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Abstract

The adsorption and reaction of methylacetylene (H3CC¬CH) on Pt(111) and the p(2×2) and (E3×E3)R30°−Sn/Pt(111)
surface alloys were investigated with temperature programmed desorption, Auger electron spectroscopy and low energy electron
diffraction. Hydrogenation of methylacetylene to form propylene is the most favored reaction pathway on all three surfaces
accounting for ca 20% of the adsorbed monolayer. Addition of Sn to the Pt(111) surface to form these two ordered surface alloys
suppresses the decomposition of methylacetylene to surface carbon. The alloy surfaces also greatly increase the amount of reversibly
adsorbed methylacetylene, from none on Pt(111) to 60% of the adsorbed layer on the (E3×E3)R30°−Sn/Pt(111) surface alloy.
Methylacetylene reaction also leads to a small amount of desorption of benzene, along with butane, butene, isobutylene and ethylene.
There is some difference in the yield of these other reaction products depending the Sn concentration, with the (2×2)-Sn/Pt(111)
surface alloy having the highest selectivity for these. Despite previous experiments showing cyclotrimerization of acetylene to form
benzene on the Pt–Sn surface alloys, the analogous reaction of methylacetylene on the alloy surfaces was not observed, that is,
cyclotrimerization of methylacetylene to form trimethylbenzene. It is proposed that this and the high yield of propylene is due to
facile dehydrogenation of methylacetylene because of the relatively weak H–CH2CCH bond compared to acetylene. The desorption
of several C4 hydrocarbon products at low (<170 K) temperature indicates that some minor pathway involving C–C bond breaking
is possible on these surfaces. © 1998 Elsevier Science B.V. All rights reserved.
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1. Introduction this reaction by Lambert over Pd has established
the acetylene cyclotrimerization mechanism on
Pd(111) in some detail. This reaction is believedThe cyclotrimerization of alkynes has been the
to proceed through a metallocyclopentadiene inter-subject of intense research since Berthelot first
mediate with no cleavage of either C–C or C–Hreported the formation of benzene from acetylene
bonds. In this mechanistic scheme the reactionover 125 years ago [1]. Many studies of this reac-
begins with the coordination of two alkynes to antion on single crystal surfaces under ultrahigh
active metal site, then a cyclization to form thevacuum (UHV ) conditions (Ni [2], Cu[3] Pd [4–
metallocycle, and finally the addition of a third17]) have been carried out. The extensive study of
alkyne to form the aromatic product [10,17]. This
basic mechanism has also been observed for a
number of alkynes, including methylacetylene, on* Corresponding author. Fax: 1 213 740 3972;
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In contrast to Pd, Pt does not show any reactiv- carried out using Perkin–Elmer (15-180) LEED
ity for the cyclotrimerization of alkynes under optics. All TPD measurements were made using
UHV conditions. Acetylene adsorbed on Pt(111) the QMS in line-of-sight with the sample surface
disproportionates to form a bridging ethylidyne and using a linear heating rate of ~4 K s−1. In
and unidentified residues (possibly CCH) which this procedure, the crystal was positioned ~1 mm
decompose further as the temperature is increased from the entry aperture of the QMS shield to
to form surface carbon and gas-phase hydrogen reduce contributions to the spectra from the crystal
by 800 K. The authors’ group has studied the back and edges [22]. A screen biased at −55 V
effects that alloying Sn with the Pt(111) surface was placed between the QMS and the crystal to
have on the reactivity of Pt(111) towards the eliminate possible damage to the adsorbed layer
decomposition of saturated and unsaturated from low energy electrons coming from the QMS
hydrocarbons. For example, it was shown that ionizer region [23].
simple organic molecules adsorbed on Sn/Pt(111) The Pt(111) crystal could be cooled to 95 K
alloys have greatly reduced reactivity toward dehy- using liquid nitrogen or resistively heated to
drogenation and decomposition [19,20]. Attracted 1200 K. The temperature was recorded by a
by the reduced reactivity of these alloys, the chromel–alumel thermocouple spot welded to the
adsorption of acetylene was examined and it was side of the crystal. The Pt(111) crystal was cleaned
reported that the decomposition of acetylene is using the procedure found in Ref. [24].
substantially reduced and one result is that the Preparation of the Pt–Sn surface alloys was
cyclotrimerization of acetylene to benzene is pro- achieved by evaporating 1–3 monolayers (ML) of
moted [21]. It was found that both benzene and Sn on the clean Pt(111) substrate surface followed
butadiene (a probable product of the hydrogena- by annealing the sample to 1000 K for 10 s.
tion of a C4 metallocycle intermediate) desorbed Depending upon the initial Sn dose, the annealed
below 400 K in temperature programmed desorp- surface exhibited either a p(2×2) or
tion (TPD) after adsorption of acetylene on the

(E3×E3)R30° LEED pattern [25]. It has now
Sn/Pt(111) surface alloys.

