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Abstract: The di- and trimerization reactions of acetylene were studied over Pt(111) and (v/3x+/3)R30°~Sn/Pt-
(111) model catalysts at moderate pressures (20—100 Torr, hydrogen—hydrocarbon ratio of 10). The catalyst surfaces
were prepared and characterized in a UHV surface analysis system and moderate pressure catalytic reactions were
conducted with an attached batch reactor. The overall catalytic activity of the (v/3%x+/3)R30°=Sn/Pt(111) surface
alloy was ~4—>5 times higher than that of Pt(111). Both surfaces produced only C4 and Cg hydrocarbons as di- and
trimerization products with C4 production rates being about an order of magnitude higher than that for Cg hydrocarbons.
Besides the di- and trimerization reaction, hydrogenation of acetylene into ethylene was also observed. Among the
C4 products, butadiene, 1-butene, and n-butane were the major components. Both linear and cyclic C¢ hydrocarbons
were produced. Among the linear C¢ products paraffinic (n-hexane), olefinic (1-hexene), and diolefinic (hexadiene)
hydrocarbons were observed. The main components of the cyclic C¢ products were cyclohexane, cyclohexene, 1,3-
cyclohexadiene, and benzene. For both product groups the degree of unsaturation of the hydrocarbon molecules
depended upon the experimental conditions applied (Pu,/Pc,u,; 7). The formation of carbonaceous surface residues
was seen under all experimental conditions. The di- and trimerization of acetylene was not eliminated by the presence
of surface carbonaceous deposits and even at a high level of carbon buildup the catalysts exhibited significant activities.
The very good correlation found between the formation rates of butadiene and cyclic C¢ hydrocarbons suggests that
the formation of ring C¢ products proceeds through a metallocyclopentadiene intermediate. This species can either
be hydrogenated off from the catalyst surfaces to produce butadiene or be reacted with a third acetylene molecule

to form ring C¢ hydrocarbons.

1. Introduction

The exploration of the catalytic chemistry of C, hydrocarbons
over transition metal catalysts has been the aim of extensive
research efforts for several decades. Both homogeneous!~6 and
heterogeneous”>° catalytic systems have been studied at length.
For the cyclotrimerization reaction of acetylene, Pd was shown
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to have the highest activity in heterogeneous systems for gas-
phase benzene production among the Ni group metals (Ni, Pd,
Pt). The other two metals catalyze the decomposition of
acetylene with high activities under UHV reaction conditions.
In homogeneous catalytic systems Ni-based catalysts have also
shown remarkable activities toward benzene formation.!? The
production of benzene was observed over other metals as well,
for example over Cu.® With very few exceptions!®19-23 3]l of
these studies were carried out under UHV conditions. The only
two elevated pressure (> 1 Torr) reaction studies we are aware
of have been carried out by Rucker et al.!®1? over single crystal,
thin film, and alumina supported Pd catalysts and by Ormerod
and Lambert?® on alumina and titania supported Pd catalysts.
Due to the inherent problem of hydrogen absorption into Pd
metal these studies were carried out in the absence of gas-phase
hydrogen.

The mechanism of the cyclotimerization ¢f acetylene over
Pd catalysts has been studied extensively using a wide array of
analytical techniques.12715.17,20-2224.2529 The results of these
investigations suggest that the acetylene cyclotrimerization
reaction proceeds through a common C4H, intermediate that
has metallocyclopentadiene characteristics.!52! The formation
of benzene through this intermediate is not completely under-
stood and is still debated.®® The two major routes proposed
for benzene formation through this C4H, intermediate are (i)
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(V3x\3) R30° Surface Alloy

Figure 1. Structure of the (v/3x+/3)R30°—Sn/Pt(111) surface alloy.
In the outermost plane the light spheres represent Pt atoms and the
dark shaded spheres represent Sn atoms.

addition of a third acetylene molecule or (ii) a two-step reaction
which involves the dimerization of C4Hy4 to form a cyclooc-
tatetraene molecule which then decomposes into benzene and
acetylene.’® A recent theoretical study’® shows that both
reaction pathways are energetically feasible although the first
reaction route is preferred by the authors. Clearly, the demand-
ing steric and geometric constraints of the adsorbed surface
intermediates would suggest a marked surface sensitivity for
this reaction. In fact, UHV studies on Pd(111) show superior
activity in this reaction over the other two low-index crystal
faces. At elevated pressure no difference was seen in cyclot-
rimerization activities of (111) and (100) Pd surfaces while the
(110) face exhibited a much lower benzene formation rate.'

In a recent publication Xu et al.?’ reported UHV results which
suggest that high acetylene cyclotrimerization activities might
be possible for the Sn/Pt(111) surface alloys. The structure of
the (v/3x v/3)R30°=Sn/Pt(111) surface alloy is shown in Figure
1. In their UHV study they observed that the decomposition
of acetylene was greatly suppressed in reactions conducted at
this surface alloy of Sn/Pt(111). Their thermal desorption mass
spectroscopic (TDMS) experiments demonstrated very little
benzene and no butadiene production over clean Pt(111). On
this surface the dominating reaction pathway was the complete
decomposition of acetylene into surface carbon and hydrogen.
The addition of g, = 0.25 monolayer (ML) to the Pt(111)
surface, which was sufficient to produce the p(2x2)—Sn/Pt-
(111) surface alloy, greatly reduced the rate of decomposition
of acetylene and produced benzene and with some small
unquantified amount of butadiene as well. Acetylene and
hydrogen TDMS and post-TDMS AES analysis revealed that
the acetylene decomposition channel was almost entirely
suppressed at the s, = 0.33 ML (v/3x \/3)R3()°—Snf'Pl{ 111)
surface alloy. This surface showed high activity for benzene
formation and the production of butadiene, although the amount
of the latter product was not quantified.

