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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(11 1), but formsrébonded 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 stiltgoafdjuration.

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 fuR@teyiR(C,H,) and found to decrease to

~1/3 of saturation. Benzene is formed from acetylene on clean Pd(11 1) via a metallogjttliin@rmediate. This further reacts with a

third acetylene to form benzene. However, catalytic cyclotrimerization proceeds in the presence of a carbonaceous layer, which consists of
vinylidene species (C}#=C=). Thus, at high pressures, benzene is formed by reaction between acetylene adsorbed on the vinylidene-covered

palladium surface and adsorbed vinylidene itself. The addition of high pressures of hydrogen to the reaction mixture forms a more open

surface covered by a mixture of ethylidyne and vinylidene species, rationalizing the observed increase in the benzene formation rate with the
addition of hydrogen.

© 2004 Elsevier B.V. All rights reserved.

Keywords: Hydrogenation; Cyclotrimerization; Pd(11 1) model catalysts; Reflection—adsorption infrared spectroscopy; Low-energy electron diffraction;
Ethylene; Acetylene; Hydrogen; Ethylidyne; Vinylidene

1. Introduction many years. Early on it was established that adsorbed atomic
hydrogen adds across the double or triple bond of the ad-
Palladium-catalyzed acetylene cyclotrimerization and sorbed hydrocarbof3—14], in the so-called Horiuti-Polanyi
alkene and alkyne hydrogenation provide ideal candidatesmodel. These hydrogenation reactions were extensively stud-
for fundamental investigations of catalytic reaction pathways. ied in the classical work of Bonfll2] where temperature-
This is because these reactions proceed in ultrahigh vac-dependent hydrogen reaction orders of unity or greater are
uum where, for example, benzene is formed in temperature-measured, while the order in alkene or alkyne was found to
programmed desorption when a Pd(111) single crystal is be negative. The latter effect can be rationalized by assuming
saturated with acetylerj@], and adsorbed atomic hydrogen that hydrogen adsorption is blocked by the alkene or alkyne,
reacts with acetylene or ethylene to yield ethylene and ethane while there is no clear explanation for the hydrogen pressure
respectively[2]. In addition, palladium single crystals cat- dependences. It was later discovered that a Pt(111) single
alyze these reactions at high pressures with identical kineticscrystal model ethylene hydrogenation catalyst was covered
to those of supported systems. by ethylidyne species during reacti¢h3], although these
Palladium-catalyzed hydrogenation of ethylene and acety- react with hydrogen too slowly to account for ethylene for-
lene are classical catalytic reactions that have been studied fomation and were proposed to merely act as spectator species.
More recently, it has been demonstrated that theoretical

