Reactive Intermediates in the Pd Atom—Ethylene System

(3) (a)P. A.Kilty and W. M. H. Sachtler, Catal. Rev., 10, 1 (1974); (b)
H. H. Voge and C. R. Adams, Adv. Catal., 17, 151 (1967); (c) G. W.
Keulks and J. F. Outlaw, Jr., Proceedings of the Fifth International
Conference on Catalysis, J. W. Hightower, Ed., North-Holland Publishing
Co., Amsterdam, 1973.

(4) E.P.Kundig, M. Moskovits, and G. A. Ozin, J. Mol. Struct., 14, 137
(1972).

(5) M. Moskovits and G. A. Ozin, J. Appl. Spectrosc., 26, 487 (1972).

(6) D. MclIntosh and G. A. Ozin, Inorg. Chem., 16, 51 (1977).

(7) D. Mclntosh and G. A. Ozin, Inorg. Chem., 16, 59 (1977).

(8) D. Mclntosh and G. A. Ozin, Inorg. Chem., in press.

(9) M.E. Volpin and 1. S. Kolomnikov, Pure Appl. Chem., 33, 567 (1973).

(10) (a) E. P. Kundig, M. Moskovits, and G. A. Ozin, Nature (London), Phys.

Inorganic Chemistry, Vol. 16, No. 5, 1977 979

Sci., 236,69 (1972) 239, 90 (1972); (b) W. Klotzbicher, D. Singh, and
G. A. Ozin, to be published.

(11) H. Huber, D. Mcintosh, and G. A. Ozin, submitted.

(12) P.J. Hayward, D. M. Blake, G. Wilkinson, and C. J. Nyman, J. Am.
Chem. Soc., 92, 5873, 1970.

(13) E.P. Kundig, M. Moskovits, and G. A. Ozin, Angew. Chem., Int. Ed.
Engl., 14, 292 (1975).

(14) Labeling éxperiments using '*CO,/"*CO,/Ar isotopic mixtures confirmed
that weak absorptions in the 1600-cm™ region were associated with trace
amounts of H,O rather than coordinated CO,.

(15) Note, that had I been the carbonate, then both the symmetric and
asymmetric »(C—O) stretching modes should have been observed'? in
the 1250~800 cm™ region.

Contribution from the Lash Miller Chemical Laboratories and Erindale College,

University of Toronto, Toronto, Ontario, Canada

Synthesis and Characterization of Reactive Intermediates in the
Palladium Atom-Ethylene System, (C,H,),Pd (where n= 1, 2, or 3)

H. HUBER, G. A. OZIN," and W. J. POWER
Received September 28, 1976

AIC607130

The cocondensation of Pd atoms with C;H, and C,H,/inert gas matrices at 15 K is shown to provide a direct and efficient
route to binary palladium ethylene complexes of the form (C,H,),Pd (where n = 1, 2, or 3). The complexes were identified
and characterized by infrared and UV-vis spectroscopy coupled with ethylene concentration studies, warm-up experiments,
and "*C,H, and '>C,H,/"3C,H, isotopic substitution. Extended Hiuickel molecular orbital calculations are performed for
all three complexes and prove to be a useful aid toward understanding the origin of and observed trends in their UV
charge-transfer spectra. Comparisons between the (C,H,),Pd complexes and the analogous (C,H,),Ni complexes are briefly
discussed. The suitability of (C,H,)Pd as a localized bonding model for the w-complexed form of ethylene chemisorbed

onto palladium is also considered.

Introduction

A promising chemical approach which is receiving increasing
attention in the field of heterogeneous catalysis' involves the
use of transition metal atoms for synthesizing localized bonding
models of the chemisorbed state.? With a careful choice of
reaction partners and experimental conditions one can, in
principle, design a metal atom-ligand combination to simulate
and study almost any adsorbate—adsorbent interaction of
catalytic interest.>*

Because olefins are involved in a large number of important
heterogeneous catalytic reactions of industrial significance,’
we chose initially to study the interactions between ethylene
and group 8 metal atoms using cryochemical trapping
techniques.