[t is possible to prepare ordered surface alloys that incorporate
Sn into the surface plane of the single crystal template for a
number of group VIII transition metals (e.g.. Ni, Pd, Pt, Rh,
Ru). The alloying of Sn with these transition metals results in
very interesting surface and catalytic chemistry.’! 3% For
example, the rate of CO oxidation was significantly enhanced

(31) Paffett, M. T.: Windham, R. G. Surf. Sci. 1989, 208, 34,

(32) Paffett, M. T.; Logan, A. D.: Simonson. R. J.: Koel. B. E. Surf.
Sci. 1991, 250, 123.
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at the Os, = 0.50 ¢(2x2)Sn/Pd(100) surtace alloy in comparison
to Pd(100).%5 Furthermore, the activity and selectivity patterns
were dramatically altered in n-butane hydrogenolysis at both
the p(2x2) and the (v/3xv/3)R30°—Sn/Pt(111) surface alloys.?’
Our overall motivation has been to prepare and utilize ordered
surface alloys that inherently only have certain ensembles
(contiguous transition metal atoms) that are available for
reaction. This control of catalytic reaction site chemistry has
enabled the key fundamentals of catalytic surface science to be
implemented in preparing better catalytic surfaces.*>*7 It
remains a synthetic challenge to exploit these details in preparing
“real world” bimetallic supported transition metal catalysts.

In this paper we report the results of a continuing effort to
explore the catalytic properties of these model bimetallic
systems. Herein we have conducted catalytic experiments at
elevated pressures with an acetylene/hydrogen gas mixture over
Pt(111) and (v/3x+/3)R30°=Sn/Pt(111) model catalysts sur-
faces. Related work on the dimerization and hydrogenolysis
reaction chemistry of ethylene/hydrogen mixtures over the same
surfaces is presented in another publication.** The changes in
activity and selectivity are determined for changes in reaction
temperature, reactant partial pressure, and reaction time and are
all examined in the context of previous UHV characterization
studies and prior batch catalytic reaction chemistry.

2. Experimental Section

The experiments were carried out in a combined elevated pressure
reactor—UHV surface analysis system which has been described in
detail elsewhere.''" Briefly, the UHV chamber is equipped with the
basic surface analytical techniques [Auger electron spectroscopy (AES),
X-ray photoelectron spectroscopy (XPS), low-energy electron diffraction
(LEED), low-energy ion scattering spectroscopy (LEISS), temperature-
programmed desorption (TDMS)] and gas and metal dosing facilities.
Throughout this study AES was used to determine surface composition
and cleanliness prior to and after catalytic experiments. LEED was
utilized to verify long-range ordering of the clean substrate metal and
the surface alloy. The Pt(111) crystal was mounted on the sample
holder rod via tungsten heating wires spot welded to the edge of the
crystal. This allowed the heating of the sample up to 1200 K. The
crystal temperature was monitored by a chromel/alumel thermocouple
spot welded to the edge of the sample. The substrate metal was cleaned
with cycles of argon ion sputtering/oxidation/annealing until no
impurities were detected by AES. The (+/3x+/3)R30°—Sn/Pt(111)
surface alloy was prepared by Sn deposition on the clean Pt(111)
substrate metal followed by an anneal to 1000 K. Samples prepared
this way gave sharp (v/3x+/3)R30° LEED patterns and its character-
ization has been given previously in a number of publications.’'*! The
structure of this surface alloy is shown in Figure 1. Activities are given
in units of turnover frequency (TOF or the number of product molecules
produced per site per second) given relative to the surface atom density
of Pt(111), 1.505 x 10" atoms cm °. Surface coverages are defined
similarly and are given in monolayers (ML). Data obtained at the Sn/
Pt(111) surface alloy are presented in terms of the starting Pt(111)
surface atom density. A distinction between Sn and Pt atoms has not
been applied in the reactivity data.
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Following sample preparation the catalyst was transferred into the
elevated-pressure reaction cell for batch catalytic run measurements.
During catalytic experiments the UHV chamber was separated from
the reaction cell by a gate valve. The acetylene/hydrogen reactant gas
mixture was prepared in situ in the reaction cell. After the introduction
of the gases a sufficient amount of time was allowed to ensure complete
mixing of the gas components. The sample temperature was then raised
rapidly to the desired value and kept at that level for the duration of
the catalytic run with a £2 K precision. After a given reaction time
the reaction was quenched by sudden cooling of the catalyst. The
reactant/product gas mixture was then condensed into a liquid nitrogen
cooled trap and transferred to a gas chromatograph (GC) for analysis.
The GC separation was carried out over a Porapack N column operated
at 423 K and a flame ionization detector was used for analysis. The
catalyst sample was transferred back into the UHV chamber for
postreaction suriace analysis.” Carbon surface coverage is given in
monolayers after the calibration procedure of Sachtler and Somorjai.*3
This calibration is at best a qualitative one because of recent STM
measurements of Land et al.* that demonstrate that conversion of the
carbonaceous residue resulting from decomposition of ethylene to
graphite results in island growth. Therefore, relative carbon coverage
is shown as AES ratios for comparative purposes.

Throughout the catalytic measurements, research purity gases of
acetylene and hydrogen were used. Hydrogen was used without further
purification. The acetylene was further purified rigorously before use.
First it was condensed into a liquid nitrogen cooled glass bulb and
pumped for extended periods of time to eliminate methane impurities.
In the next step acetylene was passed through an activated, dry ice/
acetone cooled zeolite 5 A trap and condensed into a metal bulb cooled
with liquid nitrogen. The metal bulb then was separated from the zeolite
trap and the zeolite was reactivated by heating it for about an hour at
523 K. The zeolite trap was then cooled down again with the dry
ice/acetone cold bath and the acetylene was passed through it into a
clean, liquid nitrogen cooled glass bulb. The acetylene purified by
this method contained only a very small amount of methane impurity.
Detector sensitivity factors for saturated and monoalkene C;—Cs
hydrocarbons were determined using calibration gas mixtures (Scott
Specialty gases, Nos. 220 and 222). Retention times for other C4 and
Cs hydrocarbons (primarily linear and cyclic dienes) were determined
using research grade liquids available from Aldrich Chemical Co. Rate
data are initial rates of conversion with less than 2% reactant consumed
per batch reaction and selectivities are given in mole percent.

