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The first detailed characterization of the surface ethylidyne species adsorbed on a supported
transition metal surface, namely, Pd/ALQO; (10%) is reported. Upon addition of C,H, or C,H, to Pd/
Al,O; at 300 K, there is an immediate irreversible formation of surface ethylidyne &C—CHa;), as
evidenced by the development of three characteristic bands in the infrared spectrum [§(CH;) =
1333 cm !, {(C—C) = 1088 cm~!, and v (CH,;) = 2867 cm~!]. This assignment is further supported
by H—D exchange experiments involving chemisorbed ethylidyne which correlate with analogous
experiments on Rh(111). Thermal conversion from ethylene adsorbed at low temperatures to
surface ethylidyne begins at =240 K; the surface ethylidyne species is stable up to about 400 K.
These vibrational data, as well as the thermal stability data, are in excellent agreement with

previous results on the Pd(111) and Rh(111) single-crystal surfaces.

I. INTRODUCTION

There has been a great deal of work done
in recent years characterizing and study-
ing the chemisorbed ethylidyne species
(=CCH,). All of the work reported to date
in the literature on the chemisorbed ethyli-
dyne species has been done on the surface
of single crystals in UHV (/-26). Although
there has been some speculation concern-
ing the role, if any, of the ethylidyne spe-
cies in the mechanism of the hydrogenation
reaction, as of yet no detailed measure-
ments of the properties of surface ethyli-
dyne have been made in any system other
than in the highly controlled environment
of single-crystal surface science research.
This paper reports the first detailed charac-
terization and measurements of the proper-
ties of ethylidyne on a palladium surface
supported on alumina, a system similar to
the catalysts used industrially in hydroge-
nation reactions.

The initial studies were conducted on
Pt(111) (I-7), and have since been ex-
tended to Rh(111) (8, 13, 16, 24) and
Pd(111) (12, 13, 17-19) surfaces. The initial
characterization of the stable surface spe-
cies formed upon addition of C;H, or C,;H,
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to these surfaces at 300 K had originally
generated considerable controversy, since
there were no less than five surface struc-
tures proposed by various workers (25). It
is now generally accepted that the surface
structure is that of ethylidyne (C—CH,;)
(13).

The earliest structural studies were car-
ried out by Kesmodel et al. (I), using
LEED. They concluded that on Pt(111)
acetylene formed a stable C,H; di-o bound
species. This was soon followed by a UPS
study (2), in which it was concluded that
the stable species on Pt(111) and Pd(111)
was an sp2-hybridized HC—CH species.
The EELS study of Ibach et al. (3) on
Pt(111) was the first of its kind involving
C,H, adsorption; here the ethylidene struc-
ture, = CHCH;, was proposed. The spec-
tra were compared with the known vibra-
tional spectra of CHCL,CH; (4), giving only
fair agreement.

Ibach’s proposal of the cthylidene struc-
ture (3, 4) prompted Kesmodel er al. to
reinvestigate their LEED data, considering
new geometries in which the C—C bond is
not necessarily parallel to the surface. This
study (5, 6) led to the proposal of the ethyli-
dyne structure which is now generally ac-
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cepted. The new LEED calculations
showed that the C—C bond was normal to
the surface with a bond length of 1.5 A, and
that three equivalent Pt—C bonds form in a
three-fold hollow site on the Pt(111) sur-
face. Furthermore, it was shown that
Ibach’s EELS data (3, 4) was consistent
with the ethylidyne structure based on vi-
brational data from analogous transition
metal clusters containing ethylidyne -
gands.

The next important contributions came
from a photoemission study by Demuth (7)
in which vinylidene (—CH=CH,) was the
stable species proposed. Through the use of
TPD methods, a carbon-hydrogen stoichi-
ometry of C,H; was demonstrated (7). Al-
bert et al. (14) in an ARUPS study using
synchrotron radiation, determined that the
C—C bond axis of the species on Pt(111)
was normal to the surface and had orbitals
with a symmetry consistent with an ethyli-
dyne structure. Dubois et al. reported the
same LEED, TPD, and EELS results on
Rh(111) as on Pt(111) surfaces (8). This was
the first indication that ethylidyne can exist
on surfaces other than Pt(111).

