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Hydrocarbon conversion on palladium catalysts
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Abstract

The reaction pathways for acetylene trimerization and hydrogenation, and ethylene hydrogenation, catalyzed by palladium, are explored
using a range of surface-sensitive techniques. Reflection–absorption infrared spectroscopy (RAIRS) and low-energy electron diffraction
(LEED) show that ethylene is di-�-bonded on clean Pd(1 1 1), but forms a�-bonded species on a hydrogen pre-covered surface, where the
transformation is induced by sub-surface hydrogen. Catalytic ethylene hydrogenation proceeds on an ethylidyne-covered Pd(1 1 1) surface, and
it is found that ethylene can still adsorb onto palladium in spite of the presence of an ethylidyne overlayer, and is still in a di-�-configuration.
The rates of ethylidyne formation, and removal by hydrogen are measured independently, where the latter rate is found to be first order in
hydrogen pressure. The ethylidyne coverage is measured under reaction conditions as a function ofP(H2)/P(C2H4) and found to decrease to
∼1/3 of saturation. Benzene is formed from acetylene on clean Pd(1 1 1) via a metallocyclic CH intermediate. This further reacts with a
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hird acetylene to form benzene. However, catalytic cyclotrimerization proceeds in the presence of a carbonaceous layer, which
inylidene species (CH2=C=). Thus, at high pressures, benzene is formed by reaction between acetylene adsorbed on the vinyliden
alladium surface and adsorbed vinylidene itself. The addition of high pressures of hydrogen to the reaction mixture forms a m
urface covered by a mixture of ethylidyne and vinylidene species, rationalizing the observed increase in the benzene formation r
ddition of hydrogen.
2004 Elsevier B.V. All rights reserved.
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. Introduction

Palladium-catalyzed acetylene cyclotrimerization and
lkene and alkyne hydrogenation provide ideal candidates

or fundamental investigations of catalytic reaction pathways.
his is because these reactions proceed in ultrahigh vac-
um where, for example, benzene is formed in temperature-
rogrammed desorption when a Pd(1 1 1) single crystal is
aturated with acetylene[1], and adsorbed atomic hydrogen
eacts with acetylene or ethylene to yield ethylene and ethane,
espectively[2]. In addition, palladium single crystals cat-
lyze these reactions at high pressures with identical kinetics

o those of supported systems.
Palladium-catalyzed hydrogenation of ethylene and acety-

ene are classical catalytic reactions that have been studied for

∗ Corresponding author. Tel.: +1 414 2295 222; fax: +1 414 2295 036.
E-mail address:wtt@uwm.edu (W.T. Tysoe).

many years. Early on it was established that adsorbed a
hydrogen adds across the double or triple bond of the
sorbed hydrocarbon[3–14], in the so-called Horiuti-Polan
model. These hydrogenation reactions were extensively
ied in the classical work of Bond[12] where temperature
dependent hydrogen reaction orders of unity or greate
measured, while the order in alkene or alkyne was foun
be negative. The latter effect can be rationalized by assu
that hydrogen adsorption is blocked by the alkene or alk
while there is no clear explanation for the hydrogen pres
dependences. It was later discovered that a Pt(1 1 1) s
crystal model ethylene hydrogenation catalyst was cov
by ethylidyne species during reaction[13], although thes
react with hydrogen too slowly to account for ethylene
mation and were proposed to merely act as spectator sp

More recently, it has been demonstrated that theore
strategies can be used to calculate catalytic rates[15–18].
This has been achieved by calculating heats of adsor
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and activation energies quantum mechanically using density
functional theory (DFT) and by using these energies as in-
puts into Monte Carlo calculations to predict reaction rates
[19]. Such calculations agree extremely well with measured
catalytic rates for acetylene hydrogenation. However, ener-
gies calculated by DFT are only accurate to a few kiloJoules
per mole, and pre-exponential factors were assumed to be
“normal” values, for example, 1× 1013 s−1 for first-order re-
actions. Such a good agreement between calculated and mea-
sured global rates may therefore arise from a cancellation of
errors and does not guarantee that it correctly reproduces all
of the elementary reaction steps. Nevertheless, these results
do indicate that theory has developed to the point at which
realistic connections can be made between theory and exper-
iment.