been confirmed that these patterns correspond toThis report examines the adsorption and reac-
the (111) face of a Pt3Sn alloy and a substitutionaltion of methylacetylene on Pt(111) and the
alloy of composition Pt2Sn, respectively, ratherSn/Pt(111) surface alloys. It is found that the
than Sn adatoms [26 ]. Angle-dependent lowdecomposition of methylacetylene is strongly sup-
energy ion scattering spectroscopy (LEISS) meas-pressed with an increasing concentration of Sn
urements using 500–1000 eV Li+ showed that thealloyed in the Pt(111) surface. However, a trimeth-
Sn atoms are almost coplanar with the Pt, protrud-ylbenzene product from a cyclotrimerization reac-
ing ~0.022±0.005 nm above the surface in ation was not observed, and instead propylene is
monolayer surface alloy [27]. LEED I–V calcula-the principal reaction product desorbed.
tions [28] and X-ray forward scattering [29] have
recently confirmed these results. For simplicity the
p(2×2) and (E3×E3)R30°−Sn/Pt(111) surface2. Experimental
alloys will be referred to in this paper as the (2×2)
and E3 alloys, respectively. A diagram of theseExperiments were performed in a stainless steel
surfaces is provided in Fig. 1.UHV chamber equipped with instrumentation for

Methylacetylene (Aldrich, Milwaukee, WI, 97%)Auger electron spectroscopy (AES), low energy
was purified by freeze–pump–thaw cycles. Theelectron diffraction (LEED) and Ar+ ion sputter-
purity was checked by in situ mass spectrometry.ing. A shielded UTI 100C quadrupole mass spec-
Gas exposures for the TPD studies were giventrometer (QMS) was used for TPD. The system
with the sample at a temperature below 100 K.base pressure was 5×10−11 Torr. AES spectra
Exposures are given in units of Langmuirswere recorded using a Perkin–Elmer (15-255G)

cylindrical mirror analyzer (CMA). LEED was (10−6 Torr · s) after the measured values were



202 J.W. Peck et al. / Surface Science 410 (1998) 200–213

checked with LEED following each TPD experi-
ment to assure no irreversible adsorbate induced
reconstruction occurred.

3. Results

3.1. Methylacetylene adsorption, desorption and
decomposition

Fig. 2 shows methylacetylene TPD spectra
following methylacetylene adsorption on Pt(111)
and the two Pt–Sn surface alloys for a variety of
exposures. Exposure of methylacetylene on the
Pt(111) surface leads to irreversible adsorption of
the chemisorbed molecule and no molecular
desorption occurs >200 K. Peaks appear at higher
coverages at 138 and 114 K that are assigned to
desorption of a physisorbed second layer (on top
of the chemisorbed monolayer) and multilayers of
methylacetylene, respectively. This lowest temper-
ature peak does not saturate up to exposures of
over 30 L. Both alloys also have these two low
temperature peaks, as observed in the Pt(111)
spectra, but these are not shown here. The (2×2)
alloy shows three high temperature methylacety-
lene desorption peaks in TPD, and these three
peaks at 370, 460 and 510 K are associated withFig. 1. Schematic top view of the structure of two Sn/Pt(111)
monolayer states of chemisorbed methylacetylene.surface alloys.

Evolution of methylacetylene is observed at very
low exposures. The E3 alloy shows only a single
intense high temperature desorption peak at 370 Kmultiplied by a factor to account for the multicapil-

lary array doser enhancement and divided by an associated with desorption of a chemisorbed state
of methylacetylene. On both alloys, no significantadditional factor of 6 [30] to correct for the ion

gauge sensitivity. The doser correction factor was shift in the position of these high temperature
methylacetylene desorption peaks with increasingobtained by comparing uptake curves from expo-

sures produced by the directed beam doser with coverage was seen.
Previous studies of ethylene, propylene [31] andthose from background exposures. Because of the

carbon contamination resulting from C3H6 TPD acetylene [21] on Pt(111) and the Pt–Sn alloys
have determined the chemisorbed monolayer cov-experiments on clean Pt(111), the surface must be

cleaned following each experiment. The carbon erage of these molecules to be 0.25, 0.25 and
0.27 ML, respectively, independent of the concen-contamination was removed by heating the surface

to 800 K in 2×10−8 Torr O2 for 10–15 min and tration of Sn in the surface alloy. Because of the
similar size and chemical nature of methylacety-then flash annealing to 1000 K in vacuum. The

cleanliness and long-range order of all surfaces lene, it will be assumed for the rest of this paper
that the monolayer coverage of methylacetylene iswere checked using AES and LEED prior to each

experiment. In addition, the alloy surfaces were 0.25 ML on all three surfaces. This assumption is
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Fig. 2. Methylacetylene TPD for a series of coverages on the Pt(111), (2×2) and E3 Sn/Pt(111) surface alloys at 108 K.

