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This paper addresses itself to the question of the inadequacy of the donation-backdonation 
model for treating CO adsorption (both strong and weak) especially in the light of recent 
measurements by ARUPS, I-UPS, HREELS and NEXAFS to identify the 2 ~" level with or without 
occupancy. The variation, including the sign (decrease or increase) of the work function as a result 
of CO adsorption, is identified to be due to the reversal or change in magnitude of the polarity of 
the molecule in the adsorbed state. The reversal of the ordering of the valence states according to 
this model becomes a natural consequence of the relaxation of the equilibrium internuclear 
distance. The systematics in the adsorption super-structures and the variation of other adsorption 
parameters especially that of adsorption energy are considered for both group VIII and Ib metals. 
The characteristics of the vibrational properties of adsorbed CO on group VIII and Ib metals are 
considered in terms of the electronic properties with a view to obtain po~ssible correlations in the 
future. The need for more accurate measurements to evaluate the 5o-1~" separation in the 
adsorbed state is indicated, which will enable, it is hoped, a synthesis to be made of a unified 
correlation between internuclear distance, v(C-O) and A(5o-lcr) within a single framework 
model. The characterisitcs of nitrogen (isoelectronic with CO) adsorption on group VIII metals are 
also considered for comparison. 

1. Introduction 

C o n s i d e r a b l e  a t t e n t i o n  has  b e e n  focussed  on  the c o r r e l a t i o n  b e t w e e n  elec-  

t r o n i c  and  v i b r a t i o n a l  p rope r t i e s  o f  C O  a d s o r b e d  on  m e t a l s  on  the  basis  o f  the  

d o n a t i o n  a n d  b a c k d o n a t i o n  m o d e l  wh ich  was  o r ig ina l ly  p r o p o s e d  by  B l y h o l d e r  

[1]: C O - m e t a l  b o n d i n g  is n o r m a l l y  c o n s i d e r e d  to ar ise  f r o m  e l ec t ron  t r ans fe r  

f r o m  the  50 o rb i t a l  of  C O  to u n o c c u p i e d  m e t a l  o rb i t a l s  a c c o m p a n i e d  wi th  

b a c k d o n a t i o n  o f  e l ec t rons  f r o m  o c c u p i e d  dqr o rb i t a l s  w i t h  sp~r o rb i t a l  m i x i n g  

to  the  u n o c c u p i e d  2 9  o rb i t a l s  o f  C O .  T h e  2~r o rb i t a l  coup le s  wi th  m e t a l  

o rb i t a l s  o f  7r -symmetry  to  f o r m  a b o n d i n g  a n d  an  a n t i - b o n d i n g  level  w h o s e  

o rb i t a l  charac te r i s t i c s  a re  m o s t l y  dTr a n d  21r respec t ive ly .  S c h e m a t i c  r ep resen -  

t a t i o n  of  the  C O  levels  is g iven  on  the  basis  o f  p e r t u r b a t i o n  t h e o r y  wi th  a two  
s ta te  m o d e l  in  fig. l a [ 2 - 4 ] ,  wh ich  r ep re sen t s  the  s impl i f i ed  m o l e c u l a r  o rb i t a l  

( M O )  p ic ture .  Th i s  p i c tu r e  seems to c o n s o l i d a t e  its f o u n d a t i o n  n o w  f r o m  
d i f f e r en t  t heo re t i c a l  a p p r o a c h e s  as fo l lows:  (1) in the  m o r e  e l a b o r a t e  M O  
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Fig. 1. Schematic representation of the CO levels by means of a simplified MO method [2 4] (a) 
and by various measurements  [20,21] (b). 

calculation procedures in comparison with that described, like ab initio [5] and 
Xa[6] methods, the extent of donation and backdonation is deduced from the 
values of the coefficients of the composite MO. The net charge due to donation 
and backdonation is estimated in terms of a population analysis which is 
unduly approximate for hetero-atomic systems. (2) On the other hand, the 
extent of donation and backdonation according to the resonance theory, which 
is similar to Mulliken's donor-acceptor  theory[7], is estimated on the basis of 
the coefficients of the configuration state functions assumed. There may be 
inadequacy in the extent of valence configurations that are plugged into these 
functions because of calculational problems, or due to the choice being limited 
for want of proper representations for the various possibilities. (3) The third 
approach is by means of the Anderson model Hamiltonian method including 
overlap by Doyen and Ertl[8], who treat only coupling of the 50 and 2~r 
orbitals to the metallic d-states. The absolute magnitude of donation and 
backdonation is deduced from the average occupation number of the eigen- 
state of the ad-molecular orbitals within the Har t ree-Fock approximation.:. 