* Corresponding author. Tel.: +1 414 2295 222; fax: +1 414 2295 036.  Strategies can be used to calculate catalytic rt6s18}
E-mail addresswtt@uwm.edu (W.T. Tysoe). This has been achieved by calculating heats of adsorption
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and activation energies quantum mechanically using densitytor the nature of the surface species. Two techniques de-
functional theory (DFT) and by using these energies as in- serve particular mention. The firstis photoelastic-modulation
puts into Monte Carlo calculations to predict reaction rates reflection—absorption infrared spectroscopy (PEM-RAIRS)
[19]. Such calculations agree extremely well with measured [37-40] which is used to measure the species present on the
catalytic rates for acetylene hydrogenation. However, ener- surface in the presence of a high pressure (in the Torr range)
gies calculated by DFT are only accurate to a few kiloJoules of reactants, and the second is low-energy electron diffrac-
per mole, and pre-exponential factors were assumed to betion (LEED)[41]. As conventionally applied, the analysis of
“normal” values, for example, & 10'3s~1 for first-order re- surface structures using LEED requires the presence of an
actions. Such a good agreement between calculated and measrdered overlayer, which, since many systems, in particular
sured global rates may therefore arise from a cancellation ofsmall hydrocarbons on metal surfaces, do not form ordered
errors and does not guarantee that it correctly reproduces alloverlayers, has limited its applicability. Attempts to measure
of the elementary reaction steps. Nevertheless, these resultsverlayer structures from the diffuse background scattering
do indicate that theory has developed to the point at which induced by the presence of a disordered adsorbate have been
realistic connections can be made between theory and experhampered by the weakness of the diffuse background signal
iment. [42]. It has however been demonstrated that the intensities
Acetylene cyclotrimerization was first referred to (to our of the (1x 1) Bragg spots are modified by the presence of
knowledge) in 191%20]. Subsequent studies introduced the a disordered overlayer by about two orders of magnitude
proposition that one of the roles of the catalyst was to pro- more than the intensity of the diffuse background scatter-
vide a structural template for benzene synthgxi$, as well ing [43,44] This therefore can be measured more easily than
as lowering the reaction activation energy. This notion was the background scattering and has proven very effective in
later borne out experimentally where various tailored sur- measuring structures of disordered overlayer of small hydro-
face structures could be fabricated by carefully cutting single carbons on Pd(1 1 1) surfaces and allowed the results of these
crystals to form faces with known orientatiof2]. These structure determinations to be compared with DFT predic-
experiments clearly demonstrated that the hexagonal (1 1 1)tions and infrared measurements.
face of palladium was far more active for the synthesis of
benzene from acetylene than othf3,24]
In the early 1980s, it was shown that a monolayer of 3. Results and discussion
acetylene chemisorbed on Pd(1 1 1) reacted to form benzene,
a result published almost simultaneously by three groups 3.1. Ethylene hydrogenation: the structure and
[1,25-27] Although the reaction, in this case, is not catalytic, chemistry of ethylene on clean and hydrogen-covered
this discovery provided an ideal test system for studying a Pd(111)
reasonably complicated organic synthetic reaction pathway
in some detail, using a wide array of surface-sensitive strate- Measurement of the catalytic ethylene and hydrogen pres-
gies. Subsequently, several surfaces were found to catalyzesure dependences for ethylene hydrogenation yields hydro-
the same reactiof28-31] gen reaction orders slightly larger than unity, and negative
The following paper outlines how surface science strate- reaction orders in ethylene pressiit2]. The structure of
gies have resulted in the discovery of various surface speciesthylene on Pd(111) has been investigated using RAIRS
onthe (11 1) face of palladium and how their roles in the cat- where adsorbed ethylene yielded vibrational features at
alytic reaction have been identified. This surface analytical ~1103 and 2900 cmt. Using a correlation diagram con-
information has been used to paint a picture of the work- structed using the frequencies of organometallic analogs, it
ing, catalytically active surface, postulate plausible catalytic was found that ethylene on clean Pd(1 1 1) was-tliended
reaction pathways, and test them. [46]. The structure of a disordered overlayer of ethylene was
also measured on Pd(111) from the LEEY curves of
the substrate (X 1) Bragg spot$47]. In this case, a global
2. Experimental methods structural search was carried out by calculating the PeRdry
factor by allowing one carbon to move over 21 points within a
A wide range of ultrahigh vacuum experimental strate- reduced surface Wigner-Seitz cell, and simultaneously vary-
gies was used to attack the problem of understanding theing the azimuthal angle and height. The molecule was con-
catalytic pathways. These include high-pressure catalytic re-strained to be parallel to the surface with-aCbond length
actions to monitor reaction kinetics at high-pressyB® fixed at 1.458. The best-fit structure was then used as an in-
and temperature-programmed desorption (TPD) to mon- putinto a tensor-LEED prografd8] in order to optimize the
itor similar effects in ultrahigh vacuunfl,27]. Surface structure. The resulting structural parameters are displayed in
species have been scrutinized by X-ray and ultraviolet pho- Table 1and the structure depictedig. 1 This reveals that
toelectron spectroscopi¢$]. More recently, laser-induced ethylene is indeed di~-bonded on Pd(111) and adsorbed
thermal desorption (LITD)33-35] and nuclear magnetic  on a bridge site. It has been found previously using LEED
resonance spectroscopi§36] have been used to moni- that tilted ethylenic species form on Pt(111) surfajgky
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Table 1 2.5 L of C,H, on Pd(111) at 80 K
Measured distances for di-bonded ethylene on clean Pd(1 1 1) at 80 K from 0310
an analysis of the LEEIVE curves compared with the calculated structure
for di-o-bonded ethylene on Pd(111) 03081 . -
80K DFT calculatior[15,17] 0.306-
d(c—c) &) 1.42+ 0.03 1.45 5 0304
d(C1—Pd) @) 1.96 + 0.04 2.19 £ 0302
d(C—Pd) @) 1.96 + 0.04 2.19 o .
d(C—Pd) @) 1.85+ 0.03 2.10 0.300
G4t (C—C) () 2+4 0 0298 .
[ ]
so that a tensor-LEED calculation was performed by allow- 0296+ .
. . . . . L]
ing a tilted species to coadsorb with parallel odadsorbed 0294 ¢ : . . ,
ethylene. The resulting plot of PendRfactor as a func- © 2 40 60 8 100 120
. . . . . . . i i O,
tion of the proportion of tilted species is displayed-iiy. 2 tilted species percentage (%)