supported by measurements of the C/Pt ratio in of reversible adsorption by a factor of 2. The area
under the methylacetylene TPD peaks correspondAES after dosing and a mass balance on the

desorbed products in TPD. to desorption of 0.06 ML or 26% of the chemi-
sorbed methylacetylene on the (2×2) alloy surfaceIn a comparison of the results from Fig. 2, TPD

spectra are presented in Fig. 3 for methylacetylene and 0.14 ML or 58% of the chemisorbed methyl-
desorption after an exposure of methylacetylene acetylene on the E3 alloy surface. The number of
to give slightly greater than monolayer coverage peaks, peak temperatures, and peak shapes in TPD
on the Pt(111) and Sn/Pt(111) surface alloys. In for the desorption of methylacetylene closely corre-
this figure, the intensity scale and thus absolute spond to previous results obtained for the desorp-
peak areas and adsorbate coverages, are directly tion of acetylene from Pt(111) and the Sn/Pt(111)
comparable for the three surfaces. Alloying Sn in surface alloys [21]. Acetylene is irreversibly
the Pt(111) surface causes some reversible adsorp- adsorbed on Pt(111), but desorbs in three peaks
tion of the chemisorbed monolayer and increasing at 350, 440 and 510 K on the (2×2) alloy surface,
the concentration of Sn significantly reduces the and a single peak at 365 K on the E3 alloy surface.
activation energy for methylacetylene desorption. Fig. 4 shows H2 TPD spectra following methyl-
On the (2×2) surface alloy, three molecular acetylene adsorption on Pt(111) and the two
methylacetylene peaks were observed at 370, 460 Pt–Sn surface alloys for a variety of exposures.
and 505 K that correspond to desorption activa- On the Pt(111) surface, H2 desorbs in a series of
tion energies of 23, 28.5 and 31 kcal mol−1 using peaks between 450 and 800 K in TPD. The (2×2)
Redhead analysis [32]. On the E3 surface alloy, alloy shows a higher temperature onset for H2
methylacetylene’s TPD spectra is dominated by a desorption, now in a peak at 505 K, and a higher
single peak at 370 K which has a desorption activa- temperature for the complete dehydrogenation of

the surface layer, now extending up to 850 K. Thetion energy of 23 kcal mol−1. In addition to
lowering the desorption activation energy, increas- E3 alloy shows a new H2 desorption peak at

370 K, and a higher temperature feature from 490ing the concentration of Sn increases the amount
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saturation hydrogen coverage obtained by dosing
H2 to the Pt(111) surface at 108 K. Taking the
saturation H coverage to be 0.8 ML on Pt(111)
[33], it is possible to calculate the amount of H
produced from the dissociation of chemisorbed
methylacetylene to carbon decreased from
0.68 ML on Pt(111) to 0.24 ML on the (2×2)
and 0.04 ML on the E3 Sn/Pt(111) alloy surfaces,
corresponding to the dissociation of 0.17, 0.06 and
0.01 ML of chemisorbed methylacetylene,
respectively.

Increasing the concentration of Sn in the Pt(111)
surface also changes the H2 desorption temper-
ature from dehydrogenation during TPD. The
principle peak at 450 K shifts to 505 K and the
series of peaks from 500 to 800 K are transformed
into a less structured feature that now extends to
850 K upon changing from the Pt(111) surface to
the (2×2)-Sn/Pt(111) surface alloy. Increasing the
amount of Sn to form the E3 surface alloy shifts
the peak at 505 K down in temperature to 490 K.
Results obtained for D2 desorption from the disso-
ciation of deuterated acetylene on Pt(111) and the
two Sn/Pt(111) surface alloys [21] showed similar
behavior. With increasing Sn concentration in this
series, the largest D2 peak shifts from 495 to 515

Fig. 3. Methylacetylene TPD spectra after a methylacetylene
and then to 490 K, respectively. The desorptionsaturation exposure on the Pt(111), (2×2) and E3 Sn/Pt(111)
of H2 [33,34] and D2 [35] following H(D) atomsurface alloys at 108 K.
exposure on Pt(111) and the (2×2) and E3 sur-
face alloys has been previously studied. The H2to 850 K. Desorption of H2 above 400 K is reaction
TPD peaks occur at 380–320, 400–350 and 300 Krate-limited and is associated with H2 produced
on the three respective surfaces. Desorption offrom the dissociation of methylacetylene. The E3
H2 associated with the decomposition of methyl-alloy also shows a H2 desorption peak at 370 K
acetylene (and acetylene) is reaction rate-limitedwhich is desorption rate-limited indicating that on
by the breaking of C–H bonds in the molecule.this alloy surface a new pathway for the production