Brod6n et al.[9] argue., d in thee early stages that the difference (A(4o-l~r)) in 
the binding energy of 40 and l~r orbitals is correlated with the carbon-oxygen 
stretching frequency (u(C-O)),  where a tilde over the orbital notation indicates 
a level in the adsorbed state. Nieuwenhuys [10] has analysed all the available 
experimental data for a possible correlation between the UPS data and 
u(C-O) on group VIII metals on the basis of work function changes (A~). 
According to him, the magnitude of A~ depends on the extent of donation of 
electrons to the metal and results in a decrease of work function while 
backdonation leads to an increase. Heskett et al. [11] have recently investigated 
a similar correlation with due consideration given to satellite structure ob- 
served in the region of the valence levels. Their analysis encompasses group Ib 
metals. They state that the metal-CO bond is formed in the conventional 
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donation and backdonation manner in the strong adsorption (CO/transit ion 
metal) systems, so that the 2,r level is partially occupied in the neutral ground 
state of the adsorbed system, while the 2,r is unoccupied in the neutral ground 
state for weak adsorption (CO/noble metal) systems, where the bond results 
from 5a-metal charge transfer. In addition, both have dealt with N 2 adsorp- 
tion in a similar manner. However, there appears to be some difficulty in the 
assignment of partially occupied or unoccupied molecular levels, especially 
that of 2,r of CO in the adsorbed state. Because of its relevance for the 
donation and backdonation model, the studies relating to its identification are 
briefly considered. 

A variety of electron emission measurements such as Field Emission Energy 
Distribution (FEED) Spectroscopy, Ultraviolet Photoelectron Spectroscopy 
(UPS), and Surface Penning Ionization Electron Spectroscopy (SPIES) from 
CO covered surfaces show a broad peak in the range of 0-3 eV below the 
Fermi level (EF). FEED measurements on CO/W(100) [12] and CO/Ir(100) 
[2] showed peaks at 7-7.5 eV below the vacuum level (Ev)  and at 0.6 and 1.25 
eV below E F respectively. The UPS spectra by means of angle-resolved UPS 
(ARUPS) and polarization-dependent ARUPS (PARUPS) exhibited broad 
and weak induced structrures at 0-2 eV below E F on Ni( l l l ) ,  Ni(100) and 
Ni(l l0)  [13], Ni(100) [14], Cu( l l l )  [15] and Cu(100) [16]. The studies of SPIES 
on N i ( l l l )  [17], Pd ( l l l )  [18] and Mo(ll0)  [19] located an analogous peak at 
0-2.0 eV below E F. On this basis, these authors claimed to have identified the 
2~r orbital which participates in backdonation of an electron from the metal. 
However, recently Miranda et al. [20] showed by means of a detailed ARUPS 
study of C O / P d ( l l l )  that the re pported emission around 2 eV with respect to 
E F cannot be ascribed to the 2~r orbital, but to a shifted Pd surface state. 
According to the simplified MO picture depicted in fig. la,  the antibonding 
level whose component consists mostly of 2~r character would have to be 
observed at a location above the position of the unoccupied 2~r level of gas 
phase CO. A peak at - 3  eV above E F as illustrated in fig. lb  has been 
observed by Bremsstrahlung Spectroscopy or Inverse UPS (I-UPS) [21] which 
can detect the unoccupied states without disturbing the occupied orbitals. 
Besides, for the weak interaction system of C O / A g  [22] the unoccupied 2~r 
level has been shown to be reduced by nearly 1 eV from that of gaseous CO. 
The position of the unoccupied 2,r level appears to be different from that 
shown in figs. l a  and lb. However, this is not surprising, because the 
simplified MO picture neglects the presence of continuous levels in the metal 
for the treatment of the CO-metal  interaction. It is therefore clear that the 
simplified MO picture such as that shown in fig. la  is inadequate to assign the 
exact positions of the electronic levels of CO in the adsorbed state. 

