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Reactivity of ethyl groups on a Sn/Pt(111) surface alloy
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In order to probe the thermal stability and reactivity of ethyl
on Pt–Sn alloy catalysts, we have synthesized these
pﬃﬃﬃ intermediates
pﬃﬃﬃ
species by reaction of H atoms with adsorbed ethylene on a ( 3  3)R30°-Sn/Pt(111) surface alloy. Adsorbed ethyl groups are
stable until 376 K where they react to evolve ethane, ethylene, and H2 . The activation energy for ethyl dehydrogenation is
Edehyd  ¼ 97 kJ/mol, which is twice that reported on Pt(111). In addition, we place a lower limit of Ehydr * > 70 kJ/mol on the
barrier to ethyl hydrogenation on this alloy.
KEY WORDS: ethyl; H-atom; TPD; ethylene; hydrogen; ethane; Sn/Pt alloy; dehydrogenation.

1. Introduction
Simple alkyl species have been considered for a long
time to be intermediates in the conversion of saturated
hydrocarbons into more economically attractive products over transition metal catalysts [1,2]. However, our
knowledge of the chemistry of these species from surface
science type experiments does not reﬂect their importance. The production of simple species such as ethyl
(C2 H5 ) from their fully saturated precursors is constrained heavily under UHV conditions by the signiﬁcant energetic barriers to dissociative alkane adsorption.
Most commonly, this problem has been surmounted by
using thermal, photochemical or electron induced dissociation (EID) of ethyl halides (C2 H5 X, X = Cl, Br, I)
adsorbed at low temperatures on metal single crystals
[3,4]. In this manner, studies of ethyl chemistry have
been reported on copper [5–9], silver [10,11], nickel
[12,13], platinum [14–17], and rhodium [18]. A disadvantage of this approach is the introduction of coadsorbed halogen adatoms on the surface. Metal-ethyl
compounds, like triethylbismuth [19], can also be used
as thermal or photochemical precursors, but the problem of coadsorbed metal adatoms remains. Several other
approaches are available that eliminate any doubts
about the perturbing effects caused by coadsorbed
adatoms. EID of physisorbed hydrocarbons is useful
for synthesis of symmetrical alkyl and cycloalkyl species
[20–26], but condensation of ethane requires a LHecooled probe. In heroic efforts, supersonic molecular
beams [27] and hyperthermal collisions [28] have been
used to cleanly create adsorbed ethyl species on Pt(111).
Perhaps the most versatile approach is one pioneered by
Bent and coworkers [29–31] in which incident gas-phase
H atoms undergo radical addition to the p-bond in
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weakly adsorbed ethylene to form ethyl groups. Subsequent addition from gas-phase H atoms directly to the
surface-bound alkyl is orders of magnitude slower (and
any ethane formed would desorb immediately) and so
the reaction is self-limiting and clean. Pt(111) is the
worst substrate for using this approach, because it
nearly completely rehybridizes ethylene to form a di-rbonded species containing essentially a C–C single bond.
However, ethylene chemisorbs on most other metal
surfaces retaining more double-bond character and
radical addition may occur with a useful, higher
probability. We decided to try this approach using
Pt–Sn alloy substrates.
Bimetallic Sn/Pt supported catalysts are commercially important for suppressing the hydrogenolysis that
can occur on pure-Pt catalysts [32,33]. In surface science
studies, we have used well-characterized Sn/Pt(111)
surface alloys as models for aspects of this catalysis
involving Pt–Sn alloy phases. While we have some
information on the reactivity of cycloalkyl species on
these alloys [23], no information is available for ethyl
groups. In related studies, we were able to use CH3 I as a
precursor and thermal decomposition to form methyl
(CH3 ) groups on a (2  2)-Sn/Pt(111)
pﬃﬃﬃ alloy,
pﬃﬃﬃ but CH3 I
was reversibly adsorbed on the ( 3  3)R30°-Sn/
Pt(111) alloy with no decomposition during heating
under UHV conditions [34]. This latter observation and
the relatively high temperature for activation of the C–I
bond on the (2  2)-Sn/Pt(111) alloy prompted us to
turn to the use of methyl radical beams, from a pyrolytic
source using azomethane, to prepare methyl groups on
these surfaces. However, no such mechanism can be
used to make clean beams of ethyl radicals.
Herein, we reportpon
ﬃﬃﬃ the
pﬃﬃﬃ synthesis of chemisorbed
ethyl groups on the ( 3  3)R30°-Sn/Pt(111) alloy by
utilizing the radical addition reaction between gas-phase
H atoms and adsorbed ethylene. We investigated the
1011-372X/05/0100–0027/0 Ó 2005 Springer Science+Business Media, Inc.
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thermal chemistry of chemisorbed ethyl groups on this
Pt–Sn alloy surface without perturbation of other
coadsorbed species.