Post-TPD AES studies of these surfaces areof H2 is created.
consistent with the H2 TPD data and show thatThe H2 TPD spectra after methylacetylene expo-
the amount of carbon produced from dehydroge-sures yielding a monolayer coverage of methyl-
nation of the monolayer decreases significantly asacetylene on the Pt(111) and Sn/Pt(111) surface
the concentration of Sn in the surface is increased.alloys, are presented in Fig. 5. In Fig. 5, a constant
The amount of adsorbed methylacetylene whichintensity scale is used for the three surfaces so that
undergoes complete dissociation to form surfacethe relative areas of the peaks are directly compara-
carbon on the three surfaces has been determinedble. Hydrogen evolution from the decomposition
using as a standard the carbon left on the surfaceof methylacetylene is strongly suppressed by alloy-
from the decomposition of a saturation coverageing Sn in the Pt(111) surface. It is possible to
of ethylene, that is, HC=0.22 ML [36 ]. Using thiscalibrate the areas under the H2 TPD curves by

referencing these to a H2 TPD curve from a calibration gives HC=0.60, 0.15 and 0.075 after
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Fig. 4. H2 TPD for a series of coverages on the Pt(111), (2×2) and E3 Sn/Pt(111) surface alloys at 108 K.

during TPD to measure any impurities dosed andTPD on the Pt(111), (2×2) and E3 Pt–Sn alloy
possible cyclotrimerization, dehydrogenation andsurfaces, respectively, which corresponds to the
decomposition products. Only those spectra whichcomplete dehydrogenation of 0.20, 0.05 and
showed significant desorption signals are reported0.025 ML of methylacetylene on these three sur-
here. Specifically, the authors tried to detect anyfaces. AES reveals that while 76% of the chemi-
cyclotrimerization of methylacetylene to form tri-sorbed monolayer leads to carbon upon heating
methylbenzene [18] during TPD. No trimethylben-on the Pt(111) surface, only 26 and 8% of the
zene was detected under any conditions duringchemisorbed monolayer forms carbon on the
TPD on any of the three surfaces. Also, any(2×2) and E3 Sn/Pt(111) surface alloys, respec-
products that are identified clearly come from thetively. The carbon AES signal measures a different
reaction since the yield of these products saturatesvalue for the amount of methylacetylene decompo-
with increasing methylacetylene doses above thesition than the H2 TPD data because a significant
monolayer.portion of the H2 produced from the decomposi-

Fig. 6 provides TPD spectra for the principletion of methylacetylene is consumed in the hydro-
desorbed products that result from the adsorptiongenation reactions responsible for the formation
of a dose of methylacetylene of slightly >1 MLof other products (propylene, butene and butane).
on Pt(111) at 108 K. The desorption peaks at
130 K are all cracking fractions associated with3.2. Methylacetylene reactions
desorption of the second, physisorbed layer of
methylacetylene. Both the molecular methylacety-The principal desorbed products of the reaction
lene (40 amu) and H2 TPD (2 amu) spectra fromof a monolayer of methylacetylene during TPD on
Figs. 2 and 4 are reproduced in Fig. 6 for compari-the three surfaces are shown in Figs. 6–8. Along
son. The primary product is propylene (C3H6,with the TPD spectra presented in Figs. 6–8, sig-
42 amu), which occurs in a broad feature fromnals at 120, 105, 84, 76, 69, 68, 67, 54, 44, 43, 30,

32, 27, 26, 18, 17, 16, 12 and 2 were also monitored 270 to 350 K. Independent studies of propylene
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Fig. 6. TPD spectra of products from the reaction of methyl-Fig. 5. H2 TPD spectra after a methylacetylene saturation expo-
sure on the Pt(111), (2×2) and E3 Sn/Pt(111) surface alloys acetylene after the adsorption of a coverage slightly greater than

1 ML of methylacetylene dosed at 108 K on the Pt(111) surface.at 108 K.

adsorption on Pt(111) show that propylene is is very reactive for methylacetylene causing it to
dissociate or disproportionate at very low temper-partially reversibly adsorbed, with desorption

occurring in a relatively narrow peak that shifts atures and that some hydrogenation must be facile
and occur below 170 K. The 56 amu desorptionfrom 284–272 K with increasing coverage [31].

The low temperature side of the propylene desorp- signals from 200 to 290 K are assigned to butene
and isobutylene (C4H8) desorption. This assign-tion feature occurs at about the limit for desorption

rate-limited kinetics. However, chemisorbed pro- ment was made primarily by comparisons to the
TPD spectra from chemisorbed butene and isobu-pylene is completely desorbed by 300 K and so the

higher temperature desorption of propylene in tylene on Pt(111) [31]. Fig. 6 shows that these
peaks are desorption rate-limited products fromFig. 6 indicates that a portion of the propylene

desorption is reaction rate-limited. Some benzene methylacetylene reactions. Finally, a small 28 amu
TPD peak at 425 K is assigned to the desorption(78 amu) desorbs in a desorption rate-limited peak