In recent years, it has been realized that electronically excited states of 
adsorbates play an important role in a variety of surface processes. Energy 
levels in the excited states can be probed by High Resolution Electron Energy 
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Loss Spectroscopy (HREELS) [23] or Near-Edge X-ray Absorption Fine 
Structure (NEXAFS) [24]. These studies, in recent times, have shown a 
correspondence of the excitation energies for the molecularly adsorbed state of 
CO with that of gaseous CO. For example, EELS [23,25] identifies an excita- 
tion energy v. alue oL6-8  eV on both Ni and Cu surfaces, which is assigned to 
the 5o (or l~r)~ 2~r excitation, while the excitations obse. ~ e d  by NEXAFS 
[24] studies at - 287 and - 534 eV attributable to 2o or lo  to 27r are similar 
to the observations in the gaseous state. Thus these results show that CO 
retains its molecular characteristics in the adsorbed state. The only a. nomalous 
observation as considered in the literature is the reversal of 5a and l~r levels in 
the adsorbed state on transition metals. However, it is shown subsequently in 
this paper that it is no longer anomalous as the ordering of the levels is in 
complete accordance with the possible elongation of the internuclear distance 
of gaseous CO. The picture that emerges from recent experiments by ARUPS 
[20], I-UPS [21], HREELS [23], and NEXAFS [24] is that the 27r orbital is 
unoccupied (virtual orbital in Hart ree-Fock theory in quantum chemistry) in 
the neutral ground state in both strong and weak adsorption systems. 

Thus, no clear view seems to have emerged for CO-metal  bonding in terms 
of the donation and backdonation model. The purpose of the present paper is 
to discuss a correlation between the electronic and vibrational properties of 
both weak and strong CO adsorption systems in general terms without 
restricting oneself only to the donation and backdonation model. A similar 
attempt has been made by Davenport [26] who argued that the frequency and 
intensity of the CO stretching modes in metal carbonyls are explainable 
without recourse to the usual donation and backdonation. 

The composition of the present paper is as follows: In section 2 the 
characteristics of gaseous CO, especially the variation of dipole moment with 
internuclear distance and the electronic structure, will be presented. Section 3 
deals with the review of the available literature data on the characteristics of 
adsorbed states. The correlation between electronic and vibrational properties 
and work function changes which form the central theme of the present paper 
will be discussed in section 4. Finally the characteristics of molecular adsorp- 
tion of nitrogen (N2) (an isoelectronic molecule with CO) will be compared 
with that of adsorbed CO in section 5. 

2. Electronic structure of gaseous CO 

The electronic configuration of the ground state of CO is given by 

( lo)2(2o )2(30 )2(4o )2(1¢r)4(5o )2, (2.1) 

in terms of a single-configuration [27]. The ground state configuration is a 
singlet state 1Z+. The molecular orbitals of lo and 2o are mainly the ls 
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Fig. 2. Molecular orbital correlation diagram of AB hetero-molecule [27]. 

orbitals of oxygen and carbon respectively. The bonding orbitals are the 30 
and doubly degenerate l~r, so the conventional chemical bond for CO is 
descirbed as the triple bond ( ~ O ) .  The non-bonding orbitals are 40 and 5a, 
which are mostly concentrated on oxygen and carbon respectively. The unoc- 
cupied levels in CO are 6o, 7o . . . .  of o-symmetry and 2~r, 3~r . . . .  of ~r 
character. The highest occupied molecular orbital (HOMO) is 50 and the 
lowest unoccupied MO (LUMO) is 2~r. A simplified MO correlation diagram 
(orbital energies as a function of the internuclear distance, R, of an AB 
hetero-diatomic molecule) is shown in fig. 2 in which R = 0 and R = ~ denote 
the situations of a united atom and separated atoms respectively. At the 
equilibrium distance (Re)  of CO, represented by the dashed line in fig. 2, the 
value of the 50 ionization energy is lower than that of 1¢r. However, the 
correlation diagram shows a change in the ordering of 5a and l~r levels when 
the internuclear distance is greater than the equilibrium value. This trend is 
also confirmed by ab initio calculations [28]. 