3. Results

1. Temperature Dependence. The catalytic activities of
Pt(111) and (+v/3x+/3)R30°—Sn/Pt(111) model catalysts were
determined for the acetylene di- and trimerization reactions using
a 1:10 acetylene—hydrogen reactant gas mixture at a total
pressure of 22.0 Torr over the temperature range of 400—540
K. The catalytic activities expressed as turnover frequencies
(TOF) are displayed in Figures 2 and 3 for Pt(111) and
(v/3x+/3)R30°~Sn/Pt(111), respectively, in Arrhenius form.
The major products detected were C, and Cg hydrocarbons with
only trace amounts of methane and propane observed at the
highest reaction temperatures studied. The main C4 products
were n-butane (Cs-), 1-butene (C4=), and butadiene. The GC
separation and analysis method was not sufficient for the
accurate quantification of n-butane and 1-butene. No C; or Cs
products were seen in any of the catalytic experiments under
these reaction conditions. The Cg products formed in the C;H>
+ H, reaction are divided into two groups composed of linear
and ring Cs hydrocarbons. Among the linear Cg hydrocarbons,
saturated, olefinic, and diolefinic molecules were seen in the
product gas mixture. The ring Cg mixture contained cyclohex-
ane, cyclohexene, cyclohexadiene (mostly 1,3), and benzene.
The linear and ring C¢ hydrocarbons could be accurately
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Figure 2. Arrhenius plots for acetylene di- and trimerization products
over Pt(111).
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Figure 3. Arrhenius plots for acetylene di- and trimerization products
over (v3x+/3)R30°—Sn/Pt(111) surface alloy.

separated and quantitatively analyzed; therefore, throughout this
paper we present them as linear and ring Cs hydrocarbon
products. The temperature dependences of the catalytic activity
patterns for all four products displayed on these two model
catalysts were very similar; however, at both surfaces the Cy4
formation rates were about an order of magnitude higher than
the Cs formation rates (Figures 2 and 3). Over the temperature
range 400—470 K the production rate of all hydrocarbons
increased monotonically with increasing reaction temperature
with the slopes of the initial portions of the Arrhenius plots
very close to each other for all products and for both surfaces,
except for the ring C¢ production over Pt(111) which is very
low in this temperature range. The apparent activation energy
evaluated from the slopes of these Arrhenius plots is about 11—
12 kcal mol™l, On both surfaces, and particularly over the
(v/3x+/3)R30°—Sn/Pt(111) surface alloy, the formation rates
of ring C¢ products parallel that of butadiene while the tendency
in linear Cg production rate is very similar to that of the Cy—g=)
in this temperature range. Over Pt(111) at ~480 K the Ca—g=)
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Figure 4. Postreaction carbon coverage (monolayers) on Pt(111) and
(v/3x+/3)R30°~Sn/Pt(111) as a function of reaction temperature during
acetylene cyclotrimerization.

and linear Cg formation rates reach a maximum and their rates
fall off as the reaction temperature is increased further. In the
470—500 K temperature range there is a slight drop in butadiene
formation rate and at the same time the TOF for ring Cs
production decreases. Above 500 K the specific butadiene
formation rates parallel that of Cy—g=) but at higher values.
Concomitantly, the TOFs for ring C¢ formation follow very
closely that of linear C¢ formation. Over the (v/3x+/3)R30°—
Sn/Pt(111) surface alloy the same trends in catalytic activities
are observed but the decrease in catalytic activity for butadiene
and ring Cg formation is much more pronounced in the 470—
510 K temperature range than it is over Pt(111). The activity
of the (v/3x+/3)R30°—=Sn/Pt(111) alloy fully recovers above
510 K and the specific reaction rates for butadiene and ring Cs
again follow very closely that of Cs-—g=) and linear Cs,
respectively. In the temperature range where decreased produc-
tion of butadiene and ring Cg occur the Cy—g=) and linear C¢
production rates are practically constant. Above 510 K the
specific formation rates for all hydrocarbons decrease with
increasing reaction temperature.

In addition to following the hydrocarbon production rates over
the two catalysts the carbon buildup on the surfaces of the
catalysts was monitored by postreaction AES analysis. After a
batch catalytic reaction run the sample was cooled in the reaction
mixture, transferred back into the UHV chamber, and subse-
quently flashed to reaction temperature in order to decrease
contributions to the 274 eV carbon AES signal from adsorbed
hydrocarbon molecules. A certain level of carbon will always
be present due to this procedure (0.15—0.2 ML); however,
substantial (>0.2 ML) relative carbon buildup can be monitored
in this manner. Figure 4 displays the carbon Auger signal
intensities as a function of reaction temperature for both Pt-
(111) and (v3x+/3)R30°—Sn/Pt(111). The carbon Auger
signal intensities from the two surfaces fall on the same line in
the temperature range of 400—500 K. The increase in carbon
buildup over this temperature interval is slight and the intensity
of the carbon Auger signal approximately doubles at the high-
temperature end. This coverage remains relatively low at @,
= (0.6 ML (at 500 K) based on the calibration method of Sachtler
and Somorjai.** A dramatic increase in carbon Auger signal
intensity is seen between 500 and 520 K. In this small
temperature interval the carbon Auger signal intensity increases
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Figure 5. Hydrogen partial pressure dependences of the product
formation rates in the di- and trimerization of acetylene over Pt(111).
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Figure 6. Hydrogen partial pressure dependences of the product
formation rates in the di- and trimerization of acetylene over (+/3x V3)-
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by a factor of ~3. Above 520 K the carbon Auger signal
intensity remains constant at a high level (®. > 4.0 ML).