An important TPD result from Steininger
et al. (15) showed that the amount of H,
evolved during conversion of C,H, to the
stable surface species, compared with the
total amount of H, evolved through decom-
position is one to four. This result, in con-
junction with Demuth’s TPD stoichiometry
of C;H; (7), provided strong quantitative
evidence that C;H, converts to =>C—CH;
(ethylidyne) and not CHCH; (ethyli-
dene).

Skinner et al. (11) reported a complete
normal mode analysis, along with vibra-
tional mode assignments for the ethylidyne
nonacarbonyl tricobalt complex CHj;
CCo03(CO)9. Comparison of the normal
mode analysis with the EELS data of the
ethylidyne surface species gave an excel-
lent agreement of the relative peak intensi-
ties and wavenumber positions and has
provided convincing evidence that the
ethylidyne species is the stable product

from C,H, decomposition on Pt(111) and
Rh(111).

More recently, Kesmodel and Gates (12,
17, 19) have shown that the ethylidyne spe-
ctes is also produced from C;H, + H;, and
from C,H, adsorption on the Pd(111) crys-
tal face. In addition, the symmetry of the
various modes was investigated using off-
specular scattering in EELS, and it was
shown that both the C—C stretch mode
and the symmetric methyl deformation
mode are associated with a dipole deriva-
tive component that lies perpendicular to
the surface. These conclusions are in exact
agreement with the conclusions of Skinner
et al. on the structure of the ethylidyne
transition metal complex (11, 12). Koestner
et al. (16) determined from LEED measure-
ments that on Rh(111) the C—C bond of
ethylidyne is anomalously short for an sp?
carbon (1.45 = 0.10 A vs 1.54 A); it was
proposed that the ethylidyne orbitals un-
dergo o—-m hyperconjugation, leading to a
shortening of the C—C bond.

Following this work, the study of surface
ethylidyne emphasized questions other
than its structural characterization.
Creighton et al. used SSIMS to study the
kinetics of H—D exchange into ethylidyne
(20, 22), and were able to explain the data
by a one-by-one, stepwise exchange pro-
cess, proceeding via a concerted mecha-
nism, as opposed to one in which the ethyli-
dyne first dehydrogenates, and then picks
up a deuterium atom. Their reasoning is
based on EELS and TPD data which show
that upon heating, the ethylidyne under-
goes an irreversible dehydrogenation reac-
tion. Therefore, a mechanism in which a
hydrogen atom first leaves the —CH; moi-
ety in ethylidyne is not a logical first step in
the isotopic exchange since this dehydro-
genation step is irreversible (22). The con-
certed mechanism which they proposed for
H—D exchange involved ethylidene
(=CHCHjy).

Ethylene hydrogenation experiments by
Zaera and Somorjai (21) carried out above
a saturated overlayer of ethylidyne on
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Pt(111) have shown that ethylene hydroge-
nation proceeds independently of, and at a
much faster rate than, the hydrogenation of
surface ethylidyne. This model was ad-
vanced since the surface concentration of
4C. labeled species derived from “C,H,
does not change appreciably during the eth-
ylene hydrogenation reaction when ?C eth-
ylene is used as a reactant gas. The role of
the ethylidene species (=CHCHs;) as a hy-
drogenation transfer agent or *‘co-catalyst’™’
in C,H, hydrogenation was postulated (27).

Very recently, Koel et al. have shown by
EELS that a saturation overlayer of ethyli-
dyne on Rh(111) is unaffected by 1 atm of
static D, at room temperature (24). Further-
more, they find that the rate of H—D ex-
change into ethylidyne is roughly propor-
tional to the fraction of bare metal sites for
coverage less than saturation. This presum-
ably is related to the dissociation of D, or
H; on empty metal sites prior to subsequent
atomic exchange into ethylidyne.

In contrast to this large body of work on
single crystals, there are relatively few re-
ports of attempts to characterize ethylidyne
on supported metals. In a recent NMR
study of C;H, + Pt supported on alumina,
no ethylidyne formation was detected at
room temperature (27). The authors pro-
posed a model involving a mixture of CCH,
and HCCH surface species. Likewise, a re-
cent Raman study of C,H, + Rh/AL,O; has
concluded that the acetylene molecule
bonds in a side-on fashion in a three-fold
hollow site (28).