at 460 K [37], and small desorption signals are of ethylene (C2H4) from the Pt(111) surface.
Chemisorbed ethylene desorbs at 280 K fromdetected at 56 and 57 amu. The single sharp peak

at 170 K at 57 amu is assigned to butane (C4H10) Pt(111) [31], indicating that ethylene produced
from adsorbed methylacetylene desorbs in a reac-desorption. This agrees well with TPD from butane

adsorbed on Pt(111) [20]. Desorption rate-limited tion rate-limited peak. Because the primary desorp-
tion feature occurs at 28 amu, which is also thebutane evolution indicates that the Pt(111) surface
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Fig. 7. TPD spectra of products from the reaction of methyl-
Fig. 8. TPD spectra of products from the reaction of methyl-acetylene after the adsorption of a coverage slightly greater than
acetylene after the adsorption of a coverage slightly greater than1 ML of methylacetylene dosed at 108 K on the (2×2)Pt–Sn
1 ML of methylacetylene dosed at 108 K on the E3 Pt–Sn sur-surface alloy.
face alloy.

primary desorption feature of CO it is reasonable
to ask about the CO contribution to this spectra. the (2×2)Pt–Sn surface show molecular desorp-

tion of propylene in a single peak at 232 K [31],The 26 amu signal was also monitored to insure
that this peak was not due to CO and to also indicating that desorption of propylene in Fig. 7

is reaction rate-limited. Benzene (78 amu) desorbsdetect any desorption of C2H2 (no new features
were observed). in a peak at 500 K, along with a high temperature

shoulder, from the reaction of methylacetylene onFig. 7 shows the TPD spectra of all of the
products desorbed following methylacetylene the (2×2)Pt–Sn alloy surface. Peaks in TPD in

the 56 and 58 amu spectra are assigned to desorp-adsorption on the (2×2) alloy. The desorption
peaks at 130 K are all cracking fractions associated tion rate-limited evolution of butene and butane,

respectively. Butane desorbs in a single sharp peakwith desorption of the second physisorbed layer
of methylacetylene. The molecular methylacetylene at 167 K, while butene is observed in a series of

peaks from 220 to 260 K. This can be assigned to(40 amu) and H2 (2 amu) TPD spectra from Figs. 2
and 4 are reproduced in Fig. 7 for comparison. A the production of a mixture of 1-butene, cis-

2-butene and isobutylene in desorption rate-limitedlarge propylene (42 amu) product desorbs in a
series of peaks at 370, 450 and 500 K in TPD. peaks [38]. The peak at 167 K in the butene TPD

spectrum is associated with a cracking fraction ofIndependent studies of propylene adsorption on
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butane. A small reaction rate-limited ethylene
(28 amu) product desorbs at 350 K.

Fig. 8 provides TPD spectra of the products
formed from the adsorption of slightly greater
than 1 ML dose of methylacetylene on the E3
alloy. The desorption peaks at 130 K are all crack-
ing fractions associated with desorption of the
second, physisorbed layer of methylacetylene. The
molecular methylacetylene (40 amu) and H2 TPD
(2 amu) spectra from Figs. 2 and 4 are reproduced
in Fig. 8 for comparison. Propylene (42 amu) pro-
duced from the reaction of methylacetylene on the
E3 surface desorbs in two peaks at 360 and 450 K
during TPD. These temperatures are significantly
higher than that for propylene desorption (180 K)
after propylene adsorption on the E3 alloy, indi-
cating that the desorption of propylene is reaction
rate-limited. TPD also shows the desorption of a
benzene (78 amu) product in a broad, reaction
rate-limited peak at 550 K. In previous studies of
benzene adsorbed on the E3 alloy, benzene desorp-
tion occurred at 300 K [37]. Butane (58 amu) and
butene (56 amu) are also observed during TPD. A
single desorption peak at 165 K is assigned to
desorption rate-limited butane evolution, while

Fig. 9. Propylene TPD spectra after a methylacetylene satura-butene desorption occurs in two peaks at 170 and
tion exposure on the Pt(111), (2×2) and E3 Sn/Pt(111) sur-

210 K. The butene produced from the reaction of face alloys at 108 K.
methylacetylene on the E3 alloy surface can be
assigned to the desorption rate-limited evolution ene TPD after propylene adsorption on these
of a mixture of 1-butene, cis-2-butene and isobutyl- surfaces, and in contrast the propylene desorption
ene[38]. The peak at 165 K in the butene TPD temperature decreases with increased concen-
spectrum is associated with a cracking fraction of tration of surface Sn from 272 K on Pt(111),
butane. A small reaction rate-limited ethylene 232 K on the (2×2) alloy, to 180 K on the E3
(28 amu) peak occurs at 360 K. This ethylene alloy [31]. Clearly desorption of propylene is rate-
desorption is also coincident with the desorption limited by some surface reaction on the alloys.
of methylacetylene, but using data for the methyl- The correspondence between the desorption tem-
acetylene cracking fractions on all three surfaces perature of methylacetylene and the onset of pro-
as a standard one can see that this peak cannot pylene desorption on the alloys might indicate that
be assigned to only a cracking fraction of the desorption of methylacetylene frees up sites
methylacetylene. necessary for the subsequent hydrogenation of