In a previous paper® we reported that by using Ni atom/
C,H, and C,H,/Ar matrix cocondensation reactions one can
gain a synthetic route to the extremely labile reaction in-
termediates (C;H,)Ni and (C,H,),Ni as well as the known
compound (C,H,);Ni.” These complexes were characterized
by matrix infrared and UV-vis spectroscopy, coupled with
nickel-ethylene concentration studies and warm-up experi-
ments.

In this paper we have extended the technique to palladium
atoms to determine whether binary ethylene complexes of
palladium, like those of nickel, have an independent existence.
By using a combination of ethylene concentration and matrix
warm-up experiments, we have been able to definitely identify
three (C,H,),Pd complexes, the highest stoichiometry of which
is proven from '3C,H, isotope labeling experiments to be
(C,H,);Pd. A previous claim to have synthesized (C,H,),Pd
at 77 K,™9 while effectively demonstrating the existence of
a binary Pd/C,H, complex, employed comparative infrared
spectroscopic techniques for making a stoichiometric as-

signment, rather than isotopic labeling. In this paper we will

demonstrate that the infrared technique without isotopic
substitution is somewhat suspect, in that in a series of com-

plexes (C,H,),M the infrared peaks shift very little on in-
creasing n or on changing M. On the other hand, we find that
the metal-to-ligand charge transfer transitions (MLCT) in the
UV spectra of (C,H,), Pd are quite sensitive to variations in
both n» and M.

Experimental Section

Monatomic Pd vapor was generated by directly heating a 0.010
in. ribbon filament of the metal or 0.005 in, Pd ribbon wound on a
W support with ac in a furnace similar to that described previously.®
The palladium (99.99%) was supplied by McKay. Research grade
2C,H, (99.99%) and Ar (99.99%) were supplied by Matheson of
Canada and *C,H, (91%) by Prochem. The rate of Pd atom de-
position was continuously monitored using a quartz crystal micro-
balance.’

In the infrared experiments, matrices were deposited onto a NaCl
or CsI optical plate cooled to 15 K by means of an Air Products Displex
closed cycle helium refrigerator. Infrared spectra were recorded on
a Perkin-Elmer 180 spectrophotometer. UV-vis spectra were recorded
on a standard Varian Techtron in the range 190-900 nm, the sample
being deposited onto a NaCl optical plate.

Extended Huckel calculations for (C;H,) 23Pd were performed

~on an IBM 7094 computer.

Results and Discussion

Infrared Experiments. When Pd atoms are cocondensed
with 2C,H,/Ar =~ 1/10 mixtures at 15 K (using very low
concentrations of Pd to eliminate complications due to cluster
formation, Pd/Ar ~ 107%),'® aside from infrared absorptions
belonging to free ethylene isolated in the Ar matrix (labeled
E in all figures), a number of new absorptions were observed
in the »(CH), »(C=C), §(CH,), and p,,(CH,) regions (Figure
1B) which are clearly associated with ethylene coordinated
to palladium. Warm-up experiments performed in the range
10-45 K demonstrate that the set of new absorptions can be
ascribed to two distinct species labeled III and II in Figure
1B and Table I.  Of particular note is the fact that the
absorptions labeled I1I occur at frequencies very close to those
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Figure 1. The matrix infrared spectra observed on depositing Pd atoms
with (A) C,H,/Xe ~ 1/100 and (B) C,H,/Ar &~ 1/10 at 15 K
(Pd/inert gas ~ 1/10%), showing the absorptions of (C;Hy), »;Pd,
labeled 1, 11, and ITI, respectively. The absorptions associated with
free C,H, in the matrix are labeled E.