Very recently, Sheppard et al. (29, 30),
have reinterpreted some older data of his
own (37) and of Soma (32, 33) as being due
to the ethylidyne species on Pt, Pd, and Rh
supported on Al,O5 and SiO,. The previous
assignment for the ‘‘dehydrogenated spe-
cies’’ on these surfaces was MCHCHM.
Soma has demonstrated (33) that at 195 K,
this species is more resistant to hydrogena-
tion by H, than is the w-bonded ethylene,
and that the ‘‘dehydrogenated species”
only makes up 20% of the adsorbed ethyl-
ene at this temperature.

This paper reports the first detailed mea-
surements of the properties of ethylidyne
produced from C,H; or C;H; on a sup-
ported metal system. These results open up
an important new area in the body of ethyli-
dyne literature, since they represent a
bridge between single-crystal surface sys-
tems and the less ideal high-area catalytic
surface systems. In the present communi-
cation we wish to show results in which
both the ethylidyne formation and the sub-
sequent H—D exchange into ethylidyne is
spectroscopically monitored using IR meth-
ods. The high resolution and frequency ac-
curacy of IR spectroscopy compared to
EELS is a significant factor in this study.

1I. EXPERIMENTAL
A. Sample Preparation

All measurements were made on Pd/
Al,O; preparations (10% Pd) produced by
impregnation of Degussa ALO; (100 m?/g)
with Pd(NO;), - 2H,0 and deposition of this
mixture onto a CaF, sample plate. The un-
reduced deposit was placed in a stainless-
steel IR cell, decomposed under vacuum at
450 K, and reduced in H, (P = 400 Torr) for
4 h at 450 K followed by outgassing at 475
K for 12 h. This procedure yields a Pd de-
posit containing 2.7 X 103 g Pd spread uni-
formly over half of the 5.07-cm? CaF, sup-
port plate. Details of this procedure and of
the IR cell design may be found elsewhere
(34-37). By using a half-plate design (35—
37), studies of the pure Al,O; sample can be
made in the same cell along with studies of
Pd/AlLOs. The stainless-steel ultrahigh vac-
uum system and sample cell has a base
pressure of <1 x 1078 Torr.

B. Spectroscopic Measurements

All transmission infrared spectra were
acquired using a purged Perkin—Elmer
Model PE-783 infrared spectrophotometer
and Model 3600 data acquisition station. A
slit program yielding a maximum resolution
of 5.4 cm~! was employed, with data acqui-
sition times ranging from 8 to 200 s/cm™!.
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The accessible spectral range is 4000 to
~1050 cm™.

C. Gas Handling and Purification

H, and D, were obtained from Matheson
in high-pressure cylinders; the H, at a pu-
rity of 99.9995%, the D, at 99.99% with a D
atom percentage of 99.5%. The C,H, was
obtained from Matheson and transferred
from a high-pressure cylinder to a glass
bulb at a purity of 99.99%. The C,D, was
obtained from the MSD Company at an en-
richment of 99 atom% D. Acetylene was
prepared by reaction of water with calcium
carbide and purified by vacuum line frac-
tionation six times through a trap cooled to
177 K; this method has been shown to pro-
duce water-free acetylene (25).

IIl. RESULTS

A. Reaction of C,H, with PdIALO; at
303 K

The spectral developments for the room-
temperature addition of C,H4 to Pd/Al,O,
are shown in Fig. 1. The vibrational mode
of moderate intensity at 1333 cm™! in-
creases in absorbance with exposure to eth-
ylene and occurs at a frequency which we
will show is characteristic of the methyl

0.015
PdjALO;

0.010
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0.005

1360 1330 1300
Wavenumber {cm™)

