction probabilities, on the order of one conversion per
million collisions of the reactants with the catalytic surface;7

this is in contrast to the almost-unity sticking coefficients
measured for hydrogen under vacuum.4 If the kinetics of
catalytic hydrogenations are limited by the availability of
hydrogen on the surface and hydrogen adsorbs readily on
metal surfaces, why don't these reactions display higher
reaction probabilities?

The answer to that question lies, at least in part, in the fact
that catalytic hydrogenations do not occur on clean metal
surfaces but rather on surfaces covered with hydrocarbons. For
the case of small olens, it has been shown that those species
include alkylidynes, which are formed immediately upon
exposure of the transition metal surfaces to the reactants32 and
remain strongly bonded and can only be removed slowly
throughout the catalytic process.7,10,12 In addition, under cata-
lytic conditions, the gas-phase reactants reach an equilibrium
with high coverages of adsorbates.33 Both irreversibly and
reversibly adsorbed hydrocarbons block the sites needed for the
dissociative adsorption of hydrogen on the surface of the cata-
lyst. Early catalytic studies with mixtures of olens and either
H2 + D2 or ortho-H2 + para-H2 (ref. 34 and 35) led to the
conclusion that hydrogen scrambling under catalytic hydroge-
nation conditions is in fact quite slow. The experiments re-
ported here were initially designed to identify the transition
from the high-probability non-catalytic hydrogenation regime
Chem. Sci., 2016, 7, 4660–4666 | 4663
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seen under vacuum to the low-probability steady-state process
associated with typical hydrogenation catalysis.31

In this context, the sharp transition in HD production rate
that takes place during olen hydrogenations could be inter-
preted as the result of a sudden change in hydrogen and
deuterium surface coverages (qX, X ¼ H or D). However, since
neither the rate of ethylene hydrogenation nor the isotope
distribution of the ethanes produced is affected in any signi-
cant way during the transition, that does not appear to be
a viable explanation. The main difference between the hydrogen
scrambling and olen hydrogenation kinetics is that while the
latter displays a linear dependence on qX,29 the former requires
two of such atoms and therefore should show a higher rate-law
qX order. This suggests that it is the scrambling of the hydrogen
atoms, that is, their mobility and recombination on the surface,
that limits the formation of HD in the initial stages of the
reaction. It is also quite likely that the kinetics of atomic
hydrogen scrambling on the surface is complex, because the
surface is covered with hydrocarbons, which may hinder atomic
hydrogen diffusion. A sudden change in hydrogen mobility, due
to a change in the hydrocarbon layer on the surface, is what
must cause the abrupt switch in HD production observed with
decreasing olen pressure.

The non-linear nature of the kinetic change in HD produc-
tion kinetics also points to a critical sudden change on the
surface occurring at the threshold ethylene pressure identied
in our experiments. This may be understood on the basis of the
nature of the adsorbed alkylidyne layer, which has been shown
not to be uniform but rather to form islands on the surface.36

We propose a model in which these islands are large enough
during the early stages of the reaction to coalesce and create
isolated areas of uncovered platinum in between where H2 and
D2 can adsorb and dissociate but not mix. As the hydrogenation
proceeds, the olen pressure decreases and the alkylidyne
islands become smaller (because of their partial removal from
the surface, given that ethylidyne deposition depends on
ethylene pressure but its removal does not),13,25,31,33 to the point
that they may no longer overlap with each other. That results in
the opening of pathways on the surface between the previously
isolated patches of bare metal, allowing the adsorbed hydrogen
and deuterium atoms to travel longer distances and to scramble
and recombine as HD. Presumably, this transition occurs over
the narrow range of ethylidyne coverages identied in Fig. 4.