Acetylene cyclotrimerization was first referred to (to our
knowledge) in 1915[20]. Subsequent studies introduced the
proposition that one of the roles of the catalyst was to pro-
vide a structural template for benzene synthesis[21], as well
as lowering the reaction activation energy. This notion was
later borne out experimentally where various tailored sur-
face structures could be fabricated by carefully cutting single
crystals to form faces with known orientations[22]. These
experiments clearly demonstrated that the hexagonal (1 1 1)
face of palladium was far more active for the synthesis of
b
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tor the nature of the surface species. Two techniques de-
serve particular mention. The first is photoelastic-modulation
reflection–absorption infrared spectroscopy (PEM-RAIRS)
[37–40], which is used to measure the species present on the
surface in the presence of a high pressure (in the Torr range)
of reactants, and the second is low-energy electron diffrac-
tion (LEED)[41]. As conventionally applied, the analysis of
surface structures using LEED requires the presence of an
ordered overlayer, which, since many systems, in particular
small hydrocarbons on metal surfaces, do not form ordered
overlayers, has limited its applicability. Attempts to measure
overlayer structures from the diffuse background scattering
induced by the presence of a disordered adsorbate have been
hampered by the weakness of the diffuse background signal
[42]. It has however been demonstrated that the intensities
of the (1× 1) Bragg spots are modified by the presence of
a disordered overlayer by about two orders of magnitude
more than the intensity of the diffuse background scatter-
ing [43,44]. This therefore can be measured more easily than
the background scattering and has proven very effective in
measuring structures of disordered overlayer of small hydro-
carbons on Pd(1 1 1) surfaces and allowed the results of these
structure determinations to be compared with DFT predic-
tions and infrared measurements.
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enzene from acetylene than others[23,24].
In the early 1980s, it was shown that a monolaye

cetylene chemisorbed on Pd(1 1 1) reacted to form ben
result published almost simultaneously by three gr

1,25–27]. Although the reaction, in this case, is not cataly
his discovery provided an ideal test system for studyi
easonably complicated organic synthetic reaction path
n some detail, using a wide array of surface-sensitive st
ies. Subsequently, several surfaces were found to ca

he same reaction[28–31].
The following paper outlines how surface science st

ies have resulted in the discovery of various surface sp
n the (1 1 1) face of palladium and how their roles in the
lytic reaction have been identified. This surface analy

nformation has been used to paint a picture of the w
ng, catalytically active surface, postulate plausible cata
eaction pathways, and test them.

. Experimental methods

A wide range of ultrahigh vacuum experimental str
ies was used to attack the problem of understandin
atalytic pathways. These include high-pressure catalyt
ctions to monitor reaction kinetics at high-pressures[32]
nd temperature-programmed desorption (TPD) to m

tor similar effects in ultrahigh vacuum[1,27]. Surface
pecies have been scrutinized by X-ray and ultraviolet
oelectron spectroscopies[1]. More recently, laser-induce
hermal desorption (LITD)[33–35] and nuclear magnet
esonance spectroscopies[36] have been used to mon
,
. Results and discussion

.1. Ethylene hydrogenation: the structure and
hemistry of ethylene on clean and hydrogen-covered
d(1 1 1)

Measurement of the catalytic ethylene and hydrogen
ure dependences for ethylene hydrogenation yields h
en reaction orders slightly larger than unity, and neg
eaction orders in ethylene pressure[12]. The structure o
thylene on Pd(1 1 1) has been investigated using RA
here adsorbed ethylene yielded vibrational feature
1103 and 2900 cm−1. Using a correlation diagram co

tructed using the frequencies of organometallic analo
as found that ethylene on clean Pd(1 1 1) was di-�-bonded