In table 1, the data concerning the electronic configuration, state symbols ,  
equilibrium bond distance, C - O  stretching frequency, dissociation energy, 
dipole moment  and first ionization energy are assembled for some typical 
configurations of CO, namely neutral CO, CO + , C O -  and CO* (neutral 
excited state) [29]. 
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Table 1 
Summary of molecular characteristics of CO in neutral, ionic and excited states 

CO CO + CO- CO* CO* 

Configuration ---(1~')4(5o) 2 ---(l'tr)4(5o) 1 ---(l~r)4(5o)2(2¢r) 1 - - - (1~ ' )4(5o)1(2 , t r )  1 - - - (1 ,n ' )3(5o)2(2 ,a )  1 

(I 'I ') (T~) (I"I") (I"~) 
State 1~,+ 2~+ 2 H a 3/7 A 11-1 a' 3~+ I l~,- 
Re (.~) 1.13 1.12 1.17 1.21 1.24 1.35 1.39 
v(CO) (cm -1) 2143 2214 - 1850 1743 1518 1229 1092 
D (eV) 11.2 8.4 8.1 5.21 3.17 4.32 3.17 

(debye) 0.1 1.38 1.06 
( c o  + ) ( + c o - )  ( - c o  +) 

I (eV) 14.01 26.8 - 1.5 

T h e  po l a r i t y  o f  the  neu t r a l  g r o u n d  s ta te  m o l e c u l e  is d e n o t e d  as - C O  ÷ wh ich  

is c o n t r a r y  to the  n o r m a l  e l ec t ronega t i v i t y  va lues  of  c a r b o n  a n d  oxygen .  

H o w e v e r ,  this s i tua t ion  arises f r o m  the  fac t  tha t  the  cen t e r  of  the  5o o rb i t a l  lies 

a l o n g  the  m o l e c u l a r  axis bu t  ou t s i de  the  i n t e r n u c l e a r  d is tance .  In  fig. 3, the  

v a r i a t i o n  o f  the  d i p o l e  m o m e n t  is s h o w n  as a f u n c t i o n  of  the  i n t e r n u c l e a r  

J i s tance  toge the r  w i th  the  va lues  ca l cu l a t ed  b y  the  H a r t r e e - F o c k  ( H F )  m e t h o d  

1.2 
[ Debye) 

0.8 

',+CO-) 

0 . 4  

s s  f S  

j ss "SX 

f SS 

0.0 A H-F 

• 

- 0 . 8  ~ t X experiment 
, I ,I I , I I I , I , 

1,8 2.0 Re 2.2 2.4 2.6 2.8 (a.u.) 

Internuclear distance 

Fig. 3. Experimental and calculated values of dipole moment variation with internuclear distance 
for CO (X1~ + ) [30,31]. 
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and other higher order approximations (OVC (Optimized Valence Configura- 
tion) [30], V-CI (Valence Configuration Interaction), FO-CI (First Order CI) 
and SD-CI (Single and Double excitations CI) [31]) which include to a certain 
extent electron correlation effects. It is seen that the values obtained by HF 
calculations are not in agreement with the experimental values, while values 
obtained by higher order approximations are in agreement with experimental 
values, which may be due to CI correction caused almost entirely by polariza- 
tion of the 17r. The polarity of CO in the ground state as stated above is 
denoted as - C O  + but the polarity changes when the internuclear distance 
lengthens (see fig. 3) or when the 5a molecular orbital of CO is perturbed upon 
excitation from 50 to 2~r (see table 1). 

In essence it is seen that the polarity of CO and the ordering of 50 and lrr 
energy levels in a neutral molecule can easily change as a result of the 
elongation of C - O  internuclear distance. 

3. Properties of adsorbed CO on group VIII and lb metals 

All available information on these systems are summarised in table 2. The 
main deductions from the values given in this table include: 
(1) LEED results show that CO overlayers form ordered structures with 
increasing coverage except for Ag and Au. 
(2) Adsorption energy (E )  is in the range of - 3 0 - 4 0  kcal /mol  for group 
VIII and 6-15 kcal /mol  for group Ib metals. The variation of E with coverage 
for many group VIII metals is given in fig. 4. 
(3) Normally the work function increases due to CO adsorption (except 
Pt(111), Pt(100)-(5 × 1) on group VIII and Ib metals). Fig. 5 shows that A~ is 
dependent on CO exposure on several VIII metals and copper. 
(4) Fig. 6 shows the variation of ~,(C-O) with coverage for a number of group 
VIII metals. The absolute values of ~ at initial coverages and its shift with 
coverage are different for different metals even though the adsorption energy is 
almost the same. The different sites of ad-CO species: the spectral regions 
2130-2000, 2000-1880, 1880-1800 and less than 1800 cm -1 correspond to 
on-top (head-on or terminal) CO, two fold bridge, three fold bridge and four 
fold bridge adsorbed-CO respectively [85]. 

