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Abstract

A review of acetylene cyclotrimerization to form benzene is presented. This structure-sensitive catalytic reaction is of
Ž .particular interest because C–C bonds can be formed readily on certain surfaces under ultra high vacuum UHV conditions.

Ž .In addition, we present new results for acetylene cyclotrimerization on a bimetallic surface, Pd deposited on W 211 . Pd on
Ž . Ž .W is chosen because it is a morphologically unstable system and W 211 facets develop after annealing PdrW 111 to

Ž .G700 K. Temperature programmed desorption TPD data reveal negligible amounts of benzene detected from acetylene
Ž . Ž . Ž .adsorption on clean W 211 . A monolayer ML Pd film on W 211 decreases the high reactivity towards acetylene

decomposition and catalyzes the cyclotrimerization reaction; benzene desorbs with TPD peaks at 210 K and ;470 K. The
Ž .use of high resolution electron energy loss spectroscopy HREELS has shown the desorption of benzene products to be

Ž .reaction rate-limited on the ;1.0 ML PdrW 211 surface. q 1998 Elsevier Science B.V.
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1. Introduction

ŽAcetylene cyclization to form benzene 3
.C H ™C H is an important reaction that2 2 6 6

has been investigated on a variety of single
crystal surfaces under UHV conditions for over

w xa decade 1–32 . In addition, acetylene cycliza-
tion has been observed to occur in high pressure
w x w x9 and homogeneous organometallic 10,11
catalytic studies. The correlation between UHV,
high pressure and organometallic studies makes

) Corresponding author.

this an important reaction to analyze. The moti-
Žvation for studying acetylene cyclization also

.called cyclotrimerization under UHV condi-
tions is its extreme structure sensitivity: certain
single crystal surfaces with specific crystal plane

Ž . w xorientations such as Pd 111 1–9,12–21,24–27
Ž . w xand Cu 110 22,23 are highly active, whereas

Ž .the reaction is virtually inactive on the Pd 110
w xsurface 4,9 . The specificity of this reaction to

the surface conditions of well-ordered single
Ž Ž . Ž ..crystals i.e., Pd 110 and Cu 110 gives it a

distinct quality for probing the effects of surface
electronic and geometric structure.

1381-1169r98r$19.00 q 1998 Elsevier Science B.V. All rights reserved.
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A significant aspect of this reaction is the
remarkable efficiency of making C–C bonds

Ž .under UHV conditions on Pd 111 . In addition,
isotopic studies reveal that the reactants do not

w xundergo C–C or C–H bond scission 24 . Fur-
ther investigations have provided evidence that

Ž .the reaction on Pd 111 is a stepwise process,
with the rate determining step being the addition

wof acetylene to a C H intermediate 2,13–4 4
x Ž . Ž18,26,30,33 . On the other hand, Pt 111 a

.metal in the same group as Pd results in acety-
lene decomposition, with very little desorption
of benzene following adsorption of acetylene
w x Ž .34 . The Pt 111 surface does not facilitate the
cyclization reaction, apparently due to stronger
carbon–metal interactions than are present on

Ž .the Pd 111 surface.
In addition to the plethora of acetylene cy-

clization studies on elemental single crystal
w xmetal surfaces 1–32 , there have also been

reports of acetylene cyclization studies on
w xbimetallic surfaces 34–40 and supported met-

w xals 33,41 . Model bimetallic surfaces include
Ž . w x Ž . w xPdrAu 111 36,37 , AurPd 111 38 ,
Ž . w x Ž . w xPdrMo 100 39 , PdrTa 110 40 and

Ž . w x w xSnrPt 111 34 ; of these, the PdrAu 36–38 ,
w x w xPdrTa 40 and SnrPt 34 systems were the

only bimetallics observed to catalyze the cy-
clization reaction. Pierce and Barteau also re-
ported acetylene cyclotrimerization on reduced

Ž . w x w xTiO 001 42 . Bertolini et al. 41 were the2

first to observe acetylene cyclization to benzene
on supported Ni catalysts, while the only re-
ported acetylene cyclization studies on high sur-

Žface area Pd materials i.e., actual catalytic
.turnovers were performed by Ormerod and
w xLambert 33 . Kinetic and mechanistic studies

of the acetylenerPd system were also con-
w xducted by Tysoe et al. 2 and Patterson and

w x w xLambert 24,25 and Abdelrehim et al. 26,27
in order to understand the cyclization process in
more detail.