46]. The structure of a disordered overlayer of ethylene
lso measured on Pd(1 1 1) from the LEEDI/V curves o

he substrate (1× 1) Bragg spots[47]. In this case, a glob
tructural search was carried out by calculating the PendR-
actor by allowing one carbon to move over 21 points with
educed surface Wigner-Seitz cell, and simultaneously
ng the azimuthal angle and height. The molecule was
trained to be parallel to the surface with a CC bond length
xed at 1.45Å. The best-fit structure was then used as a
ut into a tensor-LEED program[48] in order to optimize th
tructure. The resulting structural parameters are display
able 1and the structure depicted inFig. 1. This reveals tha
thylene is indeed di-�-bonded on Pd(1 1 1) and adsorb
n a bridge site. It has been found previously using LE

hat tilted ethylenic species form on Pt(1 1 1) surfaces[49]
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Table 1
Measured distances for di-�-bonded ethylene on clean Pd(1 1 1) at 80 K from
an analysis of the LEEDI/E curves compared with the calculated structure
for di-�-bonded ethylene on Pd(1 1 1)

80 K DFT calculation[15,17]

d(C C) (Å) 1.42 ± 0.03 1.45
d(C1 Pd) (Å) 1.96 ± 0.04 2.19
d(C2 Pd) (Å) 1.96 ± 0.04 2.19
dz(C Pd) (Å) 1.85 ± 0.03 2.10
Θtilt (C C) (◦) 2 ± 4 0

so that a tensor-LEED calculation was performed by allow-
ing a tilted species to coadsorb with parallel, di-�-adsorbed
ethylene. The resulting plot of PendryR-factor as a func-
tion of the proportion of tilted species is displayed inFig. 2.
This shows a minimumR-factor when∼15% of the over-
layer comprises a tilted species, the remaining∼85% being
di-�-bonded ethylene. The optimum geometry of the tilted
species is depicted inFig. 3 and the structural parameters
agree well with the structure of vinyl species calculated from
DFT theory[15,19], implying that a small amount of vinyl
species is formed during ethylene adsorption on Pd(1 1 1).
The properties of vinyl species have been investigated by ex-
posing Pd(1 1 1) to vinyl iodide[50]. The resulting infrared
spectra show that the absorbances are sufficiently small that
such a low coverage would not be detected by RAIRS. They

F
a

Fig. 2. Plot of PendryR-factor as a function of the percentage of the surface
covered by tilted species, where the remainder of the surface is taken to be
occupied by di-�-bonded ethylene.

can react, either by rapid rehydrogenation to ethylene or by
forming ethylidyne species[50]. This latter observation sug-
gests a possible route to the formation of ethylidyne species
on Pd(1 1 1).

The RAIRS spectra of ethylene on hydrogen-covered
Pd(1 1 1) have also been collected and exhibit vibrational fre-
quencies at∼935 and 3012 cm−1, close to those of gas-phase
ig. 1. Schematic depiction of the structure of di-�-bonded ethylene formed
t 80 K on Pd(1 1 1).

F
t

ig. 3. Schematic depiction of the structure of tilted ethylene formed at low
emperature on Pd(1 1 1).
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ethylene, implying that ethylene is now�-bonded on the sur-
face[46]. The structure of a disordered overlayer of ethylene
on hydrogen-covered Pd(1 1 1) was also determined using
LEED [47] where the initial structure was determined using
a global search and refined using tensor-LEED. The resulting
structural parameters are displayed inTable 2and compared
with the results of DFT calculations[15,19], and the structure
is depicted inFig. 4. This indicates that a change in ethylene
adsorption site from bridge to atop is induced by the presence
of co-adsorbed hydrogen.

