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STUDY OF ADSORBED MOLECULES BY ELECTRON 
ENERGY LOSS SPECTROSCOPY* 

C. N. R. RAO,? A. SRINIVASAN AND B. JAGANNATHAN 

Solid State and Structural Chemistry Unit, Indian Institute of Science, Bangalore-560012, India 

ABSTRACT 

Electron energy loss spectroscopy (EELS) has become a very important tool in 
the study of the surface chemistry of solids. Besides providing information on the 
vibrational spectra of adsorbed molecules, EELS (with primary electrons of low 
energy, <5 ev) also throws light on metal-ligand vibrations. The vibrational 
spectra from EELS are useful in understanding gas-solid interactions and the 
nature of the molecular species such as the state of hybridization of orbitals in 
hydrocarbon fragments bound to the surface. By employing primary electrons of 
higher energies (30-300 eV), electronic excitations of adsorbed molecules as well 
as the adsorbents themselves can be fruitfully studied. This article describes the 
up-to-date status of EELS in the study of adsorbed molecules and surveys all the 
important literature data and correlations. 

INTRODUCTION 

Electron energy loss spectroscopy (EELS) is one of the powerful techniques of modern 
electron spectroscopy well suited for the study of vibrational and electronic excitations 
in molecules. High resolution electron energy loss spectroscopy employing low-energy 
primary electron beams gives valuable information pertaining to vibrational spectra in 
molecules and usefully complements the information obtained from infrared and Raman 
spectroscopy. By employing higher energy primary electron beams information is obtained 
on electronic transitions in molecules. Studies of free molecules employing EELS have 
been reviewed extensively (Trajmar, Rice and Kupgeman, 1970; Kuppermann, Flicker 
and Mosher, 1979; Rao et al., 1980). However, apart from earlier, more general surveys 
(Thomas, 1974; Ertl and Kiippers, 1974; Sheppard and Nguyen, 1978) there has been 
no comprehensive review of the vibrational spectra and electronic excitations of 
adsorbed molecules, investigated through energy loss spectroscopy. For adsorbed 
molecules, vibrational frequencies from EELS can be effectively used along with the 
data from studies employing other techniques like infrared spectroscopy, Auger 
spectroscopy and photoelectron spectroscopy to understand the nature of bonding 
of-the molecules to the surface and also the stereochemistry of the adsorbate-adsorbent 
system. Information on electronic excitations obtained from EELS is useful to understand 
the electronic levels of both the adsorbed molecules and the surface; the effect of adsorbed 
molecules on the surface state and interband transitions as well as on the surface plasmon 
and bulk plasmon transitions of solids is also fruitfully studied. In view of the increasing 
importance of these studies in understanding heterogeneous catalysis as well as other 

* Communication No. 101 from Solid State and Structural Chemistry Unit. 
t To whom all correspondence should be addressed. 
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46 Study of adsorbed molecules by electron energy loss spectroscopy 

aspects of adsorbate-adsorbent (gas-solid) interactions, we review results from EELS 
studies of adsorbed molecules in this article. We present the more important findings and 
correlations in the text and summarize much of the experimental data in tabular form 
along with all the important references to the recent literature. It should be possible 
readily to obtain all the other literature references through those cited in the article. In line 
with current practice we have employed reciprocal centimeter units (cm-') while 
discussing vibrational spectra and electron volts while discussing electronic transitions. 

BASIC FACTS ABOUT ENERGY LOSS SPECTROSCOPY 

In electron energy loss spectroscopy, a monochromatic beam of electrons interacts with 
molecules or a solid under investtgation. One then measures the energy of the electrons 
that are inelastically scattered or reflected. The loss in energy of electrons thus measured 
contains information on the kind of excitation process undergone by the system 
investigated. The technique is somewhat similar to Raman spectroscopy where the energy 
of the scattered radiation is measured. 

An electron spectrometer consists of an electron gun, a monochromator, a target 
chamber and an energy analyser, all built nowadays into a bakeable stainless steel 
chamber in which ultra-high vacuum can be achieved. The apparatus is usually magnetic- 
ally shielded by Mu metal to reduce the residual magnetic fields to a negligible level. 
Electrons emitted from a hot Th-W cathode are focused and monochromatized and after 
reflection from the surface are energy analysed. Typically, two spherical mirror analysers 
are used for the monochromator and the analyser. Energy loss measurements are 
performed with a constant energy window by sweeping the retarding voltage between the 
target and the analyser chambers so that the path energy of the electrons in the analyser 
is kept constant. The data are usually obtained in the second derivative mode. 

Information on vibrational spectra of adsorbed molecules obtained by EELS is similar 
to reflection absorption infrared spectroscopy, EELS having, by one or two orders of 
magnitude, a greater sensitivity. Furthermore, in EELS we have a wider range of 
accessible energies compared to infrared spectroscopy. Thus, in infrared studies of 
adsorbed molecules we cannot readily proceed below 600 cm-' while EELS provides 
information even on metal-ligand stretching vibrations (for example, M-C stretching 
vibration in the case of CO adsorbed on metals occurring well below 400 cm-'). The 
main disadvantage of EELS is its poor resolution. In high resolution EELS, 8-10 meV 
(60-80 cm-') may be achieved, and the uncertainty in absolute measurements is around 
+5 cm-'. Another limitation of EELS is that it can be studied only under good vacuum; 
this would mean that studies of surfaces under realistic in uiuo conditions (e.g., hetero- 
geneous catalysts) cannot be carried out. On the other hand, the technique possesses 
remarkable sensitivity. In high resolution EELS even a fraction of a monolayer can be 
detected. For example, in the case of CO adsorbed on metals, less than 0.02 monolayer 
can be detected (Demuth and Ibach, 1979b). Although normally intensities in EELS are 
not used widely, quantitative comparisons of intensities can be made by evaluating 
effective ionic charges of adsorption systems if the electron acceptance angle in the 
spectrometer is known precisely (Ibach, 1977). 

EELS as well as absorption of infrared radiation are caused by the dipole moment 
change of the surface vibration and the same selection rules apply in both these techniques. 
A comparison of absolute intensities between the techniques is possible Ibach (1977) has 
discussed photon-dipole and electron-dipole interactions. Theoretical relations between 
cross sections and dipole moments of the adsorbate vibrations are available for both 
these scattering processes. Vibrational spectra of adsorbed molecules as studied by 
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infrared spectroscopy or EELS are governed by only vibrations which give rise to dipole 
moments perpendicular to the surface. Dipoles parallel or perpendicular to the surface of 
a metal produce virtual image dipoles. A bond stretching vibration which gives a dipole 
change parallel to the surface will produce an equal and opposite change in the induced 
image dipole in the metal substrate. The net dipole change is therefore zero in the case of 
such a vibration. An oscillating dipole perpendicular to the surface is reinforced by the 
oscillating image dipole. These surface normal dipole selection rules have been discussed 
by Pearce and Sheppard (1976) and also by Backx et al. (1977b). 

The mechanism of diffused scattering of electrons by dipole-forbidden transitions has 
been studied by Thomas and Weinberg (1979b) who have compared the calculated 
scattering probabilities with the measurements on the so-called PI phase of hydrogen (at 
high coverages) on W( 100) to illustrate the magnitude o,f this effect in terms of dipole and 
quadrupole derivatives. Dipole-forbidden transitions are expected to be two to three orders 
of magnitude weaker than dipole scattering in the specular direction. Dipole-forbidden 
transitions could, however, make a significant contribution in the off-specular direction. 
MSXa calculations on electron scattering cross sections for adsorbed hydrogen (as well as 
W, and CO) have been carried out by Davenport, Ho and Schrieffer (1978). These calcu- 
lations show how the characteristics of inelastic cross sections (as functions of direction 
and exciting energy of electrons) can be utilized to study adsorbed molecules. Inelastic 
scattering of slow electrons from molecules adsorbed on a metal surface has been studied 
by Pearson (1980). Previous calculations have been improved by including coulomb 
interaction between the incident electrons and the induced charge density that they give 
rise to in the surface region of the metal. 

VIBRATIONAL SPECTRA 

We shall discuss vibrational frequencies of adsorbed molecules obtained from high reso- 
lution EELS by proceeding from adsorbate to adsorbate. This constitutes a comparative 
study of the behaviour of a variety of simple molecules with respect to different adsorbent 
surfaces. 

Hydrogen 
Chemisorption of hydrogen on Si, Pt or W is dissociative and the surface vibrational 
modes obtained from EELS are summarized in Table 1 .  In the case of Si, only one 
stretching frequency of 2071 cm-' has been reported by Froitzheim, Ibach and Lehwald 
(1975). In the case of Pt, both symmetric (A, mode) and asymmetric (E mode) stretching 
vibration frequencies (at 550 and 1270 cm-' respectively) due to atomic hydrogen 
adsorbed on a three-fold hollow site have been identified by Baro, Ibach and Bruchmann 
(1979). Bar0 and Ibach (1980) have more recently confirmed these two frequencies and 
have in addition assigned a loss peak at 1130 cm-' to a bridge site hydrogen. 