Table I. The Infrared Spectra and Vibrational Assignments for
(C,H,),M (where M=NiorPdandn =1, 2, or 3)%

Tentative
(C,H,),M (1) (C,H,),M D)  (C,HOM (D) assignmont
Ni¢ pdd Ni¢ pdd Ni¢ Pd®? of modes
2945 2943
2917 2918 2961 2958 u(CH,)
2885 2888
1513 1524 1465 1463 1497 1502 p(C=0C)
1245 1255 1225 1242 1159 1223 &(CH,)
911 904 906 916 901 913  p(CH,)

@ Average values quoted in cm™! from the various C,H,, Ar, and
Xe matrix experiments. ? A low-frequency mode was observed at
about 372 cm™ for (C,H,),Pd which is tentatively assigned to an
asymmetric Pd-ethylene stretching mode. € Reference 6. @ This
study.

previously assigned to (C,H,),Pd.’>¢

In order to reveal the existence of any lower stoichiometry
complexes in the Pd/C,H, system, the rigid matrix C,H,/Xe
~ 1/100 was chosen and a typical infrared trace is shown in
Figure 1A. The features of special interest under these
conditions are the spectroscopic nonobservation of species ITI
and only trace amounts of species II. Aside from free ethylene
absorptions, the major new lines occur at frequencies distinct
from those of II and III and which, from warm-up experi-
ments, can be associated with a single species labeled I in
Figure 1A and Table I.

An a priori assignment on the basis of these results is that
three complexes have been generated where

I=(C,H,)Pd
Il = (C,H,),Pd
11l = (C,H,),Pd

Verification of these tentative assignments stemmed from a
series of ten ethylene—inert gas concentration experiments in
the range 1/100 to pure ethylene, together with their associated
warm-up experiments. In all cases the data agreed with our
proposed assignments. Moreover, the parallelism with the
analogous nickel data,® also shown in Table I, is most striking.

As with the corresponding Ni data,’ our experiments with
Pd atoms in pure C,H, reveal the interesting phenomenon that
both (C,H,),Pd (II) and (C,H,),Pd (III) form on 15 K
deposition. Their relative concentrations as indicated by their
integrated infrared absorbances remain roughly constant up
to about 60 K. At 70 K, (C,H,),Pd gradually decays relative
to (C,H,);Pd and at 80 K, as the C,H, matrix gradually
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Figure 2. The matrix infrared spectrum observed on depositing Pd
atoms with ‘2C,H,/C,H,/Ar =~ 1/1/10 at 15 K, showing the isotope
patterns in the »(C==C} stretching and 6(CH,) deformational regions
of ("2C,H,),(*CyH4)sPd (where n = 0-3).

sublimes from the cold window, the absorptions of (C,H,),Pd
essentially disappear. Whether or not the (C,H,),Pd species
decomposes at these temperatures or is simply lost into the
vacuum system as the matrix breaks up will form the basis
of a future quadrupole mass spectroscopic investigation, al-
though it has been reported that (C2H4)73Pd is stable up to 190
K in the absence of a matrix support.’®?

We believe that the coexistence of both (C,H,),Pd and
(C,H,),Pd in pure C,H, matrices, as in the case of the
analogous nickel compounds,® may be an artifact relating to
the favorable packing requirements of II in the crystal lattice
of solid C,H, (space group D%, Pnnm), see ref 11.

Having tentatively assigned the highest and lowest stoi-
chiometry compounds in the Pd atom/ethylene system to III
and I, respectively, we then examined the corresponding
12C,H,/"*C,H, mixed isotopic data in order to verify our
proposals.

Unequivocal stoichiometric assignments for 11T and I were
obtained by examining the isotopic patterns in the »(C=C)
stretching (1550-1450 cm™) and 6(CH,) deformational
(1300-1000 cm™) regions under conditions which favored
optimum spectral and chemical resolution of III and I. (We
are aware that these modes may be highly coupled®® and a
normal coordinate analysis employing infrared and Raman
data for the (C,H,),Pd species is underway.?)

Our best results for species III were obtained with
12C,H,/BC,H,/Ar =~ 1/1/10 mixtures and a typical infrared
spectrum is shown in Figure 2. Aside from absorptions
associated with free '2C,H, and *C,H, labeled E, a quarter
isotope pattern can be discerned in the y(C=C) stretching and
8(CH,) deformation regions which, from their frequencies and
warm-up behavior, can be ascribed to species III. These values
are listed in Table II.