2. Hydrogen Partial Pressure Dependence. The hydrogen
partial pressure dependencies of the reaction rates for the
production of all four hydrocarbons were studied at a constant
acetylene pressure of 2.0 Torr at 500 K in the hydrogen
pressure range of 5—100 Torr. The total pressure in the reaction
cell was kept constant at 102 Torr using neon as the balance
gas. The TOFs for all four hydrocarbons as a function of
hydrogen partial pressure are plotted in Figures 5 and 6 for Pt-
(111) and (v/3x+/3)R30°—=Sn/Pt(111), respectively. Over Pt-
(111) at low hydrogen pressures (5—10 Torr) the formation rates
of all four hydrocarbon products are first order in hydrogen
pressure. At Py, = 10 Torr both the butadiene and ring Cs
formation rates reach maxima and roll over at higher hydrogen
pressures. The TOF for ring Cs production is practically
unchanged at hydrogen pressures over 30 Torr. The change in
butadiene formation rate shows the same characteristics. The
TOFs for Cy—g=y formation increase with hydrogen pressure
even after the butadiene production rate has passed through its
maximum. Above 30 Torr of hydrogen pressure the Ca-&=)
products are formed with the highest selectivity and their
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production rates are constant. Very similar behavior is seen
for the linear C¢ hydrocarbon formation rates. Their values
remain unchanged at hydrogen pressures higher than 30 Torr.
The hydrogen partial pressure dependencies of C4 and Cs
hydrocarbon formation rates over (v/3x +/3)R30°—Sn/Pt(111)
show similar trends to those observed at Pt(111). At low
hydrogen pressures (<10 Torr) the TOFs of all C4; and Cs
hydrocarbons increase with increasing hydrogen pressure with
a first-order dependence. In this temperature range butadiene
is produced with the highest formation rate, and furthermore,
the production rate of ring C¢ hydrocarbons exceeds that of
linear Cg hydrocarbons. At Py, = 10 Torr both the butadiene
and ring Cs formation rates reach maxima and then they roll
over and decrease rapidly with increasing hydrogen partial
pressure. The TOFs for ring C¢ formation are constant at Py,
> 30 Torr on the (v/3x+/3)R30°—Sn/Pt(111) catalyst as also
seen for Pt(111). The production rates for C4-g=) and linear
Cs hydrocarbons each reach maxima at Py, ~ 15 Torr and
thereafter they both decrease. However, the decrease in Cy—g=)
and linear C¢ formation rates are much lower than those seen
for butadiene and ring C¢ hydrocarbons. In contrast to Pt(111)
at Py, > 30 Torr where the Cy—g=) and linear C¢ formation
rates were constant, over the (v/3x +/3)R30°~Sn/Pt(111) surface
alloy their formation rates are negative order in hydrogen partial
pressure. Above 30 Torr of hydrogen pressure, at the (v/3x+/3)-
R30°—Sn/Pt(111) surface alloy and the Pt(111) surface the
Cy—&=) hydrocarbons are the dominant products. Note that over
both Pt(111) and (v3x+/3)R30°—Sn/Pt(111) surfaces the
formation rates of ring Cg hydrocarbons parallel that of butadiene
and the production rates of linear Cg¢ hydrocarbons parallel
closely that of Ca—g=).

Postreaction carbon Auger signal intensities as a function of
hydrogen partial pressure are shown in Figure 7 for both
surfaces. The carbon Auger signal intensities at Py, < 10 Torr
over the alloy surface are very high and constant at ¢ ~ 4.0
ML. On both surfaces the carbon signal intensity decreases
rapidly in the 10—20 Torr hydrogen partial pressure range. No
changes in carbon Auger signal intensities were seen over either
surface at hydrogen pressures over 30 Torr. These signals stay
at a comparatively low, constant level of ©¢ ~ 0.2—0.4 ML.
The (v/3x+/3)R30°=Sn/Pt(111) is practically carbon-free above
30 Torr of hydrogen pressure.
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Figure 8. Acetylene partial pressure dependences of the product
formation rates in the di- and trimerization of acetylene over Pt(111).

3. Acetylene Partial Pressure Dependence. The acetylene
partial pressure dependencies of the C; and C¢ hydrocarbon
formation rates were studied in detail over the Pt(111) surface
at 500 K at a constant hydrogen pressure of 20 Torr and at a
total pressure of 100 Torr. Neon was used again as a balance
gas. The TOFs for all C4 and C¢ hydrocarbon products as a
function of acetylene partial pressure are displayed in Figure 8
for the Pt(111) surface. (The same acetylene pressure depend-
encies were seen for all hydrocarbon products over the
(v/3x+/3)R30°—Sn/Pt(111) surface alloy as for Pt(111) except
that the absolute formation rates were somewhat higher over
the surface alloy.) Over the entire acetylene partial pressure
range studied (0.5—25.0 Torr) every product formation rate has
a positive-order dependence on the partial pressure of acetylene.
The Cy—g=) and linear Cg formation rates increase monotoni-
cally in the whole acetylene pressure interval, although the
slopes of the two curves are different. The linear C¢ formation
rate has a stronger positive order dependence on acetylene
pressure than Cy—g=) and its value approaches that of C4—g=)
as the partial pressure of acetylene increases. The changes in
butadiene and ring C¢ formation rates again show striking
similarities. At low acetylene partial pressures (<1.5 Torr) the
TOFs for both products increase sharply with acetylene pressure.
At Pcy, > 1.5 Torr the increases in butadiene and ring Cg
formation rates are slower than that at Pc,u, < 1.5 Torr, but
their formation rates have stronger positive-order dependences
than that seen for either C4—g=) or linear Cg hydrocarbons. The
TOFs for ring Cg formation increase faster than for butadiene,
which suggests that the rate of the propagation step from C4 to
Cs is more drastically influenced by acetylene partial pressure
than the initial dimerization step at these higher acetylene
pressures.

4. Deactivation. The deactivation of both Pt(111) and
(v/3x+/3)R30°~Sn/Pt(111) catalysts has been followed at 500
K reaction temperature using an 1:10 acetylene—hydrogen
reactant gas mixture at a total pressure of 22.0 Torr. The surface
of the sample was not cleaned between subsequent catalytic
runs. After each reaction experiment the changes in surface
composition were determined with AES. The TOFs for all C4
and Cg hydrocarbons are shown as a function of the number of
reaction runs in Figures 9 and 10 for Pt(111) and (v/3x+/3)-
R30°—Sn/Pt(111), respectively. It is evident in both figures
that the most significant decreases in catalytic activities occur
in the first reaction run over both surfaces. Over Pt(111), which
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Figure 9. Deactivation of Pt(111) in the di- and trimerization of
acetylene.