The understanding of chemical reactivities of
bimetallic systems is of practical importance
since numerous industrial catalysts consist of

w xbimetallics and alloys 43–47 . A detailed un-

derstanding of metal–metal interactions with re-
Ž .spect to physical i.e., structural and electronic

properties of the bimetallic system is needed
prior to initiating investigations of reaction pro-
cesses. It is understood that a bimetallic system
can exhibit chemical and catalytic properties
that are different from those observed on the
individual pure metal surfaces. In some cases
these systems provide improved catalytic activ-
ity as well as selectivity. For instance, cy-
clotrimerization of acetylene does not occur on

Ž .a pure Au 111 surface, but as little as one
Ž .monolayer ML of Pd activates the reaction

w x36,37 . On the other hand, depositing Au on
Ž .Pd 111 also catalyzes the cyclization reaction

w x38 , even though pure Au does not, indicating
that ligand or electronic effects are significant
w x48 . The adsorption of acetylene and subse-
quent formation of benzene and butadiene on

Ž .SnrPt 111 further support the claim that a
Ž Ž ..pure, highly reactive metal i.e., Pt 111 on

which reactants and products can dissociate
readily, can be changed to a less reactive

w xbimetallic surface 34 . In addition, high pres-
Ž .sure investigations on SnrPt 111 demonstrate

the presence of a C species as well as a4

distribution of C products which include linear6
w xand cyclic hydrocarbons 49 . The varied C6

product distribution was not observed under
UHV conditions indicating that the reactant
pressure is also an important factor that influ-
ences the reaction pathway to product forma-
tion.

Several outstanding issues need to be ad-
dressed for a better understanding of acetylene
cyclization. For instance, the observation that
the row-and-trough type surfaces of some met-
als catalyzes acetylene cyclotrimerization with

Ž Ž . Ž ..high efficiency e.g., Cu 110 but not Pd 110 ,
is still not understood. In addition, it would be
of interest to know if the C H intermediate4 4

believed to be present on hexagonal substrates
Ž Ž . Ž . .e.g., Pd 111 , SnrPt 111 , etc. is also seen on
surfaces of different symmetry. Furthermore,
the effects of bimetallics and additives on reac-
tion rates needs to be further investigated. The
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Ž .goal of this paper is 2-fold: 1 to review briefly
important studies relevant to acetylene cycliza-
tion with emphasis on results that have appeared

w xsince the Lambert and Ormerod reviews 21,50 ,
Ž .and 2 to present new preliminary results for

acetylene cyclization over a bimetallic surface
Ž Ž .. Ž .PdrW 211 . The PdrW 211 studies are the
first investigations of acetylene cyclotrimeriza-
tion to benzene on a bimetallic surface having
2-fold symmetry with a row-and-trough struc-
ture.

2. Overview

2.1. Single crystal inÕestigations

The most widely used technique for the de-
tection of benzene from acetylene cyclization is
TPD. A central question is, at what temperature
does the product form on the surface? For a
desorption-limited process, the formation tem-
perature for benzene from acetylene can be
much lower than the actual desorption tempera-
ture observed with TPD. The use of spectro-
scopic or laser desorption techniques is there-
fore needed to detect the benzene species on the
surface, prior to desorption. Using laser induced

Ž .thermal desorption spectroscopy LITD cou-
pled with Fourier transform mass spectrometry
Ž .FTMS , the onset of acetylene cyclization to
form benzene has been observed at ;150 K on

Ž . w x wa clean Pd 111 surface 26 . Using LITD 51–
x Ž55 , the laser rapidly heats ;1000 K in ;10
.ns a small spot on a surface, ;1 mm in

Ž 11 .diameter. This fast heating ;10 Krs causes
w xentropic factors to be favored 56 and, in most

cases, results in the desorption of intact surface
w xspecies 57–60 . Thus, for example, employing

TPD, a low temperature benzene desorption peak
Žappears at 210–250 K assigned to the desorp-

.tion of a tilted benzene species while a high
Žtemperature peak appears at 500 K assigned to
. w xthe desorption of flat lying benzene 1–5,21 .

Ž .Furthermore, for C H on Pd 111 the approxi-2 2

mate yield for benzene formation using TPD is

w x;25% 61 . In contrast, benzene is detected at
;50 K lower with ;100% conversion effi-

w xciency on the surface using LITD 26 , demon-
strating that reaction pathways that lead to ben-
zene decomposition are present prior to or dur-
ing conventional thermal desorption. In addi-
tion, the lower yield of reactively formed ben-
zene in TPD may also be associated with the
saturation of reaction sites required for cycliza-
tion to take place. Based on TPD measurements,

Ž .Cu 110 is the only single crystal surface stud-
ied to date which catalyzes the cyclotrimeriza-

Ž .tion reaction at very high efficiency ;85%
w x23 . Since the hexagonal symmetry generally
believed to be necessary for proper acetylene
orientation is not present on this surface, then
reactant mobility as well as surface electronic
structure may play crucial roles in the formation

Ž .of benzene on the Cu 110 surface.
A number of investigations have focused on

identifying the intermediates of the cyclotrimer-
w xization mechanism 2,13–18,26,30,62 . A vari-

ety of evidence points to the role of a C H4 4

intermediate formed by the coupling of two
C H species. Evidence for the presence of2 2

C H in acetylene cyclization is based on4 4
w x w xmolecular beam 2 and LITDrFTMS 26,27

measurements. The molecular beam investiga-
tions showed the desorption of benzene and

Ž .C H species when Pd 111 was exposed to a4 x
w xbeam of acetylene 2 . In addition, the C H4 4

intermediate was also observed in the form of
Ž .1,3-butadiene C H when an acetylene cov-4 6

Ž .ered Pd 111 surface was resistively heated to
w x;300 K and exposed to a Nd:YAG laser 26 .