This shows a minimunR-factor when~15% of the over- . .

. . . .. . Fig. 2. Plot of Pendryr-factor as a function of the percentage of the surface
layer comprises a tilted species, the remainir&h% being covered by tilted species, where the remainder of the surface is taken to be
di-o-bonded ethylene. The optimum geometry of the tilted occupied by dis-bonded ethylene.
species is depicted iRig. 3 and the structural parameters
agree well with the structure of vinyl species calculated from €an react, either by rapid rehydrogenation to ethylene or by
DFT theory[15,19] implying that a small amount of vinyl ~ forming ethylidyne speci€§0]. This latter observation sug-
species is formed during ethylene adsorption on Pd(1 1 1).9ests a possible route to the formation of ethylidyne species
The properties of vinyl species have been investigated by ex-on Pd(111).
posing Pd(11 1) to vinyl iodidg50]. The resulting infrared The RAIRS spectra of ethylene on hydrogen-covered
spectra show that the absorbances are sufficiently small thad(1 1 1) have also been collected and exhibit vibrational fre-
such a low coverage would not be detected by RAIRS. They duencies at-935 and 3012 cm', close to those of gas-phase

Fig. 1. Schematic depiction of the structure obdbonded ethylene formed Fig. 3. Schematic depiction of the structure of tilted ethylene formed at low
at 80K on Pd(111). temperature on Pd(111).
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ethylene, implying that ethylene is nawbonded on the sur- 4L CH,/XLH,/Pd(111)
face[46]. The structure of a disordered overlayer of ethylene
on hydrogen-covered Pd(111) 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 displayedable 2and compared
with the results of DFT calculatiori$5,19], and the structure
is depicted irFig. 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- 1 %
surface hydrogen is the active form for the hydrogenation of o 10 2 2 4 mrire J“/\WNM =
alkenes on Ni(111])51] and palladiun{55,56] It has also Hydrogen Dose / L A

been shown that the proportion of sub-surface and surface
hydrogen depends on temperat{62-56] 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 150K, 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 experimentis carried out by ad-
sorbing ethylene on hydrogen-covered Pd(111) at 80K and T 4e00 1800 1200 900
measuring the proportion af and die-bonded ethylene and

Absorbance

Frequency / cm’