2. Experimental methods
Experiments were performed in a three-level UHV
chamber as described earlier [35]. The Pt(111) crystal
(Atomergic; 10 mm dia., 1.5 mm thick) was prepared by
1-keV Arþ -ion sputtering and oxygen treatments
(5  107 Torr O2 , 900 K, 2 min) to give a clean
spectrum using Auger electron spectroscopy (AES) and
a sharp (1  1) pattern in low energy electron diffraction
(LEED).pﬃﬃﬃ
pﬃﬃﬃ
The ( 3  3)R30°-Sn/Pt(111) surface alloy was
prepared by evaporating one monolayer of Sn onto the
Pt(111) crystal surface and subsequently annealing the
sample to 830 K for 20 s. Sn on this surface, prepared as
above, is substitutionally incorporated into this surface
layer at Pt-atom positions to form an alloy with
hSn ¼ 0:33, corresponding to a Pt2 Sn surface. Because
of the larger size of Sn than Pt, and the importance of
relieving stress in the surface layer, Sn atoms protrude
0.02 nm above the surface-Pt plane for this surface alloy
[36,37].
All
pﬃﬃﬃ
p
ﬃﬃﬃ pure-Pt threefold sites are eliminated in the
( 3  3)R30° structure. For
pﬃﬃﬃ brevity
pﬃﬃﬃ throughout this
paper, we will refer ptoﬃﬃﬃ the ( 3  3)R30°-Sn/Pt(111)
surface alloy as the 3 alloy.
A Pt-tube doser was constructed, based on the design
of Engel and Rieder [38] as a pyrolytic source of
hydrogen atoms. The principal component is a bent Pttube (1 mm O.D., 0.8 mm I.D.) into which a hole of
0.1 mm diameter was mechanically drilled. The tube was
resistively heated to 1275 °C, and water-cooling kept the
adjacent Cu block cold. The temperature of the Pt-tube
was directly measured by an optical pyrometer that was
calibrated by the temperature of the Pt(111) crystal
sample, as measured by a Cr/Al thermocouple. The
estimated relative accuracy of the pyrometer reading
was 5 °C. The ﬂux of H atoms obtained from this
source with the Pt-tube at 800 °C and the UHV chamber
pressure of 5  108 Torr was 3  1013 atoms cm2 s1 .
This value was obtained by assuming that the initial
sticking coefﬁcient of H atoms on Pt(111) at 100 K was
unity and using the hydrogen coverage produced from
the well-known decomposition of ethylene on Pt(111) to
give an absolute calibration for the H2 yield in TPD [39].
The normal operating temperature of the Pt-tube doser
during these experiments was 800 °C. This corresponds
to an energy (kT) of 0.09 eV for the incident H atoms,
although it is known that similarly designed thermal
atom sources do not necessarily produce atoms in a
Boltzmann energy distribution [40].
H2 (Matheson; 99.99%) was introduced via a variable
leak valve (Granville-Phillips) into the Pt-tube doser
after passing through a liquid-nitrogen cooled, U-tube