Fi1G. 1. Development of two IR modes for surface
ethylidyne formed upon addition of C,H, to Pd/Al,O,
at 303 K. The following numbers of C,H, molecules
have been adsorbed by the surface: (a) clean surface,
(b) 0.20 x 10", (c) 0.54 x 10", (d) 0.96 x 10", (e) 1.50
X 10V, (£) 2.26 x 10V, (g) 2.93 x 10, (h) sample under
vacuum, P < 1 x 1078,
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specfrum
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F1G. 2. Carbon~hydrogen stretching region for ethy-
lidyne on Pd/AlLQ; following adsorption of ~3 x 107
ethylene molecules.

group’s symmetric deformation mode in ad-
sorbed ethylidyne. The very weak band at
1088 cm~!, shown at an intermediate and
high ethylene exposure, will be shown to be
characteristic of a C—C stretch in an sp?
carbon. The invariant peak at 1360 cm~'is a
feature of the alumina support and is unre-
lated to the spectral changes which occur
with increasing ethylene exposure.

The extremely weak band at 2867 cm~!in
Fig. 2 is due to the C—H stretch of an sp3-
hybridized carbon atom. The top spectrum
in Fig. 2 is the difference between the spec-
trum obtained at high ethylene exposures
and that before any ethylene exposure. The
sloping baseline which is removed as a
result of taking a difference spectrum ap-
pears particularly large in this presentation
due to the extreme scale expansion.

We will also show that the spectral fea-
ture at 1333 cm™! is useful for studies of the
reactivity of ethylidyne with other species.
In particular, hydrogenation with either D,
or H, causes this spectral feature to disap-
pear. This process may be repeated many
times by readsorption of C;H4 on the sur-
face. The absorbance of the 1333-cm™! fea-
ture is quantitatively reproduced in sequen-
tial experiments of this type.
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B. Comparison of C,H; and C,H,
Reaction with Pd/ALO; at 303 K

Acetylene, like ethylene, reacts with Pd/
Al,O; at room temperature, producing the
same surface species as shown by the de-
velopment of a methyl group deformation
mode at 1329.5 cm™! (Fig. 3). This acety-
lene-derived surface species differs from
the ethylene-derived surface species in
three respects:

(1) The acetylene-derived species ex-
hibits a methyl group deformation mode
frequency which is 3.5 cm~! below that of
the ethylene-derived species. This is shown
in Fig. 3.

(2) The acetylene-derived peak at 1329.5
cm~! maximizes in intensity at roughly half
the peak intensity produced by a saturation
ethylene exposure.

(3) Reaction of the surface species de-
rived from both acetylene and ethylene
with H; is rapid. Subsequent exposures of
the surface to ethylene result in the devel-
opment of the 1333-cm™! mode to its full
original intensity if prior exposures were
made with ethylene, and not acetylene.
That is, the initial exposure of a surface to
acetylene results in decreasing the chemi-

0.015

0.010

Absorbance

Wavenumber (cm™)

F16. 3. Development of the ‘“‘umbrella” mode for
ethylidyne formation from C,H, vs C,H,. The follow-
ing numbers of C;H, molecules have been adsorbed by
the surface: (a) 0.30 x 10%7, (b) 0.93 x 107, (c) 1.78 x
1077, (d) 2.58 x 10, (e) 3.93 x 10", (f) 5.35 x 1077, (g)
6.69 x 10V, (h) 8.93 x 107,

sorption capacity of the sample for subse-
quent exposures to either C;Hy or C,H,.

C. Thermal Development and Stability of
the Ethylene-Derived Surface Species
on Pd/A1203

Figure 4a-f shows the spectra for the
supported Pd surface exposed to ethylene
at temperatures between 150 and 302 K,
and maintained in contact with a few tenths
of a Torr of C;Hy(g) during warming. The
C;H, is either a liquid or gas, according to
the sample temperature. At 150 K (Fig. 4a)
the bands for C,H4(l) are clearly seen at
1443 and 1341 cm~!. Upon further warming
to 198 K (Fig. 4b), these bands decrease in
intensity as the C;H(l) evaporates, gener-
ating C,H,(g), and presumably leaving be-
hind a chemisorbed monolayer of C,Hj.
The important feature, however, is the de-
velopment of the characteristic 1333-cm™'
methyl group deformation mode at a tem-
perature as low as 241 K (Fig. 4c), and quite
clearly by 260 K (Fig. 4d), which continues
in its development through 302 K (Figs.
de.f).