0.10

((v3x(3)R30°-Sn/Pt(111) |

B chain C6 (x10)
# ring C6 (x10)
E Ca(&s)
0.06 Ca(==

0.04

0.02

TURNOVER FREQUENCY (sec-1)

0.00

1 - 3 4 5
NUMBER OF REACTION RUN

Figure 10. Deactivation of (v/3x+/3)R30°—Sn/Pt(111) surface alloy
in the di- and trimerization of acetylene.

produces butadiene as the main reaction product at 500 K, hardly
any change in product selectivities can be observed. A
comparison of product selectivities for the first and fifth reaction
runs reveals that there is practically no change, only an overall
reaction rate decrease. At the (v/3x+/3)R30°—Sn/Pt(111)
surface alloy the dominant hydrocarbon products are Cy—g=)
in each and every reaction run. After the first catalytic run the
Cy(-&=), linear, and ring Ce¢ formation rates drop significantly
and they decrease with slower rates during subsequent reaction
runs. It is interesting to note that the TOF for butadiene
formation is not affected by the overall deactivation of this
catalyst. The carbon buildup, shown as carbon Auger signal
intensity, as a function of the number of reaction runs is
displayed in Figure 11 for both Pt(111) and (+/3x+/3)R30°—
Sn/Pt(111) surfaces. The carbon Auger signal intensity in-
creases linearly with the number of catalytic runs over Pt(111).
On the (v/3x+/3)R30°—Sn/Pt(111) surface alloy the initial
carbon buildup is about twice as high as on Pt(111). However,
the increase in carbon Auger signal intensity in subsequent
reaction runs is much less pronounced for the alloy surface than
for Pt(111). The carbon level on (v/3x+/3)R30°=Sn/Pt(111)
is approximately the same after the fourth and fifth catalytic
reaction.
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Figure 11. Post reaction carbon coverage on Pt(111) and (\/3x~/ 3)-
R30°—Sn/Pt(111) surfaces during the di- and trimerization of acetylene
as a function of batch reaction run.

4. Discussion

The reaction of a C,H; + H» gas mixture over both Pt(111)
and (v/3x+/3)R30°—Sn/Pt(111) surfaces produced only C4 and
Ce di- and trimerization hydrocarbon products with no Cz or
Cs hydrocarbons detected. Depending on the experimental
conditions [Py,/Pc,u,, and T1], varying amounts of ethylene were
also produced as a direct hydrogenation product of acetylene.
These observations are in qualitative agreement with those of
Ormerod and Lambert,”® who studied the cyclotrimerization
reaction over silica- and titania-supported Pd catalysts. They
observed the formation of C4 products in addition to benzene
in either the presence or the absence of hydrogen in the reactant
gas mixture. These results are in contrast to those of Rucker et
al.,'’®!° who did not observe any C4 hydrocarbon product. They
reported benzene as the sole hydrocarbon produced under their
experimental conditions over single crystal, thin film, and
supported Pd catalysts. The formation of butadiene, a C4
hydrocarbon, was also observed in a UHV study by Xu et al.?’
over Sn/Pt surface alloys in the absence of hydrogen. In our
experiments C4 hydrocarbons were the major components of
the product gas mixture and their quantities always exceeded
that of C¢ hydrocarbon produced. The experimental conditions
applied in this study differed from all of the earlier studies in
that the reactant gas mixture contained a majority component
of hydrogen (under standard reaction conditions the Ho/C2H;
ratio was 10). The use of hydrogen containing reactant gas
mixtures under elevated pressure conditions over Pd catalysts
was not feasible because of the problem of bulk absorption of
hydrogen into Pd. The cyclotrimerization of acetylene proceeds
readily over single crystal Pd surfaces in the absence of gas-
phase hydrogen, and furthermore, the (111) crystal face was
shown to exhibit the highest rate for this reaction. However,
at elevated pressures, due to the buildup of carbonaceous
deposits which are caused by the decomposition of acetylene,
fast deactivation of the catalyst was also observed. In our study
we did not see any appreciable activity for either Pt(111) or
(v/3x+/3)R30°—Sn/Pt(111) catalysts in the absence of hydrogen
in the reactant gas mixture due to the very fast poisoning of
these surfaces. In heterogeneous catalytic systems among the
Ni congeners (Pd, Pt), Pd is the only reported one to exhibit
high activity in the cyclotrimerization of acetylene in UHV.
Complete decomposition of acetylene is the main reaction route
over both Ni and Pt catalysts and these catalysts display much
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lower activities for cyclotrimerization. Conversely, Cu, which
adsorbs acetylene weakly, has shown high activity for the
cyclotrimerization of acetylene.® The key factors in acetylene
cyclotrimerization seem to be the sufficient, but not overly
strong, acetylene adsorption and the largely undocumented role
of adsorbed hydrogen.

Acetylene has been shown to decompose on clean Pt(111)
to produce surface carbon and hydrogen. No benzene desorption
is observed under UHV conditions.?” Acetylene adsorption at
the p(2x2)—Sn/Pt(111) surface alloy structure (Gs, = 0.25 ML,
incorporated) results in the desorption of both C4 and Cs
hydrocarbons, but there is an appreciable decomposition which
is evidenced by the large hydrogen evolution in post-adsorption
TDMS. Acetylene reaction chemistry at the (v/3x +/3)R30°—
Sn/Pt(111) surface alloy (®s, = 0.33 ML, incorporated Figure
1) nearly suppresses its total decomposition and results in a
significant production of benzene and butadiene. Electronic
effects in the thermal desorption and sticking probabilites for
these and several other hydrocarbon molecules at Sn/Pt(111)
surface alloys have been emphasized by Xu et al.?’ It has been
shown that the addition of Sn to transition metal catalysts
decreases the bond strength between the hydrocarbon and the
metal surface.?’4145 This effect is attributed to the marked
changes in the valence band structure and the orbitals available
for hydrocarbon bonding at these Sn/Pt(111) surface alloys.*
In UHV studies, Sn decreases the extent of acetylene dehydro-
genation with increasing concentration of surface Sn atoms.
Acetylene dehydrogenates extensively on Pt(111). At the Sn/
Pt surface alloys, acetylene more readily, reversibly adsorbs with
the dehydrogenation pathway much less favored.