To establish which of these isotope lines are associated with
the mixed isotopic molecules (**C,H,),('*C,H,);.-.Pd (where
n = 0-3), we separately investigated the corresponding reaction
with ’C,H, and our assignments are displayed in Table II.

It is interesting to note that the “conventional” quartet

. isotopic pattern of M(*2C'¢Q),(*C'®0),_, (where n = 0-3),'2

the origin of which is related to the existence of a positive
kco.co interaction force constant, is not observed for III.
Instead, one observes an “inverted” quartet isotope pattern
for both the »(C=C) and 6(CH,) modes (Table II), which
serves to characterize III as a tris(ethylene)palladium complex
but with negative stretch—stretch and angle interaction force
constants,

Confirmation of the stoichiometry of species I originated
from **C,H,/Xe =~ 1/100 and °C,H,/*C,H,/Xe =~ 1/1/100
experiments. The results of these experiments are illustrated
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Table II. Infrared Isotopic Substitution Data for
(*C,H, ) (**C,H, )y, Pd (Where n = 0-3)

Obsd freq, cm™* Mode

Assignmentsb

1524 »(C=C) (12C,H,),Pd
1499 »(C=C) (**C,H,),Pd
1481 »(C=C) (**C,H,),(**C,H,)Pd
~1460° V(C=C) (I=C2H4)(l3C2H4)gPd
1255¢ 5(CH,) (*2C,H,),Pd
1233 5(CH,) (1*C,H,),Pd
1196 §(CH,) (**C,H,),(**C,H,)Pd
1182 8(CH,) (**C,H,)(**C,H,),Pd

2 Partial overlap of this species with the absorption of :
(12C,H,),Pd. Y The frequency ordering and assignments for these
isotopic molecules are based on **C,H,/Ar = 1/10, **C,H,/Ar =
1/10, and **C,H,/**C,H,/Ar = 1/1/10 experiments and the as-
sumption of a negative kc=c c=c stretch-stretch interaction
force constant. ¢ In this frequency range, free ethylene lines oc-
curat 1224 em™ (**C,H,)and 1210 cm™ (**C,H,).

Table III. Infrared Isotopic Data for (**C,H,)Pd and (**C,H,)Pd
in Xenon Matrices?®

Obsd freq, cm™! Mode Assignment
2952 v('2CH,) (**C,H,)Pd
2932 »(**CH,) (13C,H,)Pd
1502 v(12C=12C) (13C;H,)Pd
1460 v('3C="3C) (**C,H,)Pd
1223 8(**CH,) (2C,H,)Pd
1193 8(13CH,) (**C,H,)Pd

913 pw(:3CH,) (12C,H,)Pd
905 pw(*3CH,) (**C,H,)Pd

@ Matrix ratio was C,H,/Xe = 1/100.

in Table III where it can be seen that the »(C=C) stretching,
0(CH,) deformational regions and p,(CH,) wagging of I
display isotopic doublets in the '*C,H,/"*C,H,/Xe ~ 1/1/100
experiment, while only singlets in the respective '*C,H,/Xe
and 13C,H,/Xe experiments. These data unequivocally es-
tablish I to be monoethylenepalladium.

It was not possible to obtain useful mixed isotopic data for
species II for three reasons. First, under no circumstances was
it possible to obtain appreciable quantities of II with minimal
amounts of I and III. Second, the isotope lines associated with
the »(C=C) stretching mode of II, 1465 cm™!, were overlapped
by the intense absorption of free ethylene at roughly 1438 cm™
(see Figure 2). Third, the (CH,) deformational mode of II
never appears as a very intense line and also suffers from band
overlap problems. However, having assigned I to (C,H,)Pd
and III to (C,H,);Pd, one feels confident in assigning II to
(C,H,),Pd by virtue of its concentration and warm-up behavior
as well as by comparison with (C,H,),Ni¢ and (C,H,),Cu.?