Adsorption of atomic hydrogen on W has been investigated in great detail by Backx 
el al. (1977a), Ho, Willis and Plummer (1978), Barnes and Willis (1978), Willis (1979), 
Willis, Ho and Plummer (1979). Vibrational force constants of hydrogen adsorbed on W 
are found to be independent of surface geometrical environment (Backx et al., 1977a). 
Angle-dependent measurements of Ho, Willis and Plummer (1978) and Willis, Ho and 
Plummer (1979) at a saturation coverage of chemisorbed hydrogen on W(100) show a 
single energy loss at 1048 cm-' in the specular direction. This loss peak can be assigned 
to the symmetric stretching of a bridge hydrogen; in the off-specular direction additional 
losses are seen at 645, 1290 and 2096 cm-' of which the first two seem to be due to the 
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yMH and asymmetric vMH modes of the bridged hydrogen and the 2096 cm-' peak is 
the overtone of the symmetric stretching mode. The vibrational frequencies show depen- 
dence on the W-H-W angle which changes due to reconstruction of the W lattice. 
Comparison with infrared frequencies of the transition metal hydride complexes has 
provided structural parameters for the W( 100) c(2 x 2) H reconstructed surface (Barnes 
and Willis, 1978; Willis, 1979). Differential inelastic scattering cross sections of the 
vibrational modes indicate that adjacent W atoms are tilted out of the surface plane (Willis, 
1979). A puckered (fi x fi) R 45O layer model involving both vertical and parallel 
W atomic shifts appears to be consistent with the observed spectra. Jayasooriya et al. 
(1980) have fruitfully discussed the vibrational spectra of hydrogen chemisorbed on 
metal surfaces in the light of data on model cluster compounds; adsorption sites for 
hydrogen on low index planes of W are suggested on the basis of high resolution EELS 
data. Hydrogen adsorbed on a bridge site between two metal atoms appears to be present 
at both low coverage (p,) and high coverage (PI) sites in the case of W(100). 

Nitrogen 
On W( loo), terminal as well as bridge bonded N, molecules have been identified by Ho, 
Willis and Plummer (1980) who also observe dissociated nitrogen atoms on the surface. 
The energy loss peak due to bridge nitrogen (-1440 cm-') shifts to higher frequency 
(- 1760 cm-') on co-adsorption of hydrogen; this shift is attributed to displacement of 
nitrogen from bridge to on-top sites. Dissociative adsorption occurs at 300 K giving rise 
to a loss peak around 480 cm-'. The various losses observed at 125 K are 480 cm-I 
(nitrogen atom sitting at the centre of a four-fold site), 600 cm-' (W-N, linear site), 
1000 cm-1 (W-N of dissociated species), 1440 cm-1 (N-N bridge bonded to two W 
atoms) and 2 120 cm-' (N-N stretching vibration of molecularly adsorbed N2). 

Oxygen 
Adsorption of oxygen on metals is generally dissociative. The important energy loss peaks 
found in metal-oxygen systems are presented in Table 2. Localized modes due to adsorbed 
oxygen on Si( 11 1) surface are reported to be around 758, 1048 and 14 10 cm-' by Ibach 
et al. (1973) who find that the first two peaks increase linearly with oxygen exposures 
(up to 5 x lo3 L) while the last increases non-linearly. These workers propose that oxygen 
is present as a 'peroxy-group' between two Si sites. 

Vibrational losses due to localized modes of oxygen chernisorbed on Ni(100) in 
consecutive p(2 x 2) and c(2 x 2) structures are found at 427 and 314 cm-I respectively 
by Andersson (1979a); the modes with sulphur at the corresponding coverages and surface 
structures are at 371 and 355 cm-'. The large change in the vibrational excitation energy 
in the two oxygen structures is considered to be due to a low potential barrier for oxygen 
dissolution into the Ni substrate. An intermediate oxide layer on Ni with a characteristic 
loss peak of 908 cm-' has been observed by Dalmai-Imelik, Bertolini and Rousseau 
(1977); a multiple loss spectrum with a spacing of 544 cm-' is observed due to scattering 
by long-wavelength optical phonons of the oxide. Ibach and Bruchmann (1 980) find that 
surface phonons of metals at certain points of the 2-dimensional Brillouin zone can be 
observed due to the coupling provided by commensurable adsorbate oxygen lattices. A 
135 cm-I loss is attributed to the Ni(ll1) (2 x 2 structure; a loss peak at 265 cm-I 
shifts to 240 cm-' when p(2 x 2) shifts to (d x $) R 30° structure at 4 10 K. 

In the case of W(lO0) surface, Froitzheim, Ibach and Lehwald (1976) have found a 
single surface vibration (605 cm-') of dissociated oxygen atoms at 8 < 0.25. At higher 
coverages, the spectrum becomes complex. On Pt( 1 1 l), Gland, Sexton and Fisher (1980) 
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have recently reported molecular adsorption below 120 K, atomic oxygen in the 150- 
500 K temperature range and oxide formation in the range 1000-1200 K. They have 
assigned the peroxo structure for the molecularly adsorbed species showing a loss peak 
at 870 cm-I along with a loss peak at 390 cm-' due to Pt-0 stretching. Atomic oxygen 
on Pt( 1 1 1) gives a loss at 470 cm-I. 

Energy loss spectra of OH on NiO( 1 1 1) recorded with different primary energies show 
peaks at 3707 and 7294 cm-' due to OH stretching and first overtone respectively 
(Anderson and Davenport, 1978) these are accompanied by intrinsic NiO phonon 
satellites at 524 cm-I. The loss intensity of the OH stretching peaks is found to be more 
than the dipole estimates. 

Carbon monoxide 
Carbon monoxide is molecularly chemisorbed on many metal surfaces at relatively low 
temperatures. Several investigators have studied the chemisorbed species by employing 
vibrational spectroscopy and this subject has been excellently reviewed by Sheppard and 
Nguyen (1978). A special feature in the information provided by high resolution electron 
energy loss spectroscopy is that related to metal-carbon stretching vibrations. A careful 
examination reveals that the scheme for the interpretation of C-0 stretching frequencies 
suggested by Sheppard and Nguyen (1978) provides a sound basis for analysing the 
results from energy loss spectroscopy. The general scheme of Sheppard and Nguyen is as 
follows: 

Frequencies vary in the order 
B,(l11) > B,(100) > B5(110)* 
B,( 11 1) > B2( 100) > B2( 110) 

Oxidized metal surface 

1880-1650cm-' 
2000-1880 cm-' 
2130-2000cm-' C,(111) > C,(lOO) 

>2 130 cm-' 

(* not very certain) 

Here, B refers to a bridge site and C refers to a linear site. The subscripts 2, 3, 4 etc. in 
the case of B sites stand for the number of atoms involved in bridging (fold) and the 
subscripts in the case of C sites stand for the coordination number of the metal atom. 
Making use of this scheme, we have summarized the available data on the chemi- 
sorption of CO on a variety of metals in Table 3. These data are by and large in agree- 
ment with the results obtained from infrared spectroscopic studies. 

On the Ni(ll1) surface, the C-0 stretching frequencies due to both linear and B, 
bridged species are readily assigned to loss peaks at 2050 and 1810 cm-' respectively 
(Erley, Wagner and Ibach, 1979). On a stepped Ni[5(111) x (llO)] surface, a C-0 
stretching frequency as low as 1520 cm-' has been found by Erley et al. (1979) who 
have assigned this to a three-fold bridged CO on the step site. This low value indicates 
a very weak C-O bond which is probably a precursor to the decomposition of carbon 
monoxide. On this stepped surface, the C-0 stretching frequencies for linear and B, sites 
are found in the range 2020-2060 cm-I and 1900-1960 cm-' respectively; the corres- 
ponding M-C (metal-carbon) stretching frequencies are at 460-480 em-' and 400-420 
cm-'. These workers also find a coverage dependent C-0 stretching frequency in the 
1900-1820 cm-' range along with the corresponding M-C stretching vibration around 
400 cm-' which is attributed to a 2-fold and 3-fold bridge on (1 11) terrace as illustrated 
in Fig. 1. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
8
:
3
1
 
2
1
 
J
a
n
u
a
r
y
 
2
0
1
1



TA
BL

E 3.
 V

ib
ra

ti
on

al
 s

pe
ct

ra
 of

 c
ar

bo
n 

m
on

ox
id

e 
ad

so
rb

ed
 o
n 

m
et

al
s 

Su
rf

ac
e 

Ep
 (e

V
) 

Te
m

pe
ra

tu
re

 
C

ov
er

ag
e 

En
er

gy
 lo

ss
 pe

ak
s 

(c
m

-')
 

R
ef

er
en

ce
 

(K
) 

C
-0

 s
tre

tc
hi

ng
 

M-
C 

st
re

tc
hi

ng
 

Li
ne

ar
 

B
rid

ge
 

St
ep

 si
te

s 
an

d 
ot

he
rs

 
s 2 

18
10

(B
,) 

40
0 

Er
le

y,
 W

ag
ne

r a
nd

 Ib
ac

h,
 1

97
9 

8
 

18
10

 
40

0 
19

10
 

40
0 

N
i( 

1 1
 1)

 
5 

14
0 

N
i(

ll
1)

 

N
ib

(1
11

) 
x 

(i
io

)]
 

N
i(1

00
) 

N
i( 

10
0)

 c(
2 

x 
2)

 C
O

 
N

i(1
00

) c
(2

 x
 2

) 0
 

N
i( 

10
0)

 p(
2 

x 
2)

 0
 

C
u(

 10
0)

 
C

u(
10

0)
 c

(2
 x

 2
) 0

 
Cu
( 

1 1
0)

 

Pt
( 1

 I 1
) 

P
t(

ll
1)

 

pt
16

(1
i 1

) x
 (

i 1
 i)

i 

W
(1

00
) 

W
(1

11
) 

W
( 1

10
) 

R
u(

O
0 1

) 

R
h(

l1
1)

 

3 
30

0 

5 
15

0 
- 

1.
4 

17
3 

1.4
 

29
3 

1.3
 

17
3 

1.
3 

17
3 

5 
10

0 
1.3

 
80

 
5 

80
 

80
 

5 
15

0 

5 
3 2

0 

5 
15

0 

5 
30

0 

5 
30

0 
5 

30
0 

4 
11

0 

4.
8 

30
0 

1.
1 

L 
>1

.1
 L

 
H

ig
h 

I9 
LO

W
 I9

 
H

ig
h 

I9 
0.

1-
0.

3 
L 

0.
3 

L 

(1
 L

 
0.

05
 L

 
0.