Fig. 5. Plot of the RAIRS spectra of ethylene on hydrogen-covered Pd(111)
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(111) at 80K as a func-
tion of hydrogen coverage. This clearly shows the presence
of exclusively dig-bonded ethylene on clean Pd(111) and
only thew-bonded species on the hydrogen-saturated surface,
where the proportion of each varies with hydrogen coverage.
The relative coverages af and die-bonded ethylene were
also measured as a function of hydrogen exposure for adsorp-
tion at 150 K. It was found that larger coveragesrdfonded
ethylene were detected below 150 K, when sub-surface hy-
drogen predominates, than at 15¢%7]. 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 far-bonded ethylene on hydrogen-covered Pd(111)
at 80 K from an analysis of the LEBIZE curves compared with the calculated
structure forr-bonded ethylene

80K DFT calculatior{17]
dic—c) &) 1.45+ 0.03 1.40
d(Ci—Pd) A) 2.28+ 0.04 2.24
d(C—Pd) A) 2.28+ 0.04 2.24
. - d(C—Pd) @) 2.154 0.03 2.13
Fig. 4. Depiction of the structure af-bonded ethylene formed at 80 K on
9 P y @4 (C—C) () 2+4 0

hydrogen-covered Pd(111).
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TPD of 0.5 L C,H,/H,/Pd(111) ments that ethylidyne species adsorb on the face-centered
cubic (fcc) threefold hollow sites. Once formed, these de-
H, Coverage compose in TPD toyield hydrogen, where the hydrogen yield

1ML 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(11 1)
[13], the results ofig. 7 clearly demonstrate that ethylene
0.75 ML chemisorbs on ethylidyne-saturated Pd(1 [62]. Since the

ethylidyne methyl bending mode and the £b€nding mode

of di-o-bonded ethylene are almost degenerate, the ethyli-
dyne was formed usingseethylene, which shifts its vibra-

n 0.5 ML tional modes away from those of ethylene. Clearly evidentin
Fig. 7is the mode of g-ethylidyne (at 1130 cmt), easily dis-
tinguishable from the feature due to ethylene (at 1100%9m
indicating that ethylene does adsorb on ethylidyne-saturated
025 ML Pd(11 1) to form a diz-bonded species. Similar experiments

/\j)
| in the presence of hydrogen show tlabonded species are
formed[62], so that the surface chemistry is not affected by
T T T N T T T

27 amu Mass Signal / a.u.

the presence of ethylidyne except to slightly lower the satu-
ration coverages.
. — The rate of ethylidyne formation from ethylene can be
100 200 300 400 500 600 measured by monitoring the ethylidyne coverage from the
Temperature / K hydrogen yield in TPD. The resulting ethylidyne coverages
are displayed irFFig. 8 as a function of ethylene exposure
Fig. 6. The TPD spectra of a low coverage of ethylene on hydrogen-covered at various sample temperatures. In all cases, the coverage
Pd(111) displayed as a function of hydrogen coverage. saturates at 0.25 monolayers, but the formation rate is tem-
perature dependent. Note also that the rate of ethylidyne
The TPD spectra of a low coverage of ethylene on hydro- formation is rather slow requiring an exposure~a30 L to

gen covered Pd(111) are displayedrig. 6as afunctionof  saturate the overlayer at 300K. The data can be analyzed
hydrogen coveraggs8]. This shows that the peak tempera-

ture decreases from310 K on clean Pd(11 1) te200K on

Clean

the hydrogen-saturated surface. A Redhead analysis of these RAIRS at 80 K
data[59], using a pre-exponential factor of1103s1 in-
dicates that this corresponds to a shift in adsorption energy C,H,/d -Ethylidyne / Pd(111)

from 79 to 50 kJ/mol on changing from di-to w-bonded o

ethylene. It should be mentioned that the former value for ’ WSy g
di-o-bonded ethylene desorption from Pd(111) is in ex- 1 RN G| ,V,‘,_{_!,!\’L‘;‘,
cellent agreement with spectra simulated from a combina- i i ok e |
tion of quantum mechanical and Monte Carlo calculations
[18].