UV-Visible Experiments. Two types of UV-vis study of the
Pd atom/ethylene system proved to be most informative. The
first involved an ethylene/argon concentration study in the
range pure ethylene to 1/200, of which a typical series of
spectra are shown in Figure 3A-D, respectively, The spectra
are dominated by intense ultraviolet absorptions in the range
200-240 nm. (We note at this point that visible absorptions
for 12-, 14-, and 16-electron systems of the type (C,H,), ;3Pd
are not expected if the palladium is formally Pd(0).) With
the prior knowledge that (C,H4)Pd and (C,H,);Pd are the
dominant species under conditions of high matrix dilution
(Figure 3D) and low matrix dilution (Figures 3A and 3B),
respectively, one can make the a priori assignment of the three
observed ultraviolet transitions of Figure 3 to species I, II, and
ITI as listed in Table IV. These optical spectra indicate that
a single, UV—electronic transition can be associated with each
of species I to III and that these shift monotonically to higher
energies with increasing ethylene stoichiometry.

Confirmation of these assignments stems from UV-vis
warm-up studies of a matrix containing al/ three species on

Inorganic Chemistry, Vol. 16, No. 5, 1977 981

ABSORBANCE ——

c

— 0=
200 300 400 500 G600 700 nm

Figure 3. The matrix UV-vis spectra observed on depositing Pd atoms
with (A) pure C,;H,, (B) C,;H,/Ar & 1/10, (C) C,;H,/Ar = 1/50,
and (D) C,H,/Ar ~ 1/200 mixtures at 15 K, showing (C,H,), ;,Pd,
labeled 1, 2, 3, respectively.
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Figure 4. (A) The same as Figure 3C showing the effect of matrix
warm-up to (B) 20 K, (C) 30 K, (D) 40 K, and (E) 50 K (same
notation as Figure 3).

Table IV. The UV-Vis Spectra of (C,H,),M (where
M=NiorPd,n=1,2,0r 3)

M=Ni M=Pd
nm nm Assignment
(C,H )M 280 240 MLCT
(C,H,),M 250 221 MLCT
(C,H,);M 236 204 MLCT

deposition (Figure 4A). Under these conditions, one observes
a gradual decrease in the absorbance of the 240-nm band on
warming to 20-30 K (Figures 4B and 4C), followed at a
different rate by the band at 221 nm. At 45 K (Figure 4E),
the major absorbing species corresponds to the band at 204
nm. The warm-up behavior of the three bands at 204, 221,
and 240 nm is therefore in actordance with that expected for
an assignment to species III, II, and I, respectively.

At this point, the close resemblance of the ultraviolet
transitions of (C;H,), ,3Pd to those observed for (C,H,), ,3Ni®
shown in Table IV should be noted. First, one ultraviolet
transition can also be associated with each of the (C;H,); 5 3Ni
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Table V. Parameters Used in the EHMO Calculations for
(C,H,),,Pd (where n =1, 2, or 3)

Orbital Orbital® exponent Hi eV

Pd 4d 3.400 -8.33

Ss 1.570 -7.32

' 5p 1.570 -2.00
C 2s 1.625 -21.40

2p 1.625 -11.40

H 1Is 1.000 -13.60

Bond Distances Used, A
r(Pd~C) = 2.35
r(C-C)=1.34
r(C-H)=1.10

¢ R. Hoffman, J. Chem. Phys., 39, 1397 (1963).

species. Second, these also monotonically blue shift, with
increasing ethylene stoichiometry. Third, each is red shifted
with respect to the corresponding (C,H,),,;Pd ultraviolet
transitions. Fourth, major energy shifts are observed in the
ultraviolet spectra of species (C,H,),M on changing either n
from 1 to 3 or M from Ni to Pd; on the other hand, the
corresponding relative energy shifts in the infrared are ex-
tremely small (Table I).

Each of these observations is interesting and carries con-
siderable information regarding the molecular, electronic, and
bonding properties of binary, transition metal ethylene
complexes.