It is well known that hydrogen can either adsorb on or
below the surface of metals. It has been proposed that sub-
surface hydrogen is the active form for the hydrogenation of
alkenes on Ni(1 1 1)[51] and palladium[55,56]. It has also
been shown that the proportion of sub-surface and surface
hydrogen depends on temperature[52–56]and that, in par-
ticular, at a hydrogen coverage of 0.66, at temperatures be-
low 150 K, 60% of the hydrogen is below and 30% on top of
the surface, while above 150 K, the hydrogen is equally dis-
tributed. This observation can be used to establish whether
sub-surface or surface hydrogen is responsible for causing
ethylene rehybridization. The experiment is carried out by ad-
sorbing ethylene on hydrogen-covered Pd(1 1 1) at 80 K and
measuring the proportion of�- and di-�-bonded ethylene and

F
h

Fig. 5. Plot of the RAIRS spectra of ethylene on hydrogen-covered Pd(1 1 1)
showing the evolution from di-�-bonded ethylene on clean Pd(1 1 1) to�-
bonded species on the hydrogen-saturated surface.

comparing these results to a similar experiment carried out at
150 K[57]. Fig. 5shows the evolution of the infrared spectra
of ethylene on hydrogen-covered Pd(1 1 1) at 80 K as a func-
tion of hydrogen coverage. This clearly shows the presence
of exclusively di-�-bonded ethylene on clean Pd(1 1 1) and
only the�-bonded species on the hydrogen-saturated surface,
where the proportion of each varies with hydrogen coverage.
The relative coverages of�- and di-�-bonded ethylene were
also measured as a function of hydrogen exposure for adsorp-
tion at 150 K. It was found that larger coverages of�-bonded
ethylene were detected below 150 K, when sub-surface hy-
drogen predominates, than at 150 K[57]. Furthermore, the
proportions correlated exactly with the relative hydrogen cov-
erages indicating that sub-surface hydrogen causes the ethy-
lene rehybridization, and that surface hydrogen has no effect.

Table 2
Calculated distances for�-bonded ethylene on hydrogen-covered Pd(1 1 1)
at 80 K from an analysis of the LEEDI/Ecurves compared with the calculated
ig. 4. Depiction of the structure of�-bonded ethylene formed at 80 K on
ydrogen-covered Pd(1 1 1).

structure for�-bonded ethylene

80 K DFT calculation[17]

d(C C) (Å) 1.45 ± 0.03 1.40
d(C1 Pd) (Å) 2.28 ± 0.04 2.24
d(C2 Pd) (Å) 2.28 ± 0.04 2.24
dz(C Pd) (Å) 2.15 ± 0.03 2.13
Θ ◦
tilt (C C) ( ) 2 ± 4 0
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Fig. 6. The TPD spectra of a low coverage of ethylene on hydrogen-covered
Pd(1 1 1) displayed as a function of hydrogen coverage.

The TPD spectra of a low coverage of ethylene on hydro-
gen covered Pd(1 1 1) are displayed inFig. 6as a function of
hydrogen coverage[58]. This shows that the peak tempera-
ture decreases from∼310 K on clean Pd(1 1 1) to∼200 K on
the hydrogen-saturated surface. A Redhead analysis of these
data[59], using a pre-exponential factor of 1× 1013 s−1 in-
dicates that this corresponds to a shift in adsorption energy
from 79 to 50 kJ/mol on changing from di-� to �-bonded
ethylene. It should be mentioned that the former value for
di-�-bonded ethylene desorption from Pd(1 1 1) is in ex-
cellent agreement with spectra simulated from a combina-
tion of quantum mechanical and Monte Carlo calculations
[18].

Ethane is also formed during TPD and analysis of the
results show that�-bonded ethylene, being more weakly
bound, hydrogenates more easily than di-�-bonded ethylene.
It has also been demonstrated, by grafting ethyl species onto
Pd(1 1 1) by exposing the surface to ethyl iodide that they
hydrogenate to ethane more rapidly than ethylene[60]. This
indicates that the addition of the first hydrogen to ethylene is
the rate-limiting step in the sequential addition of hydrogen
atoms to form ethane.