Ethane is also formed during TPD and analysis of the
results show thatr-bonded ethylene, being more weakly
bound, hydrogenates more easily thawetbonded ethylene.

It has also been demonstrated, by grafting ethyl species onto
Pd(111) by exposing the surface to ethyl iodide that they
hydrogenate to ethane more rapidly than ethy[é0& This C,H,/ Pd(111)
indicates that the addition of the first hydrogen to ethylene is 1100
the rate-limiting step in the sequential addition of hydrogen

atoms to form ethane. WWWNWWWW“JWWW.WW (a)

3.2. Roles, formation and removal of ethylidyne species

\

d,-Ethylidyne / Pd(111)
1130

|

" |
b gy g 2 W dusla (0)

Absorbance

22TOO Y20100 ‘ 1 BIOO I 16I00 I 14100 I 1 2I00 I10I00 I 8(;0 I 660
As in Pt(111) catalyzed ethylene hydrogenation, a
Pd(111) surface is also covered by ethylidyne species dur-
ing reaction. It has been shown both by adsorbing CO 0n Fig. 7. infrared spectra of (a) di-bonded ethylene, (b)seethylidyne, and
ethylidyne-covered Pd(111p1] and by LEED measure- (c) ethylene adsorbed on-@thylidyne-covered Pd(111).

Frequency / cm-1
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Fig. 8. Plot of ethylidyne coverage as a function of ethylene exposure on : A a1 ¢0.3x10'?. s Torr!
clean Pd(111). ;

. o . . U P S N T TR T A T
to yield an activation energy to ethylidyne formation of 0 200 400 600 800 1000 1200 1400 1600

924+ 4 kJ/mol. Taking the rate of ethylidyne formation to be
equal tok;P(CoH4)(0.25— ®(ethylidyne)) gives a value of
ki ~7.1x 10* Torrts™* at 300K. Fig. 9. The initial rate of ethylidyne removal by hydrogen plotted vs. hydro-

Ethylidyne can only be removed by reaction with hydro- gen pressure, where the ethylidyne coverage was measured under reaction
gen at high pressures. The ethylidyne removal rate is mea-conditions using RAIRS.
sured, both on clean Pd(1 1 1) as well as on alumina supported
palladium, by monitoring the ethylidyne coverage using in- tion ethylidyne coverage is 0.25. This shows that the ethyli-
frared spectroscopy in the presence of hydrof§d). The dyne coverage decreases as the ethylene to hydrogen ra-
resultinginitial rate of ethylidyne titration from the surface tio increases to~2, but subsequently remains constant at
is plotted as a function of hydrogen pressuréig. 9. This Orel ~ 0.33 @aps~ 1/12 ML).
shows that the rates of ethylidyne titration from both the sin-  Since the rates of ethylidyne removal and formation have
gle crystal and supported catalysts are identical in accordbeen measured independently, assuming that these rates are
with the observation that a single crystal faithfully mimics identical under reaction conditions, and that the system is
the chemistry of the supported system. The data also showat steady state yields a relative ethylidyne coverage under
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 undefybydride
elimination to form ethylene or rapidly hydrogenate form-
ing ethane. Assuming that the initial rate of ethylidyne re-
moval is given bykoP(H2)®(ethylidyne) yields a value of
kp=3.1+0.3x 102 Torr *s~! at 300 K.

The ethylidyne coverage is measured using PEM-RAIRS
under reaction conditions as a functiorP§H»)/P(CoH,), the
ratio of the hydrogen to ethylene pressure. Since these react
to form ethane, this experiment was carried out by flowing
the mixture through the infrared cell at a rate at which no
significant ethane was detected in the gas phase by infrared
spectroscopy. Again, the ethylidyne coverage was monitored
from the intensity of the intense 1329 CanethyI-bendlng Fig. 10. Plot of the relative ethylidyne coverage under reaction conditions

mode and the resulting relative ethylidyne coverage is Shownip the presence of a mixture of ethylene and hydrogen, plotted as a function
in Fig. 10plotted versus’(H2)/P(C2H4), where the satura-  of P(Hy)/P(CoHg).