3 
L 

10
 L

 
50

 L
 

8
=

 0
.6

 

Lo
w

 I9
 

L
O

W
 I9

 
H

ig
h 

I9 
0.

2 
L 

0.
4 

L 
2

L
 

0.
1 

L 
2

L
 

H
ig

h 
6 

H
ig

h 
B 

H
ig

h 
B 

0.
2 

L 
5

L
 

(0
.1

 L
 

>o
.s 

L 

20
50

 
20

50
 

20
40

 

20
67

 

20
67

 

20
89

 
20

96
 

20
80

 
20

96
 

20
89

 
20

89
 

21
04

 

20
89

 
21

04
 

20
80

 

19
79

 
20

80
 

19
90

 
20

70
 

19
30

(B
,) 

19
42

(B
,) 

19
91

(B
,) 

19
34

(B
,) 

19
59

(B
,) 

19
34

(B
,) 

19
75

(B
,) 

1 8
54

(B
,) 

18
78

(B
,) 

18
78

(B
,) 

19
91

 (B
,) 

19
9 1

 (B
,) 

1 8
70

(B
,) 

18
05

(B
,) 

19
10

(B
,) 

15
25

 st
ep

 
18

60
 si

te
 

17
49

(B
,) 

17
49

(B
,) 

17
73

(B
,) 

16
93

 
15

55
 st

ep
s 

17
17

 
14

10
 an

d 
ki

nk
s 

36
0,

40
0 

4 1
0,

47
0 

35
9,

66
5 

43
2 

48
0 

32
2 

42
7 

37
1 

33
9 

34
7 

68
6 

47
6 

47
6,

37
9 

46
8,

37
9 

47
6 

46
8 

36
3 

-
 

-
 

40
4 

44
4 

44
4 

48
0 

48
0,

42
0 

B
er

to
lin

i, 
D

al
m

ai
-I

m
el

ik
 an

d 
& 

R
ou

ss
ea

u,
 1

97
7 

ET 
Er

le
y 

et
 a

l.,
 1

97
9 

b 
A

nd
er

ss
on

, 1
97

7a
 

8 R E
 

2 c F 
Se

xt
on

, 1
97

9a
 

?
 

A
nd

er
ss

on
, 1

97
9b

 
a 2 

A
nd

er
ss

on
, 

19
77

b 
A

nd
er

ss
on

, 
19

77
b 

(P
 

0
 

W
en

de
lk

en
 an

d 
U

le
hl

a,
 1

97
9 

H
op

st
er

 a
nd

 Ib
ac

h,
 1

97
8 

d 
Fr

oi
tz

he
im

, I
ba

ch
 a

nd
 L

eh
w

al
d,

 

H
op

st
er

 a
nd

 Ib
ac

h,
 1

97
8 

3 a :: 

19
77

 

s 
Fr

oi
tz

he
im

, I
ba

ch
 a

nd
 L

eh
w

al
d,

 
6 

19
77

 

B
ac

kx
 et

 a
l.,

 1
97

7b
 

Th
om

as
 a

nd
 W

ei
nb

er
g,

 1
97

9a
 

D
ub

oi
s 

an
d 

So
m

or
ja

i, 
19

80
 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
8
:
3
1
 
2
1
 
J
a
n
u
a
r
y
 
2
0
1
1



C. N. R. RAO, A. SRINIVASAN AND K. JAGANNATHAN 53 

FIG. 1. Top view of a [5(111) x (1 lo)] surface of Ni. Cross hatched circles 
represent CO molecules. (I) Step site; (11) 2-fold bridge close to edge; (111) 3-fold 

site on terrace (after Erley et al., 1979). 

T T 8 
B 

' 2a ' 

Ni (100)'hexagonai CO 
~ ~ 0 . 6 1  

FIG. 2. (a) Models for CO bonded on Ni(100). T denotes top position (i.e. linear 
bond), B denotes bridge position (i.e. bridge bond) and H denotes hollow position. 

The N< h i  bond angle is denoted by 2a. (b) Model structures for the c(2 x 2) 
CO. (c) For the quasihexagonal ( B  = 0.61) CO structure. Large circles represent Ni 
atoms and small circles CO molecules. The particular bond configurations are 

inferred from vibrational loss data (after Andersson, 1977a). 
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54 Study of adsorbed molecules by electron energy loss spectroscopy 

Andersson (1977a and b) has reported that on the Ni(100) surface, the frequencies 
due to B, and B, bridged CO molecules increase with increasing coverage. Andersson 
(1977a) finds asymmetric and symmetric M-C stretching frequencies associated with a 
B, site at 359 and 665 cm-' respectively and estimates the Ni-C stretching force 
constants for the bridge and linearly bonded species to be around 1.9 x 10, and 2.7 x 10, 
N/M respectively; the corresponding force constants for the C-0 stretching mode are 
14.7 x lo2 and 16.3 x 10, N/M respectively. Models for CO bonded on Ni(100) surface 
are shown in Fig. 2. 

Froitzheim, Ibach and Lehwald (1977) and Hopster and Ibach (1978) find additional 
adsorption sites on stepped Pt( 11 1) surface compared to a smooth (1 11) surface (see 
Fig. 3), the latter showing C-0 frequencies around 2090 and 1860 cm-I due to linear 
and B, species respectively. Based on the C-O stretching frequencies, the two sites at 
steps are shown to be on-top of a step atom and on the terrace near the step edges. 
These sites are associated with low C-0 frequencies (see Table 3) indicating a tendency 
of CO to dissociate. 

In the case of copper only linear CO has been identified at 2096 cm-' with the 
corresponding Cu-C stretching at 347 cm-' (Sexton, 1979a; Andersson, 197913). A slight 
shift in the C-O stretching frequency with coverage has been found on Cu(ll0) surface 
based on which a change from bridge to linear CO has been proposed by Wendelken and 
Ulehla (1979). It is more likely that this shift with increase in coverage is due to two 
different linear sites such as the C, and C,, sites. These workers also find a loss peak 
at 686 cm-l at low coverages, the origin of which is not clear to us. 

Thomas and Weinberg (1979a) find only one C-0 stretching frequency due to linear 
CO on Ru(001) in agreement with infrared results. The position of this band, however, 
seems to vary with coverage. There appears to be some LEED evidence for the presence 
of sites of lower symmetry on the Ru(001) surface, but it is not clear how the observed 
CO frequencies can be rationalized with the LEED data. Thomas and Weinberg (1979a) 
have considered a model which is insensitive to the registry of CO. On Rh( 11 1) surface, 
both linear and bridged CO species have been identified based on high resolution EELS 
and other data (Dubois and Somorjai, 1980). The linear CO stretching band at 1990 cm-' 
at low coverage is shifted to 2070 cm-' with increasing coverage. The C-0 stretching 
force constants are 16.5 x 10, N/M and 13.3 x 10, N/M for the linear and bridge sites 
respectively, the corresponding M-C stretching force constants being 2.40 x lo2 and 
2.38 x 102N/M. 

Adsorption of CO becomes dissociative on W surfaces at low coverages; at high cover- 
ages, however, molecular adsorption occurs. On W( loo), a linear CO frequency of 2080 
cm-' has been reported, while on W(111) and (110) surfaces, a band at 1993 cm-' 

(& xh) R 30" c ( 4 x 2 )  

FIG. 3. Geometrical structure model for the (6 x 6) R30° and c(4 x 2) 
structure of CO on Pt(l11) (after Hopster and Ibach, 1978). 
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0 
I 
0 

5 2070 
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10 > u . c 

6’ 
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T S  4 
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W B  
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0 Ru 

-01 

- o3 O2 

0; 5 - 
I 1 I 

Ni 

2090 
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E I 

320 400 480 
9 (M -C) ,  cm-’ 

I V 

”̂ 0 20801 
I 

U * I  

80 100 120 140 
A Hads, kJ mol-’ 

FIG. 4. (a) Plot of the C-0 stretching frequency of carbon monoxide adsorbed 
on metal (100) surfaces against the metal-carbon (M-C) stretching frequency. 
(b) Plot of the C-O stretching frequency of carbon monoxide adsorbed on metal 
(100) surfaces against the heat of adsorption (after Rao, Srinivasan and 
Jagannathan, 1981). The values of heats of adsorption are taken from Somorjai 
(1979). Inset shows the variation of 5a(CO) binding energy with the heat of 
adsorption; 1, Cu(311); 2, Pt(100); 3, W(100) and Ni(ll1); 4, Ni(ll0); 5 ,  Pd(100) 

and Ni(100) (after Rao, Srinivasan and Jagannathan, 1981). 
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56 Study of adsorbed motecules by electron energy loss spectroscopy 

characteristic of a B, site has been reported (Froitzheim, Ibach and Lehwald, 1977; 
Backx et al., 1977b). The results are essentially in good agreement with those from infra- 
red spectroscopy. The W-C stretching frequency is lower for the (100) surface than for 
(1 10) or (1 1 1) surfaces. When CO is dissociatively adsorbed, characteristic frequencies 
due to W-C and W-0 stretching modes are observed at 548 and 629 cm-I respectively 
(Froitzheim, Ibach and Lehwald, 1977). 

The observed C-0 stretching and M-C stretching frequencies of the linear species on 
metal (100) surfaces are found to be inversely related to each other (Fig. 4 4 .  
That is, for a given metal, the higher the C-0 stretching frequency, the lower is the M-C 
stretching frequency implying that as the M-C bond becomes stronger, the C-0 bond 
becomes weaker. This trend is not observed in the case of Ni( 1 1 1) and Pt( 1 1 1) surfaces 
where the C-O stretching frequencies are 2047 and 2088 cm-I respectively with the 
corresponding M-C frequencies at 403 and 475 cm-I. We find no simple relationship 
between C-O and M-C stretching frequencies of bridged B, species. Also, no separate 
asymmetric and symmetric metal-carbon stretching frequencies (due to B, species) have 
been reported in most of the systems. The C-0 stretching frequency of the linear site 
on metal (100) surfaces decreases with the increase in the heat of adsorption as one 
would expect (Fig. 4b); the C-0 stretching and the M-C stretching frequencies also 
vary systematically with the surface potential. It is interesting that the binding energy 
of the 50 level of CO obtained from UV photoelectron spectroscopy also decreases 
with increase in the heat of adsorption (Fig. 4b). 