3.2. Roles, formation and removal of ethylidyne species

, a
P dur-
i on
e -

ments that ethylidyne species adsorb on the face-centered
cubic (fcc) threefold hollow sites. Once formed, these de-
compose in TPD to yield hydrogen, where the hydrogen yield
can be used to monitor the coverage. This shows that the sat-
uration coverage is 0.25. While it has been suggested that
ethylene cannot adsorb onto ethylidyne-saturated Pt(1 1 1)
[13], the results ofFig. 7 clearly demonstrate that ethylene
chemisorbs on ethylidyne-saturated Pd(1 1 1)[62]. Since the
ethylidyne methyl bending mode and the CH2 bending mode
of di-�-bonded ethylene are almost degenerate, the ethyli-
dyne was formed using d4-ethylene, which shifts its vibra-
tional modes away from those of ethylene. Clearly evident in
Fig. 7is the mode of d3-ethylidyne (at 1130 cm−1), easily dis-
tinguishable from the feature due to ethylene (at 1100 cm−1),
indicating that ethylene does adsorb on ethylidyne-saturated
Pd(1 1 1) to form a di-�-bonded species. Similar experiments
in the presence of hydrogen show that�-bonded species are
formed[62], so that the surface chemistry is not affected by
the presence of ethylidyne except to slightly lower the satu-
ration coverages.

The rate of ethylidyne formation from ethylene can be
measured by monitoring the ethylidyne coverage from the
hydrogen yield in TPD. The resulting ethylidyne coverages
are displayed inFig. 8 as a function of ethylene exposure
at various sample temperatures. In all cases, the coverage
s tem-
p dyne
f
s lyzed

F
(c) ethylene adsorbed on d3-ethylidyne-covered Pd(1 1 1).
As in Pt(1 1 1) catalyzed ethylene hydrogenation
d(1 1 1) surface is also covered by ethylidyne species

ng reaction. It has been shown both by adsorbing CO
thylidyne-covered Pd(1 1 1)[61] and by LEED measure
aturates at 0.25 monolayers, but the formation rate is
erature dependent. Note also that the rate of ethyli

ormation is rather slow requiring an exposure of∼30 L to
aturate the overlayer at 300 K. The data can be ana

ig. 7. Infrared spectra of (a) di-�-bonded ethylene, (b) d3-ethylidyne, and



40 D. Stacchiola et al. / Journal of Molecular Catalysis A: Chemical 228 (2005) 35–45

Fig. 8. Plot of ethylidyne coverage as a function of ethylene exposure on
clean Pd(1 1 1).

to yield an activation energy to ethylidyne formation of
92± 4 kJ/mol. Taking the rate of ethylidyne formation to be
equal tok1P(C2H4)(0.25− Θ(ethylidyne)) gives a value of
k1 ∼7.1× 104 Torr−1 s−1 at 300 K.

Ethylidyne can only be removed by reaction with hydro-
gen at high pressures. The ethylidyne removal rate is mea-
sured, both on clean Pd(1 1 1) as well as on alumina supported
palladium, by monitoring the ethylidyne coverage using in-
frared spectroscopy in the presence of hydrogen[63]. The
resultinginitial rate of ethylidyne titration from the surface
is plotted as a function of hydrogen pressure inFig. 9. This
shows that the rates of ethylidyne titration from both the sin-
gle crystal and supported catalysts are identical in accord
with the observation that a single crystal faithfully mimics
the chemistry of the supported system. The data also show
that the initial removal rate is first order in hydrogen pres-
sure. This presumably implies an initial pre-equilibrium step
between adsorbed ethylidyne and ethylidene. Since it is not
possible to measure whether the reaction between ethylidyne
and hydrogen yields ethylene or ethane, the subsequent re-
moval steps are not clear. Addition of a second hydrogen
would yield an ethyl species, which could undergo�-hydride
elimination to form ethylene or rapidly hydrogenate form-
ing ethane. Assuming that the initial rate of ethylidyne re-
moval is given byk2P(H2)Θ(ethylidyne) yields a value of
k −2 −1 −1