The valence level peak positions of adsorbed CO ~ e  given in table 3. 
Brodrn et al. [9] once proposed that the larger the A(4a-l~r)  separation, the 
greater the CO bond weakening and so the dissociation becomes easier. 
However, the results in table 3 do not support this hypothesis, the validity of 
which has already been questioned [108]. 

Valence photoelectron spectra of CO adsorbed on Ag(110) [83] and Ag(111) 
[109] as well as that on A1(111) [110] at low temperatures are similar to the 
spectrum of gaseous CO, which contains due to the 50, l~r and 4o levels, an 
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Coverage (0) 

Fig. 4. Var ia t ion  of  a d s o r p t i o n  energy  wi th  coverage  for  C O  o n  a var ie ty  o f  meta l s  (Pd(110)  [65], 
Pd(100)** [621, Pd(100)* [61], Pd(lll) [591, Pt(lll) [66], Ni(100) [55], Ni(ll0) [571, Ru(0001) [38], 
Co(0001) [42] and Ni(lll) [52]). 

order of increasing ionization energies. The ordering of the levels in the 
adsorbed systems is the same as that in the gas phase. 

It is essential to comment on a recent work by Heskett et al.[ll]. They have 
explained the assignment of satellite structures in terms of the so-called 
"screening and unscreening" model [111,112]. However, the validity of this 
model has been questioned [113]. At least this model may lead to a misunder- 
standing on the assignment of satellite peaks in core level regions, thou~zh 
Heskett et al. have not considered this aspect at all. The position of the 2rr 
level should be observed below E F if this screening model is applicable..; 
However, experimental observations do not support the postulate that the 2rr 
level is below E F [24]. 
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Fig. 5. Work function changes as a function of CO exposure on a variety of metals (Fe(ll0) [32], 
Co~0001) [42], Pd(lll) [59], Ni(111) [52], Ru(0001) [38], Cu(111) [76], Cu(100) [77] and Cu(110) 
[80]). 

4. Correlation between electronic and vibrational properties of adsorbed CO 

The viewpoint for a correlation between electronic and vibrational proper-  
ties for CO adsorpt ion will be presented first. The r ( C - O )  observed by I R A S  
and EELS for adsorbed CO is generally less than that of  gaseous CO (see table 
2). This observation at least indicates that the equilibrium C - O  bond  distance 
is greater than that of  gas phase CO. Depending on the order of  magni tude of  
the C - O  bond  distance the polari ty of  CO in the adsorbed state can also 
change as can be seen f rom fig. 3, wherein the data  for gaseous CO are given. 
The positions of  the 50 and 17r levels are originally close to each other at or 
near the equilibrium distance in mult i -bond species of diatomic molecules. 
However,  they either overlap or reverse the ordering as a result of  the 
elongation of  the bond  distance. Therefore, it is not  surprising that the 
ordering of  the levels observed by UPS for CO adsorpt ion systems reverses in 

compar ison with that of gas phase. This statement about  the reversal of  50 and 

l~r levels has been substantiated by a number  of  experimental studies (see table 
3). 

It is interesting to note that Brodrn et al. [114] have already tried to 

correlate the variation of  bond  length on adsorpt ion with the 1 ~ - 4 o  separation 
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Fig. 6. Var ia t ion of  CO stretching frequency wi th coverage for CO adsorpt ion on some hexagonal  
close packed surfaces (Pt(l l l)  [68], Ru(000l) [39], Pd(l l l )  [60] and Ni( l l l )  [53]). 

for both on top and bridge bonded CO. However, they have used the values of 
bond lengths of CO in various configurations and its elongation, i.e., 0.02 ,~ 
for on top and 0.07 .~ for bridge mode as deduced from metal carbonyls. In 
addition, their analysis is mainly concerned with C O / N i  system. 