When this same experiment is conducted
in such a way as to remove all of the physi-
sorbed ethylene at a temperature below that
at which ethylidyne forms, the results are
identical. This was done by exposing the
clean Pd surface to excess CyHy(g) at 150
K, and evacuating the sample at 150 K. By
pumping on the sample during the warming
process, we do not observe the bands at
1443 and 1341 cm~! which are due to liquid
ethylene. When the sample temperature is
increased to ~240 K under these condi-
tions, the 1333-cm~! band again develops as
ethylidyne forms from adsorbed C,H,.

Likewise, we have monitored the ther-
mal stability of adsorbed ethylidyne at tem-
peratures above room temperature. These
results are shown in Figs. 4g—-1, where it can
be seen that the ethylidyne absorbance at
1333 cm™! begins to attenuate at about 400
K indicating the onset of the decomposition
of the surface species.
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F1G. 4. Thermal development of ethylidyne on Pd/ALO; for T = 150, 198, 241, 260, 281, and 302 K
(spectra a through f, respectively), from the addition of C;H,. The sample was maintained under a few
tenths of a Torr of C,;H(g) during the warming-up (spectra a—f). Spectra g through | are, in order, the
spectra obtained at T = 298, 350, 400, 450, 500, and 575 K.

D. Isotopic Studies: Addition of D, and
C,D, to Surface Ethylidyne

The experiment illustrated by the data in
Fig. 5 was carried out by addition of small
amounts of D,(g) to a saturation coverage
of the ethylene-derived surface species.
Spectrum 5a clearly shows the two IR
modes at 1333 and 1088 cm~!. As greater
amounts of D,(g) are added (Figs. Sb—¢), an
absorption band at 1236 cm™! appears. The
assignment of this new band will be dis-
cussed below. In addition, the 1333-cm™!
band decreases in intensity monotonically,
while the new, 1236-cm~! band maximizes
in intensity before decreasing, with contin-
ued addition of D,(g). The concomitant ef-
fects on the intensity of the »(C—C) band
at 1088 cm1, as well as the possible growth
of a band at =1120 cm™!, is, unfortunately,
not clear due to a signal-to-noise problem
relating to the poor transmission of the
CaF, windows and alumina support in this
frequency range.

The data for the final experiment under-

taken is shown in Fig. 6. Starting from a
saturation overlayer of the C,H,-derived
surface species (Fig. 6a), and adding
C;D4(g) to the pressures specified, we ob-
serve trends similar to those observed for
the D, exchange experiment (compare Figs.
5 and 6) in which a peak develops at 1236
cm~!, Some important differences do, how-
ever, exist. Since the experiments in Fig. 6
are being conducted under a pressure of
C,D4(2), a sufficient excess of ethylene ex-
ists for the formation of the ethylidyne; the
coverage of the surface species therefore, is
constant, its deuterium content notwith-
standing. Thus the peak at 1236 cm™! does
not go through a maximum in intensity as it
did with increasing exposure to D; in Fig. 5,
but, rather increses in intensity as the 1333-
cm~! peak decreases in intensity. In addi-
tion to the peak at 1236 cm™!, Figs. 6b and ¢
also show an IR band at 1120 cm~! which
develops with the band at 1236 cm™!. The
assignments of these bands, as well as the
reasons for the differences of the D, and
C,D, addition experiments will be dis-
cussed shortly.
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Fi1G. 4-Continued.

IV. DISCUSSION

A. Characterization of Surface Ethylidyne
and Comparison with Results on Single
Crystals

The data for the reaction of ethylene on
Pd/ALO; to form a surface ethylene-de-
rived species is shown in Figs. 1 and 2. The
extensive body of characterizations of
ethylidyne &CCH;) on various single-
crystal metal surfaces makes it possible for
us to compare the vibrational frequencies
of ethylidyne on these surfaces to the fre-

o >CCH;_ 0,
5
<
: 8leny)
< \ Full Scale 0.0275 A
T=303 K
add D, PdfAlO,

V(c-C)
J

1500 1400 1300 100

Wavenumber (cm™)

1200

Fic. 5. Hydrogenation and isotopic exchange of
Dy(g) into surface ethylidyne at T = 303 K. Spectra
are difference spectra between clean surface and sur-
face treated as follows: (a) addition of =3.3 x 107
molecules of C,H, at 303 K. Spectra b through ¢ are
obtained from surfaces onto which the following addi-
tional amounts of Dy(g) has been adsorbed: (b) 1.5 x
107 molecules, (c) 1.0 X 107 molecules, (d) 5.0 x 107
molecules, (e) 5.0 x 107 molecules.