The LITD results favor a stepwise reaction
mechanism with the rate determining step being
the addition of acetylene to a C H surface4 4

w xspecies 26,27 . Other studies have focused on
the surface chemistry of C H -containing pre-4 4

cursor molecules, or on the desorption of
C H -containing products. For example, near-4 4

Ž .edge X-ray absorption fine structure NEXAFS
studies have indicated that the C H intermedi-4 4

ate produced after C H Cl adsorption is a4 4 2
w xtilted metallocycle 30 . Other studies have
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drawn conclusions by using C H Cl as a pre-4 4 2
w x Ž .cursor to form benzene 17,24 , furan C H O4 4

w x Ž . w x17 and thiophene C H S 13 . Further evi-4 4

dence of a stepwise mechanism and the exis-
tence of a C surface species is indicated by4

w x wformation of furan 17,62 and thiophene 13–
x16,18 when acetylene is co-adsorbed with oxy-

Ž .gen or sulfur on Pd 111 , respectively.
A detailed kinetic study of benzene formation

from acetylene was also performed using
w xLITDrFTMS 26,27 . The activation barrier and

pre-exponential factor for benzene formation
have been observed to be coverage dependent
w x27 . It was concluded that the increase in the
activation energy for benzene formation as a
function of acetylene exposure was a conse-
quence of an increasing barrier to C–Pd bond
breaking resulting from stronger interactions at

w xhigher acetylene coverages 27 ; the correspond-
ing increase in the pre-exponential factor with
respect to activation energy can be explained by

w xa compensation effect 63,64 .

2.2. InÕestigations on supported metals

In an effort to understand the Pdracetylene
system under high temperatures and pressures,
studies of Pd supported on silica, titania, alu-
mina and charcoal were performed by Ormerod

w xand Lambert 33 . Benzene was observed only
when temperatures exceeded 480 K. The initial
benzene yield was high and dropped to a steady
state level after a short time; evidence of coking

w xwas also reported 33 .
The simultaneous observation of 1,3-

butadiene and butene and the absence of C and3

C species provides evidence that a C H inter-5 4 4

mediate is involved under these reaction condi-
tions. The lack of C and C fragments also3 5

indicates no C–C bond breaking occurs, similar
to the behavior observed in UHV single crystal

w xPd studies 24 . In addition, 1,3-butadiene and
butene products have the same time profile as
benzene, supporting the fact that the C inter-4

mediate plays a key role in the reaction pathway
toward acetylene cyclization. The results ob-

w xserved by Ormerod and Lambert 33 support
the argument that the cyclotrimerization reac-
tion proceeds via a C intermediate under con-4

ditions of true catalytic turnover.
Structure sensitivity has also been addressed

by using different Pd loadings. Greater Pd load-
ings resulted in a higher steady-state level of
benzene formation. The higher steady-state lev-
els of benzene can be attributed to the presence

Ž .of large, thermodynamically stable, fcc 111
close packed planes on the larger area particles.
This agrees with single crystal investigations
showing that the acetylene cyclization reaction

Ž .proceeds readily on Pd 111 under UHV condi-
w xtions 4,9 .

2.3. Bimetallic studies

w x w x w xPdrAu 36–38 , PdrTa 40 and SnrPt 34
are the only bimetallic systems investigated
which have shown benzene formation from
acetylene. The highest selectivity toward cy-
clization has been observed on PdrAu surfaces
with the catalytic efficiency reaching ;100%
w x37,38 . The conversion of acetylene to benzene
decreases dramatically to F25% on the PdrTa
w x w x40 surface and ;10% on SnrPt 34 surface.
The benzene desorption pathway is preferred
over decomposition on PdrAu surface alloys.
These alloys are more effective than pure

Ž .Pd 111 in acetylene cyclization due to de-
creased interactions between Pd and acetylene,
allowing the alkyne bond character to be better
preserved, facilitating the cyclotrimerization re-
action. In addition, the strength of the benzene–
Pd bond is also reduced, enhancing the possibil-
ity of desorption. On the other hand, the pres-

Ž .ence of Sn in SnrPt 111 decreases the ten-
dency toward adsorbate decomposition while

w xactivating the benzene desorption process 34 .
The SnrPt system is more effective than pure
Ž .Pt 111 in benzene desorption because of weaker

interactions between adsorbate and substrate.
The use of Sn to reduce the high reactivity of
Ž .Pt 111 slightly in order to observe benzene

desorption is another application of bimetallic
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w xcatalysts 34 . In addition to benzene desorption,
butadiene, a C product from a C H interme-4 4 4

diate involved in the production of benzene, is
Ž . w xalso observed from the SnrPt 111 surface 34 .

An increase in both benzene and butadiene TPD
signals is observed when increasing the amount
of Sn in the SnrPt alloy, further confirming the
increased selectivity toward desorption.