A point which is not yet well understood concerns the adsorption energy 
and the change of work function on group VIII and Ib metals. The work 
function increases due to CO adsorption on group VIII metals except for 
P t ( l l l )  and Pt(100)-(5 × 1), but the work function decreases for Ib metals. 
Although the work function of P t ( l l l ) ,  Pt(100)-(5 × 1) and group Ib metals 
decreases as a function of coverage, the trend of variation appears to be 
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Table 3 
Peak positions of valence levels with respect to E F and energy separation for 40 and lrr level (A (40- 
l~r)) for CO adsorption on group VIII metals 

Substrates Peak positions A(14cr_l~rl) References 

5a l~r 4a 

Fe (110) 7.5 10.4 2.9 [86] 
8.1 6.9 11.0 4.1 [87] 

(100) 7.0 10.5 3.5 [881 
(111) 7.6 10.8 3.2 [89] 

Ru (0001) 7.6 10.7 3.1 [90] 
Co (0001) 7.5 11.0 3.5 [42] 

7.9 7.7 10.7 3.0 [91] 
Rh (111) 8.3 7.8 11.2 3.4 [921 

(100) 7.6 10.8 3.2 [93] 
(110) 7,6 8.7 10.6 1.9 [94] 

7.6 10.6 3.3 [95] 
Ir (111) 9,2 8.6 11.7 3.1 [96] 

8.9 11.5 2.6 [49] 
(100) 9.2 8.6 11.7 3.1 [96] 

(110) {7.68.7 11.3 (3.7) a) [97] 

Ni (111) 8.1 7.1 11.2 4.1 [98] 
6.5 

8.3 7.9 10.9 4.0 [99] 
(100) 8.3 7.8 10.8 3.0 [100] 

8.0 7.5 10.6 3.1 [99] 
(110) 8.4 6.5 11.7 5.2 [101] 

8.0 11.0 3.0 [102] 
Pd (111) 8.2 7.5 11.2 3.7 [1031 

7.8 7.3 10.7 3.4 [20] 
(100) 7.9 10.8 2.9 [71] 

(110) 7.9 10.8 2.9 [104] 
Pt (111) 9.2 8.4 11.9 3.5 [67] 

9.6 8.6 12.0 3.4 [105] 
(100) 8.8 11.4 2.6 [70] 
(110) 9.2 8.2 11.7 3.5 [106] 

9.1 7.9 11.7 3.8 [102] 
CO (gas) 14.0 16.9 19.7 2.8 [107] 

a) The data obtained under precovered CO conditions for hydrogen adsorption. 

d i f f e r en t  for  P t ( l l l ) ,  Pt(100)-(5 x 1) a n d  C u  f r o m  tha t  o b s e r v e d  for  A g  a n d  
Au.  In  the  f o r m e r  case  a m i n i m u m  is o b s e r v e d  as a f u n c t i o n  of  c o v e r a g e  (fig. 5) 

wh i l e  a c o n t i n u o u s  dec rease  has  b e e n  r e c o r d e d  in the  case  of  A g  and  A u  
[116,118]. T h e  a d s o r p t i o n  ene rgy  var ies  by  a f ac to r  of  3 o r  m o r e  b e t w e e n  g r o u p  

V I I I  and  Ib  meta ls .  Besides,  the  o c c u p i e d  va l ence  levels  o b s e r v e d  by  U P S  a re  

a l m o s t  s imi la r  for  C O  a d s o r p t i o n  sys tems  on  b o t h  g r o u p  V I I I  and  Cu  meta ls .  
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Especially, the behaviour of CO adsorption on P t ( l l l )  seems to be quite 
different from that on other group VIII metals [3], i.e., the work function 
decreases and the value of t ,(C-O) in the case of P t ( l l l )  are close to those of 
CO in the gas phase. A probable explanation for this observation from the 
viewpoint of the donation and backdonation is that the extent of backdonation 
to CO from P t ( l l l )  is less than that of other group VIII metals [10]. However, 
this causes serious difficulties in extending the adsorption systems to group Ib 
metals, i.e., the work function change and the u(C-O) are almost similar for 
the C O / P t ( l l l )  and C O / C u  systems, but the value of the adsorption energy 
for C O / P t  is greater by 3 times than that for CO/Cu.  