§(cHy) Full Scale 0.0275 A
S~ T-303K
Pd[AL,0;

8 EC(;HS_“DH Ny
] J
g A~
£2
L= ¢

ludd C,0,

1300 1200 oo

Wavenumber (cm™)

1500 1400

Fi1G. 6. Isotopic exchange of C,D, into surface ethy-
lidyne at T = 303 K. Spectra are difference spectra
between clean surface and surface treated as follows:
(a) addition of =~3.3 x 10" molecules of C,H, at (b)
under a C,D(g) pressure of 82 X 10-3 Torr, (¢) under a
C,Di(g) pressure of 134 x 1073 Torr.

quencies of our ethylene-derived species.
This comparison is shown in Table 1. The
excellent agreement between our three ob-
served frequencies and those for ethylidyne
on the other surfaces, as well as the agree-
ment with the cobalt organometallic com-
plex allows us to make the assignment of
surface ethylidyne for the species on the
Pd/Al,O; surface as shown in Table 1. The
relative peak intensities also closely match
the relative peak intensities in all the EELS
data on single crystals and the relative peak
intensities in the cobalt-ethylidyne com-
plex. These correlations, as well as shifts
in peak frequency upon deuteration (dis-
cussed below) allow us to assign the species
to the ethylidyne structure. We have care-
fully looked in the regions where the infra-
red modes that are not of q; symmetry
[vas(CH3) and 8,(CHj3)] would be expected
to appear. We have not observed any inten-
sity in these frequency regions, consistent
with the ‘‘surface selection rule’’ for adsor-
bates on metal surfaces, as discussed in the
limit of small metal particle size by
Greenler (39).

B. Ethylidyne Formation from C,H, vs
C2H4

It can be seen in Fig. 3 that the reaction
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TABLE 1

Comparison of Vibrational Frequencies for Ethylidyne on Various Metal
Surfaces (in cm™!)

Mode  Surface: Pt(111)« Rh(111)> Pd(111)c Pd/ALO;¢ CH;CCox(CO)y*
v,s (CH;) 3105-3025 2920 2900 (br.) Not allowed 2930
v; (CH;) 2940-2900 2880 7 2867(v.w.) 2888
8, (CH,) 1420 1420 1400 Not allowed 1420
8, (CH3) 1350 1337 1334 1333(m) 1356
vs (C-C) 1130 1121 1080 1088(v.w.) 1163

e Refs. (3, 4, 15).

b Refs. (8, 24).

¢ Refs. (12, 17, 19).
4 This work.

¢ Ref. (11).

of C,H, with Pd/Al,O; leads to the develop-
ment of a peak at 1329.5 cm™!, 3.5 cm™!
lower than the ethylene-derived ethylidyne
peak. Also evident in Fig. 3 is the early
saturation of the surface with respect to for-
mation of ethylidyne from acetylene. In ad-
dition, the surface after such exposure to
C,H, is relatively inactive toward regenera-
tion with hydrogen at room temperature for
the subsequent formation of ethylidyne.
This is in contrast to a surface treated with
C,H,, which regenerates very quickly and
ecasily by exposure to a few Torr of H; at
300 K. The reaction of the surface ethyli-
dyne with hydrogen to form ethane is rapid
at 300 K, leaving a surface which is able to
form more ethylidyne.