3. Acetylene cyclotrimerization over a model
( )bimetallic surface: PdrrrrrW 211

The surface and interface properties of
bimetallic and alloy systems have been the sub-
ject of many investigations because of their

w xunique physical and chemical properties 65,66 .
The impetus for the present study is the mor-
phological instability of ultrathin metal films

w xdeposited on refractory metals 67,68 . For in-
Ž .stance, atomically rough bcc W 111 and

Ž .Mo 111 coated with a single monolayer of
metals having Pauling electronegativities )2.0
Ž .Pt, Pd, Ir, Rh, Au undergo massive reconstruc-
tion to form a highly faceted surface upon an-

w xnealing to G700 K 67,69,70 . Pyramidal facets
� 4with 211 orientation and nanometer scale di-

mensions are observed when G 1 ML
Ž . w xPdrW 111 is heated above 700 K 68,69,71 .

An atomic resolution STM image of the pyrami-
Ž .dal facets that form on ;1.2 ML PdrW 111

heated to ;1075 K is shown in Fig. 1a. The
sides of the pyramids consist of faces with the
� 4211 orientation, characterized by a rowrtrough
configuration. Butane hydrogenolysis investiga-

Ž .tions on PtrW 111 have shown that the planar
surface has a higher selectivity towards ethane
production and higher reaction rates while
methane formation is dominant on the faceted

w xsurface 72 . In addition, increasing facet size
decreases the concentration of 4-fold coordina-

Ž .tion C sites, simultaneously reducing ethane4
w xproduction 72 . These studies suggest that the

catalytic activity and production of intermedi-
ates responsible for product formation are af-

Ž .Fig. 1. a An atomic resolution STM image of a ;1.2 ML
˚ ˚Ž . Ž .PdrW 111 surface annealed to ;1075 K 150 A=150 A is

w x Ž . Ž .shown 68 . b A hard sphere model of the W 112 facets
showing the row-and-trough geometry seen on the sides of the

Ž .pyramids in a .

fected by surface morphology. To study the
structure–reactivity relationship of the morpho-
logically-unstable PdrW system further, acety-
lene cyclization has been chosen as a probing
reaction.

The surface geometrical structure of clean
Ž . Ž .W 211 is similar to that of an fcc 110

rowrtrough type configuration. Since little or
Ž .no acetylene converts to benzene on Pd 110 ,

Ž .whereas Cu 110 has ;85% selectivity to ben-
w xzene formation 23 , it is interesting to see if the

PdrW bimetallic system can catalyze the cy-
clotrimerization reaction. More specifically, the

Ž .use of W 211 maintains the row-and-trough
Ž .type geometry see Fig. 1b ; our goal is to
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determine whether or not vapor-depositing thin
films of Pd perturbs the electronic structures of
both metals sufficiently to enhance the reactiv-
ity toward cyclotrimerization. In our studies we
examine the cyclization reaction on Pd thin
films ranging from submonolayer to multilayers

Ž .deposited on W 211 surfaces. It is interesting
to note the palladiumrtungsten surface does not
form an alloy at monolayer Pd coverages, as

Ž .confirmed by low energy ion scattering LEIS
Ž . w xof PdrW 111 73 . Rather, the Pd remains in

the topmost layer of the bimetallic surface. As
will be demonstrated later, TPD and HREELS
results exhibit different reaction processes for

Ž .acetylene on clean W 211 as compared with
Ž .PdrW 211 .

4. Experimental

The TPD experiments are performed at Rut-
gers in a previously described UHV chamber

y11 w xwith a base pressure of 5=10 Torr 74,75 ,
while the HREELS studies are conducted at the
Exxon Corporate Research Laboratories in a
UHV system with a base pressure of 2=10y10

w xTorr 76 . Both chambers are equipped with
Ž .Auger electron spectroscopy AES , low energy

Ž .electron diffraction LEED and a quadruple
Ž .mass spectrometer QMS used for monitoring

background residual gas and detecting desorbed
species during TPD. The HREEL spectrometer
Ž .LK 3000 was operated with a primary beam
energy of 6 eV, impinging the surface at 658

from the surface normal. HREEL spectra were
taken in the on-specular and y158 offy
specular directions. The HREEL spectra re-
ported here have a spectroscopic resolution
Ž . y1full-width at half maximum of 30–40 cm
and an elastic peak intensity ranging from 105

to 106 cps.
Ž .The W 211 sample was prepared from a

;8 mm diameter boule and aligned by X-ray
Ž .diffraction to within a 0.58 of the 211 plane.

The surface was polished to a mirror finish and
spot welded to tantalum leads for support and

resistive heating. At Rutgers, the sample could
be resistively heated to 1300 K and during
cleaning, heated by electron bombardment to
2400 K, as measured using a W-5 %RerW-26
%Re thermocouple junction. At Exxon, a type
K thermocouple was used, since the sample
temperature did not exceed 1200 K, due to
different cleaning procedures, as described be-
low. Both chambers have cryogenic capabilities
to cool the sample to ;100 K.