As a first step toward understanding these data, an extended
Hiuckel molecular orbital study has been initiated for the
(C;H,), 3Pd complexes, similar to that previously described
for (C,H,),3Ni.!* The results of these calculations will now
be considered together with those of SCF-Xa—SW theory!
recently applied to (C,H,)M (where M = Ni, Pd, or Pt).

Extended Hiickel Molecular Orbital Calculations for
(C,H,),Pd (where n = 1-3). The calculations have been
carried out with the C,,, D,;, and Ds;, geometries shown below:

del| [pPd-- /"Pd..."
Pd|| |t N

I II 111
sz Dzh Dsn

The Pd-C bond distance was chosen at 2.35 A for all three
(C,H,),.Pd complexes and represents an average of the Pd—
olefin—carbon distances found previously in palladium—olefin
complexes.'”” The interatomic distances chosen for the co-
ordinated ethylene moiety were identical to those employed
by Hoffmann et al.'* In our EHMO calculations, the 4d, Ss,
and Sp orbitals of atomic Pd were used together with
Clementi-Roetti'® orbital exponents, the Cusachs'’ approx-
imation, and unmodified Baranovskii'® values for the coulomb
integrals, The parameters required to reproduce these cal-
culations are listed in Table V.

The resulting orbital energies for all three complexes are
. depicted in Figure 5 together with the calculated = and «°
orbital energies of free ethylene. Generally speaking, the
overall features of these energy level schemes are not unlike
the EHMO results of Hoffmann et al.' for the corresponding
nickel complexes (noting that Hoffmann does not report
calculations for (C,H4)Ni) and the SCF-Xa—SW calculations
of Messmer et al.! for (C,H,)M (where M = Ni, Pd, or Pt).

The descriptions of the relevant orbitals depicted in Figure
5 indicate that the Dewar-Chatt-Duncanson'® description of
the palladium-ethylene interaction is an adequate one.

In brief, apart from a group of low-lying CH, CC, and PdC
bonding orbitals (Figure 5), the HOMO’s for (C,H,); ; ;Pd
consist of a cluster of Pd d-like orbitals. In each case, a Pd-C
o-type bonding orbital(s) is found around —13 to —13.5 ¢V and
a Pd—C w-type bonding orbital around —8.8 to ~9.0 ¢V. The
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Figure 5. Extended Huckel molecular orbital energy level schemes
for C,,, (C,H4)Pd; Dy, (C,H,4),Pd; and Dy, (C;H,);Pd (see text for
notation). Electric dipole and spin-allowed transitions are indicated.

antibonding counterpart to the Pd—C =-type orbital is found
between ~7.75 and ~7.50 eV for all three complexes.

The observation of intense absorptions in the ultraviolet for
(C,H,),5,3Pd, which blue shift with increasing ethylene co-
ordination number, leads us to believe that the electric dipole
and spin allowed electronic transition(s) depicted in Figure
5 are reasonable assignments for the observed bands. In each
case they originate from one or more of a group of filled Pd
d-like orbitals, which cluster around -8.25 eV for all three
complexes. The upper level in each case is best described as
an antibonding combination of 4pw-type atomic orbitals on
Pd with symmetry matched 2p,-type atomic orbitals on carbon.
In agreement with the observed UV spectra, these electronic
transitions monotonically blue shift on passing from (C,H,)Pd
to (C2H4)3Pd.

In view of the assignment of metal — olefin charge transfer
transitions in the 200-300-nm region for platinum—-olefin
complexes of the type [(olefin)PtCl,]", copper halide—nor-
bornene complexes, and silver(I)-benzene and styrene com-
plexes,” it would appear to be quite reasonable to describe
the observed (and calculated) UV transitions of (C,H,), ,3Pd
as Pd — C,H, charge transfer. A similar description would
also seem to be appropriate for (C,H,), ;Ni.5!