Fig. 9 provides a direct comparison of the methylacetylene. The amount of propylene pro-
desorption of propylene from methylacetylene duced on the three surfaces was determined by
decomposition on the three surfaces. With increas- comparing the TPD spectrum from a saturation
ing Sn concentration, the amount of propylene dose of propylene adsorbed on Pt(111). Using this
desorption decreases and the temperature of pro- reference standard, methylacetylene decomposition
pylene desorption is strongly shifted to higher yields 0.056, 0.05 and 0.045 ML of propylene on

the three surfaces, respectively.temperatures. This shift is not observed in propyl-
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Several minor C4 products are also formed from (58 amu) area in TPD as a standard. Using this
reference, the reaction of methylacetylene formsthe reaction of methylacetylene with Pt(111) and
0.002, 0.005 and 0.004 ML of butane on the respec-the Sn/Pt(111) surface alloys, and these are
tive surfaces. The amount of these butenes pro-directly compared in Fig. 10. Alloying with Sn
duced during the reaction of methylacetylene wasincreases the butane and butene yields, but chang-
determined by dosing a saturation coverage ofing the nature of the alloy has little effect on the
1-butene and isobutylene on the Pt(111) surface.amounts of these C4 products desorbed. Changing
In an independent study of 1-butene, cis-2-butenethe composition of the surface alters the desorption
and isobutylene on the Pt(111) surface, the satura-temperatures of both of these products in an
tion coverages of the molecules were determinedunderstandable way since all of the peaks are
to be 0.17, 0.13 and 0.12 ML, respectively. Usingdesorption rate-limited. The low temperature
these standards the reaction of methylacetylenedesorption of butane places an upper limit on the
produces 0.003, 0.009 and 0.006 ML of the butenestemperature at which C–C bond cleavage of
on the respective surfaces.methylacetylene must occur, that is, below

The benzene product desorption curves are com-165–170 K. The amount of butane produced by
pared in Fig. 11. Alloying the Pt(111) surface withreaction of methylacetylene was determined by
Sn pushes up the temperature for forming benzenedosing a saturation coverage of butane (0.25 ML
substantially. Benzene desorbs in a desorption rate[20]) on the Pt(111) surface and using the butane

Fig. 11. Benzene TPD spectra after a methylacetylene saturationFig. 10. Butane and butene TPD spectra after a methylacetylene
submonolayer and saturation exposure on the Pt(111), (2×2) exposure on the Pt(111), (2×2) and E3 Sn/Pt(111) surface

alloys at 108 K.and E3 Sn/Pt(111) surface alloys at 108 K.
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limited peak at 460 K on Pt(111), but desorbs at
higher temperatures in reaction rate limited peaks
on the two alloys, with no major influence of the
Sn composition on the desorption temperature.
The alloy composition has an influence on the
amount of benzene product desorbed, with the
(2×2) alloy showing the largest yield. Using the
benzene TPD areas in Fig. 11 and comparing those
to a calibration measurement of the benzene TPD
area from a saturation coverage (0.1 ML [37]) of
benzene on Pt(111), it is possible to estimate the
amount of benzene formed by the reaction of
methylacetylene to be 0.0056, 0.008 and 0.0025 ML
on the Pt(111), (2×2) and E3 Pt–Sn alloy sur-
faces, respectively.

Determining the relative importance of the vari-
ous reaction pathways on the three surfaces is a
key issue. This involves calibration of the relative
amounts of methylacetylene consumed to yield
each product. Using some reasonable assumptions,
and recalling that the initial coverage in the chemi-
sorbed methylacetylene monolayer on each of the
surfaces is the same at 0.25 ML, the estimates
summarized in Fig. 12 can be made. Earlier, it was
determined that HC=0.60, 0.15 and 0.075 after
TPD on the Pt(111), (2×2) and E3 Pt–Sn alloy Fig. 12. A quantitative comparison of the relative yields of the
surfaces, respectively, and thus the amount of major products on the Pt(111), (2×2) and E3 Sn/Pt(111) sur-