The preparation of the surface differs be-
tween the Rutgers and Exxon chambers. At
Rutgers the surface was cleaned by annealing at
1200 K in 5=10y8 Torr oxygen for 1–5 min
to remove residual carbon, followed by flashing

Ž .to 2200 K heating rate (400 Krs to remove
metal overlayers as well as chemisorbed oxy-

Ž .gen. At Exxon the W 211 surface was cleaned
q Žby Ne sputtering 5 kV, ;8–10 mA sample
.current for 10 min at 1000 K, followed by

annealing at 1150 K for 5 min. Oxygen treat-
ments to titrate residual carbon impurities were

w xperformed if needed 77 . The surface cleanli-
ness and long range order were verified by AES
and LEED, respectively.

Ž .The acetylene is spectral grade 99.96% pure
and was purified with a dry-iceracetone cooled
trap. The dry-iceracetone bath was used to
condense acetone impurities onto the walls of
the trap, allowing purified acetylene to be col-
lected in a separate vessel. The purity was
checked with mass spectrometry prior to and
during use in the UHV chambers. A glass flask

Žwith 1 atm of deuterated acetylene 99.9% pu-
.rity was purchased pre-purified. All acetylene

dosing was performed using a sapphire sealed
variable leak valve with the surface temperature
at ;100 K. Acetylene exposures are not cor-
rected for ion gauge sensitivities.

The metal evaporation sources at both Rut-
gers and Exxon consisted of high purity Pd wire
wrapped around a larger diameter W wire. The
evaporation rate was controlled by varying the
current used to resistively heat the wire. In
addition, the evaporation source was outgassed
extensively prior to deposition. The purity of
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Ž .the Pd overlayers on W 211 was always con-
firmed by AES prior to reaction experiments.

5. Results and discussion

5.1. TPD studies

The TPD spectra shown in Fig. 2 demon-
strate that benzene formation occurs after dos-

Ž .ing 3 L of acetylene on PdrW 211 pre-an-
Ž .nealed to 700 K for 3 min. The clean W 211

surface shows little or no benzene formation
Ž .while ;0.5 ML Pd on the W 211 substrate

Ž .facilitates the reaction not shown . As the cov-
erage increases from ;0.5 ML to ;1.0 ML
Pd, 2–3 times more benzene is formed from
acetylene. Two benzene TPD peaks are evident
at 210 K and 470 K for the ;1.0 ML Pd
coverage and a small shoulder is seen at 340 K.
For comparison, a high temperature desorption

Ž .peak 500 K attributed to flat-lying benzene
Ž . wwas observed in previous Pd 111 studies 1–

x5,21 . Furthermore, although a coverage of
;5.0 ML Pd deposited at 100 K will quench
the reaction, producing no benzene, annealing

Ž .the ;5.0 ML PdrW 211 surface to 1050 K
produces additional benzene desorption peaks
Ž .not shown . The appearance of several states
may be associated with different bonding con-

Ž .Fig. 2. The TPD spectra of reactively formed benzene mr zs78
Ž . Ž .from 3 L of acetylene on clean W 211 solid line and ;1.0

Ž . Ž .PdrW 211 dashed line are shown for a heating rate of 5 Krs.

Fig. 3. The effects of carbon contamination on benzene yields are
Ž . Ž .shown. a TPD spectra of reactively formed benzene mr zs78

from the cyclization of consecutive 3 L of acetylene on ;1 ML
Ž . Ž .PdrW 211 . b Integrated benzene signal as a function of the

number of 3 L acetylene runs.

figurations. TPD studies indicate that the inac-
tivity of the as-deposited PdrW surface may be
related in part to the presence of surface hydro-
gen or CO adsorbed during metal deposition.
The role of CO and hydrogen inhibition on
acetylene cyclization will be addressed in a

w xfuture paper 78 .
The role of carbon contamination of metal

surfaces is an important process to understand
since coking deactivates catalytic surfaces. Fig.
3a shows the TPD spectra of eight consecutive

Ž .3 L acetylene exposures on ;1 ML PdrW 211
pre-annealed to 700 K for 3 min prior to the
initial run. As a function of consecutive acety-
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lene TPD experiments, the activity of the sur-
face decreases very gradually, without immedi-
ate complete poisoning. In addition, Fig. 3b
depicts a linear relationship between integrated
benzene signal area and the number of 3 L
acetylene runs. Furthermore, Fig. 3b also con-
firms that the surface remains relatively reactive
toward acetylene cyclization even after multiple
cycles by exhibiting only a ;50% reduction in
the yield of reactively formed benzene even
after eight consecutive acetylene runs. This
gradual decrease in benzene yield is caused by
residual surface carbon blocking essential cy-
clization sites. In addition to the decrease in the
overall benzene yield, a shift in the position of
the dominant peak from 450 K to 380 K is
observed. The 70 K shift to lower temperatures
may be indicative of benzene desorption from

Ž .Fig. 4. A comparison of HREEL spectra of 1 L of acetylene on a
Ž . Ž . Ž . Ž .W 211 b ;1.0 ML and c ;6.0 ML PdrW 211 at 100 K.

All spectra were taken in the specular direction with a primary
beam energy of 6.0 eV.

Ž . Ž . Ž . Ž .Fig. 5. The acetylene dosed a W 211 b ;1.0 ML and c
Ž .;6.0 ML PdrW 211 surfaces prepared in Fig. 4 were annealed

to 250 K and re-cooled to 100 K for subsequent HREELS
measurements.

sites created by carbon contamination of reac-
Ž .tive sites on clean PdrW 211 .