Dissociative chemisorption of CO, on Rh( 1 1 1) surface has been studied by Dubois and 
Somorjai (1979 and 1980) who report two C-0 stretching frequencies around 1870 and 
2070 cm-’ due to bridge and linear CO species respectively (Table 3). The C-0 and the 
M-C stretching frequencies due to the linear CO species on Rh( 11 1) fit well with those 
of Ni( 11 1) and Pt( 1 11) surfaces discussed earlier. On these three surfaces, the C-0 and 
M-C stretching frequencies increase in the same direction unlike the (100) surfaces 
(Fig. 4 4 .  

MSX, calculations of oriented molecules on metals have been carried out by Davenport, 
Ho and Schrieffer (1978). The differential cross section for the excitation of single 
adsorbate interaction (in the case of CO) has been calculated for electrons specularly 
reflected (Newns, 1977). A comparison of the absolute intensities both from high 
resolution EELS and infrared adsorption has been made by Ibach (1977) for CO on 
Pt( 11 1) and good agreement has been found. The frequencies and amplitudes of CO 
vibrations on metal surfaces have been estimated from model cluster calculations by 
Richardson and Bradshaw (1979). The ‘best fit’ stretching force constants F,i-c and 
Fc-o are 2.6 x lo2 and 16.8 x lo2 N/M for linear CO and 1.1 x lo2 and 14.9 x 10’ 
N/M for bridged CO. These values are in good agreement with those of Anderson 
(1977a). The amplitudes of bending modes have also been calculated (Richardson and 
Bradshaw, 1979); these amplitudes are strongly temperature-dependent. The dependence 
of the CO stretching frequency adsorbed on metals on surface coverage has been inter- 
preted in terms of dipole interactions (Mahan and Lucas, 1978); dipole interactions 
provide a shift of about 10 cm-1 which is about one third of the value found experi- 
mentally. 

Nitric Oxide 

On Pt(ll1) surface (at 160 K), nitric oxide is adsorbed linearly giving rise to losses at 
306 and 1515 cm-I due to Pt-N and N-0 stretching vibrations (Ibach and Lehwald, 
1978b). At higher coverages, peaks are seen at 306, 451 and 1717 cm-1 due to Pt-N 
stretching, Pt-NO bending and N-0 stretching due to a state corresponding to the dimer. 
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This dimer model has been preferred to a simple C Z D  state by Ibach and Lehwald (1978b). 
On Ru(001) surface, Thomas and Weinberg (1978) find evidence for linear and 

bridged NO species at 130 K. These workers find a peak between 1411 and 1508 cm-', 
the frequency of which increases with coverage. At higher coverages, they see a band 
around 1830 cm-' which is attributed to linear NO. The 1411-1508 cm-' band is 
attributed to a 3-fold bridged site. Ru-N stretching frequencies are found in the range 
5 12-560 cm-'. Bridged NO appears to dissociate completely at 3 16 K. Thiel, Weinberg 
and Yates (1979a) have also investigated the adsorption of NO on Ru(OO1) and attribute 
a peak at 1379-1525 em-' to a 2- or 3-fold bridge site and a peak at 1783-1823 cm-' 
to linear NO at high coverages. A transient species with a loss peak at 1160 cm-' has 
also been observed by these workers. Linear NO shows a metal-nitrogen frequency 
around 540 cm-'. 

Acetylene 
Adsorption of C2H2 on metal surfaces has been investigated by several workers. One of 
the most important conclusions from these studies is that there is rehybridization of the 
adsorbed molecule resulting in the lowering of the C-C bond order. The important 
information obtained from high resolution EELS studies are presented in Table 4. We see 
that on all the metal surfaces studied, there is considerable lowering of the C-C stretching 
frequency of acetylene, the maximum lowering being in the case of Ni( 1 1 1) (Lehwald and 
Ibach, 1979). 

Side 
view 

To P 
view 

H 

@) 

FIG. 5. Schematic diagram of two possible bonding geometries for CH species on 
Ni( 11 1) as deduced from the vibrational loss spectra. Model (a) and (b) correspond 
to sp and sp2 hybridized species respectively. A weak interaction between the 
hydrogen in CH and surface Ni atoms may also occur (after Demuth and 

Ibach, 1978). 
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H 

(a) 

Side 
view 

TOP 
view 

FIG. 6. Schematic diagram of two possible geometries for the CH, species as 
inferred from the vibrational loss spectra. The dashed bond represents a possible 
interaction between the hydrogen atom and the substrate (after Demuth and 
Ibach, 1978). (a) Plane of molecule perpendicular to surface, (b) plane of molecule 

skewed with respect to surface. 

Lehwald and Ibach (1979) report energy loss peaks at 2910 (C-H str), 1200 (C-C 
str), 870 (C-H bend) and 500 cm-I (Ni-C str) when C,H, is adsorbed on Ni(ll1) 
surface at 300 K. Above 400 K, a C-H stretching frequency of 2980 cm-' and a bending 
frequency at 790 cm-I are found. This feature is identified with a surface stabilized CH 
radical (Fig. 5). Upon warming this to 450 K, another loss peak near 1300 cm-I is 
observed which intensifies on further heating. This has been attributed to CH, formed by 
the self hydrogenation of the CH species (Fig. 6). Heating to 500 K only results in 
surface carbon atoms with a Ni-C frequency at 540 cm-I. It appears that in the case of 
the Ni( 11 1) surface, the two carbon atoms lie above two adjacent three-fold sites with the 
C-C  bond axis slightly skewed relative to the surface, the plane of the molecule itself 
being normal to the surface (Demuth and Ibach, 1979b; Lehwald and Ibach, 1979). 
Hybridization of carbon in acetylene adsorbed on Ni( 11 1) is estimated to be somewhere 
between sp2aJ and sp3. 

On a stepped Nib(111) x (il0)I surface, two new bands at 2220 cm-' and 350 cm-' 
are found and these are ascribed by Lehwald and Ibach (1979) to C, which essentially 
retains the triple bond. These workers suggest that the stepped Ni surface is considerably 
more reactive for the decomposition than the flat surface. 

On W(110) surface, Backx and Willis (1978) find that C,H, decomposes giving rise 
to a new C-H species at low coverages; adsorption is however associative at high 
coverages. The C-C stretching frequency on this surface is only 1120 cm-' which is 
considerably lower than that found on other surfaces. It is rather surprising that the C-H 
stretching frequency of adsorbed C,H, on W(110) is only 2926 cm-I. The degree of 
back bonding from the metal d-state determines, generally, the amount of C-C stretch and 
C-H bond bending as illustrated in Fig. 7u. On the other hand the 2926 cm-' loss peak 
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60 Study of adsorbed molecules by electron energy loss spectroscopy 

Metal Metal 

a) (b) 

FIG. 7. Molecular orbital geometrics and charge densities for (a) 7r-d bonded 
C,H, and (b) an 'olefinic' chemisorbed di d ike complex produced by rehybridiz- 
ation of the molecular orbitals with d-states; charge donation occurs to the metal 
via the molecular n-orbitals with back-donation into the antibonding orbitals from 

the metal (after Backx et al., 1977b). 

is typical of a sp3 C-H stretching vibration, indicating that a di-a bonding mechanism 
might be more applicable in the case of W( 110) (Fig. 7b). 

The C-H stretching as well as C-C stretching frequencies (3010 and 1310 cm-' 
respectively) are highest in the case of Pt( 11 1) surfaces (Ibach, Hopster and Sexton, 
1977; Ibach, Lehwald and Sexton, 1977; Ibach and Lehwald, 1978a). The bonding 
geometry of C,H, on Pt(ll1) appears to differ significantly from that on Ni(ll1) 
(Demuth and Ibach, 1979b). In the case of Pt( l l l ) ,  the carbon atoms lie along a line 
parallel to the surface and the molecular plane of C,H, is inclined at an angle to the 
surface. Thus, there is less rehybridization on Pt( 11 1) than on Ni( 11 1) (see Fig. 8). 
While a vinyl-like species seems to be present on Pt( 1 11) above 300 K, on Ni(ll1) 
surface C,H, dissociates above 400 K. 

Dubois, Castner and Somorjai (1980) find that C,H, chemisorbs on Rh(ll1) surface 
with the C-C bond parallel to the surface forming sp2 hybridized species; LEED studies 
show this to have a (2 x 2) structure just as with C,H,. In the range 270-300 K range, 
a c(4 x 2) hydrocarbon overlayer is formed both by C,H, and C,H,, addition of 
hydrogen to C,H, being necessary to complete such a transformation. The stable hydro- 
carbon species formed by C,H, + H, and C,H, on Rh(ll1) is similar to that formed on a 
Pt( 1 1 1) surface. 

The C-C n-bond orders of adsorbed C,H, molecules can be estimated using the 
stretching frequencies of the C-H and C-C bonds as shown in Fig. 9. It can be seen that 
the n-bond orders of adsorbed C,H, are less than 0.5. The estimated n-bond orders on 
different surfaces vary in the order W( 1 10) < Ni( 1 1 1) < Pt( 1 11). These results clearly 
establish that rehybridization of C,H, occurs on adsorption. 