P(H,) / mTorr

Total Pressure ~10 mTorr

0

OEthylidyne) /0,

2 3 4 5 6 7 8 9 10
P(H,) / P(C,H,)



D. Stacchiola et al. / Journal of Molecular Catalysis A: Chemical 228 (2005) 35-45 41

reaction conditions given b@(ethylidyne) = k/r)/(1 + (k/r)), a sample-heating rate 6f10 K/s. When the heating rate is
wherer is the ratio P(H2)/P(CoHg) and k=ki/ke. Using substantially lowered and the acetylene conversion monitored
the values ok; andk, measured above indicates that the using laser-induced thermal desorption (LITD), conversions
ethylidyne coverage should be constant over the range ofcan approach 100%33-35] This suggests a branching re-
P(H2)/P(CzH4) used experimentally. The shape of the ex- action where the branching ratio is modified by changing the
perimentally measured variatiaoesfit the formula given heating rate.

above but with a value &~ 2, several order of magnitude Adsorbed acetylene distorts on Pd(111) below 200K so
lower than found from the rates of ethylidyne formation and that the carbon atoms are’dpybridized[67—69] The struc-
removal. This implies that these rate constants are substanture of acetylene has been measured on Pd(11 1) by LEED
tially affected by the presence of other reactants. Hydrogenand is shown irFig. 11 [43] It has also been demonstrated,
adsorption is blocked by ethylefi@0], which would poten- by adsorbing dichlorocyclobutene that benzene forms by re-
tially lower the rate of ethylidyne removal, but this effect action between acetylene and an intermediate having a stoi-
would makek even larger. It appears therefore that the rate of chiometry GH4 [70,71] Near-edge X-ray Adsorption Fine
ethylidyne formation is substantially decreased by the pres- Structure (NEXAFS) results, in conjunction with theoretical
ence of hydrogen in the reaction mixture. The results de- analyses of these data, allow this species to be identified as
scribed above suggest two possible origins for this effect. a metallacyclg72]. The “template” effect of the hexagonal
First, the presence of sub-surface hydrogen results in the(111) face correctly orients the adsorbegHz and GHj
formation of - rather than dis-bonded ethyleng7]. The species to form benzerjgl]. These ideas suggest that the
C—H bond is slightly stronger in ethylene (434 kJ/mol) than synthesis of benzene in ultrahigh vacuum requires the par-
ethane (410kJ/molj64] so that dehydrogenation to form ticipation of ~7 exposed palladium atoms on the surface.
vinyl species, proposed to be the precursor to ethylidyne, is A similar model successfully rationalizes the effect of site
less favored. Second, saturation of the surface by hydrogenblocking by oxygen[73] and of Au/Pd alloyq74,75] on

will limit the surface sites available to accept hydrogen and the benzene yield. Further confirmation of the participation
lower the extent of vinyl formation. It is likely that both ef- of C4 species in the reaction comes from the detection of
fects contribute to the lowering of the ethylidyne formation
rate.

The presence of ethylidyne on the surface only slightly
affects the saturation ethylene coverage so that on clean
Pd(111) itis~0.33, while that on the ethylidyne-saturated
surface it is~0.25. This implies that removal of a portion
of the ethylidyne species under reaction conditions will only
have a marginal effect on the reaction kinetics. However, un-
derstanding the chemistry of ethylidyne, since it is relatively
easily detectable under reaction conditions by PEM-RAIRS,
will be beneficial in relating the elementary reaction steps to
reactions occurring under realistic conditions.