trap. C2 H4 (Matheson; 99.99%) was introduced via a
microcapillary array doser connected to the gas line
through a leak valve. All of the exposures reported here
are given simply in terms of the pressure measured by
the ion gauge in the UHV chamber. No attempt was
made to correct for the ﬂux enhancement of the doser or
ion gauge sensitivity. Mass spectrometry performed in
the UHV chamber showed no appreciable concentration
of impurities in the source gases.
For all TPD experiments, the heating rate was 3.6 K/s
and all exposures were given with the surface temperature at 100 K. AES measurements were made with a
double-pass cylindrical mirror analyzer (CMA). The
electron gun was operated at 3-keV beam energy and
1.5-lA beam current. Coverages hi reported in this paper
are referenced to the surface atom density of Pt(111) such
that hPt ¼ 1:0 ML is deﬁned as 1:505  1015 cm2 .

3. Results

pﬃﬃﬃ
pﬃﬃﬃ
Ethylene chemisorbs on the ( 3  3)R30°-Sn/
Pt(111) surface alloy as a di-r-bonded species with a
coverage of 0.27 ML in the monolayer and desorbs at
183 K in TPD [41,42]. No decomposition to produce H2
nor hydrogenation to produce ethane occurs in TPD. In
our experiments reported herein, an ethylene exposure
was p
given
ﬃﬃﬃ to form a monolayer (saturation) coverage on
the 3 alloy at 100 K, and this monolayer was then
exposed to incident gas-phase H atoms for increasing
amounts of time. TPD experiments were then carried
out. The mass spectrometer was multiplexed to monitor
many different signals simultaneously, including those
at 58, 56, 54, 30, 28, 26, and 2 amu. Only ethane
(30 amu), ethylene (28 amu) and H2 (2 amu) were
identiﬁed as desorption products. In particular, no C4
products that might arise from C–C coupling reactions
were detected.
Ethylene desorption spectra are shown in ﬁgure 1.
The bottom curve reproduces previous reports [41,42]
for ethylene adsorption and desorption in the absence,
of H-atom reactions TPD spectra show that with
increasing amounts of subsequent H-atom exposure,
the ethylene desorption peak below 200 K, corresponding to chemisorbed ethylene, decreases in intensity while
a new peak at 380 K appears and grows in size. By
monitoring all of the appropriate mass signals, we
conclude that this high-temperature peak is due to the
combination of ethylene desorption from ethyl decomposition and a 28-amu cracking fraction arising from
ethane desorption. There is also a small, reproducible
peak near 250 K, but it is likely that this arises from
ethyl dehydrogenation at defect sites in which Pt has a
lower number of Sn neighbors (such as at an antiphase
domain boundary) and are more reactive.
Figure 2 shows ethane desorption spectra in these
experiments. In the absence of H-atom exposure, the
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Figure 1. Ethylene (C2 H4 ) TPD spectra after increasing gas-phase
H-atom
on a chemisorbed ethylene monolayer on the
pﬃﬃﬃ pﬃﬃexposures
ﬃ
( 3  3)R30°-Sn/Pt(111) surface alloy.

bottom curve shows that no ethane p
desorption
occurs
ﬃﬃﬃ
after ethylene adsorption on the 3 alloy. Ethane
desorption in a peak at 376 K appears and then
increases in size with increasing H-atom exposures. This
indicates that the amount of adsorbed ethylene that is
converted to ethane increases with increasing exposures
to gas-phase H atom. This is also supported by the
ethylene TPD spectra in ﬁgure 1, where the ethylene
desorption peak below 200 K corresponding to chemisorbed ethylene decreased in intensity with increased Hatom exposure time. A small, broad feature was
observed near 300 K, but it is likely, that this arises
from a small amount of ethyl hydrogenation at a few
defect sites as discussed above.
Although there is no information
on the desorption
pﬃﬃﬃ
temperature of ethane on the 3 alloy, it must be quite
low, below 100 K, and ethane adsorption must be very
pﬃﬃﬃ
weak. Adsorbed n-butane desorbs at 153 K on the 3
alloy [43], and n-butane should
pﬃﬃﬃ interact about twice as
strongly as ethane with the 3 alloy. This means that
ethane desorption at 376 K in ﬁgure 2 must be reactionrate limited, i.e., ethane desorbs promptly as soon as it is
formed at the surface and the ethane desorption peak
reveals information on the kinetics of ethane production
at the surface. The only possible precursor to produce
ethane at 376 K in TPD is adsorbed ethyl groups. These
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Figure 2. Ethane (C2 H6 ) TPD spectra after increasing gas-phase
H-atom
on a chemisorbed ethylene monolayer on the
pﬃﬃﬃ pﬃﬃexposures
ﬃ
( 3  3)R30°-Sn/Pt(111) surface alloy.

