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The Raman spectrum of carbon monoxide chemisorbed on silica-supported nickel has been 
investigated at pressures below 10 Torr. Two v(C-0) stretching vibrations are found and assigned 
to linearly and bridge-bonded CO molecules, respectively. With decreasing pressure a frequency 
shift from 2100 to 2065 cm-’ is observed for the linear species and from 1940 to 1770 cm-l for the 
bridge-bonded species. At lower wavenumbers several bands are found, which are assigned to 
u(Ni-C) stretching vibrations of the two chemisorbed species located on different lattice sites. The 
observed frequency of the @Ii-C-G) deformation vibration agrees well with calculations based on 
the evaluation of electron energy loss spectroscopy data. For the assignment of the vibrational 
bands, an FG matrix calculation has been cartied out. 

INTRODUCTION 

Carbon monoxide chemisorbed on nickel 
has been studied extensively by infrared 
and electron energy loss spectroscopy (2- 
5). With infrared spectroscopy, generally 
only the ZJ(C-0) stretching vibration is in- 
vestigated; with electron energy loss spec- 
troscopy, the low-frequency bands can also 
be measured. Raman spectroscopy com- 
bines the advantages of electron energy 
loss spectroscopy (possibility of the mea- 
surement of the low-frequency bands with 
relatively low resolution) and infrared spec- 
troscopy (measurement of the high-fre- 
quency bands with high resolution). Of 
special interest are the dynamics of the 
vibrations of those atoms which are directly 
bonded to the surface by chemisorption. 
Generally, these vibrations can be found in 
the frequency region below 700 cm-l. Only 
if very light atoms are adsorbed can the 

’ Permanent address: 7400 Ttibingen, Breuningstr. 
31, BRD. 

frequencies of the vibrations be observed in 
the high-frequency region. 

In a previous paper (1) we reported the 
Raman spectra of carbon monoxide chemi- 
sorbed on Raney nickel and on silica-sup- 
ported nickel at pressures higher than 20 
Torr. We now present results obtained at 
lower pressures in the range of 0.05-10 
Torr. 

EXPERIMENTAL 

The silica-supported nickel was heated in 
a vacuum of lOme Torr at 650°C and then 
reduced in a stream of hydrogen for several 
hours. At the end of the reduction, the 
hydrogen was pumped off for about 14 hr at 
450°C. The carbon monoxide was added at 
-50°C in order to avoid the formation of 
nickel tetracarbonyl. The Raman spectrom- 
eter and the Raman cell are described else- 
where (1, 6). In order to avoid heating of 
the black-colored sample and desorption of 
the chemisorbed molecules, the sample was 
cooled to 100 K and rotated by an external 
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motor. Moreover, the laser beam was 
slightly defocused by a cylindrical lens and 
shifted periodically up and down by a vi- 
brating glass plate. The wavelength of the 
excitation source was A = 5145 A; the 
power of the laser beam never exceeded 
150 mW. The Raman spectra were mea- 
sured in back scattering geometry. As the 
Raman intensities were very weak (about 
10 photocounts per second in the maximum 
of the signal), we used a multichannel ana- 
lyzer (DIDAC 4000, Intertechnique) in or- 
der to integrate the spectra. 

RESULTS AND DISCUSSION 

1. The Raman Spectrum of CO 

The Raman data are given in Table 1 and 
are compared with results of electron en- 
ergy loss spectroscopy of carbon monoxide 
chemisorbed on Ni( 111). There is evidence 
for two different adsorption species for CO 
chemisorbed on nickel (7), namely, a linear 
species with one CO molecule bonded to 
one nickel atom and a bridge-bonded spe- 
cies with one CO molecule bonded simulta- 
neously to two or more nickel atoms. 

