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Carbon monoxide chemisorbed alone, and simultaneously with the Lewis bases (CHs)sN
and C.H;NC, has been studied by ir spectroscopy over Fe, Co, Ni, Rh, Pd and Pt evapo-
rated films. CO is chemisorbed on transition metals forming a ¢ bond by donation of the
lone pair of the carbon atom, and a = bond by back donation of metallic d electrons to the
antibonding #* orbital of CO. This produces a decrease of the carbon-oxygen bond
strength and consequently a decrease of the vibrational frequency of CO. (CH;):N is
chemisorbed by donation of the nitrogen lone pair to form a ¢ bond; C:H;NC is chemi-
sorbed by donation of the carbon lone pair to form a ¢ bond, and the possibility also
exists to form a = bond by back donation from the metal d orbitals. However the =
acceptor ability of C:H;NC is weaker than for CO.

When (CH;):N and C;H;NC react with chemisorbed CO, a number of CO molecules
are replaced. In either case, the net effect is to provide more electrons for back donation
from the metal to CO z* orbitals. A lowering of the CO surface coverage and the shift of
the CO stretching frequencies to lower frequencies has been observed. From this point
of view, the metal surface exhibits a similar behavior to that of the central metal atom of

transition metal complexes.

INTRODUCTION

Since the early studies of Eischens, Pliskin
and Francis (71) in 1954, numerous articles
have been published concerning the infrared
spectra of carbon monoxide ehemisorbed on
highly dispersed transition metal particles.
However, relatively few studies have been
made of the interactions between chemi-
sorbed carbon monoxide and other species
simultaneously adsorbed on metal surfaces.
The cases of simple molecules such as oxy-
gen, nitrogen, hydrogen, water vapor, am-
monia (1-3) and hydrogen sulfide (3) have
been reported.

The vibrational behavior of earbon mon-
oxide during such interactions would suggest
that an atom of the metal surface must have
an analogous behavior to that of the metallic
atom of the complexes of coordination chem-
istry. The recent paper of Goodsel and
Blyholder (4) shows a striking example of
this analogy. One of the fundamental proper-

ties of transition metal complexes in their
low valent states is the electronic transfer
which takes place between different ligands
through the metal atom. We have sought
manifestations of the analogy by exploring
whether such a phenomenon oceurs through
metal surface atoms between different
species simultaneously chemisorbed.

In our work we have studied by ir spec-
troscopy the interactions of Lewis bases with
carbon monoxide chemisorbed on metal
films. The behavior of the Lewis bases
like trimethylamine and ethylisocyanide are
described below.

EXPERIMENTAL SECTION

Technique. Metal films were prepared by
evaporation () from a filament, on NaCl
windows, in the presence of a small amount
of carbon monoxide (1073, 10~ Torr). The
design of the infrared cell used in this study
is illustrated in Fig. 1. The body of the cell,
built in Pyrex glass, was blown out to
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Fic. 1. Infrared cell.

produce two 35 mm diameter openings,
closed with two NaCl windows. These
windows were sealed, with “Scotch weld”*
epoxy resin on Paulstra®* joints. The upper
part of the cell consisted of a 45/55 stan-
dard taper joint.

Filaments were prepared from tungsten
wire of 0.25 mm diameter in the form of a
coil (10 turns) of 1.5 mm diameter and 8 mm
length. The filament was charged with the
appropriate metal for evaporation by placing
a sample as shown in Fig. 1.

Materials. Evaporated films of iron, co-
balt, nickel, thodium, palladium and plati-
num were prepared. These metals, stated to
be 99.999, pure, were obtained from Johnson
Matthey or Comptoir Lyon Alemand.
Tungsten wire (Purity 99.98%,) was obtained
from Alfa Inorganies. The carbon monoxide
used in this study was obtained from Air
Liquide (Purity 99.9959,).