A final point relates to the observed blue shift of the UV
transition of (C,H,),Ni on passing to (C,H,),Pd. In this
context it is worth referring to the results of the more accurate
SCF-Xa~-SW calculations for (C,H,)Ni and (C,H,)Pd! which
show that the cluster of filled metal d-like orbitals mentioned
earlier (and shown in Figure 5) becomes more stable on passing
from (C,H,)Ni to (C,H,)Pd, while the energy of the corre-
sponding, upper recipient orbital remains approximately
unchanged. Therefore the absolute value of the metal —
ethylene charge transfer energy, according to these X cal-
culations, should blue shift on passing from (C,H,)Ni to
(C,H,)Pd (presumably a similar conclusion would be arrived
at for higher ethylene stoichiometries), consistent with our
experimental observations.
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Table V1. Infrared Spectroscopic Data for (C,H,)Pd and the
n-Complexed Form of Ethylene Chemisorbed on Palladium

Approximate
description (C,H )Pd (CZH“ds)Pd,b A,
of mode cm™? cem™? cm™
v(CH,) 2958 2980 22
p(C=C) 1502 1510 8
8 (CH,) 1223 Not observed
pw(CH,) 913 Not observed

@ This study. ? Reference 22.

Monoethylenepalladium, (C,H,;)Pd. A Localized Bonding
Model for the w-Complexed Form of Ethylene Chemisorbed
on Palladium. The group 8 trans1t10n metals (Ni, Pd, Pt) are
useful hydrogenatlon catalysts.” Infrared experiments suggest
that ethylene is adsorbed on metal surfaces and supported
metals in the form of the di-e-bonded M-CH,-CH,-M
species.! Very recently infrared evidence has been obtained
for the presence of =-bonded species from eth;/lene chemi-
sorbed on silica-supported Pd and Pt catalysts,** These are
proposed to coexist with the di-s-bonded M—CH,-CH,-M
species and are found to be more readily removed by hydrogen
than the latter. In line with these studies are the results
obtained from photoemission experiments,?® where it is
suggested that ethylene is bonded to the surface by means of
its 7 orbital. Interestingly, a recent secondary ion mass
spectrometry study of ethylene adsorbed on Ni** showed the
presence of two distinct types of adsorptlon as indicated by
the detection of the ions NI(C2H4) and Ni,(C,H)*.
central interest to this discussion is the remarkable s1m11ar1 z
between the infrared spectra of Pd(C,H,) and Pd(C;H, ,4)*
as shown in Table VI. The close correspondence between the
observed »(CH,) and »(C==C) stretching modes strongly
suggests that ethylene 7 bonded to a single palladium atom
in Pd(C,H,) is an intuitively acceptable localized bonding
model for the m-complexed form of C,H4 chemisorbed onto
Pd.

The small “blue” frequency shift on passing from Pd(C,H,)
to Pd(C,H, .4) implies a slight strengthening of the C—H
and C=C bonds of the coordinated ethylene moiety on going
from a single Pd atom site to a Pd atom in the metal surface.
This might be taken to imply that the extent of Pd — C,H,
charge transfer is marginally less from a Pd surface atom site
than from an isolated Pd atom.’

Conclusion

The palladium atom—ethylene matrix cocondensation re-
action at 15 K has been shown to provide a direct and con-
venient synthetic route to the reactive intermediates (C,-

H,),,Pd as well as the known complex (C,H,);Pd.”*¢ The
12C,H,/1*C,H, isotopic data actually serve to place the original
identification of (C,H,);Pd"¢ (prepared at 77 K) on a firmer
basis.

Of particular interest is the remarkably close resemblance
of the infrared spectra of the (C,H,),Pd (where n =1, 2, or
3) complexes among themselves as well as to the 7r-comp1exed
form of ethylene chemisorbed onto palladium.??* Therefore,
apart from their inherent chemical and spectroscopic interest,
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the discovery of the reactive intermediates (C,H,),M (where
n = 1-3, M = Ni or Pd) is significant in that they may serve
as valuable “localized bonding” models®™ for studying the
reactive intermediates and processes involved in olefin oxi-
dations and hydrogenations by supported metal catalysts.’
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