Earlier infrared studies on the adsorption of acetylene on metal surfaces have been 
reviewed by Little (1966). Adsorption of C,H, on supported metals was studied by Little, 
Sheppard and Yates (1960) who found evidence for =CH, groups on the surface because 
of the bands at 3090 cm-I (asymmetric stretching of CH, groups). A band at 3030 cm-' 
was assigned to the >CH group. Infrared studies of C,H, adsorbed on Ni and Pt surfaces 
show that the C-H stretching frequencies are in the range of 3 150-3225 cm-', while the 
C-C stretching frequencies are in the range of 1800-1900 cm-'. Using infrared reflection 
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Side 

view 0 
(a) (b) 

FIG. 8. Bonding geometry and molecular orbital orientation for (a) C,H, on 
Ni( 11 1) and (b) C,H, on Pt( 11 1). For geometry (a) the hydrogen atoms are bent 
strongly away from the C-C axis and the two carbon atoms lie at slightly different 
heights above the surface. (The molecular plane of acetylene is normal to the 
surface.) For geometry (b) the carbon atoms lie along a line parallel to the surface 
while the molecular plane of acetylene is inclined at some angle to the surface 

(after Demuth and Ibach, 1979b). 

technique, Ito and Siietaka (1977a and b) find vibrational bands at 3300 and 3225 cm-' 
(VCH), 1900 cm-1 (KC), 760 cm-' (yCH) and 510 cm-' (vPt-C), the last three being 
doublets when C,H, is adsorbed on Pt suggesting two acetylenic species on the surface. 
On Ni surface, these workers find bands at 3150 (C-H symmetric stretching), 1800 
(C-C stretching), 850 (HCC deformation) and 495 cm-' (M-C symmetric stretching) 
for strongly chemisorbed C,H,. The C-H stretching frequencies due to adsorbed C,H, 
found by high resolution EELS are generally much lower than those found from infrared 
studies. Recently, Krasser, Fadini and Renouprez (1980) have reported Raman spectra of 
C,H, adsorbed on Ni/SiO, and find a band around 2980 cm-' due to C-H stretching at 
high coverages; the position of this as well as the other bands agree well with the high 
resolution EELS data of Demuth and Ibach (1979b). 

Ethylene 
High resolution EELS studies on ethylene adsorbed on the Ni( 11 1) and R( 1 1 1) surfaces 
are summarized in Table 5. The data on Ni(ll1) clearly show evidence for saturated 
species involving rehybridization of the molecule. Thus, the C-H stretching frequency of 
adsorbed C,H, is found around 2945 cm-'; unlike the case of C,H,, both the symmetric 
and asymmetric stretching frequencies are resolved in the case of C,D, and these are found 
at 2170 and 2270 cm-l respectively (Lehwald and Ibach, 1979). An interesting feature 
noted by Lehwald and Ibach (1979) is the peak around 2740 cm-I at high coverages due 
to 'hydrogen bonding' of the molecule to the Ni( 11 1) surface. All the energy loss data on 
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FIG. 9. Plots of C-H and C-C stretching frequencies of (a) ethylene and (b) 
acetylene adsorbed on metal surfaces against the C-C n-bond order. 
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the adsorption of C,H, seem to be consistent with a di-a bonded molecule, with a C, or 
C s mmetry at high coverages. A good, comparison of the energy loss-spectra of C,H, on 
Ni(111) surfaces can be made with the infrared data on C,H,Br, in the gauche form. The 
spectrum of C,H, on Ni(ll1) at 230 K is similar to that of C,H, in the presence of 
coadsorbed hydrogen, the latter giving rise to a 500 cm-' band. The estimated n-bond 
orders of adsorbed C,H, molecules (as seen from Fig. 9) are less than 0.5. 

On a stepped NiE(111) x (i1O)l surface, adsorption of C,H, is rather more compli- 
cated. The asymmetric and symmetric C-H stretching frequencies are found around 3000 
and 3100 cm-' suggesting that there is no rehybridization on the stepped surface. 
Accordingly, the C-C stretching frequency is found around 1500 cm-.'. There is also some 
evidence for the presence of more than one adsorbed phase on a stepped surface. With 
increase in temperature, decomposition occurs via a sp3 type hybridized species as 
evidenced by C-H stretching bands around 2950 cm-'. 

On a Pt( 11 1) surface, Ibach and Lehwald (1978a) have proposed the formation of an 
ethylidene, >CH-CH,, species at room temperature (300 K) on the basis of the high 
resolution EELS data. Kesmodel, Dubois and Somorjai (1978) have given reasons for 
believing that the stable species formed from the chemisorption of C,H, as well as C,H, on 
Pt(ll1) above 300 K is ethylidyne, >C-CH,, rather than ethylidene, >CH-CH,, species. 
These workers have analysed both LEED and energy loss data based on this species. 
The overall reaction can be written as follows: 

? Y  

C,H,(g)+H* -----j >C-CH, 

C,H,(g) - >C-CH,+H* 

Demuth (1979) has, however, shown that a partially dehydrogenated species of the 
composition C,H, (vinyl species, -CH=CH,) is formed on Pt(l l1) around 300 K on the 
basis of UVPS and thermal desorption studies. Demuth (1980) later points out that the 
high resolution EELS data of Ibach, Lehwald and Sexton (1977) and Ibach and Lehwald 
(1978) can be reinterpreted in terms of multiply bonded CH-CH, species which would 
also be fairly consistent with the LEED data (a simple vinyl species not being satis- 
factory in this regard (Fig. 10). He suggests that a bonds form to both the carbon atoms 
and that one of the C-atoms is multiply coordinated in a high coordination site and lies 
closer to the surface. This model also explains the separation of symmetric and asymmetric 
CH, stretching modes on deuteration. However, we feel that there is sufficiently strong 
evidence for a surface species containing C-CH, group (either ethylidene or ethylidyne 
type) and the actual nature of this species is not altogether firmly established. The C-C 
n-bond orders of ethylene adsorbed on different surfaces can be estimated from the C-H 
and C-C stretching frequencies as in Fig. 8. The n-bond order on Pt(l l1) is greater than 
on Ni( 1 1 1) just as in the case of acetylene. 

Adsorption of C,H, on metals has been studied by infrared spectroscopy and in the 
case of Ni on silica two C-H stretching bands at 2960 and 2870 cm-' have been 
observed on a hydrogen-covered surface by Little, Sheppard and Yates (1960). Based 
on this observation they propose saturation of the species on the surface. Morrow and 
Sheppard (1 969) find three dominant peaks at 2920, 2880 and 2795 cm-' in the infrared 
spectra of chemisorbed ethylene on silica supported Pt, the corresponding bands on Ni 
being at 2920, 2870 and 2790 cm-'. They ascribe these to the species MCH,-CH,M 
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Model 

Atom C1 a b o--cb a / b  

e d e -d  d l f  Atom C2 

FIG. 10. Schematic diagram and labelling convention for the CH-CH, species and 
possible bonding sites on a Pt( 11 1) surface. Model configurations for CH-CH, 
on a Pt( 1 1 1) surface as per locations and atom designations given in the schematic 
diagram are shown in the table. Here + indicates any location intermediate 

between two end points, a/b indicates between a and b (after Demuth, 1980). 

and attribute a weaker band at 3010 cm-I to a surface MCH = CHM complex. These 
authors also suggest that there is considerable initial dissociative chemisorption at higher 
temperatures (270-320 K). A band at 2907 cm-' due to M,CH-CHM, is found at 
130 K. All the spectroscopically observable species have been attributed to o bonding to 
metal surfaces rather than n bonding. Prentice, Lesiunas and Sheppard (1976) have 
reported evidence for n-bonded species from ethylene chemisorbed on silica supported Pt 
and Pd catalysts with characteristic infrared bands at 1500 cm-I and 3000 cm-'. These 
species co-exist with u bonded CH,M-MCH, species but are more readily removed on 
interaction with hydrogen. 

Ito and Siietaka (1977a) find a broad band around 1000 cm-' due to C-H bending 
on Pt(l11). They also find bands around 3300, 3200, 2950 and 2750 cm-'. Of these, the 
first two are ascribed to acetylene, the 2950 cm-' band to adsorbed C,H, and the 
2750 cm-' band to a saturated species. They suggest that C,H, is deformed (C," 
symmetry) on the Pt surface. On Ag surface these workers find bands at 3300, 2900 and 
2600 cm-' due to C-H stretching and a band at 960 cm-' to a C-H bending mode. The 
infrared frequencies observed by these workers do not agree with the data on dispersed 
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metal surfaces. It is possible that surface sites are different in the two situations. It is still 
somewhat surprising that the energy loss peaks due to ethylene adsorbed on metals do not 
exactly agree with those found from infrared spectroscopy. There are fewer peaks in the 
C-H region in the energy loss spectrum. It is certainly worthwhile to carry out a 
comparative study of the energy loss and infrared spectra of adsorbed ethylene as well as 
of acetylene. 

Cyclohexane 
Cyclohexane adsorbed on a smooth Ni( 1 11) surface gives energy loss peaks which can be 
readily interpreted by comparison with infrared data of the free molecule (Lehwald and 
Ibach, 1979). However, an additional loss peak is found around 2720 cm-' due to 
'hydrogen bonding' (Table 6). All the observed bands of C,HI2 on Ni(ll1) surface have 
been interpreted by Lehwald and Ibach (1979) in terms of the molecule with its ring not 
parallel to the surface (C, symmetry). On a stepped Ni [ 5 (  1 11) x ( i  lo)] surface, all the 
peaks of cyclohexane with the exception of the 2720 cm-' peak are observed. Low 
intensity losses found around 2620 cm-l suggest additional H atom surface interaction 
(hydrogen bonding) as in the case of C,H,. Some bands are found on the stepped surface 
due to dehydrogenation even at 150 K. Between 200 and 250 K bands due to benzene are 
observed on the stepped surface. 