face alloys at saturation coverages.adsorbed methylacetylene that undergoes complete
dissociation to form surface carbon on the three
surfaces is 0.20, 0.05 and 0.025 ML on these three
surfaces. AES revealed that while 76% of the acetylene to butane, and the conversion of 0.004,
chemisorbed monolayer leads to carbon upon heat- 0.012 and 0.008 ML methylacetylene to butene, or
ing on the Pt(111) surface, only 26 and 8% of the 1.5, 4.7 and 3.2% of the chemisorbed monolayer
chemisorbed monolayer forms carbon on the of methylacetylene to butene, for the Pt(111),
(2×2) and E3 Sn/Pt(111) surface alloys, respec- (2×2) and E3 surface, respectively. The benzene
tively. Because the carbon number in propylene formed accounts for the conversion of 0.005, 0.016
and methylacetylene are the same, it is assumed and 0.011 ML methylacetylene, or 4.5, 6.3 and 2%
the amount of propylene desorbed also corres- of the chemisorbed monolayer of methylacetylene,
ponds to the amount of methylacetylene con- for the Pt(111), (2×2) and E3 surfaces, respec-
sumed. Thus, 22, 20 and 18% of the chemisorbed tively. There is a reasonable mass balance for
monolayer of methylacetylene is converted into Pt(111), and obviously molecular methylacetylene
propylene on the three surfaces, respectively. The desorption should account for the balance of the
butane and butene yields correspond very roughly fate of the chemisorbed layer on the alloys. About
(simply assuming ratios according to the carbon 26% of the chemisorbed methylacetylene on the
numbers) to the conversion of 0.003, 0.007 and (2×2) alloy desorbs in TPD, while 58% of the
0.005 ML methylacetylene to butane, or 0.9, 2.8 chemisorbed methylacetylene on the E3 alloy

desorbs in TPD.and 1.9% of the chemisorbed monolayer of methyl-
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4. Discussion reversible acetylene adsorption, from 2% on
Pt(111), to 11 and 55% on the two respective

It was found that methylacetylene is very alloys. The acetylene adsorption energy is
reactive and irreversibly adsorbed on Pt(111). decreased from ca 38.5 kcal mol−1 [21] on
Post-TPD AES studies show that 76% of the Pt(111), to 28.5 kcal mol−1 on the (2×2) alloy,
adsorbed layer undergoes decomposition to form to 23 kcal mol−1 on the E3 alloy [21]. The most
carbon. About 22% of the remaining methylacety- interesting result of alloying Sn is to open a new
lene undergoes hydrogenation to form propylene. reaction pathway for forming gas phase benzene.
The remaining chemistry involves dimerization to Butadiene desorption was also observed. Based on
form benzene and C–C bond cleavage to form the previous work of Lambert and coworkers [7–
butane, butene and ethylene, although this chemis- 18], it is proposed that acetylene undergoes a
try accounts for <6% of the adsorbed monolayer dimerization reaction to form a metallocyclopenta-
of methylacetylene. diene intermediate which can either be hydro-

Alloying Sn to form the Pt–Sn surface alloys genated and desorbed into the gas phase as
decreases the complete dehydrogenation of methyl- butadiene or can add another acetylene to give a
acetylene to form surface carbon, as shown in net cyclotrimerization reaction to form benzene.
Fig. 12, and causes a large increase in the amount The E3 alloy produced the most gas phase benzene
of reversibly adsorbed methylacetylene (26 and in TPD, and the amount was estimated to corre-
58% of the adsorbed layer on the 2×2 and E3 spond to ca 10% of the chemisorbed acetylene.
alloys, respectively). This is at least partly due to The adsorption energies of methylacetylene and
a decreased adsorption energy for methylacetylene acetylene are essentially the same, and the reactiv-
as the Sn concentration increases, from ca 38.5 ity of these two molecules follow the same general
kcal mol−1 [39] on Pt(111), to 28.5 kcal mol−1 on trends on the three surfaces. For example, the
the (2×2) alloy, to 23 kcal mol−1 on the E3 alloy. production of H2 (from 70% on Pt(111) to as little
Interestingly, the propylene yield (18–20% of the as 8% on the E3 alloy) and surface carbon from
adsorbed layer) is nearly insensitive to the Sn decomposition of methylacetylene is decreased and
concentration in the surface layer. The other reac- the amount of reversible molecular desorption of
tion products, that is, butene, butane, benzene and methylacetylene (from no molecular desorption on
ethylene show a somewhat higher yield on the Pt(111) to 58% on the E3 alloy) is increased as
(2×2) alloy compared to the other surfaces. So, Sn is alloyed. However, the gas phase products
methylacetylene adsorption on the two alloys leads that desorb from methylacetylene and acetylene
primarily to methylacetylene desorption and some reactions are dramatically different. Most notably
propylene desorption. adsorbed acetylene undergoes dimerization and

An important comparison to make is that of cyclotrimerization to form benzene, while methyl-
acetylene adsorption and reaction on Pt(111) and acetylene does not produce any hydrogenated
these two surface alloys [21]. On Pt(111), heating dimer products (C6 open-chain dienes) or form
the surface after acetylene adsorption leads to trimethylbenzene. Hydrogenation dominates
surface carbon and H2 desorption. Between 330 methylacetylene reactions, in contrast to acetylene
and 400 K, adsorbed acetylene undergoes a bimo- where no ethylene is desorbed. C–C and C–H
lecular disproportionation reaction to form ethyli- bond cleavage occurs at very low temperatures
dyne and ethynyl [3], which decomposes further (below 170 K ) as evidenced by desorption of
to give a large H2 TPD peak at 495 K and complete butene and butane.
dehydrogenation by 800 K. Alloying Sn decreased These different reaction pathways are the result
the amount of acetylene that formed surface of the methyl group in methylacetylene. While the