Benzene and cyclohexane adsorption and desorption mea-
surements at the p(2x2) and (v/3x+/3)R30°—Sn/Pt(111) surface
alloys have been reported by Xu et al.* Several important
features of the UHV results are relevant to the kinetic study
presented here. Benzene adsorption was dramatically decreased
in saturation coverage, sticking coefficient, and binding energy
at the (v/3x +/3)R30°~Sn/Pt(111) surface alloy in comparision
to Pt(111), and these effects were primarily attributed to steric
site-blocking. Cyclohexane adsorption, although also displaying
a marked decrease in binding energy at the (v/3x+/3)R30°—
Sn/Pt(111) surface alloy, did not exhibit any significant decrease
in either sticking coefficient or saturation coverage. With
respect to the kinetic data presented in Figures 2 and 3, the
production of benzene displays a dramatic drop between 450
and 500 K at the (+/3x+/3)R30°—Sn/Pt(111) surface alloy. We
suggest that the hydrogenation and decreased energetics of
surface binding of alkenes and alkanes®4S at the (v/3x+/3)-
R30°—-Sn/Pt(111) surface alloy strongly alter the available
reaction pathways such that hydrogenation to linear C4 and C¢
compounds is favored.

The temperature dependences of the formation rates of all
C4 and Cg hydrocarbons are very similar on Pt(111) and the
(v/3%~+/3)R30°=Sn/Pt(111) surface alloy. In the range of 400—
480 K all the production rates (TOFs) increase with increasing
reaction temperature. In addition, the formation rate of buta-
diene parallels that of C4—s=y and the ring Cs production rate
follows closely that of linear C¢ hydrocarbons. Between 480
and 520 K there is a dramatic change in activity patterns. In
particular, over the (v3x+/3)R30°=Sn/Pt(111) surface alloy
this effect is extremely pronounced. The formation rate of
butadiene does not follow that of Cy-g=) and similarly the ring
Cs formation rate pattern deviates from that of linear Cg

(45) Xu, C.; Tsai, Y.-L.; Koel, B. E. J. Phys. Chem. 1994, 98, 585.
(46) Paffett, M. T.; Gebhardt, S. C.; Windham, R. G.; Koel, B. E. Surf.
Sci. 1989, 223, 449,
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hydrocarbons. The butadiene formation rate drops almost an
order of magnitude in this temperature range and the TOF for
the production of ring C¢ hydrocarbons decreases by more than
an order of magnitude to only trace amounts. It is important
to note that the formation rate of ring Cs hydrocarbons parallels
that for butadiene. Above 520 K both butadiene and ring Cs
formation rates are high again and follow the C4-g=) and linear
Cs production patterns, respectively. The production rates of
C4—&=) and linear C¢ hydrocarbons are essentially unchanged
over the temperature range where the butadiene and ring Cs
formation rates drop to low values. After the TOFs for
butadiene and ring Cg hydrocarbon formation recover (T > 520
K), the TOFs for all products decrease with increasing tem-
perature. The rather unique activity patterns for butadiene and
ring Cg hydrocarbon formation may be explained on the basis
of postreaction AES results shown in Figure 4. There is a low
level of carbon buildup even at the lowest reaction temperature
of 400 K on both surfaces and the carbon levels are practically
unchanged in the temperature interval of 400—480 K. In this
temperature range both surfaces are partially covered by
carbonaceous deposits, but the carbon levels are low and
constant. Between 480 and 520 K, however, the surface carbon
levels increase dramatically on both catalysts and then they level
off above 520 K and stay constant or increase very slowly. In
the small temperature interval of 40 K (480—520 K) there is
approximately a 4-fold increase in surface carbon coverage. This
rapid carbon accumulation on the surface dramatically sup-
presses the formation rates of butadiene and ring C¢ hydrocar-
bons. In contrast, the C4—g&=y and linear Cs formation rates do
not go through these dramatic changes, and over this temperature
region the TOFs for these two product groups are almost
constant, with very slow decreases. We suggest that the
coupling of two acetylene molecules to produce a metallocy-
clopentadiene is severely suppressed by the rapid carbon
buildup. The fact that the carbon buildup mostly results in the
depletion of cyclic intermediates/products suggests that the effect
of surface carbon in this temperature range is primarily steric.
The propagation of C4—g=) and Cg linear hydrocarbons is not
noticeably affected by the carbon buildup.