Benzene 
Results from high resolution EELS studies of benzene adsorbed on Ni( loo), (1 1 1) and 
Pt(l l1) surfaces are shown in Table 7. Bertolini, Dalmai-Imelik and Rousseau (1977a) 
and Bertolini and Rousseau (1979b) report that the aromatic character of benzene is 
retained on the surface with the molecule Ir-bonded to the surface with the ring parallel 
to it; there appears to be no evidence for any difference in the configuration of the 
adsorbed species on Ni( 100) and Ni( 1 1 1 surfaces. Chemisorption induces the ordered 
structures c(4 x 4) on Ni(100) and (Phx 2 6 )  R 30° on Ni(ll1). In preserving its 
aromatic character, benzene involves eight Ni surface atoms on the (100) surface and 
twelve on the (1 11) surface (Bertolini, Dalmai-Imelik and Rousseau, 1977a). Bertolini 
and Rousseau (1979b) assign the 1425 and 1325 cm-' losses to C-C bending vibrations; 
we feel that they are likely to be due to C-C skeletal stretching vibrations which 
characteristically appear in the 1400-1600 cm-' region in free benzene derivatives. 

In the case of Pt( 11 l), there is a significant increase in the C-H out of plane bending 
mode as compared to the free molecule (Lehwald, Ibach and Demuth, 1978). On both 
Pt(ll1) and Ni(ll1) surfaces, two phases of benzene have been found by Lehwald, 
Ibach and Demuth (1978) with characteristic frequency shifts; these shifts have been 
explained on the basis of electronic interaction between the metal d orbitals and the 
molecules adsorbed in two different (on-top and three-fold hollow) sites. A multilayer 
condensed phase of benzene shows infrared active modes of the gas phase molecule. 

In Fig. 11 we have plotted the u(M-C) against v(C-H) as well as u(C-C) stretching 
frequencies of acetylene, ethylene and benzene adsorbed on Ni( 1 1 1) and Pt( 1 1 1) surfaces; 
the plots are quite linear as one would expect. 

Water 
Vibrational spectra of water adsorbed in submonolayer and multilayer quantities on 
Pt(100) have been investigated by Ibach and Lehwald (1980) who find the spectrum of 
adsorbed multilayers to be similar to that of ice I. Submonolayers show OH stretching 
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70 Study of adsorbed molecules by electron energy loss spectroscopy 

vibration frequencies around 3670, 3380 and 2850 cm-' due to free OH, hydrogen 
bonded OH (of the normal OH - . 0 variety) and hydrogen bonded OH involving Pt 
atoms (OH - . Pt) respectively. These workers also report 0 - a . O  stretching (240 cm-I) 
and 0-Pt stretching (470 cm-' found only at low exposures of -0.5 L) frequencies 
in addition to rotation mode frequencies of the water molecule. Molecularly adsorbed 
water on Pt(ll1) also shows peaks similar to those found in the infrared and Raman 
spectra of ice (Sexton, 1980). A transition between the first and second monolayers of 
water gives rise to a translational frequency of -250 cm-'. 

Alcohols 
Adsorption of methyl alcohol on Ni( 1 1 1) has been studied by Demuth and Ibach (1979a) 
who find a methoxy species to be an intermediate during the decomposition of chemi- 
sorbed methanol. Chemisorbed CH,OH shows bands at 3200 (0-H stretching), 2950 
and 2800 (CH, stretching), 1455 (0-H bend), 1035 (C-0 stretching), and 680 cm-' 
(Ni-0 stretching). Characteristic peaks due to methoxy species with the oxygen end 
nearest to the surface and the CH, group inclined at an oblique angle have also been 
assigned (Demuth and Ibach, 1979b). Sexton (1979b) finds that both CH,OH and 
C,H,OH react with atomic oxygen on Cu(100) giving rise to alkoxy species bonded to the 
metal. The characteristic frequencies of CH,O-Cu are 2910 and 2830 (CH, stretching), 
1960 (overtone of C-0 stretching), 1450 (CH, bend), 1010 (C-0 stretching) and 290 
cm-' (Cu-0 stretching). Similar peaks are also seen in the case of C,H,O-Cu except that 
there are additional bands at 870 (C-C stretching) and 470 cm-' (0-C-C bend). 

Formic acid 
Decomposition of HCOOH on Cu( 100) gives rise to formate ion bound to the surface in a 
bidentate structure (Sexton, 1979~). The peak assignments are: 2910 and 2840 (C-H 
stretching), 1640 (CO, asymmetric stretching), 1360 (symmetric CO, stretching), 790 
(0-C-0 bend) and 340 cm-' (Cu-0 stretching). 

Co-adsorbed molecules 
There have been a few studies of co-adsorbed molecules by energy loss spectroscopy. 
Froitzheim, Ibach and Lehwald (1977) studied co-adsorption of CO and 0, on W(100) 
and found oxygen to displace a-CO. Thomas and Weinberg (1979a) have discussed 
co-adsorption of CO and 0, on Ru(001) in terms of inter-adsorbate interaction and 
indirect through-bond interactions. In a study of the co-adsorption of CO and H, on 
W(lOO), F C O  is found to displace peaks due to adsorbed hydrogen; hydrogen does not 
adsorb on CO covered surfaces. Co-adsorption of H, and CO on Ni( 1 1 1) surface has been 
investigated by Bertolini and Dalmai-Imelik (1979) who find three surface species when 
the surface is maintained at 410 K and then cooled to room temperature. The three 
species are: (a) a weakly bonded CO thermally desorbed, (b) an oxyhydrocarbonated 
compound and (c) a hydrocarbonated species. Surface carbide formed due to the dis- 
proportionation of CO at 410 K is expected to play a role in the formation of these 
species. Some of the species described are, -C(H)OH, -C(O)H and H-CO,. Ibach and 
Somorjai (1979) find that co-adsorption of CO with hydrocarbons on Ni(ll1) and 
Pt( 11 1) surfaces causes a weakening of the C-0 bond as indicated by the lowering of the 
C-O stretching frequencies. Co-adsorption of CO and NO has also been studied recently; 
CO competes directly with one of the sites of NO for adsorption (Thiel, Weinberg and 
Yates, 1979b). 
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ELECTRONIC TRANSITIONS 

Unlike vibrational spectra which were examined adsorbate by adsorbate, we shall review 
electronic transitions adsorbent by adsorbent. This is primarily because of the need to refer 
to the characteristic transitions of the solid adsorbent while discussing interactions with 
different adsorbates. 

Silicon 

Clean Si shows energy loss peaks due to interband transitions (El, E,) around 3.5 and 
4.8 eV, due to transitions involving surface states (Sl, S,, S,) around 2.0, 7.5 and 14.5 
eV and due to surface and bulk plasmons (hws, fio,) around 10.7 and 17 eV respectively 
(Ibach and Rowe, 1974a; Chung, Siekhaus and Somorjai, 1976; Fujiwara, Ogata and 
Nishijima, 1977; Fujiwara and Ogata, 1977). The surface state transition around 2 eV 
involves dangling bonds. On interaction with molecules several changes are generally 
noticed which include disappearance or attenuation of S,, S, and S ,  peaks, appearance of 
new losses due to formation of bonds with Si, changes in plasmon peaks, appearance of 
peaks due to associatively or dissociatively adsorbed molecules and so on. In Table 8 we 
have summarized the results on the interaction of various molecules on Si surfaces. 

Ibach and Rowe (1974a) find that interaction of hydrogen with ordered Si surfaces 
causes disappearance of the surface state peaks S,, S ,  and S ,  accompanied by a loss 
around 8 eV due to the formation of the Si-H bond making use of the S, dangling 
bonds. Oxygen adsorbed on Si surfaces at 300 K does not immediately give rise to an 
oxide layer of SiO, type; it is adsorbed molecularly with electronic transitions around 3.5, 
7.2 and 11 eV, both on (1 11) and (100) surfaces (Rowe and Ibach, 1973; Ibach and 
Rowe, 1974b and c; Rowe, Ibach and Froitzheim, 1975). High exposures to oxygen or 
dectron irradiation converts the adsorbed oxygen to StO,. Energy loss spectra have been 
partly interpreted based on dielectric theory by these workers but this does not agree with 
the earlier ideas (Steinrisser and Sickafus, 1971; Sickafus and Steinrisser, 1972; 
Kuppers, 1973). A consequence of the dielectric model would be that the observed energy 
losses are not exactly equal to the energy differences between the occupied and unoccupied 
energy levels. EELS as well as other studies by Ibach and Rowe (1974b and c) suggest 
that the adsorbed oxygen is likely to form a peroxide bridge connecting the nearest 
neighbour atoms as earlier found from the vibrational features in high resolution electron 
energy loss spectra (Ibach et al., 1973). 

The optically forbidden 1X - 3II transition of oxygen around 3.2 eV has been noticed 
on Si(100) and (111) surfaces (at low primary voltages) by Ludeke and Koma (1975). 
These workers have proposed that surface oxygen atoms are doubly bonded to Si and have 
suggested reinterpretation of the peroxide model of Ibach et al. (1 973). The Si-0 bond 
appears to be stronger on a disordered Si(ll1) surface than on an ordered Si(ll1) 7 x 7 
surface (Chung, Siekhaus and Somorjai, 1976). The relative positions of the loss peaks are 
different in disordered and ordered surfaces. While the 8.4 and 7 eV peaks are both well 
developed on a disordered surface, only the 7.3 eV peak is strong (8.4 eV being a 
shoulder) on ordered surfaces. The S,  peak is removed on the disordered surface but is 
still present on the ordered surface. Fujiwara, Ogata and Nishijima (1977) have assigned 
loss peaks to molecular as well as atomic oxygen states (but not SiO,) on Si(ll1). It may 
be noted, however, that the positions of many of the loss peaks (3.2, 4.9, 7.1 eV) are very 
close to the loss peaks of clean Si surface. Adsorption of oxygen on amorphous Si results 
in the disappearance of the ho, peak accompanied by some new losses (Derrien et al., 
19 78). 
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Nitric oxide seems to show molecular transitions at 3.4, 5.0, 6.9, 12.3 and 23 eV on a 
Si( 11 1) surface at 300 K (Nishijima and Fujiwara, 1977). At 770 K, however, losses are 
seen similar to those with a surface covered with nitrogen and oxygen atoms; further 
heating to 1170-1270 K, results in a surface covered with only nitrogen atoms. 