5.2. HREELS inÕestigations

( )5.2.1. Acetylene on clean W 211 and Pdr
( )W 211
HREELS measurements have been per-

Ž .formed for acetylene adsorbed on clean W 211
as well as ; 1.0 ML and ; 6.0 ML

Ž .PdrW 211 . The studies provide insight into
the bonding characteristics of acetylene on these
surfaces, as well as supplying information about
the surface intermediates present at different
temperatures. Figs. 4 and 5 are HREEL spectra

Ž .of 1 L of acetylene on clean W 211 and
Ž .PdrW 211 surfaces at 100 K and 250 K, re-

spectively, while Fig. 6 shows a detailed study
of the thermal behavior of 1 L of acetylene on

Ž .;1.0 ML PdrW 211 . Fig. 7 is shown for
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Ž .Fig. 6. A detailed thermal sequence of chemisorbed 1 L of acetylene on ;1.0 ML PdrW 211 is shown. All annealed surfaces were
re-cooled to 100 K prior to HREELS measurements.

comparison to illustrate the absence of benzene
Ž .formation on the clean W 211 and the

Ž .PdrW 211 surfaces.
Fig. 4 shows HREEL spectra of 1 L of

Ž . Ž .acetylene on clean W 211 and PdrW 211 at
100 K. The discussion of the spectra begins

Ž . Ž .with clean W 211 Fig. 4a , then proceeds to
Ž .the ;6 ML and ;1 ML PdrW 211 surfaces

Ž .Fig. 4c and b, respectively . At this tempera-
ture and exposure, the majority of the adsorbed

Ž .acetylene rehybridizes on the clean W 211 sur-
face to form a di-srp bonded species. The
features observed in Fig. 4a at 2936 and 3017

y1 Ž . Ž .cm correspond to the n CH and n CHs as

modes of chemisorbed acetylene, respectively.
The peak at 1366 cmy1 can be assigned to a
Ž .n CC mode, while the relatively strong fea-

tures at 800 and 663 cmy1 result from the
Ž . Ž .r CH and r CH modes, respectively. Addi-s as

y1 Ž .tionally, the feature at 1116 cm is a d CHs

mode. These assignments have been confirmed
by isotopic labeling experiments and are sum-
marized in Table 1. Also shown in Table 1 is a

comparison of the vibrational modes of acety-
Ž . w x Ž . w xlene on clean Ru 001 80 , Fe 110 81 and

Ž . w xMo 110 82 surfaces.
After depositing ;6.0 ML of Pd onto the
Ž .W 211 surface, annealing to 700 K for 1 min

to improve the surface order and dosing 1 L of
acetylene at 100 K, the vibrational spectrum of

Ž .adsorbed acetylene Fig. 4c shows similar fea-
tures to the spectrum obtained for acetylene on

Ž . w xclean Pd 111 8 . In particular, a strong indica-
Ž .tion that fcc 111 planes may be present is

Ž . y1demonstrated by the d CH at 1000 cm . Fors
Ž .example, d CH features have been observeds

Ž . w x Ž . Ž . w xon Pd 111 8 cf. Table 2 and Ni 111 84 at
1034 and 1080 cmy1, respectively. The other

Ž .features in Fig. 4c such as the r CH ands
Ž . y1r CH at 900 and 663 cm , respectively andas

Ž . y1 Ž .the n CC at 1407 cm and n CH at 2990
cmy1 are also consistent with the presence of

Ž . w xmolecularly adsorbed acetylene on Pd 111 8
Ž .see Table 2 .

The spectrum of 1 L of acetylene on a ;1
Ž . Ž .ML PdrW 211 surface Fig. 4b shows sub-
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Fig. 7. The HREEL spectra of 1 L of benzene on ;1 ML
Ž . Ž . Ž .PdrW 211 at 100 K in the a on-specular and b off-specular

directions.

stantially different features from the correspond-
Ž .ing spectra seen for the clean W 211 and ;6.0

Ž . Ž .ML PdrW 211 surfaces Fig. 4a and c . For

example, the absence of the 1000 cmy1 feature
Ž .observed with the ;6.0 ML PdrW 211 sug-

gests that different surface intermediates are
formed. Furthermore, the intense features at
1285 and 1440 cmy1 seen in the ;1 ML

Ž . Ž .PdrW 211 spectrum Fig. 4b are not present
Ž . Ž .in the clean W 211 spectrum Fig. 4a . Addi-

Ž .tionally, the ;1 ML PdrW 211 spectrum
Ž .shows a relatively narrow and symmetric n CH

mode at 2936 cmy1, unlike what is observed for
Ž .the clean W 211 surface and the Pd-multilayer

Ž . Ž .covered ;6.0 ML W 211 surface. These dif-
ferences from the spectra shown in Fig. 4a and
c reflect the different chemistry which occurs on