Infrared spectra. The spectra of chemi-
sorbed molecules were recorded on an un-
modified Perkin-Elmer model 225 double
beam grating spectrometer, in the region
2200-1600 em™!; the frequencies were meas-
ured with an accuracy greater than 45 em,

* Trade mark of the 3M Company.
** Paulstra, 92-Levallois, France.
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Structure of metal films. Many of the
evaporated metal films used in this work
were examined by means of electron micros-
copy with a Philips EM 300 instrument. The
films were easily floated onto water from the
sodium chloride window. Films appeared to
be made up of a cluster of particles. As in
previous observations, the size of the par-
ticles was a function of the melting point of
the metal and the earbon monoxide pressure.
For a given metal, the particle size increased
with CO pressure, in agreement with
Garland, Lord and Troiano (6).

Preparation of surface carbonyl complexes.
The iron, cobalt, nickel, rhodium, palladium
and platinum films were evaporated on the so-
dium chloride windows in the presence of car-
bon monoxide at 0.1 Torr. After evaporation,
the cell was filled with carbon monoxide at a
pressure of 700 Torr, and after a few minutes
the cell was placed in the infrared spectrom-
eter and pumped down to a pressure of 0.1
Torr. The spectrum was then recorded. Each
experiment was reproduced several times;
the discrepancies between observed fre-
quencies in each experiment on the same
metal were smaller than 5 em™.

The infrared spectra of ehemisorbed CQ
are presented in Fig. 2, and the frequencies
of the absorption bands are summarized in
Table 1.

Platinum films were also evaporated in
helium at pressure of 10~ Torr. It is notice-
able that after introduction of CO in the
cell, the infrared spectrum was identical to
that obtained on the surface evaporated in
carbon monoxide. The frequencies of chemi-
sorbed carbon monoxide agree largely with
previously published results, in the case of
iron (7, 8), cobalt {9), nickel (8), rhodium
(10) and platinum (7, 10-15). Only in the
case of palladium are the observed fre-
quencies lower than those previously re-
ported (1, 13).

Structures of surface carbonyl complexes.
In most cases, two absorption bands were
obtained. The highest frequency band was
designated by A and the lowest by B. Fol-
lowing Eischens the assignment of structure
for the adsorbed earbon monoxide was made
by using information derived from spectros-
copie studies of metal carbonyls (2). Thus it
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F1a. 2. Infrared spectra of chemisorbed carbon monoxide on various metals and interaction with (CH,)sN.
All frequencies (cm™); (a) initial spectra; (b) after interaction with (CH,)sN.

can be assumed in agreement with the con-
clusions of earlier studies (1, 16, 17), that
frequencies ranging from 2050 to 1950 cm™
areYdue to “linear” carbon monoxide, where
a molecule is linked to only one metal atom.
Frequencies below 1950 em~ are considered
to be due to bridging earbon monoxide,
where a molecule is linked to two metal
atoms. However, Blyholder (78) and
Blyholder and Allen (9) thought that it is
notjnecessary to hypothesize the existence
of a bridging structure to explain infrared
bands below 1950 ecm~L. They believe that
these bands may be due to a linear M—-C-0O
structure, where carbon monoxide is chemi-
sorbed on special sites such as edges, corners,
and dislocations.

REsuLTs AND Discussion

Action of trimethylamine on surface car-
bonyl complexes. According to Yung-Fang
(19) amines are chemisorbed on metal sur-
faces by means of the nitrogen lone pair and
this chemisorption at 25°C is essentially
nondissociative. Trimethylamine was dis-
tilled into the cell containing 10~ Torr of
carbon monoxide. The maximum shifts to
lower frequencies of the carbon monoxide
stretching frequency were obtained with
a pressure of 200 Torr of trimethylamine.
The cell was then evacuated by pumping to
a residual pressure of 0.1 Torr, and the
infrared spectrum was then recorded. The
shift to lower frequencies of the CO stretch-

TABLE 1
CO STRETCHING FREQUENCIES OF SURFACE CARBONYL COMPLEXES®
Iron Cobalt Nickel Rhodium Palladium Platinum
A 1915 A 1980 A 2010 A 2020 A 2010 A 2040
B 1880 B 1890 B 1885 B 1902 B 1850

a All frequencies (cm™).
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SHIFTS T0 Lower FrReQUENCIEs OF THE CO STRETCHING FREQUENCIES
OBTAINED BY INTERACTION OF (CHj;)3Ne

Iron Cobalt Nickel Rhodium Palladium Platinum
A0 A 18 A 20 A28 A disappears A3
B O B 20 B 23 B 10
o All ghifts (em™1)

ing frequencies are reported in Table 2 for
each metal.