Adsorption of HC1 on a Si( 11 1) surface at 300 K has been examined by Miyamura 
et al. (1978) who notice attenuation of S , ,  S,, S,, El and E, peaks and a peak around 8.4 
eV due to the lone pair electron of C1 (of molecularly adsorbed HCl). With time, the 
8.4 eV peak intensity decreases and a loss due to Si-Cl bonds is seen around 7 eV. At 
800 K, bands due to a C1-7c bonding states are seen at 6 and 7 eV and due to a u-like 
state at 9 eV. Adsorption of HBr gives a lone pair peak at 7.8 eV, but distinct losses 
due to new (Si-Br) species have not been observed (Miyamura et al., 1978). 

Interaction of H,O with Si( 1 1 1) at 300 K gives extrinsic surface state transitions due to 
molecular water (Fujiwara and Nishijima, 1975; Fujiwara, Ogata and Nishijima, 1977; 
Fujiwara and Ogata, 1977). With increase in annealing temperature, the interaction 
seems to proceed in three steps uiz., molecular adsorption, dissociation and hydrogen/ 
oxygen desorption (Fujiwara and Ogata, 1979). At high temperatures, H,S adsorption on 
Si( 11 1) results in metastable SiS, formation while at 300 K, intensities of S,, S, and S, 
diminish with the appearance of new losses due to molecularly adsorbed species (Fujiwara, 
Ogata and Nishijima, 1977; Fujiwara and Ogata, 1978). Ammonia similarly shows 
molecular adsorption at 300 K and formation of nitrides at high temperatures (Nishijima 
and Fujiwara, 1977). Interaction of acetylene on an ordered Si( 11 1) 7 x 7 surface shows 
evidence for molecularly adsorbed C2H2 on a B, site at 300 K; this appears to result 
from the overlap between Si surface dangling bond orbitals and the z orbitals of C,H, 
(Chung, Siekhaus and Somorjai, 1976). The loss peak due to S, still persists on the 
ordered surface: on the disordered surface, however, S ,  is completely removed. 

Germanium 
Electron states of clean Ge are shown in Table 8. Oxygen is adsorbed on two different 
sites of Ge, the more active sites being those associated with dangling bonds (Ludeke and 
Koma, 1976). Oxygen appears to chemisorb to form quasimolecular GeO complexes 
independent of surface orientation. 

Tin 
Loss peaks of clean Sn surface are shown in Table 8 ;  the 4.7 eV peak could, however, be 
due to a surface oxide layer present below detection limits (Bayat-Mokhtari, Barlow and 
Gallon, 1979). At high exposures to oxygen, spectra of polycrystalhe Sn show the 
presence of a mixture of Sn and SnO (in the proportion 3 :2) (Powell, 1979a). EELS of 
fully oxidized Sn has also been reported (Bayat-Mokhtari, Barlow and Gallon, 1979; 
Powell, 1979b). 

Nickel 
Energy loss spectra of clean Ni shows interband transitions as well as surface and bulk 
plasmon peaks as shown in Table 9. Table 9 also lists EELS data on adsorbed molecules 
on nickel surfaces. Adsorption of hydrogen on Ni( loo), (1 10) or (1 1 1) surfaces gives rise 
to a loss around 15 eV as reported by Christmann et al. (1974) and the peak at 7.5 eV 
reported earlier by Kuppers (1973) appears to arise from CO impurity. The 15 eV peak is 
considered to arise from the excitation of an electron from a filled chemisorption level to a 
higher unfilled state. Steinrisser and Sickafus (197 1) and Sickafus and Steinrisser (1972) 
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80 Study of adsorbed molecules by electron energy loss spectroscopy 

have observed that a disordered adlayer of nitrogen on Ni(ll0) gives rise to a loss at 
4.5 eV due to a transition from the d-band to a bound excited state 3.5 eV above the 
Fermi level. A loss peak is found at 11.2 eV due to a transition from a low-lying 
molecular orbital to an excited state level above E, 

Akimoto et al. (1979a) have reported that adsorption of oxygen on Ni(100) gives rise 
to bands at 6.8 and 10.3 eV at <4L exposure due to the charge-transfer transitions: 
0(2p), -+ Ni(34, 0(2p), -+ Ni(3d) and O(2p) + Ni(4s) respectively. Above 50 L exposure, 
the losses are similar to NiO(100). Ohtani, Terada and Murata (1974) and Murata, 
Ohtani and Terada (1974) find a loss peak at 5.8 eV when 4 monolayer of oxygen is 
adsorbed on Ni(100) due to the excitation of electrons in the Ni-0 bond; this loss peak 
splits into two peaks at 5.4 and 6.4 eV at half coverage due to the formation of different 
types of species. Benndorff et al. (1979 and 1980) report loss peaks at 5.8, 7.4, 13.9 and 
23.9 eV at high oxygen exposures on a Ni(100) surface and this is accompanied by the 
splitting of M,, loss peak around 66 eV. The 5.8 and 7.4 eV losses are assigned to 
excitations arising from O(2p) to unfilled levels near the Fermi level. While the 13.9 eV loss 
is assigned to combined 2p -+ 4s, 2p -+ 3d9 and 2p -+ 3d’ + 3d9 transitions, the 23.9 eV 
loss is due to excitation from O(2s). 

Rubloff and Freeouf (1978) have reported a loss peak at 6.5 eV due to the Ni(3d) -+ 

C0(2n*) charge-transfer transition when CO is adsorbed on Ni(ll1). They also find a 
peak at 14 eV which they assign to a Rydberg transition. Akimoto et al. (1979b) find that 
adsorption of carbon monoxide on Ni(100) gives rise to Nidn -+ C0(2n*) and Nidu + 

CO(27P) charge-transfer bands at 5.8 and 8.6 eV respectively and intramolecular transi- 
tions 5 0  -+ 2ff, In  -+ 27P and 40  -+ 2n* at 11.8, 12.6 and 16.4 eV respectively, the 12.6 
eV peak being sensitive to CO-CO interaction (shifts to 13.7 eV with increase in 
exposure). Kiippers (1972) had earlier found a loss peak at 15 eV which shifts to 13 eV 
with increase in exposure to CO on Ni(ll0) at 300 K. With increase in temperature, 
evidence was found for the dissociation of CO. 

Sakisaka et al. (1980) find that nitric oxide is dissociatively adsorbed below 0.8 L 
exposure. Between 0.8 and 100 L there is coexistence of molecular NO with losses at 
4.8, 10.2, 12.0 and 15.2 eV. 

Platinum 
Energy loss peaks from Pt surfaces are shown in Table 10. Adsorption of H, gives rise 
to a new loss peak at 15 eV which has been assigned to a transition from the metal 
d-band to empty hydrogen (2s) level (Christmann, Ertl and Pignet, 1976). Adsorption of 
oxygen gives rise to a new loss at 15.5 eV accompanied by a decrease in the intensity of 
the 12 eV interband transition (Maire, Legare and Lindauer, 1979). At high exposures, 
the 15.5 eV loss peak is shifted to 14.5 eV. 

Adsorption of CO on platinum gives rise to two new losses at 6 and 14 eV. The 6 eV 
loss is due to a charge-transfer transition from the metal d-band to adsorbed CO(29)  
level and this transition is also seen when CO is adsorbed on Cu and Ni. The 14 eV loss 
is generally seen in most metals and these losses have been listed by Bader et al. (1978). 
Netzer, Wille and Matthew (1977) assign the 14 eV loss to an intramolecular transition of 
C0(5a-ln)+C0(2?F). These two losses of adsorbed CO seem to be affected by a 
decrease in the energy difference between the 50 and In levels and by the large upward 
shifts in the excited 27P level (as in the case of metal carbonyls). The final state of the 
14 eV loss has been considered to involve excited states involving 2n* molecular orbitals 
as well as unfilled metal orbitals (Netzer and Matthew, 1979a). 

Adsorption of acetylene on polycrystalline Pt gives rise to new losses at 4.5 and 8 eV, 
the first arising from a dn level and the second from the C-H CJ bond; both the n and Ir* 
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orbitals of C,H, seem to be involved in chemisorption (Farrell and Strauss, 1977). 
Adsorption of C,H, at room temperature gives rise to sharp losses at 7.5 and 20 eV 
and a shoulder at 14 eV (Netzer and Matthew, 1979b). The 7.5 eV loss peak has been 
assigned to the vinyl species formed around room temperature; this peak disappears at 
170 K suggesting rehybridization to an sp3 type configuration at low temperature. It 
may be recalled (see acetylene section) that Ibach and Lehwald (1978a) have proposed 
an ethylidene (>CH-CH,) species while Kesmodel, Dubois and Somorjai (1978) have 
proposed an ethylidyne (32-CH,) species to describe ethylene adsorbed on Pt( 11 1). 

Benzene adsorbed on Pt( 11 1) does not show a loss peak around 7.5 eV suggesting that 
the n-n!' transition is inhibited (Netzer and Matthew, 1979b). A broad 25 eV loss is 
observed, but the origin of this is not clear. A 7 eV electron loss peak due to a n - 4  
transition of pyridine adsorbed on Ir( 11 1) has been found but the same transition in 
benzene is very weak, both benzene and pyridine show weak losses (4-5 eV) due to 
d-n* charge-transfer transitions (Netzer, Bertel and Matthew, 1980). 