Ž .;1.0 ML PdrW 211 surfaces, as compared
Ž .with the clean and the ;6.0 ML PdrW 211

surfaces. More detailed vibrational studies are
underway to identify the surface intermediates

w xwhich are present on these surfaces 85,86 .
Fig. 5 shows HREEL spectra of 1 L of

acetylene on each of the surfaces shown in Fig.
Ž4, taken after flashing to 250 K heating rates3

.Krs . Fig. 5a is different from the 100 K
Ž .acetylene spectrum of the clean W 211 in sev-

Ž . Ž .eral ways. The n CH region has lost the n CHs
Ž .and n CH characteristic of molecular acety-as

lene and now has a single, broad feature at 2922
cmy1. In addition, the features at 1366 and
1440 cmy1 which respectively occur in the

Table 1
w x Ž .The vibrational assignments of chemisorbed acetylene on several metals b–d and clean W 211

Ž . Ž . Ž . Ž .Vibrational Gaseous C H C D C H C D C H C D 1 L C H C D2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2
Ž . Ž . w x Ž . w x Ž . w x Ž . Ž .assignments C H C D on Ru 001 b on Fe 110 c on Mo 110 d on W 211 at 100 K this work2 2 2 2

y1Ž . w xcm a

Ž . Ž . Ž . Ž . Ž . Ž .n CH 3287 2427 2940 2210 2940 2210 2900 2170 2922 2185s
Ž . Ž . Ž .n CH 3374 2701 3017 2245as
Ž . Ž . Ž . Ž . Ž . Ž .n CC 1974 1752 1135 1085 1240 1235 1130 1090 1366 1366
Ž . Ž . Ž . Ž . Ž . Ž .d CH 729 539 980 715 1150 935 905 710 1116 913s
Ž . Ž . Ž .d CH 612 505 1415 1140as
Ž . Ž . Ž . Ž . Ž . Ž .r CH 729 539 520 y 700 550 740 y 800 630s
Ž . Ž . Ž . Ž . Ž . Ž .r CH 612 505 765 585 870 680 640 663 480as

Ž . Ž . Ž . Ž . Ž .n CM 375 350 460 420 390 400 480 475

Ž . w xa See Ref. 79 .
Ž . w xb See Ref. 80 .
Ž . w xc See Ref. 81 .
Ž . w xd See Ref. 82 .
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Table 2
w x Ž .The vibrational assignments of chemisorbed acetylene on several metals b–d and 6 ML PdrW 211

Ž . Ž . Ž . Ž . Ž .Vibrational Gaseous C H C D C H C D C H C D C H C D 1 L C H C D2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2
Ž . Ž . Ž . Ž . Ž . Ž .assignments C H C D on Ni 110 on Pd 110 on Cu 110 on Pd 111 on 6 ML PdrW 2112 2 2 2

y1Ž . w x w x w x w x w x Ž .cm a b b c d at 100 K this Work

Ž . Ž . Ž . Ž . Ž . Ž . Ž .n CH 3287 2427 2950 2200 2990 2245 2900 2190 2922 2249 2990 2212s
Ž . Ž .n CH 3374 2701as
Ž . Ž . Ž . Ž . Ž . Ž . Ž .n CC 1974 1752 1350 1205 1400 1274 1305 1280 1402 1359 1407 1340
Ž . Ž . Ž . Ž . Ž .d CH 729 539 940 680 1034 850 1000 846s
Ž . Ž . Ž .d CH 612 505 1140 930as
Ž . Ž . Ž . Ž . Ž . Ž .r CH 729 539 675 495 690 530 673 511 900 643s
Ž . Ž . Ž . Ž . Ž . Ž .r CH 612 505 910 685 915 700 872 621 663 480as

Ž . Ž . Ž . Ž .n CM 470 y obscured 470 400 500 y obscured

Ž . w xa See Ref. 79 .
Ž . w xb See Ref. 83 .
Ž . w xc See Ref. 22 .
Ž . w xd See Ref. 8 .

frequency range of symmetric and asymmetric
C–H deformations of CH or CH moieties,2 3

Ž .suggests that vinylidene H C5C5M or eth-2
Ž .ylidyne H C–C[M is present. However,3

Ž .given the absence of the characteristic n CC
feature of ethylidyne near 1100 cmy1, the inter-
mediate is more likely vinylidene. On the other
hand, the presence of a small amount of acetylide
Ž .HC[C–M cannot be ruled out, since the vi-
brational features of acetylide are spectroscopi-
cally indistinguishable from those of vinylidene
w x80 .

Unlike the behavior of acetylene on clean
Ž . Ž .W 211 , acetylene on the ;6.0 ML PdrW 211

surface at 250 K yields a spectrum which is
Žquite similar to that observed at 100 K cf. Fig.

.4c and Fig. 5c . This behavior indicates that
acetylene has not decomposed and remains di-
srp bonded to the surface. In contrast, the
spectra of 1 L of acetylene on the ;1 ML

Ž .PdrW 211 surface, after flashing to 250 K,
Ž .changes considerably cf. Fig. 4b and Fig. 5b .

The main region of interest falls between 1200
and 1500 cmy1, where sharp, relatively intense
features are observed. Such features indicate the
formation and subsequent desorption and de-
composition, of intermediates different from
chemisorbed acetylene. A more detailed account
regarding the vibrational assignments will be

w xdiscussed in a separate paper 85 .