species are generated by the reaction between adsorbed
ethylene and gas-phase H atoms.
Figure 3 shows H2 desorption spectra in these
experiments. In the absence of H-atom exposure, the
bottom curve shows that little H
p2ﬃﬃﬃ desorption occurs
after ethylene adsorption on the 3 alloy. Ethylene is
nearly reversibly adsorbed on this alloy. The peak below
200 K arises primarily from a cracking fraction of
desorbed ethylene. With increasing H-atom exposures,
an H2 desorption peak appears at 275 K and a peak at
380 K appears and then increases in size. The H2
desorption peak between 250 and 300 K in ﬁgure 3 is
from recombination of H adatoms, and this shows
pﬃﬃﬃ that
incident H atoms can still chemisorb on the 3 alloy,
even though it is covered with coadsorbed ethylene and
ethyl species. There are two possible origins of the H2
peak at 380 K in addition to the cracking fraction of
desorbed hydrocarbons (ethane and ethylene) that are
products from ethyl dehydrogenation. Adsorbed hydrogen adatoms
pﬃﬃﬃ recombine and desorb as H2 below 300 K
on the 3 alloy [44] and so this excludes a pathway for
coadsorbed H adatoms and ethyl to combine to produce
ethane at 376 K. Adsorbed ethyl groups must obtain
another additional H-atom from other ethyl groups to
form ethane. Adsorbed ethyl species can lose one H
through b-H elimination to produce ethylene and
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Figure 3. H2 TPD spectra after increasing gas-phase
expopﬃﬃﬃ H-atom
pﬃﬃﬃ
sures on a chemisorbed ethylene monolayer on the ( 3  3)R30°-Sn/
Pt(111) surface alloy.

hydrogen adatoms, and this is a common pathway on
most transition metal surfaces [4]. This is the most likely
mechanism for the origin of the H2 peak at 380 K. The
other mechanism is for a strict disproportionation of
two adjacent ethyl groups to directly yield ethane and
ethylene.
Ethylene does not further decompose on the
p
ﬃﬃﬃ
3 alloy. The peak at 380 K in ﬁgure 3 has contributions from both ethane and ethylene produced by ethyl
decomposition.
No signiﬁcant H2 desorption at temperatures higher
than 380 K was detected, which indicates that full
decomposition of ethyl
pﬃﬃﬃ does not occur to any appreciable extent on the 3 alloy. Consistent with these H2
TPD results, no carbon was detected by AES following
TPD. Of note, no ethyl-coupling product was observed
in TPD experiments by monitoring the signal at 58 amu
(C4 H10 ).

4. Discussion
There is no reaction observed between
H
pﬃﬃcoadsorbed
ﬃ pﬃﬃﬃ
adatoms and ethylene molecules on the ( 3  3)R30°Sn/Pt(111) surface alloy [45]. The nature of gas-phase
atomic hydrogen (a radical) increased the reactivity