We explain all three effects on C,H,-de-
rived surfaces, the 3.5-cm™! shift, the early
peak saturation, and the surface poisoning,
by the following argument. The stoichiome-
try of the ethylidyne complex (C;H3) com-
pared to that of gas-phase acetylene (C;H,)
requires that for every 1 ethylidyne formed
from acetylene, at least 2 acetylenes are re-
quired, due to the hydrogen deficiency of
acetylene with respect to ethylidyne. An
acetylene molecule which decomposes to
give up its hydrogen(s) could be the source
of a surface carbon or hydrocarbon frag-
ment species which may cause all three of
the above-mentioned effects. The early sur-

face saturation with respect to ethylidyne
formation could arise from sites being
blocked by the surface carbon or hydrocar-
bon fragment species. This species is appar-
ently also unreactive to hydrogenation, ac-
counting for the difficulty in regenerating
the surface with hydrogen.

The shift of 3.5 cm~! to lower wavenum-
ber of the ‘‘umbrella’ mode, §,(CH3) could
also be caused by weak interaction of acet-
ylene-derived ethylidyne with a surface
carbon or hydrocarbon fragment species.
There is a precedent for these weak interac-
tion effects in other systems. Yates and
Haller (40) have observed small (5 to 8
cm™!) shifts to lower wavenumber in vibra-
tional frequencies for chemisorbed CO and
N, when the chemisorbed molecule is sur-
rounded by physisorbed species (CO, N,
Xe) at low temperatures. There is addi-
tional evidence in the matrix isolation sys-
tems where so-called ‘‘matrix effects’ at-
tributed to neighboring molecules cause a
small shift to lower wavenumber (41).
There is some evidence that this is a general
effect (40). In addition to purely physical
‘‘through-space’’ interaction, an electronic,
through-metal interaction could also occur
between surface species, and these possi-
bilities are currently under study. The ob-
servation of this effect for C,H, vs C;H; in
the ethylidyne system on single crystals has
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not been reported since the state-of-the-art
resolution in EELS is 30 cm™! (13), while
the uncertainty in the vibrational band fre-
quencies from EELS is =5 ¢cm™! at best
(42). Such a small shift of 3.5 cm™! could
not be seen by EELS as currently prac-
ticed.

C. Thermal Development and Stability of
Ethylidyne

Figures 4a through f show the details of
the developments upon warming the Pd/
ALO; surface exposed to C;H,. At 150 K
(Fig. 4a) a temperature at which C,H, is in
the liquid state, the prominent bands are
those due to the CH, asymmetric scissoring
motion of ethylene at 1443 cm~! and the
weaker, Raman-active band at 1340 cm™!,
due to a symmetric CH; scissoring motion.
Upon warming to 198 K (Fig. 4b), all peaks
decrease in intensity as the C,H(I) con-
verts to C,Hy(g). Further warming to 241 K
shows the first development of ethylidyne
at 1329 cm~!, which continues in its devel-
opment through 302 K (Figs. 4c-f).
Throughout the warming-up development
of peaks, the sample is maintained in con-
tact with a few tenths of a Torr of C;Hy(g).
We have found that this low pressure of
C,H4(g) causes a negligible contribution to
the spectra on this scale expansion. The on-
set of ethylidyne development at 241 K
agrees with analogous experiments on
Pd(111) where the onset of ethylidyne for-
mation occurs between 150 and 300 K (12,
17).

By conducting the experiment in such a
way as to remove all physisorbed C,H, at a
temperature below the ethylidyne forma-
tion temperature, the ethylidyne formation
still proceeds to the same extent upon
warming as that shown in Fig. 4f. This in-
dicates that it is solely the first, or chemi-
sorbed, layer of C,H, which is involved in
the formation of ethylidyne.

Likewise, spectra 4g—1 show that the de-
composition of surface ethylidyne begins at
about 400 K in agreement with results on
Pd(111) (12, 17). This decomposition is irre-

versible, and upon cooling and addition of
more C,H,, little new ethylidyne forms. We
feel that the surface may be poisoned by
unreactive C,H, fragments formed at
higher temperatures as the ethylidyne de-
composes. Such fragments were reported
by Gates and Kesmodel (I7) on Pd(111).
We have not, however, seen any evidence
in the IR for such fragments, possibly be-
cause of the extremely weak intensity of
these modes.