IRS
u
r react
t ing
t no
s frared
s tored
f
m own
i -

Fig. 9. The initial rate of ethylidyne removal by hydrogen plotted vs. hydro-
gen pressure, where the ethylidyne coverage was measured under reaction
conditions using RAIRS.

tion ethylidyne coverage is 0.25. This shows that the ethyli-
dyne coverage decreases as the ethylene to hydrogen ra-
tio increases to∼2, but subsequently remains constant at
Θrel ∼ 0.33 (Θabs∼ 1/12 ML).

Since the rates of ethylidyne removal and formation have
been measured independently, assuming that these rates are
identical under reaction conditions, and that the system is
at steady state yields a relative ethylidyne coverage under

F itions
i nction
o

2 = 3.1± 0.3× 10 Torr s at 300 K.
The ethylidyne coverage is measured using PEM-RA

nder reaction conditions as a function ofP(H2)/P(C2H4), the
atio of the hydrogen to ethylene pressure. Since these
o form ethane, this experiment was carried out by flow
he mixture through the infrared cell at a rate at which
ignificant ethane was detected in the gas phase by in
pectroscopy. Again, the ethylidyne coverage was moni
rom the intensity of the intense 1329 cm−1 methyl-bending
ode and the resulting relative ethylidyne coverage is sh

n Fig. 10plotted versusP(H2)/P(C2H4), where the satura
ig. 10. Plot of the relative ethylidyne coverage under reaction cond
n the presence of a mixture of ethylene and hydrogen, plotted as a fu
f P(H2)/P(C2H4).
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reaction conditions given byΘ(ethylidyne) = (k/r)/(1 + (k/r)),
where r is the ratioP(H2)/P(C2H4) and k= k1/k2. Using
the values ofk1 and k2 measured above indicates that the
ethylidyne coverage should be constant over the range of
P(H2)/P(C2H4) used experimentally. The shape of the ex-
perimentally measured variationdoesfit the formula given
above but with a value ofk∼ 2, several order of magnitude
lower than found from the rates of ethylidyne formation and
removal. This implies that these rate constants are substan-
tially affected by the presence of other reactants. Hydrogen
adsorption is blocked by ethylene[60], which would poten-
tially lower the rate of ethylidyne removal, but this effect
would makek even larger. It appears therefore that the rate of
ethylidyne formation is substantially decreased by the pres-
ence of hydrogen in the reaction mixture. The results de-
scribed above suggest two possible origins for this effect.
First, the presence of sub-surface hydrogen results in the
formation of�- rather than di-�-bonded ethylene[57]. The
C H bond is slightly stronger in ethylene (434 kJ/mol) than
ethane (410 kJ/mol)[64] so that dehydrogenation to form
vinyl species, proposed to be the precursor to ethylidyne, is
less favored. Second, saturation of the surface by hydrogen
will limit the surface sites available to accept hydrogen and
lower the extent of vinyl formation. It is likely that both ef-
fects contribute to the lowering of the ethylidyne formation
r
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a sample-heating rate of∼10 K/s. When the heating rate is
substantially lowered and the acetylene conversion monitored
using laser-induced thermal desorption (LITD), conversions
can approach 100%[33–35]. This suggests a branching re-
action where the branching ratio is modified by changing the
heating rate.