compared to surface-bound atomic hydrogen
for reacpﬃﬃﬃ
tion with adsorbed ethylene on the 3 alloy. Ethane
formation shown in ﬁgure
pﬃﬃﬃ2 indicates that adsorbed
ethyl groups form on the 3 alloy at 100 K by radical
addition of H atoms adsorbed ethylene. Adsorbed ethyl
species were also created in this fashion on Cu(111)
[29,30] and Cu(100) [31]. The estimated cross section for
hydrogen addition to ethylene on Cu(111) was 18 Å2
[29]. Gas-phase H- atoms have also been shown to react
with di-r-bonded cyclohexene to produce adsorbed
cyclohexyl species on Ni(100) [46], even though pbonded alkenes should have larger cross sections for
radical addition reactions than di-r-bonded alkenes.
These H-radical addition reactions occur through an
Eley–Rideal mechanism [4] utilizing 218 kJ/mol of
potential energy per mole of H-atoms to induce reactions. Our results extend the illustrations of the utility of
this process to cleanly create adsorbed alkyl species at
low temperatures and thus enable studies of their
subsequent chemistry.
The thermal stability and chemistry of adsorbed ethyl
species on this Pt–Sn alloy is dramatically different from
that on Pt(111). Adsorbed ethyl species created by
dissociation of ethyl iodide (CH3 CH2 I) on Pt(111)
immediately undergo a dehydrogenation step at 200 K
to form chemisorbed ethylene (C2 H4 ) and hydrogen
adatoms via b-H elimination [15]. Although alkyl
reaction to form alkenes and alkanes has been reported
on Cu [6], Pt [1,3,14], and Al surfaces [47], these
reactions are not commonly thought of as strict disproportionation reactions because the alkene is the dominant product. Coupling and disproportionation
products were detected below 200 K upon heating
adsorbed alkyl iodides on Cu(111) [7], but alkyl radicals
and not surface-bound alkyl groups were proven to be
the precursors to these reactions. Surface-bound alkyl
groups only produce alkenes and hydrogen on Cu(111)
as a result of b-H elimination.
Alloying Sn into Pt(111) greatly stabilizes
pﬃﬃﬃ adsorbed
ethyl groups, and these can exist on the 3 alloy until
376 K. As discussed above, strict disproportionation
reaction of adsorbed ethyl groups to produce ethane and
ethylene is not observed on most metal surfaces.
Disproportionation usually happens in the gas phase
and in solution and this is accompanied by coupling
reactions
pﬃﬃ[7].
ﬃ Since no coupling reactions were observed
on the 3 alloy, the disproportionation reaction may
not be a major reaction pathway to produce ethane and
ethylene.
A reaction mechanism for
pﬃﬃﬃ dehydrogenation of
adsorbed ethyl groups on the 3 alloy can be proposed
as follows. As the ﬁrst step, surface-bound ethyl
dehydrogenates at 376 K to produce ethylene and H
adatoms through b-H elimination. In the second step,
some of the H adatoms generated in the ﬁrst step
immediately hydrogenate adsorbed ethyl groups to
release ethane into the gas phase while the rest of the
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H adatoms recombine to liberate H2 from the surface as
a product. The ﬁrst step of b-H elimination is the ratedetermining step and desorption of all products are
reaction-rate limited.
pﬃﬃﬃ
Ethyl groups are more stable on the 3 alloy than
any other hydrocarbon molecule reported to date, but
have a stability similar to that of cyclohexyl groups on
this surface [23]. The b-H elimination reaction of
adsorbed cyclohexyl to produce coadsorbed cyclohexene
pﬃﬃﬃ
and H adatoms was also observed on the 3 alloy at
345 K [23], but no cyclohexane was produced by
hydrogenation of cyclohexyl. The reason for this apparent difference in hydrogenation
pﬃﬃﬃreactivity between ethyl
and cyclohexyl groups on the 3 alloy is not clear, but it
may be due to the low cyclohexyl coverage in those
experiment or the richer chemistry of cyclohexyl ligands,
e.g., isomerization and/or H-shifts. The TPD spectra in
ﬁgure 2 provide a good estimation for the C–H bond
breaking barrier Edehyd * in the dehydrogenation of
surface ethyl groups. We calculate that Edehyd * ¼
97 kJ/mol by assuming ﬁrst-order kinetics and a
preexponential factor of 1013 s1 . This barrier is almost
twice that on Pt(111) [15]. This huge increase in the C–H
bond breaking barrier is due either to the general
decrease in the LDOS at the Fermi energy at Pt atoms as
caused by alloying Sn to Pt(111) [48] or perhaps to a loss
of the speciﬁc surface electronic structure at pure-Pt
threefold sites due to the loss of these sites on this alloy
surface.
These results have important implications to understanding the surface science of catalysis. SFG studies of
ethylene and propene hydrogenation on Pt(111) suggest
that ethyl and propyl groups are reaction intermediates
[49,50]. Because supported Pt–Sn catalysts are not active
as catalysts in alkene hydrogenation [51,52], the poor
activity of supported Pt–Sn catalysts may result from an
increased barrier to form alkyl groups and/or an
increased barrier to hydrogenation of these alkyl intermediates. Our studies have shown that coadsorbed H
does not react with surface ethyl groups and
pﬃﬃﬃH simply
recombines and desorbs as H2 from the 3 alloy at
275 K with an activation energy Ed of 70 kJ/mol. This
places a lower limit on the hydrogenation activation
energy barrier Edehyd  ¼ 70 kJ/mol
for
pﬃﬃﬃ
p
ﬃﬃﬃ surface surfacebound ethyl groups on the ( 3  3)R30°-Sn/Pt(111)
surface alloy.
In contrast, supported Pt–Sn catalysts are widely
used in selective dehydrogenation of alkanes to alkenes
[53–56]. Cortright et al. [57] have proposed that dehydrogenation of isobutane over Pt/Sn/SiO2 catalysts is
through a Horiuti–Polanyi mechanism and the ﬁrst step
to form adsorbed isobutyl groups is the slowest and
rate-determining step. They measured a barrier of
Edehyd * ¼ 85 kJ/mol to hydrogenate isobutyl with
adsorbed H, and there must be a barrier of at least
Edehyd * ¼ 118 kJ/mol to dehydrogenate isobutyl to form
isobutene gas. Their studies also indicate that alkyl is a
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stable intermediate on these supported Pt–Sn catalysts.
Our studies of the thermal stability of ethyl groups and
the reactivity of these
pﬃﬃﬃ species with and without coadsorbed H on the 3 Sn–Pt alloy support so far the
reaction mechanism and activation energies deduced for
elementary steps in the reaction of alkyl species as
intermediates in alkane dehydrogenation on supported
Pt–Sn catalysts.