We now consider the Nieuwenhuys standpoint [10]. According to him, A95 
and u(C-O) depend on the absolute magnitude of backdonation. One of the 
main results obtained from this postulate is that the contribution of backdona- 
tion on open surfaces, e.g. fcc (110), is larger than that on fcc (100) and (111). 
The expected variation of u(C-O) among the various planes of the metals 
according to this postulate should be p(l l0)<< ~,(100) and ~(110)<< u ( l l l ) .  
However, the experimental data presented in table 2 seem not to support such 
a postulate. Secondly, the expected trend for the work function change is 
/195(110 ) >/195(100) and A95(110) >/195(111) at saturation coverage. It should be 
remarked that at saturation the total number of adsorbed molecules (N a) varies 
for the different planes of the metals and the variation is as follows (N~(ll0) > 
Na(100)> Na( l l l  ) [3,52]. It is, therefore, apparent that such a correlation 
cannot be postulated without taking into account the number density of 
adsorbate molecules. 

Krause et al. [83] consider CO adsorption on Ag(l l0)  as "physisorption" 
and compare the work function changes (decrease) observed with that for rare 
gas adsorption. Even in "physisorption", especially for the Xe/transi t ion 
metal systems, it is expected to consider in addition to Van der Waals forces 
the charge transfer forces which may contribute manily to the observed work 
function changes [115]. It should also be remembered that CO is adsorbed 
parallel to the surface on Ag(l l0)  [83] as well as on AI ( l l l )  [110], while the 
adsorption bond is parallel to the surface normal for other metals. 

The absolute magnitudes of the change in work function in the case of Ir 
and Pt are comparable, although the work function decreases on P t ( l l l )  and 
the reconstructed surface of Pt(100) as a result of CO adsorption. On the basis 
of the magnitude of the work function change, one can expect that the values 
of the C - O  stretching frequency on Ir, which has not yet been recorded on 
single crystal surfaces [116], will be of the same magnitude or less as has been 
observed on Pt surfaces. On the contrary, the p(C-O) on Os surfaces may be 
near that of Ru if it will be observed. 

Although the variation of the adsorption energy with coverage seems to be 
reflected in the change of the C - O  stretching frequency, this correlation can by 
no means be established at present. For example, the trend of variations 
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v(C-O) as well as the adsorption energy as a function of coverage for Pd(100) 
[61] as reported by Hoffmann and Bradshaw [60] are similar. However, the 
trend obtained by Behm et al. [62] for the same Pd(100) seems to be different 
(see fig. 4). Although it might be expected that the u(C-O) could be used as a 
criterion for determining the strength of the metal-CO bond, this correspon- 
dence is indirect. A more direct relationship would be the variation of 
stretching of the metal center of gravity of CO (p(M-CO)),  which reflects the 
metal -CO interaction with the CO molecular axis parallel to the surface 
normal and carbon atom closest to the surface with adsorption energy. The 
variation of the u(M-CO) stretching on Pd(100) with coverage [64] has been 
observed to be similar to the change of the adsorption energy as observed by 
Behm et al. [62]. 

The bridge site adsorption is usually denoted by a configuration ~C=O 
which is smilar to the situation existing in carbonyl compounds. However, the 
carbonyl compounds exhibit large dipole moment values ( -  2.0 debye) and the 
C - O  internuclear distance is also fairly large ( > 1.2 A). Although the observed 
stretching frequency for "bridge site" adsorption ( -  1900 cm 1) is compara- 
ble to that in carbonyl compounds ( -  1600-1900 cm 1), it is unlikely that the 
bonding situation, especially that between C and O, can be compared with that 
existing in carbonyls. In the bridge site adsorption, if it occurs, CO should have 
a different bonding character from what is perceptible from the notation 
\ C = O  [62,117]. For example, one can visualize one possibility that as a result 
of bridge site adsorption, the degeneracy of the l~r orbitals is lifted and the 
resulting scheme accounts for the shifting of the stretching frequency to lower 
values [99]. Similar lifting of the degeneracy of l~r levels has also been 
predicted by CNDO calculations for a particular geometry of bridge site 
adsorption [118]. 