Adsorbed acetylene distorts on Pd(1 1 1) below 200 K so
that the carbon atoms are sp2 hybridized[67–69]. The struc-
ture of acetylene has been measured on Pd(1 1 1) by LEED
and is shown inFig. 11 [43]. It has also been demonstrated,
by adsorbing dichlorocyclobutene that benzene forms by re-
action between acetylene and an intermediate having a stoi-
chiometry C4H4 [70,71]. Near-edge X-ray Adsorption Fine
Structure (NEXAFS) results, in conjunction with theoretical
analyses of these data, allow this species to be identified as
a metallacycle[72]. The “template” effect of the hexagonal
(1 1 1) face correctly orients the adsorbed C2H2 and C4H4
species to form benzene[21]. These ideas suggest that the
synthesis of benzene in ultrahigh vacuum requires the par-
ticipation of ∼7 exposed palladium atoms on the surface.
A similar model successfully rationalizes the effect of site
blocking by oxygen[73] and of Au/Pd alloys[74,75] on
the benzene yield. Further confirmation of the participation
of C4 species in the reaction comes from the detection of

Fig. 11. Structure of acetylene on Pd(1 1 1) measured using LEED.
ate.
The presence of ethylidyne on the surface only slig

ffects the saturation ethylene coverage so that on
d(1 1 1) it is∼0.33, while that on the ethylidyne-satura
urface it is∼0.25. This implies that removal of a porti
f the ethylidyne species under reaction conditions will o
ave a marginal effect on the reaction kinetics. However
erstanding the chemistry of ethylidyne, since it is relati
asily detectable under reaction conditions by PEM-RA
ill be beneficial in relating the elementary reaction step

eactions occurring under realistic conditions.
The reaction pathways identified during ethylene hy

enation on Pd(1 1 1) are summarized inScheme 1.

.3. Acetylene cyclotrimerization

The conversion of acetylene to benzene is catalyzed
y alumina-supported palladium[65] and Pd(1 1 1) singl
rystals[32].

Following adsorption of acetylene on Pd(1 1 1) at∼100 K,
enzene desorbs in two peaks with a low-temperature
t ∼260 K and a high-temperature state at∼520 K. Both
f these desorption states can be reproduced by adso
enzene on the Pd(1 1 1) surface[66] so that product for
ation is the rate-limiting step in the formation of b

ene in TPD. This implies that benzene was synthesiz
ower temperatures (below∼200 K). Direct spectroscopic e
dence also points to low-temperature formation of ben
rom acetylene[25]. The maximum benzene yield in TP
hen the surface is saturated with acetylene, corresp

o the conversion of∼30% of the adsorbed acetylene w
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Scheme 1.

heterocyclic products, furan and thiophene, when acetylene
is co-adsorbed with oxygen and sulfur, respectively[73,76].

On heating, adsorbed acetylene converts to another
species, identified as vinylidene[1,77]with a saturation cov-
erageΘmax= 1 [1]. This is unreactive in ultrahigh vacuum
so that heating a vinylidene-covered surface merely desorbs
hydrogen at∼450 K and no benzene is formed[1]. In addi-
tion, co-adsorption of acetylene and hydrogen on Pd(1 1 1) at
∼100 K desorbs ethylene so that the flat lying, rehybridized
acetylenic species is the precursor to acetylene hydrogena-
tion, whereas co-adsorbing hydrogen and vinylidene yields
no hydrogenation products in TPD[2]. This suggests that
the accumulation of unreactive vinylidene species might be
responsible for the decrease in cyclotrimerization activity as
a function of time found for supported palladium catalysts
[65].

These results indicate that benzene is rapidly synthesized
from acetylene on clean Pd(1 1 1) via a reaction between a
C4 and C2 species. During catalysis, however, reaction appar-
ently proceeds in the presence of a carbonaceous layer, which
consists of vinylidenes. Unlike ethylidyne, which does not
inhibit ethylene adsorption, vinylidene completely prevents
subsequent adsorption onto the palladium surface in ultra-
high vacuum (where gas pressures up to∼1× 10−6 Torr can
be attained). It has, however, been demonstrated using in-
f t CO
c inyli-
d high
[ nto a
v two
o dated
a ultra
h cety-
l form
a lics
[ d on
t usly
r as
f

In order to test this hypothesis, a vinylidene-covered sur-
face is prepared using13C-labelled acetylene[36] where the
vinylidene coverage was monitored using nuclear magnetic
resonance spectroscopy[82]. These experiments showed that
vinylidene is removed by acetyleneat exactly the same rateat
which benzene is formed[36]. This indicates that, under re-
action conditions, the benzene formation pathway is different
from that found in ultrahigh vacuum where, under catalytic
conditions, benzene formation is initiated by a reaction be-
tween adsorbed acetylene and vinylidene species, rather than
between two adsorbed acetylenes.