The reaction pathways identified during ethylene hydro-
genation on Pd(11 1) are summarizedbitheme 1

3.3. Acetylene cyclotrimerization

The conversion of acetylene to benzene is catalyzed both
by alumina-supported palladiufi5] and Pd(111) single
crystals[32].

Following adsorption of acetylene on Pd(1 1 1)-dt00 K,
benzene desorbs in two peaks with a low-temperature state
at ~260K and a high-temperature state~a520 K. Both
of these desorption states can be reproduced by adsorbing
benzene on the Pd(111) surfaé] so that product for-
mation is the rate-limiting step in the formation of ben-
zene in TPD. This implies that benzene was synthesized at
lower temperatures (below200 K). Direct spectroscopic ev-
idence also points to low-temperature formation of benzene
from acetyleng25]. The maximum benzene yield in TPD
when the surface is saturated with acetylene, corresponds
to the conversion 0f~30% of the adsorbed acetylene with Fig. 11. Structure of acetylene on Pd(1 1 1) measured using LEED.
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Hyg) =~ 2Hyg(surface) 2H y45)(subsurface)

+H(yqs)(slow reaction)
C2H4(ads)(pi'b0nded) - C2H5(ads)

+Haaq)(Subsurface)

+Hyq5)(fast

reaction)
CoHag CoHy(ags)(di-sigma)+CyHs g5
CoHeg)
\ Rate=kP(H,)
CH;-Cryy —> Products (Ethylene or
(ads) Ethane)
Scheme 1.
heterocyclic products, furan and thiophene, when acetylene H\ /H P{ H
is co-adsorbed with oxygen and sulfur, respectiyéB;, 76] C C—C/\

On heating, adsorbed acetylene converts to another . I > H_C/ C—n
species, identified as vinylidelfi, 77] with a saturation cov- HC=cn + \
erage@max=1 [1]. This is unreactive in ultrahigh vacuum T T
so that heating a vinylidene-covered surface merely desorbs
hydrogen at~45'0 K and no benzene is formgd. In addi- . HC=cH
tion, co-adsorption of acetylene and hydrogen on Pd(1 1 1) at e

~100K desorbs ethylene so that the flat lying, rehybridized . . M

. L In order to test this hypothesis, a vinylidene-covered sur-
acetylenic species is the precursor to acetylene hydrogena}ace is prepared usifgC-labelled acetylents6] where the
tion, whereas co-adsorbing hydrogen and vinylidene yields prep Y

no hydrogenation products in TPR]. This suggests that vinylidene coverage was monitored using nuclear magnetic
. . o ; . resonance spectroscof@®p]. These experiments showed that
the accumulation of unreactive vinylidene species might be

. . ) o . vinylidene is removed by acetyleatexactly the same ratd
responsible for the decrease in cyclotrimerization activity as _ . L
. . . which benzene is forme@6]. This indicates that, under re-
a function of time found for supported palladium catalysts

[65] action conditions, the benzene formation pathway is different

These results indicate that benzene is rapidly synthesizedfrom that found in ultrahigh vacuum where, under catalytic

. . conditions, benzene formation is initiated by a reaction be-
from acetylene on clean Pd(11 1) via a reaction between a - ;
; . . . tween adsorbed acetylene and vinylidene species, rather than
Csand G species. During catalysis, however, reaction appar-

) . _between two adsorbed acetylenes.
ently proceeds in the presence of a carbonaceous layer, which

consists of vinylidenes. Unlike ethylidyne, which does not

inhibit ethylene adsorption, vinylidene completely prevents 3.4. Effect of hydrogen on adsorbed vinylidene

subsequent adsorption onto the palladium surface in ultra-

high vacuum (where gas pressures up-fox 10~6 Torr can The nature of the surface was examined in the presence
be attained). It has, however, been demonstrated using in-of a mixture of acetylene and hydrogen using infrared spec-
frared spectroscopy and molecular beam methods that COtroscopy and the results displayedHig. 12a [83]. This re-