Cyanogen adsorbed on Pt( 100) gives new losses around 11 and 14 eV indicating an 
upward shift of the 2n* state due to mixing with metal orbitals (Willie, Netzer and 
Matthew, 1977). There appears to be some doubt as to whether cyanogen adsorbs 
molecularly or as CN species. 

Palladium 
It has been shown that the 14 eV interband transition of Pd( 11 1) is sensitive to oxygen 
adsorption (Legare, Holl and Maire, 1979). Adsorption of oxygen also gives rise to a 
loss around 18 eV due to a transition from O(2p) to a metal level 12 eV above the 
Fermi level. Adsorption of CO on Pd(001) gives rise to a new loss at 13.5 eV due to 
50-1n -+ 2n* transition of adsorbed CO; the 6-7 eV charge-transfer transition is not seen 
on this surface (Bader et al., 1978). EELS data on molecules adsorbed on Pd surfaces are 
given in Table 10. 

Tungsten 
The loss peaks due to clean tungsten surfaces are shown in Table 11 along with those due 
to adsorbed molecules. Avery (1976) has reported that adsorption of oxygen causes 
attenuation of the loss peaks at 2.7 and 5.2 eV. Increase in exposure up to 0.67 L gives 
rise to new losses at 3.4 and 8 eV, the latter shifting monotonically to 7.5 eV at 6.7 L. 
Luscher (1977) and Luscher and Propst (1977) find a loss at 7.7 eV when 8= 0.5 which 
they assign to an O(2p) + metal d-band transition; an additional loss at 12.7 eV occurring 
at 19 > 0.5 has been assigned to an O(2s) +metal d-band transition. These workers also 
notice changes in the surface and bulk plasmon features at 21 and 25.5 eV respectively. 
Codeposition of Cs and 0, on W(110) gives rise to losses at 10 and 15 eV associated 
with Cs (5p) and a loss at 26 eV associated with Cs(5s) levels; growth of thick Cs-0 
layers gives losses at 4.8 and 7.8 eV associated with the O(2p) level (Papageorgopoulous 
and Desplat, 1980). 

Adsorption of CO, H, and I, on W(100) surfaces are found to give rise to losses 
at 7.5, 7.7 and 8.5 eV respectively (Avery, 1976). The last two losses are weak, but 
clearly resolved at 8 and 100 L respectively. Attenuation of the 2.7 and 5 eV losses 
was also noticed, the peaks being finally replaced by a broad new loss at 3.4 eV. 
According to Chesters, Hopkins and Winton (1976), associative adsorption of CO on 
W(100) gives rise to loss peaks at 5.3 and 14 eV. We assign the 14 eV peak to 5 u - 1 ~  + 

2n* transition of adsorbed CO and the 5.3 eV peak to the metal d +CO(2;IF) charge- 
transfer transition. Adsorption of nitrogen on W(100) shows losses due to both a and /3 
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states. The a state is characterized, by peaks at 4.2, 9.6 and 15.1 eV which have been 
respectively assigned to transitions involving A3 C;, a' IIg and 2Cg+ of the excited 
N: states respectively. The p state gives rise to a loss at 10 eV. 

Adsorption of C,H, on W(100) has been studied by Rawlings, Hopkins and Foulias 
(1978) who find loss peaks at 4.4 and 7 eV at submonolayer coverages. The 4.4 eV loss 
peak persists even at saturation but disappears on heating. At 1100 K, losses are found 
at 5.5, 9.5 and 13.2 eV and these are assigned to species arising from dissociation. 
Presaturation of the surface at 1100 K with acetylene results in a spectrum similar to the 
one found at saturation coverages at low temperatures with the exception of the 4.4 eV 
peak (Rawlings, Hopkins and Foulias, 1978). 

Molybdenum 
EELS data of clean Mo surface are shown in Table 11. On exposure to 0.6 L oxygen, the 
4.2 eV surface loss disappears and the losses at 7.2 and 9.5 eV are shifted to 6.9 and 
10.3 respectively (Kawai et al., 1974; Ballu, Lecante and Rousseau, 1976). The 7.1 eV 
loss is related to the presence of first layers of oxygen atoms bonded to metal atoms and 
the transition may involve a state 6 eV below E, and an empty state near E,. The 5 eV 
peak found at an exposure of 5 L may arise from the (1 10) facets formed on the surface. 
Random adsorption of H,S on Mo(100) gives rise to new features at 7.5 and 17 eV; the 
7.5 eV peak has been assigned to a transition from a state 5.3 eV below E, to one at 2.2 
eV above E, while the 17 eV loss peak is assigned to an interband transition from the (3s) 
level of sulphur (Wilson, 1976). In addition to these losses, the surface-sensitive loss 
peak at 4.9 eV decreases in intensity. While some of the loss peaks are shifted, the 15.6 
eV peak disappears completely. 

Other metals 
In Table 12 we have summarized the available information on the EELS study of the 
interaction of gases with surfaces of Ti, V, Cr, Cu, Ag, Au and Zn. Interaction of oxygen 
with Ti, V and Cr up to a coverage of 0 = 6:4 causes a decrease in intensity of the loss 
peaks around 5 and 16-17 eV, the latter disappearing completely in the case of Ti 
(Simmons and Scheibner, 1972). Jenkins and Chung (1971) find that interaction of oxygen 
with Cu(ll1) up to 3.5 x lo3 L does not give rise to any new loss but causes only a 
decrease in intensity of the surface losses. Benndorf et al. (1978) have, however, found 
new losses at 5.6, 14.4 and 24.5 eV at an exposure of 10' L oxygen. The above three 
losses have been ascribed to O(2p) + E,, single electron excitation involving O(2s) and 
O(2s) --f E, transitions respectively. 

Exposure of Au(lI1) to 0.3 Torr oxygen (Legare et al., 1980) at 620 K results in no 
new losses but only a decrease in intensity of the interband transitions involving 
surface states at 7.9 and 13 eV. Interaction of oxygen with Zn(0001) surface also gives 
rise to no new losses up to 60 L, but when a saturated oxide overlayer is formed, losses 
are seen at 4, 7, 12.7, 15 and 17 eV due to transitions from occupied surface states, 
O(2p) + conduction band, Zn(4s) + conduction band, ho, and Aw, respectively (Unertl 
and Blakely, 1977). EELS of Cu(311), Ag(ll1) and Au(100) surfaces exposed to xenon 
has been studied (Papp, 1976; McElhiney, Papp and Pritchard, 1976; McElhiney and 
Pritchard, 1976). In the case of Cu(311) and Ag(ll l) ,  new losses are found at 13 and 
13.5 eV respectively besides two additional losses above 60 eV. The 13 eV transition is 
likely to involve orbitals of adsorbed Xe and the metal. In the case of Au(100), new 
losses are seen at 11.0, 12.3,24,65,67 and 75 eV. 

Interaction of carbon monoxide (Papp and Pritchard, 1975 and Papp, 1976) with 
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Cu(3 11) surface gives rise to new losses at 4.5 and 13.5 eV due to the metal d + C0(271*) 
charge-transfer transition and the 50-1 a + 27c* intramolecular transition of adsorbed CO 
respectively. A 13.5 eV transition is also seen in the case of Ag( 11 1) and Au( 100) surfaces 
exposed to carbon monoxide which is likely to be due to the intramolecular transition of 
adsorbed carbon monoxide. 

We ourselves have data on transition metal d band + CO(n*) charge-transfer transition 
energies in the case of Cu(3 1 l), W( loo), Pt( loo), Pt( 11 l), Ni( 1 1 1) and Ni( 1 10) surfaces. 
It is found that these transition energies bear a simple relation with the heat of adsorp- 
tion of carbon monoxide on these solid surfaces (Fig. 12u). Knowing the binding energies 
of the 50 levels of CO adsorbed on various metals from UVPS studies and the intra- 
molecular transition energy, E,, from EELS studies, the R* energy, A(ET-5a), is plotted 
against the heat of adsorption in Fig. 12b which shows a linear relation between the two. 
We see that the slope of this plot is not very different from the CT transition energy us 
AH,,, plot indicating thereby that the variation in the CT transition energy with the metal 
is also mainly due to the shifting of the R* level. 

In Table 13 we have shown assorted EELS data on the interaction of oxygen with Al, 
Mg, Te and Bi. In all these cases losses due to surface oxide layers have been identified; 
losses due to chemisorbed oxygen seem to have been found only in the case of Mg and Al. 

CONCLUDING REMARKS 

There is little doubt that electron energy loss spectroscopy has emerged as a powerful 
tool for studying molecules adsorbed on surfaces. The information provided by EELS 
has a direct bearing on the structure and stereochemistry of the adsorbed species. Corre- 
lations of vibrational spectra from EELS with other data such as heats of adsorption, 
throw additional light on gas-solid interactions. Study of electronic excitations by EELS 
has been valuable in understanding electronic states of adsorbates and adsorbents. 

Hitherto most of the studies have been limited to model systems, particularly on single 
crystals of metals. Such information provides the basis for understanding the behaviour of 
molecules adsorbed on more complex surfaces such as polycrystalline materials and metals 
dispersed on high surface area supports (as in catalysis). EELS studies on such complex 
surfaces will undoubtedly be carried out in the years to come. A limitation in the appli- 
cation of this technique arises from its inability to cope with catalysts under so-called 
ambient conditions. 

Vibrational spectra of adsorbed molecules obtained by EELS and other techniques are 
generally comparable as they both yield insights into the nature of the bonding within the 
molecular fragments bound to the surface. Thus, in the case of CO adsorbed on metals, 
there is good agreement between results obtained from EELS and infrared spectroscopy. 
The situation is not, however, satisfactory in the case of C2H, adsorbed on metal 
surfaces. There is still considerable scope for careful experimentation on model systems 
employing a variety of techniques including photoelectron spectroscopy, Auger spectro- 
scopy and infrared spectroscopy. 
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