It would be desirable to be able to develop a microkinetic
model that can reproduce the observations reported above.
Unfortunately, our attempts to do that have all been unsuc-
cessful so far. We found that kinetic calculations based on
a mean-eld treatment of the rates of feasible mechanistic steps
proposed for this catalysis do not have the ability to reproduce
sharp, highly non-lineal kinetics occurring at intermediate
times during reaction. This is true even with kinetic models
where more than one type of adsorption site and/or one or more
rate limiting steps are proposed, as has been done to explain
other kinetic features of the catalytic hydrogenation of
ethylene.37,38 The inclusion of either autocatalytic39 or “surface
explosion”40,41 steps, which do display non-linear kinetics, were
not helpful in this case either, because the transition that we
4664 | Chem. Sci., 2016, 7, 4660–4666
report occurs at an intermediate time in the reaction, with
intermediate values of the partial pressures of all reactants. We
believe that the phenomenon we report is due to inhomoge-
neities on the surface, i.e., the presence of ethylidyne islands,
leading to different local kinetic behavior, and that this is not
well captured by mean-eld kinetic calculations. It may perhaps
be possible to reproduce our kinetic results using spatially-
resolvedMonte Carlo simulations,42–44 but that is a complex task
outside the objectives of this work.

The sudden change in HD kinetics reported here is therefore
not associated with a transition in hydrogenation rates but
rather with a change in surface mobility of adsorbed hydrogen.
This limitation in hydrogen surface diffusion is an important
observation that explains the non-statistical isotopomer distri-
butions seen in some olen hydrogenation reactions.45 It also
highlights a potentially general effect induced by the non-
homogeneity of the distribution of adsorbed species that may
affect the kinetics of many chemical reactions on surfaces.
Further studies are needed to test both the generality of the
behavior and its implications for catalysis.

Experimental

The experiments reported here were carried out in a homemade
ultrahigh vacuum (UHV) instrument equipped with an ion
sputtering gun for sample cleaning and a mass spectrometer for
gas identication and partial pressure measurements.13,18 The
latter is interfaced to a computer, and programmed to be able to
follow the time evolution of up to 15 different masses in a single
experiment. The chamber also contains a sealable cell capable
of pressurization, used as the batch reactor where the catalytic
reactions are carried out. A Fourier-transform infrared absorp-
tion spectrometer is set up in reection-absorption (RAIRS)
mode for the in situ characterization of the surface during gas
exposures, simultaneously as the kinetics of the reactions are
followed continuously by mass spectrometry by taking advan-
tage of a controlled small leak of the gases from inside the cell
into the UHV chamber. The catalyst used consists of a Pt single
crystal, a disk �1 cm in diameter and �1 mm in thickness, cut
and polished to expose its (111) facet.

In a typical experiment, the Pt(111) crystal was rst cleaned
in the UHV chamber by a combination of sputtering, oxygen
treatment, and annealing. The sample was transferred to the
side chamber, where the sealable atmospheric-pressure cell is
located, and background RAIRS data were acquired with both s-
and p-polarized light. The Pt was exposed to the desired gases if
a pretreatment was required (typically ethylene or propylene but
also 1-propanethiol in Fig. S5†), a new set of RAIRS acquired,
the high-pressure cell closed, and yet another pair of RAIRS
traces recorded. The crystal was then heated to the desired
temperature, and the reaction mixture, premixed in a side gas
manifold, let into the reaction volume. The gas was recirculated
within the close loop used as the batch reactor using a bellows
pump, and its composition was monitored continuously by
mass spectrometry until the reaction reached completion, aer
which the volume of the reactor was pumped with a turbomo-
lecular pump and the cell retracted to expose the crystal back to
This journal is © The Royal Society of Chemistry 2016
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the UHV environment. RAIRS traces were taken during the
course of the catalytic conversion as well as immediately before
and right aer opening the cell.

The mass spectrometer in the kinetic experiments was set to
record signals for all masses in the 2–4 and 26–36 amu ranges in
every run in order to obtain information about the time evolu-
tion of all the relevant reactants and products, namely, H2, HD,
D2, and all the isotopomers of ethylene and ethane (a similar
approach was followed for the propylene experiments reported
in Fig. 5 and S2†). Partial pressures for each compound were
calculated from the mass spectrometer signals by following
a matrix-based deconvolution procedure described in detail in
previous publications,46,47 aer input of the cracking patterns of
all the individual molecules. For the case of hydrogen, this
process is relatively simple, requiring only the subtraction of the
contributions from HD and D2 to the 2 amu signal. For the
ethylenes and ethanes, on the other hand, multiple interfer-
ences need to be taken into account, but our analytical proce-
dure is capable of fully addressing this issue.