can adsorbonto Pd(111)inthe presence of a saturated vinyli-veals that ethylidyne species are formed on the surface and
dene overlayer when the gas pressure is sufficiently high show the ethylidyne coverage increases as a function of hy-
[78]. This suggests that acetylene might also adsorb onto adrogen pressure. Since the saturation coverage of ethylidyne
vinylidene-covered surface, although it is unlikely that two (©s5:=0.25) is substantially lower than that of vinylidene
or three adjacent acetylene molecules can be accommodate®s4:= 1.0), this is expected to result in a more open surface.
as suggested is necessary for benzene synthesis from ultraMeasuring the total amount of CO that can be accommodated
high vacuum data. However, it has been shown that acety-onto the surface shows this to be the case and the results are
lene and vinylidene can react, in homogenous phase, to formdisplayed inFig. 12.

a (4 intermediate in titanium-containing organometallics In order to probe the reactivity of the more open,
[79-81] It is, thus, suggested that acetylene adsorbed onethylidyne-covered surface, this was exposed to acetylene
the vinylidene-covered palladium surface can analogously and a TPD experiment carried 488], and the results are dis-
react to form a @ species, and eventually benzene as played inFig. 13 The benzene desorption spectra for acety-
follows: lene on clean Pd(1 1 1) display the low-temperature state due
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Fig. 12. Plot of (a) the ethylidyne coverage as a function of hydrogen pres-

D. Stacchiola et al. / Journal of Molecular Catalysis A: Chemical 228 (2005) 35-45 43

RAIRS at 300 K

0.06

0.04

0.02-

T T T Y T

C,H, (5 Torr)

0.02

0.01+

CO (5 Torr)

T T T

P(H,) / Torr

T T T
5 10 15 20

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 dis-bonded species that are present on clean
Pd(111), to a more weakly bound, and therefore more re-

sure in the presence of 5 Torr of acetylene for reaction at 300K and (b) the active, m-bonded species that is forme.d by the influence of
amount of CO adsorbed on the surface following each reaction using a total SUb-surface hydrogen. It also reacts with strongly bound car-

CO pressure of 5Torr.
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bonaceous species, ethylidyne or vinylidene to produce more
open surfaces. The importance of each of these latter func-
tions depends on the reaction. In the case of ethylene hy-
drogenation, ethylene adsorption is only slightly inhibited
by the presence of an ethylidyne overlayer so that the de-
crease in ethylidyne coverage as the hydrogen pressure in-
creases will only slightly accelerate the reaction rate. In this
case, however, the presence of sub-surface hydrogen acti-
vates adsorbed ethylene such that it hydrogenates more eas-
ily. Sub-surface hydrogen has also been suggested to react
with adsorbed ethylene to form ethajtd ,55,56] In retro-
spect, the observations may not be so surprising since extrap-
olation of surface hydrogen adsorption isotherms measured
on Pd(111) in UHV to the conditions encountered during
reaction suggests that the hydrogen overlayer coverage is al-
ways close to saturation and varies only very slightly with hy-
drogen pressure. In spite of this, strong variations are found
in hydrogenation rates as a function of hydrogen pressure
and the ethylidyne removal rate shows a first-order hydrogen
pressure dependendéd. 9). Such observations are difficult

to rationalize if surface hydrogen is the reactant for these
processes.

In the case of acetylene hydrogenation, the conversion of
vinylidene into ethylidyne species creates a more open sur-
face, allowing more acetylene to adsorb thereby increasing
the reaction rate. It is not yet known whether sub-surface
hydrogen similarly weakens acetylene bonding. These ad-
itional effects of hydrogen provide a basis for understand-

desorption spectra for acetylene adsorbed onto clean and ethylidyne-iNg the observed hydrogen reactions orders for both ethylene

saturated Pd(111).

and acetylene hydrogenation where, in spite of the similar
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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 an

acetylene hydrogenation and acetylene cyclotrimerization
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