3.4. Effect of hydrogen on adsorbed vinylidene

The nature of the surface was examined in the presence
of a mixture of acetylene and hydrogen using infrared spec-
t
v e and
s f hy-
d idyne
( ne
( face.
M ated
o lts are
d

en,
e ylene
a is-
p ety-
l e due
rared spectroscopy and molecular beam methods tha
an adsorb onto Pd(1 1 1) in the presence of a saturated v
ene overlayer when the gas pressure is sufficiently
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s suggested is necessary for benzene synthesis from
igh vacuum data. However, it has been shown that a
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In order to probe the reactivity of the more op
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layed inFig. 13. The benzene desorption spectra for ac
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Fig. 12. Plot of (a) the ethylidyne coverage as a function of hydrogen pres-
sure in the presence of 5 Torr of acetylene for reaction at 300 K and (b) the
amount of CO adsorbed on the surface following each reaction using a total
CO pressure of 5 Torr.

Fig. 13. Hydrogen (2 amu) and benzene (78 amu) temperature-programmed
desorption spectra for acetylene adsorbed onto clean and ethylidyne-
saturated Pd(1 1 1).

to the desorption of tilted benzene, and the high-temperature
state due to the flat-lying species. The low-temperature fea-
ture only is found for the ethylidyne-covered surface suggest-
ing that there is insufficient space for the flat-lying species to
form on the ethylidyne-covered surface. As noted above, the
catalytic rate of benzene formation increases with the addi-
tion of hydrogen, and this effect is ascribed to the presence of
a more open, partially ethylidyne-covered surface. Ethylene
is also formed by the hydrogenation of adsorbed acetylene.
The rate of this reaction is also accelerated by the formation
of a more open surface as the hydrogen pressure increases,
so that hydrogen, in this case, performs two functions; as a
reactant and to create more “active sites” on the surface.

3.5. Role of hydrogen in the catalytic hydrogenation of
alkenes and alkynes

Hydrogen is evidently a reactant, adding sequentially
across the double or triple bonds where the first addition of
atomic hydrogen is, in each case, the rate-limiting step in
hydrogenation reactions. It, however, performs other func-
tions. It changes the adsorption state of ethylene from more
strongly bound di-�-bonded species that are present on clean
Pd(1 1 1), to a more weakly bound, and therefore more re-
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In the case of acetylene hydrogenation, the conversi
inylidene into ethylidyne species creates a more open
ace, allowing more acetylene to adsorb thereby increa
he reaction rate. It is not yet known whether sub-sur
ydrogen similarly weakens acetylene bonding. These
itional effects of hydrogen provide a basis for underst

ng the observed hydrogen reactions orders for both eth
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hydrogen reaction orders in each case, the origin of this ef-
fect appears to be different in each case.

4. Conclusions

The surface processes occurring during ethylene and
acetylene hydrogenation and acetylene cyclotrimerization
have been investigated both in ultrahigh vacuum and at high
pressures and a rather complete picture of the participating
surface reactions has been obtained. Surface structures mea-
sured using low-energy electron diffraction are in excellent
agreement with those found using quantum calculations. The
ultimate goal in fully understanding catalytic reactions will
be to compare the results of DFT and Monte Carlo calcula-
tions with the kinetics of elementary reaction steps measured
either in ultrahigh vacuum (using TPD) or at high pressures
where the nature of the surface is monitored in situ.
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