H3C–CCH bond is the weakest bond in the mole-carbon from 98% on Pt(111), to 70 and 35% on
the two respective alloys. This decreased reactivity cule (90 kcal mol−1 [40]), the most facile bonds

are typically C–H bonds and methylacety-was accompanied by in increase in the amount of
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lene has a 43.5 kcal mol−1 weaker bond, detailed analysis perhaps using high resolution
electron energy loss spectroscopy (HREELS) orD(H–CH2CCH )=89.4 kcal mol−1, than does

acetylene with D(H–CCH)=132.9 kcal mol−1! Fourier transform infrared (FTIR) spectroscopy
and isotope labeling experiments.This lability generates surface hydrogen at much

lower temperatures for methylacetylene than in the Finally, this chemistry differs from that seen in
reactions of methylacetylene on TiO2 under UHVcase of acetylene, and this can account for the

large propylene production. If dehydrogenation conditions [18]. During TPD, ca 76% of the
methylacetylene monolayer underwent cyclotri-occurs prior to dimerization, then an adsorbed

ĊH2–COCH intermediate might be formed, and merization to form trimethylbenzene, 17% formed
propylene, and most of the remaining methylacety-this species could also isomerize to

CH2NCNCḢ. (These species are covalently lene formed dimerized products such as
2,3-dimethyl-1,3-butadiene, 2,4-hexadiene andbonded to the surface by one Pt–C s bond at a

terminal carbon, as indicated by the radical site, 2-methyl-1,3-pentadiene. Only a small fraction of
reversibly adsorbed methylacetylene and no carbonand further coordinated to the surface through

bonding interactions with the triple or double due to complete dehydrogenation was seen. TiO2
also showed increased selectivity for methylacety-bonds present initially in the molecules.) Neither

of these intermediates, nor the allene lene cyclotrimerization (76%) compared to acety-
lene cyclotrimerization (51%). The observation ofCH2NCNCH2 that would be formed by a 1,3-H

shift in methylacetylene, should lead to the significant propylene production on TiO2 indicates
that the hydrogenation of methylacetylene is adimethyl-substituted metallocyclopentadiene inter-

mediate expected by analogies to acetylene chemis- facile and fairly general reaction for this molecule.
These authors also discuss the role of isomerizationtry. So one never observes any hydrogenated dimer

products (C6 open-chain dienes) and further the of methylacetylene to allene (H2CNCNCH2).
Allene does not lead to cyclotrimerization, andeven higher temperature process of insertion of a

third methylacetylene to form trimethylbenzene perhaps it is a facile conversion of methylacetylene
to allene on metal surfaces that lowers the cyclotri-never occurs. Minor pathways that produce ben-

zene and the C4 products must also be accounted merization yield.
for, even though it is not easy to understand.
Benzene could be formed via dimerization of
methylacetylene, or any of the C3 intermediates 5. Conclusions
mentioned already, and subsequent dehydrogena-
tion. Benzene desorption occurs at quite high Alloying Sn in the Pt(111) surface to form two

ordered surface alloys strongly decreases the reac-temperatures (460–530 K) and condensation reac-
tions can certainly occur at such temperatures. tivity of methylacetylene on the Pt(111) surface.

On Pt(111), methylacetylene adsorption is com-Production of the C4 species must involve C–C
bond cleavage (either dissociation to produce pletely irreversible and ca 80% of the chemisorbed

layer completely dehydrogenates to form surfaceadsorbed C1 species or methyl transfer in dispro-
portionation reactions) at very low temperatures, carbon. The main reaction product desorbed is

propylene, and ca 20% of the adsorbed methyl-with an activation energy of ~10 kcal mol−1, since
a pathway of dimerization followed by elimination acetylene layer desorbs as propylene. Alloying Sn

to form the Pt–Sn surface alloys does not alter theof C2 would seemingly be a more highly activated
process. Methyl group transfer, analogous to the coverage in the chemisorbed layer, but caused a

large increase in the amount of reversibly adsorbedhydride transfer in the disproportionation of acety-
lene that occurs at 330 K as noted already, may methylacetylene (25–60% of the adsorbed layer

desorbs as methylacetylene) and a large decreasebe possible at such low temperatures given the
large (43 kcal mol−1) difference in the H3C–CCH in the complete dehydrogenation of methylacety-

lene to form surface carbon. Propylene is the otherand H–CCH bonds. An understanding of the
reaction mechanism must await further and more major hydrocarbon product desorbed (18–20% of
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