The mechanistic consequences of these observations are very
important in that they imply that the initial coupling of two
acetylene molecules can proceed through two different reaction
pathways. One pathway involves participation of a metallo-
cyclopentadiene (M-C,) intermediate and another conceivably
involves a linear C4H, surface species (or ring opening of the
metallocyclopentadiene intermediate). On the clean and par-
tially carbon covered surfaces the probability of proceeding
along either pathway is approximately equal or interconversion
between possible intermediates is rapid. Through a consecutive
acetylene insertion step the metallocyclopentadiene intermediate
can produce ring Cg hydrocarbons while a C4H, surface species
leads to a linear Cg hydrocarbon molecule. In the presence of
gas phase hydrogen it is possible that not all of the surface
metallocyclopentadiene molecules react with a third acetylene
molecule to form the ring C¢ hydrocarbons but rather a
significant fraction of them hydrogenate off from the catalyst
surface as butadiene. It is also possible that this metallocyclo-
pentadiene intermediate becomes further hydrogenated on the
surface and forms saturated or olefinic C4 hydrocarbons and it
may contribute to the formation of linear C¢ molecules as well.
The activity patterns strongly suggest, however, that the linear
Cs hydrocarbons are formed through a linear C4H, surface
species while the ring C¢ hydrocarbons are produced via the
ring expansion of the metallocyclopentadiene intermediates. The
significantly higher formation rates for the C, than the C¢
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hydrocarbon products also suggest that the hydrogenation of
surface C4 species from the catalyst surface proceeds with higher
probability than the insertion of the third acetylene molecule
into the metal—C, intermediate bond. The observed activity
patterns and surface analysis data also suggest that the di- and
trimerization of acetylene can proceed with fairly high reaction
rate even on heavily carbon covered catalyst surfaces. Lacking
vibrational spectroscopic data, we do not know the forms of
the carbonaceous deposits on either surface. In a study of
acetylene cyclotrimerization over Pd single crystal surfaces
Rucker et al.!® also observed that the reaction proceeded with
fairly high efficiency even over catalyst surfaces covered with
carbonaceous deposits. They proposed, on the basis of the very
low apparent activation energy observed (~2 kcal mol~1), that
benzene formation can take place on the ethylidyne overlayer
or over other carbonaceous fragments that do not strongly adsorb
benzene. The high catalytic activities seen in this study over
heavily carbon covered surfaces provide an interesting parallel.

No di- and trimerization product formation was seen over
either catalyst surface in the absence of gas-phase hydrogen.
This surface carbonaceous layer that rapidly developed entirely
eliminated the catalytic activities of these surfaces for the di-
and trimerization of acetylene. On the contrary, in the presence
of gas-phase hydrogen [with Py/Pc,y, = 2] both catalyst
surfaces showed high activities for C4 and Cs hydrocarbon
formation, even under experimental conditions when the catalyst
surfaces were covered with a significant carbonaceous deposit.
This observation suggests that the compositions and reactivities
of the surface carbonaceous layers are different under the two
reaction conditions (i.e. in the absence and in the presence of
gas-phase hydrogen). At elevated acetylene pressures in the
absence of hydrogen the most probable process is the complete
dehydrogenation of acetylene into surface carbon with increas-
ingly smaller amounts of incorporated hydrogen as the tem-
perature increases. In contrast, the presence of substantial
amounts of hydrogen in the gas phase impedes the formation
of this more graphitic-like layer and instead produces a
carbonaceous layer that contains more incorporated hydrogen.
The formation of this hydrogen containing carbonaceous layer
on the catalyst surface does not result in the complete loss of
catalytic activity for the di- and trimerization of acetylene.

From the activity patterns observed throughout this study the
participation of surface CH, species in the coupling reactions
can be eliminated. For these surface species to play a significant
role in the chain propagation or ring extension reactions we
should have detected C3 and Cs hydrocarbons in the product
gas mixture. The observed large drop in butadiene and ring Cs
formation rates in the 480—520 K temperature interval may be
caused by a loss of hydrogen in the adsorbed C;H, and/or from
a phase transition of the carbonaceous deposit layer.

Note that at the (v/3x+/3)R30°—Sn/Pt(111) surface alloy the
buildup of a carbonaceous surface layer following moderate
pressure exposure to acetylene is only partially suppressed. In
the UHV study of Xu et al.?? acetylene decomposes completely
to produce surface carbon on the Pt(111) surface, but over the
(~/3 x +/3)R30°~Sn/Pt(111) surface 35% of a saturated mono-
layer dehydrogenates and the acetylene either desorbs or
participates in the di- and trimerization reactions. These
reactions were performed in the absence of added or adsorbed
hydrogen. At elevated pressures, Pt(111), which was shown
to be inactive for the di- and trimerization in UHV, is only about
4—5 times less active than the (v/3x+/3)R30°—Sn/Pt(111)
surface, which was seen to be orders of magnitude more active
in the UHV studies.
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The hydrogen partial pressure dependences of C4 and Cs
product formation rates exhibit very similar patterns on the two
surfaces studied. At low hydrogen partial pressures (5—10 Torr)
the rates for each and every product formed are first order in
hydrogen pressure. In this hydrogen pressure region the
postreaction Auger analysis showed the presence of a constant,
high level of a carbonaceous layer on the catalyst surfaces. The
formation rates of butadiene and ring C¢ hydrocarbons reached
maxima at Py, ~ 10 Torr on both surfaces and then at higher
hydrogen pressures they decreased gradually with increasing
hydrogen pressure. The TOFs for butadiene and ring Cs
formation parallel each other in the entire hydrogen pressure
interval studied. This suggests that their formation proceeds
through a common surface intermediate species, most probably
through a metallocyclopentadiene. One of the mechanisms
suggests that benzene is formed via the addition of an acetylene
molecule to the metallocyclopentadiene surface species while
another proposes the coupling of two surface metallocyclopen-
tadiene species to form a cyclooctatetraene entity which
subsequently decomposes into a benzene and an acetylene
molecule. The fact that we could detect neither cyclooctatet-
raene nor other Cg hydrocarbons in the product mixture under
any of the experimental conditions studied supports the first
reaction pathway for ring C¢ formation on these surfaces and
under the given reaction conditions. We suggest that the
formation of ring Cs hydrocarbons proceeds through a butadiene
intermediate which is present on the surface as a metallocy-
clopentadiene based on the very strong correspondence between
the butadiene and ring Cg formation rates throughout this study.