Conclusions

The studies reported here focused on the characterization of the
adsorption–desorption kinetics of hydrogen during catalytic
hydrogenation reactions. To this end, isotope labeling was
employed to follow the scrambling of hydrogen atoms on the
surface. Mixtures of H2 + D2 + C2H4 were reacted at room
temperature and atmospheric pressures in the presence of
a Pt(111) single-crystal surface, which was used as the catalyst.
The olen hydrogenates readily to its corresponding alkane
under these conditions, following simple kinetics similar to
those reported in the past for both single-crystal and more
realistic supported catalysts. A distribution of ethane iso-
topomers is produced, again in line with what has been seen
with similar systems in the past.

The surprising new observation here is that the kinetics of
hydrogen isotope scrambling, which we followed by the detec-
tion of the HD product, shows a sharp transition between two
very different kinetic regimes, in with the value of the rate of its
production jumps by about one order of magnitude. This
happens during the course of the olen hydrogenation, in our
case when the partial pressure of ethylene reaches a value of
approximately 0.8 Torr, and it is not accompanied by any other
large kinetic changes. A concurrent reduction in the coverage of
ethylidyne on the surface was identied by infrared absorption
spectroscopy. These are strongly-bonded hydrocarbon frag-
ments that form and remain on the surface during the catalytic
hydrogenation, and we speculate that they may inuence the
diffusion of adsorbed atomic hydrogen and impair their
scrambling before recombination. Since such carbonaceous
deposits tend to form islands on the surface of the catalyst, the
drop in their coverage seen at intermediate reaction times may
lead to the opening of new channels for the hydrogen to diffuse
and recombine with other hydrogen/deuterium atoms at
previously isolated adsorption sites. The critical kinetic switch
may occur at the time when the ethylidyne islands stop
touching each other, which may be the reason for the blocking
This journal is © The Royal Society of Chemistry 2016
of the hydrogen diffusion between separate isolated Pt site
regions, and when the metal sites become all accessible.
Acknowledgements

Funding for this project was provided by a grant from the U. S.
National Science Foundation (CHE-1359668).
References

1 P. N. Rylander, Hydrogenation Methods, Academic Press,
London, 1985.

2 G. C. Bond, Metal-Catalysed Reactions of Hydrocarbons,
Springer, New York, 2005.

3 K. Christmann, Surf. Sci. Rep., 1988, 9, 1–163.
4 R. A. Olsen and L. B. F. Juurlink, in Dynamics of Gas-Surface
Interactions: Atomic-level Understanding of Scattering
Processes at Surfaces, ed. R. D́ıez Muiño and H. F.
Busnengo, Springer, Berlin, 2013, vol. 50, ch. 5, pp. 101–129.

5 M. Wilde and K. Fukutani, Surf. Sci. Rep., 2014, 69, 196–295.
6 G. A. Somorjai and Y. Li, Proc. Natl. Acad. Sci. U. S. A., 2011,
108, 917–924.

7 F. Zaera, Phys. Chem. Chem. Phys., 2013, 15, 11988–12003.
8 Y. Li, D. Zakharov, S. Zhao, R. Tappero, U. Jung, A. Elsen,
P. Baumann, R. G. Nuzzo, E. A. Stach and A. I. Frenkel,
Nat. Commun., 2015, 6, 7583.

9 U. Jung, A. Elsen, Y. Li, J. G. Smith, M. W. Small, E. A. Stach,
A. I. Frenkel and R. G. Nuzzo, ACS Catal., 2015, 5, 1539–1551.

10 F. Zaera and G. A. Somorjai, J. Am. Chem. Soc., 1984, 106,
2288–2293.

11 P. S. Cremer, X. Su, Y. R. Shen and G. A. Somorjai, J. Am.
Chem. Soc., 1996, 118, 2942–2949.

12 T. Ohtani, J. Kubota, J. N. Kondo, C. Hirose and K. Domen, J.
Phys. Chem. B, 1999, 103, 4562–4565.

13 A. Tilekaratne, J. P. Simonovis, M. F. López Fagúndez,
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