D. Isotopic Studies: Addition of D, and
C;Dy to Surface Ethylidyne

Addition of D, to a saturated surface
layer of ethylidyne causes the formation of
the new band at 1236 cm™! (see Fig. 5).
Based on the frequencies observed and cal-
culated (38) for ethylidyne on Rh(111) (see
Table 2), this new peak could be either the
CH, wag of =CCH,D or the CH rock of

>CCHD, (1248 and 1239 cm~!' on Rh(111),

respectively), or, less likely, a superposi-
tion of both. As can be seen from Table 2,
the “‘umbrella’ mode for the fully deuter-
ated ethylidyne species (=>CCDs) occurs at
a frequency just below our useful IR trans-
mission range.

Recent SSIMS investigations of ethyli-
dyne on Pt(111) (20, 22) have shown that
incorporation of deuterium into the ethyli-
dyne methyl group proceeds via a mecha-
nism which agrees with a model of one-by-
one stepwise exchange. In this model, the
surface concentrations of intermediate deu-
teration species &>CCH;_,D,, x = 1, 2) go

TABLE 2

Vibrational Frequencies for Variously Deuterated
Ethylidynes on Rh(111) (in cm~!) (38)

Mode =CCH,; =>CCH,D =>CCHD, =CCD,
8, (CH,) 1337 a a 988
v (C-C) 1121 1125 1130 1145
CH, wag a 1248 a a
v (CH) a a 1239 a

4 Mode does not exist due to the symmetry of the
species.
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through a maximum with time as exchange
of deuterium for hydrogen proceeds, while
that of the undeuterated and fully deuter-
ated species asymptotically fall and rise, re-
spectively. The behavior of the 1236-cm™!
peak of our work does go through a maxi-
mum in intensity, probably due to the com-
peting effects of stepwise exchange of D
into the ethylidyne and the decreasing sur-
face concentration of ethylidyne due to hy-
drogenation to ethane.

The hydrogenation effect is not a factor
in Fig. 6 since the experiment is carried out
under a pressure of C,D,. Exchange possi-
bly now proceeds as a result of C,D, form-
ing =CCD; + D(ads) with involvement of
an intermediate structure such as ethyli-
dene, =CHCHj;. Although we have no evi-
dence for its formation, there is currently
support for the ethylidene intermediate in
this exchange process (20, 22, 24), and we
are presently involved in experiments to
help elucidate the mechanism.

The very weak new peak at 1120 cm™!
(Fig. 6) is most likely due to the C—C
stretch mode in the mono- or dideuterated
ethylidyne species, in agreement with
results on Rh(111) (38) (see Table 2). Its
presence is seen more easily in Fig. 6 than
in Fig. 5 due to the lack of a competing
hydrogenation reaction, which would cause
a decrease in surface ethylidyne coverage.

V. SUMMARY

We report the first detailed investigation
of the properties of ethylidyne on a sup-
ported metal surface (Pd/ALO;, 10%). Its
formation is immediate upon addition of
C,H, or C;H; to Pd/ALLO; at 303 K; the po-
sition of the IR bands are in excellent agree-
ment with results obtained by EELS on
Pd(111), Pt(111), and Rh(111) surfaces by
others, and with the cobalt organometallic
cluster compound containing cthylidyne. A
small downward frequency shift of 3.5 cm™!
was observed for the ‘‘umbrella’ mode of
ethylidyne when it was formed from C;H;,
and this has been attributed to weak inter-
action of ethylidyne with a surface carbon

or hydrocarbon fragment species which is a
product of the necessary decomposition of
2 acetylene molecules to form 1 ethylidyne
species. The thermal characteristics of
ethylidyne also agree with results on
Pd(111), from the onset of its formation at
=240 K upon warming from lower tempera-
tures, to its decomposition beginning at
about 400 K. Hydrogen—deuterium ex-
change into the ethylidyne molecule has
also been studied with addition of Dy(g)
and C;D4(g), with the observation that ap-
preciable amounts of competing hydroge-
nation does occur with addition of D,(g).
The frequencies of the new bands resulting
from incorporation of D into the ethylidyne
molecule are in excellent agreement with
those on Rh(111).
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