For the description of the vibrational 
modes, the concept of surface molecule is 
used. The surface molecule consists of the 

TABLE 1 

Raman and Electron Energy Loss Data of 
Chemisorbed CO” 

Raman 
cm-’ 

ElCXXrlXl 
energy loss 

cm-’ 

Assignment Irreducible 
representation 

2086 
2070 

Is04 
640 
535 

362 
355 
345 
330 
307 
226 
173 
164 

o(coh,!w., 

2022 
1848 
632 

377 

o(c%.,.c 
A, 

(different lattice site) 
w(cm,,. 

W(C%i*m 
O(Cmwdad 

S(NiCO/NiCNi),,,,,, 

WCNih..., 
tiNi-Ch.,ti 
tiNi-Ch,,, 
Wi-ChllM 
R,; It, (?) 

G(NiCO)bliti 
WNiCNi)b,ap, 
8(0CNh.,, 

s(NiCNi)b,.md 

A, 

A, 
A, 
E 
A, 
E 
A, 
A, 
B, 
E 
E 
B* 
B, 
E 

” The CO pressure in the Raman cell was I Torr. 
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FIG. 1. CO stretching vibration, presumably of 
linear bonded species. padi = 1 Torr; Tada = -50°C. A, 
Spectrum of fused quartz + CO-Ni/SiOp; B, back- 
ground, fused quartz + Ni/SiOt. 

adsorbate and a few atoms of the adsorb- 
ent. Photoemission spectroscopy (8) sug- 
gests that for the system CO-Ni/SiO,, the 
concept of the surface molecule is a good 
approximation. For the assignment of the 
vibrational modes it is then very important 
to know how many nickel atoms of the 
surface contribute to the surface molecule. 
Extended Hiickel calculations (9) show 
that in particular the frequency of the v(C- 
0) stretching vibrations depend very 
strongly on the number of nickel atoms 
bonded to the CO molecule.* 

For both the linear and the bridge- 
bonded species, the calculations predict a 
decrease in the v(C-0) stretching fre- 
quency as the number of the bonded nickel 
atoms increases. The frequencies of the 
bridge-bonded structure may be shifted be- 
low 1800 cm-l, and the frequencies of the 
linear species below 1900 cm-‘. With Ra- 
man spectroscopy (I), two vibrational 
bands have been found at 2100 and 1940 
cm-l for 30 Torr pressure. These bands are 
shifted to 2060 and 1770 cm-’ when lower- 
ing the pressure to 0.05 Torr. Figures 1 and 
2 show the Raman spectra of the two v(C- 

e Other effects, such as dipole-dipole coupling be- 
tween CO molecules and chemisorption on different 
lattices sites, are presumed to influence the behavior 
of the u(CO) stretching vibration not so strongly. 
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FIG. 2. CO stretching vibration, presumably of a bridge-bonded species. pada = 1 Torr; Tads = 
-50°C. A, Spectrum of fused quartz + CO-Ni/SiO,; B, background, fused quartz + Ni/SiOp. 

0) stretching vibrations. Figure 3 shows the 
,behavior of the v(C-0) stretching vibration 
for different pressures. 

The extended Hiickel calculations show 
that a realistic number of nickel atoms, 
which influence the v(C0) stretching vibra- 
tion, is four. Under the assumption that the 
site symmetry of the bonded CO molecule 
is G, the linear species consists of five 
neighboring nickel atoms of the surface and 
one CO group, which is situated over one 
nickel atom in the middle of a square 
formed by four nickel atoms. If one sepa- 
rates the low-frequency modes of the v(Ni- 
Ni) stretching vibrations, the 6(NiJ defor- 
mation vibrations and the G(Ni-Ni-C) 
deformation vibrations, the linear species 
shows three vibrational modes: (i) a totally 
symmetric v(C0) stretching vibration Al, 
(ii) a totally symmetric v(Ni-C) stretching 
vibration Al, and (iii) a degenerte deforma- 
tion vibration G(Ni-C-O) with symmetry E. 

The three restricted translations are ex- 
pected to be found at very low frequencies. 