5. Conclusions
Reaction between gas-phase H atoms and adsorbed
ethylene
surface-bound ethyl groups on a
pﬃﬃﬃ
pproduced
ﬃﬃﬃ
( 3  3)R30°-Sn/Pt(111) surface alloy at 100 K.
These ethyl groups do not dehydrogenate and are
stable on the surface much above room temperature,
until 376 K. C–H bond dissociation then produces
ethylene and hydrogen, and this hydrogen immediately
reacts to desorb as H2 and hydrogenate coadsorbed
ethyl groups to release ethane into the gas phase. The
reaction-rate limited desorption of ethane can be used
to provide a good estimate of the activation energy E*
for
pﬃﬃﬃ breaking C–H bonds in alkyl species bound on the
3 alloy. This value of Edehyd * ¼ 97 kJ/mol
pﬃﬃﬃis almost
twice that on Pt(111). Ethyl groups on the 3 alloy do
not react with coadsorbed H and recombination of H
adatoms leads to H2 desorption at 275 K. This
observation enables us to place a lower p
limit
ﬃﬃﬃ on the
barrier for ethyl hydrogenation on the 3 alloy of
Ehydr * > 70 kJ/mol. Our studies of the thermal stability
of ethyl groups and the reactivity of these
pﬃﬃﬃ species with
and without coadsorbed H on the 3 Sn–Pt alloy
support so far the reaction mechanism and activation
energies deduced for elementary steps in the reaction of
alkyl species as intermediates in alkane dehydrogenation on supported Pt–Sn catalysts.
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