With the shift to lower frequencies, there
is a small decrease of the intensity of band
A. On the other hand, the intensity of band
B does not change. This seems to prove that
the decrease of CO surface coverage is small
(20) and that the substitution of carbon
monoxide by trimethylamine occurs prefer-
entiaily on sites A. This observation has
already been made in the case of water vapor
and hydrogen (1, 10).

From a structural point of view, it can be
assumed that when CO forms coordination

comnounds with transition metals, the mole~
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cule of CO is linked to the metal via its
carbon atom, whose lone pair forms a dative
¢ bond. A back donation of electrons takes
place from a filled metal d orbital into a
vacant carbon monoxide #* antibonding
orbital, so the carbon—oxygen bond strength
decreases, and its stretching frequency also
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When a more basic Lewis base reacts with
chemisorbed carbon monoxide, its chemi-
sorption on free sites and the replacement of
chemisorbed carbon monoxide tends to
augment the electronic charge on the metal.
This increases the = bond from the metal to
CQO, producing a new shift to lower fre-
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Eischens Francis and Pliskin (20) have
studied the value of the stretching frequency
of chemisorbed carbon monoxide on plati-
num as a function of the surface coverage.
In comparison with their results, the shifts
we have observed which were greater than
the shifts which would have been produced
by a simple decrease of the carbon monoxide
surface coverage, must be attributed to an
electronic effect of the ligand.

Action of ethylisocyanide on surface car-

bonyl complexes This ligand is most inter-
esting, because if offers additional informa-
tion through the C-N stretching frequency
simultaneously with the shift of the CO
stretching frequency. Indeed, the carbon—
nitrogen bond of the ethylisocyanide has
a similar structure to carbon-oxygen bond.
In transition metal complexes, Bigorgne
(21) has shown that ethylisocyanide 1is
linked to the metal atom by the carbon
atom, and if the ¢ donor ability is the same
as carbon monoxide, the = acceptor ability
is weaker.

Reaction of this ligand with platinum, co-
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has been carried out using the same method
as for trimethylamine. :

To inerease the ratio CO/L on the surface
the cell was filled with carbon monoxide at
a pressure of 700 Torr for 24 hr and a new
spectrum was then recorded.

Platinum. Results are presented in Fig.

3(3).

cyanide, the infrared spectrum exhibits a
shift to lower frequencies of the CO stretch-
ing frequency of 65 cm™! and the band in-
tensity decreases. The C-N stretching fre-
quency is then 2150 em™!. This state is due
to a given but unknown ratio CO/L on
the surface After 24 hr in 700 Torr of CO,
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quencies of CO and C-N shift to higher fre-
quencies, respectively 10 and 17 em™'. The
CO band intensity also increases.

Rhodium. As shown in Fig. 3(2), both
bands A and B shift to lower frequencies,
by 65 and 60 em™, respectively, and the in-
tensity of band A decreases signiﬁcant]y,
the C_N stretching frequency is 2137 em—2.

ViLT UOAN ©oul U\/\Jlllll.s llD\iuULL\JJ 1D iy wikiL

After 24 hr in carbon monoxide, as in the
case of platinum, a 20 em™ shift to higher
frequencies of the stretching CO and the

Aftar tha avaration of cagonne lan-
AT U40g¢ evValtuatilon o1 gascous 150
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Fic. 3. Infrared spectra of chemisorbed CO, and interaction with C,H:NC. (1 Co, 2 Pt, 3 Pt) (a) initial

spectra, (b) after interaction with C;H:NC, (c) after

further introduction of CO. (4 Pt) (a) spectrum of

C.H;NC chemisorbed on Pt film evaporated in 107 Torr He, (b) after interaction with CO.

stretching C-N can be observed. The in-
tensity of band A increases.