The bridge-bonded structure with one 
CO molecule bonded to four neighboring 
nickel atoms simultaneously and with the 
local symmetry CIV has the following vibra- 
tional degrees of freedom: a totally sym- 
metric Al, an antisymmetric B1, and a de- 
generate E dNi-C) stretching vibration, a 
totally symmetric G(OCNi/NiCNi) defor- 
mation vibration A, which represents a 
coupled system of two dependent deforma- 
tion coordinate sets, an antisymmetric B, 
and a degenerate E 6 deforma- 

‘“$-----7 
t 

If one adsorbs a molecule on a surface, 
the three free translations and rotations 
become restricted, and can be excited with 
electromagnetic radiation. The only realis- 
tic mode, which should be found in the 
Raman spectrum at finite frequencies, is the 
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restricted degenerate rotation about the x FIG. 3. Pressure dependence of the bridge-bonded 
andy axis, which are parallel to the surface. @Z-O) stretching vibration. 
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tion vibration, and an antisymmetric B 1 and 
a degenerate E G(Ni-C-O) deformation vi- 
bration (10). The vibrations of the Ni-Ni 
bonds in the surface can be neglected, as 
their frequencies should be very small and 
should be found in the phonon continuum 
of the adsorbent. 

In addition, the restricted translation in 
the z direction perpendicular to the surface 
should give a totally symmetric mode and 
the translations in the (ry) direction parallel 

1 I 
to the surface should give a degenerate - 400 cm-l 350 

1 1 
300 250 2 

mode. The same is valid for the rotations. 
One expects three restricted rotations in 

FIG. 4. Raman spectrum in the range of 200-400 

the bridge-bonded case, in contrast to the 
cm-,, P,,, = loo To,.r. rads = 20”c P Laser nlasma . t 

linear case where the rotation about the z 
axis is suppressed. 

Considering the u(Ni-C) stretching vibra- 
tions, the linear and bridge-bonded species 
together should give four stretching modes. 
Additional modes may result from adsorp- 
tion on different lattice sites, on edges, and 
dislocations, etc. Thus one expects a rather 
complicated spectrum. The low-frequency 
Raman spectrum in the range of 300-400 
cm-’ at higher pressures is given in Fig. 4. 
We find a broad band system at 350-390 
cm-‘, a band system with several single 
peaks centered at 330 cm-’ and one peak at 
307 cm-‘. At lower pressures the broad 
band system with maximum at 370 cm-’ is 
shifted to lower frequencies and split into 
several lines. The band system with a maxi- 
mum at 330 cm-’ becomes a single line. 
This behavior is shown in Fig. 5. 

2. Vibrational Assignment and Force 
Constants 

For an assignment of the vibrational 
bands, a calculation of the force constants 
has been carried out using the FG matrix 
method. The assignment of the vibrational 
bands is made with the data of electron loss 
spectroscopy (4, 15, 16), Raman spectro- 
scopy, and the minimalization conditions for 
force constants. The force constants are 
calculated for both cases, the linear species 
and the bridge-bonded species. We use for 
the calculation of the G matrix (12) rcO = 
1.15 A , rNic = 1.84 A, and TNi-Ni = 2.60 A. 
The assignment of the measured vibrational 
bands resulting from the force constant 
calculation is given in Table 1. We have 
made several possible assignments of the 
vibrational bands to the internal vibrational 
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FIG. 5. Raman spectrum in the range of 300-400 cm-l. A, Spectrum of fused quartz + CO-Ni/SiO,; 
B, background, fused quartz + Ni/SiO,. P,,, = 1 Torr; Tads = -50°C. 
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TABLE 2 REFERENCES 

Force Constants of the Linear and Bridge-Bonded 
Species with Symmetry Clv 

1. 
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(mdyn/A) 
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fwc 1.43 2.91 2.78 

fwca-o 0.26 - 

fNI-CINWW 0. IO 
fNI+cINI-CIIW 1.41 

foml 0.77 -1.26 0.15 

fwNaocs -0.16 

fNlCNl -0.46 0.08 
fNlCNllNlCNl -0.12 
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