Increasing the hydrogen partial pressure above 10 Torr results
only in subtle changes in the Cy—g=) and linear Cs hydrocarbon
formation rates. Over the Pt(111) surface their formation rates
are constant at Py, > 20 Torr while on the (v/3x+/3)R30°—
Sn/Pt(111) surface alloy they pass through maxima at ~15 Torr
of hydrogen partial pressure and then they decrease slowly.
However, the decrease in turnover frequencies for Cy-g=y and
linear C¢ productions is not nearly as pronounced as is seen for
either the butadiene or ring C¢ formation. Since the di- and
trimerization of acetylene can take place readily over the
carbonaceous layer covered surfaces, the sharp decrease in the
formation rates of butadiene and ring Cg hydrocarbons cor-
responds to the sudden fall in the surface carbon level on both
catalyst surfaces. Above 20 Torr of hydrogen pressure the
carbon levels are constant on both surfaces with Pt(111)
exhibiting a somewhat higher carbonaceous species concentra-
tion between 20 and 100 Torr. The sharp decreases in both
butadiene and ring Cg hydrocarbon formation rates suggest that
the rate of formation and/or the stability of the common
intermediate in butadiene and ring C¢ formation (presumably
the metallocyclopentadiene) drastically decreases with increasing
hydrogen pressure above 20 Torr. The unsaturated Cg4 inter-
mediates are observed to hydrogenate at higher hydrogen
pressures and favor the formation of Cg hydrocarbons other than
cyclic C¢ molecules.

The extent of acetylene hydrogenation to ethylene should also
be mentioned. At the highest hydrogen pressures studied the
major product C, hydrocarbon present after catalytic reaction
is ethylene. In our related work®* on ethylene/H, reactions over
the same catalyst surfaces ethylene does not produce either
butadiene or ring C¢ hydrocarbons, but rather only Cy—&=) and
trace amounts of linear Cg hydrocarbons. Both Pt(111) and the
(v3%x+/3)R30°~Sn/Pt(111) surfaces produce Cs4 and Cg linear
hydrocarbons with high reaction rates even at high hydrogen
pressures when acetylene is used as the reactant. This suggests
that the insertion of an acetylene molecule into the surface—
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C>H, and surface—C4H, bonds to produce linear products is not
diminished by a high Hass concentration.

The formation rates for C4—g=y and linear C¢ hydrocarbons
increase monotonically with increasing acetylene partial pressure
over the entire acetylene pressure range studied. In the low
acetylene partial pressure interval of 0.5—1.5 Torr the TOFs
for both butadiene and ring C¢ hydrocarbons increase very
rapidly. Above 1.5 Torr, the rates continue to increase
monotonically but at decreased rates. The low butadiene and
ring Cg formation rates observed at high Py,/Pc,u, ratios can
be understood on the basis of hydrogenation reactions prefer-
entially producing linear saturated products at high hydrogen
partial pressures. The formation rates of all hydrocarbons are
positive order in acetylene pressure, although the TOFs for
butadiene and ring C¢ production are more positive than those
seen for Cs—g=y and linear Cg hydrocarbons. This observation
demonstrates that with increasing acetylene/hydrogen ratios the
formation rates and stabilities of surface intermediates respon-
sible for the production of ring Cg hydrocarbons increase. The
TOFs for ring Cs and linear Cg hydrocarbons increase faster
than those for butadiene and Cy(—g-), respectively, with increas-
ing acetylene partial pressure. This suggests that as the
acetylene partial pressure increases, an increasing fraction of
metallocyclopentadiene transforms into ring Ce hydrocarbons
and an increasing amount of acetylene is inserted into the
surface—C4H, bond producing more linear C¢ hydrocarbons.

The deactivation patterns over the two surfaces are not
substantially different. On the Pt(111) surface at 500 K (Figure
2), butadiene is produced with the highest rate and it remains
the most dominant product even at very high carbonaceous
deposit concentrations. The changes in ring Ce¢ hydrocarbon
formation rates follow very closely that of butadiene. With
increasing number of reaction runs the overall catalytic activity
of Pt(111) decreases but the product selectivities remain
practically unchanged. This suggests that under a given set of
reaction conditions the deposition of carbonaceous residues
results only in a decrease of the number of catalytically active
sites but does not significantly modify the nature of the active
sites and, therefore, does not change the product selectivities.
Even after the fifth reaction run substantial amounts of C4 and
C¢ di- and trimerization products can be obtained although the
catalyst surface is very heavily covered with carbonaceous
deposits. The same is true for the (+/3x+/3)R30°—Sn/Pt(111)
surface alloy as well. The overall activity of this catalyst
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decreases with the number of reaction runs but there is only a
slight change in product selectivities. The only noticeable
difference between the two surfaces is that over the alloy surface
the TOFs for butadiene formation are unchanged with the
number of reaction runs. On the (v/3x+/3)R30°~Sn/Pt(111)
surface the high level of carbonaceous deposits does not suppress
completely the catalytic activity (i.e., the di- and trimerization
reaction of acetylene proceeds in the presence of a significant
carbonaceous overlayer). The carbonaceous layer covered
surfaces show appreciable catalytic activity as long as a
significant amount of hydrogen is present in reaction conditions
(i.e. C/H, species formed at the surface). As the reaction
proceeds at higher T or lower Py, the carbonaceous layer may
lose hydrogen to form more a graphite-like carbon that acts as
a poison for the di- and trimerization reactions. Additional
vibrational spectroscopic and STM studies could substantiate
these proposals.

In summary, both Pt(111) and (+v/3x+/3)R30°—Sn/Pt(111)
model catalysts show high activity for the di- and trimerizarion
of actylene under elevated pressure conditions. Only C4 and
Cs di- and trimerization products were detected, with no Cs or
Cs hydrocarbon formation observed. Among the C¢ products
both aliphatic and cyclic hydrocarbons were seen. Under our
experimental conditions the reaction rates for C4 hydrocarbon
formation were always approximately an order of magnitude
higher than that for C¢ hydrocarbons. Besides the di- and
trimerization products, ethylene formation was also observed
as a result of the direct hydrogenation of acetylene in the
presence of hydrogen. The (v/3%x+/3)R30°~Sn/Pt(111) surface
alloy proved to be ~4—5 times more active in the acetylene
di- and trimerization than the clean Pt(111). The results of this
study strongly suggest that the formation of cyclic hydrocarbons
proceeds through a common metallocyclopentadiene intermedi-
ate which can either be hydrogenated off from the surface as
butadiene or react with another acetylene molecule to produce
cyclic Cg products. Postreaction surface analysis results suggest
that the reaction readily proceeds even over surfaces with a
heavy carbonaceous deposit although the catalysts lose their
activities at sufficiently high Oc.
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