Cobalt. When ethylisocyanide reacts with
chemisorbed carbon monoxide on cobalt
[Fig. 3(1)], the infrared spectrum shows a
very important decrease of the band A in-
tensity, and its shift to lower frequency is 50
cm~l. It was discovered that band B was
composed in fact of two bands. The lower
frequency band shifted towards lower fre-
quencies as in the case of rhodium. This band
is still designated by the letter B. The higher
frequency band which displays practically
no shift is designated by C. The observed
frequency of band B is 1757 em~. The initial
frequency of this band, masked by the tail
of the band C, may be estimated at 1830
cm™; the shift is then 73 em™. Two stretch-
ing C-N bands were observed at 2155 and
2125 em!, respectively. After 24 hr under
CO, the infrared spectra showed a shift to
higher frequencies of the stretching fre-
quency of B type molecules. Again, no

change in band C occurs. The intensity of
band A increases slowly but the frequency
remained 1925 cm~l. The two CN bands
shift weakly to higher frequencies 12 and 2
cm™, respectively.

After the description of these three ex-
amples we can see that, as in the case of tri-
methylamine, the A molecules disappear
first, and the electronic effect appears on all
types of molecules if the C type on cobalt is
excepted.

The shift to higher frequencies of the C-N
stretching frequency when the ratio CO/I.
increases at the surface agrees with the re-
sults obtained by Bigorgne on metal car-
bonyl complexes (21). To explain this shift
it can be proposed that the ethylisoeyanide
accepts some = donation from the metal; for
a given ratio CO/I. on the surface, the
stretching frequency of the C-N bond is then
determined. If C-N is substituted by CO,
as the o donor ability of the two types of
molecules is almost identical, the metal
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receives the same negative charge, but CO
which is a better = acceptor effects the dis-
charge of the metal more easily. Then the r
bond from the metal to isoeyanide decreases
and the C-N stretching frequency increases.
This explanation is well confirmed by the
chemisorption of ethyl isocyanide alone, on
a platinum film, prepared in 10! Torr of
helium [Fig. 3(4)]. The CN stretching is then
2150 em™!; after introduction of carbon
monoxide this C~N stretch shifts to 2170
cm~! and the CO stretching band appears at
1980 e

In the case of cobalt, the stability of band
C cannot be explained at this time.* How-
ever, we can explain why the CN stretching
band is as low as 2125 em™ and that the
shift of CO stretching band is as high as 70
cm~ for B type molecules. In fact the
metal donation goes only to the unfilled
orbitals of chemisorbed isocyanide, and
chemisorbed CO of B type (A type disap-
pears and C does not change). Gardner and
Petrucci (23) have studied the CO stretching
frequency as a function of the number of
valeney electrons in the CO bond. The con-
clusion was that for the same electron dona-
tion from the metal to the CO bond, the
shift to lower frequencies is greatest for the
CO molecules which have the lowest stretch-
ing frequency. For these different reasons,
in the case of cobalt a large shift of the CO
stretehing frequency and a low CN stretch-
ing frequency can be expected.

When, in the same condition, (CH;);N
and C,HsNC react with carbonyl surface
complexes, C:H;NC produces a larger de-
crease of the CO surface coverage than
(CH;);N. This observation can be rationa-
lized in that C:H;NC, which is a “softer”
base than (CH;)sN, gives more stable com-
plexes than (CHs);N with the metallic sur-
face, which is a “‘soft”” acid.

Our results do not resolve the different
interpretations of Eischens and Blyholder.
From Blyholder’s point of view, other species

* As obligingly pointed out by one of the referees,
a band near 1840 cm™ seems to appear or persist
during oxidation of CO on an evaporated nickel sur-
face (). Moreover, some connections may be ex-
pected between the particular behavior of the band
C and the existence of special sites (22).

simultaneously chemisorbed with CO, ac-
cording to the electronic balance (18), are
expected to shift the vibrational frequencies
of linear CO chemisorbed on either type of
site. On the other hand, by analogy with
substituted metal carbonyls, having linear
and bridging CO, the effect of the Lewis
bases are again expected on both types of
CO (24, 25).

These different experiments would suggest
that as for metal complexes, there is an
electronic balance between the different
species simultaneously chemisorbed on a
metallic surface. We consider it as one of the
best justifications of the concept of “‘surface
complexes.”
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