5.2.2. Thermal sequence of chemisorbed C H2 2
( )on ;1 ML PdrW 211

A detailed HREELS study of the thermal
decomposition of 1 L C H chemisorbed on2 2

Ž .;1.0 ML PdrW 211 is shown in Fig. 6.
Major changes occur between 150–250 K, in
Fig. 6b–d, particularly in the 1200–1500 cmy1

regime, as described above. At temperatures
above 250 K, these features disappear, indicat-
ing either a short-lived surface intermediate or
the desorption of a product. Complementary
multiplexing TPD experiments are underway to
establish whether the disappearance of these
features results from the desorption of a hydro-
carbon product. Heating the surface to 350 and

Ž .400 K Fig. 6f–g, respectively induces another
Ž .major change in the surface species. The n CH

region shows a broad feature with a shoulder at
3057 cmy1 denoting the presence of an sp2-hy-
bridized carbon. Furthermore, a vibrational fea-
ture occurring at 710 cmy1 may be characteris-

Ž . Ž .tic of a g CH out-of-plane deformation mode
of an unsaturated ring compound. However, a
comparison of the vibrational spectrum of 1 L
of chemisorbed molecular benzene on ;1.0

Ž . Ž .ML PdrW 211 Fig. 7 with acetylene on ;
Ž .1.0 ML PdrW 211 heated to 350 K and 400 K

Ž .Fig. 6f–g firmly indicates the absence of a
Ž .strong g CH denoting a lack of surface ben-

zene. In particular, note that a comparison of the
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on- and off-specular spectra in Fig. 7 shows that
benzene has a flat-lying geometry on this sur-
face, as indicated by the strong angle-dependent

Ž .change in the intensity of the g CH mode at
704 cmy1. In contrast, an angle-dependent
change is not observed with acetylene on ;1.0

Ž .ML PdrW 211 , in support of the conclusion
that surface benzene is absent on this surface.
Furthermore, comparing the TPD and HREELS
results supports the speculation that the cy-
clotrimerization of acetylene to form gas-phase
benzene may be a reaction-rate limited process

Ž .on the ;1.0 ML PdrW 211 surface. On the
Ž .other hand, on the ;6.0 ML PdrW 211 sur-

face, the HREELS studies exhibit evidence for
reactively formed benzene after flashing to 450

w xK 85 . This indicates different reaction path-
ways, possibly due to the presence of adsorption
sites on the three-dimensional Pd clusters, which
are different from those on the ;1.0 ML

Ž .PdrW 211 surface. A more detailed account of
the reaction channels for the different coverages

w xof Pd will be published later 85 .

6. Conclusions

A number of acetylene cyclization studies
over various catalyst surfaces has been summa-
rized, ranging from single crystals to supported
catalysts, from UHV to high pressure studies.
There is evidence from several studies that the
reaction proceeds via an intermediate rate-de-
termining step in which an acetylene molecule
couples with a C H surface intermediate to4 4

form benzene. In addition, the reaction is ob-
served to take place without C–C or C–H bond
scission. Furthermore, the desorption states for
reactively formed benzene have been attributed
to a tilted and flat-lying orientation. Studies on
bimetallics have confirmed that mixed metal
systems can result in reactions, such as acety-
lene cyclization, not achieved by the pure metal
systems.

The unique reactivity of the 1.0 ML
Ž .PdrW 211 surface, as compared to the clean

Ž . Ž .W 211 and multilayer PdrW 211 surface, is
demonstrated by both TPD and HREELS exper-
iments. For example, the evolution of benzene

Ž .from the pre-annealed ;1.0 ML PdrW 211
surface shows desorption features at 210 K and
480 K, while no benzene features are observed

Ž .from the clean W 211 surface and multiple
features are observed on the pre-annealed multi-

Ž . Ž .layer ;5.0 ML PdrW 211 surface. Further-
more, HREELS results indicate that the adsorp-
tion and the subsequent decomposition of acety-
lene are qualitatively different on the ;1.0 ML

Ž .PdrW 211 surface and the multilayer
Ž .PdrW 211 surface.

Ž .The results presented here for PdrW 211
demonstrate that bimetallics change surface ac-
tivity. For instance, acetylene cyclization does

Ž .not occur on the clean W 211 surface, while
the adsorption of Pd catalyzes the reaction. Fur-

Ž . Ž .thermore, although the Pd 110 and PdrW 211
surfaces both have row-and-trough structures,

Ž .the Pd 110 surface does not catalyze the cy-
Ž .clotrimerization reaction, unlike the PdrW 211

surface. This behavior indicates that the pres-
ence of the W substrate changes the electronic
structure of the Pd adlayer, perhaps mimicking

Ž .the electronic structure of Cu 110 , rather than
Ž . w xthat of Pd 110 87 . In order to understand

further the correlation between morphology and
chemical reactivity of these morphologically un-
stable surfaces, investigations using acetylene as
a probing molecule will be performed on planar

Ž .and faceted PdrW 111 surfaces.
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