In summary of this section, the overlapping or reversal of 50 and 17r levels 
in UP spectra on group VIII and Cu metals means the elongation of C O 
bond length and a consequent decrease of C - O  stretc..~ng frequency from that 
of gaseous CO. The extent of separation between l~r and 40 i sde termined 
mainly by the location of the l~r level because the position of 4tr is nearly 
constant for the variation near the equilibrium internuclear distance due to the 
non-bonding character of the 40 orbital. The attempt to establish an empirical 
law between electronic and vibrational properties for CO adsorption systems 
may require the exact C - O  bond distance in the adsorbed state. The order of 
elongation of the C - O  bond distance may in magnitude be at most 0.1 A or 
less. It is not surprising for CO adsorption systems to show an increase or a 
decrease of work function due to CO adsorption. This only indicates that the 
polarity of adsorbed CO changes as a result of the elongation of the C - O  bond 
distance. In order to understand the mechanism of metal-CO bonding, the 
determination of metal-carbon bond distances is essential. This is a remaining 
problem for future studies. 
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5. Nitrogen adsorption 

| + 
The ground state for gaseous nitrogen is a ~g state in the D~h symmetry 

notation with electronic configuration 

2 2 ) (2og) (2ou) (lcru)4(3Og) 2. (5.1) (lo ) (10o 2 2 

Here and hereafter we use the C~v symmetry notation as the same notation 
has been used for gas phase CO. Then, one can also write instead of (5.1) 

( lo)2(20 )2(30 )2(40 )2(17/" )4(50 )2. (5.2) 

The orbital characters of nitrogen are almost similar to those of CO. The 
molecular properties of nitrogen are summarized in table 4 [29]. 

Molecular nitrogen adsorption on metal surfaces has been observed at 
- 200 K or lower in UHV systems. The orientation of the adsorbed nitrogen 
molecule has been deduced by the application of surface selection rules for 
IRAS [119] and EELS [120] measurements and the observation of two (for 
molecular axis parallel to surface normal) or three (for molecular orientation 
parallel to the surface) peaks in UPS measurements [101]. It has been shown 
that the orientation is parallel to the surface normal similar to CO adsorption 
except for N z / P d ( l l l  ) at 45 K [101] and N z / C u ( l l l  ) at 50 K [121]. Indirect 
experimental evidence for this observation is given by XPS measurements 
[122-124]. Since on end-on adsorption the ls  levels of the two nitrogen atoms 
will be perturbed to different extents and appear as two peaks, on side-on 
adsorption only one peak due to ls  levels of nitrogen atoms will be observed. 

Table 5 lists the available literature data for N 2 adsorption on metals, 
namely, adsorbate superstructure (LEED)pattem), adsorption energy (E )  at 
initial coverages, work function changes (A0) and the N - N  stretching vibra- 
tion (u(N-N))  at higher coverages. We will briefly state the general features of 
these quantities given in table 5. Adsorption energies are - 10 kcal /mol  or 
less. Work function changes (Aq 0 are different for different metals and even 
for different planes of the same metal, but the absolute values of (A~) are 
small except for N2/Ir(100 ) and N2/Rh(100 ) [10]. The u (N-N)  of adsorbed 
Nz, with the limited data available, is less by - 100 cm-1 than that of the gas 
phase. This means at least that the N - N  bond distance has lengthened a bit 
compared to that of gaseous N 2. When one compares these quantities for N 2 
adsorption with those for CO adsorption given in table 2, one finds that the 
order of magnitude of E and Aq~ is similar to that for CO/nob le  metals, but 
the ratio for p (N-N)  of adsorbed N 2 t o  p(N-N)  of gaseous N 2 ( -  2200/2358) 
is slightly less than the ratio of that of CO( - 2100/2143). 

The main feature of the UPS studies~on nitrogen adsorption ongroup  VIII 
metals is that the separation between l~r and 4o levels (A(4o-lcr))  is larger 
than that of CO adsorption even though the value of the separation in the gas 
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Table 5 
Summary of adsorption parameter for N 2 on group VIII metals 

367 

Surface Adsorbate E Aq~ v (N-N)  References 
structure (kcal/mol) (eV) LEED E Aq~ 

Fe (100) ~< 7.5 [125] 
(1l l )  7.5 0.14 [1261 [126] 

Ru (0001) (7~-×vr3)R30 ° 8 2220 [1271 [127] [127] 
Rh (111) 8 -0 .15 [10] [10] 

(100) 9 -0 .5  [10] [10] 
(110) 10 0.2 [101 [101 

Ir (111) -0 .2  [10] 
(100) 8 - 0.7 [101 [lOl 
(110) 10 0.1 [10] [101 

p lg l  (2 x 2) 8.5 [1241 [1241 
Ni (100) 2200 [128] 
Ni (110) Diffuse c(2x2) 8.5 0.1 2194 [119] [119] [119] [119] 
Pt (111) 9.2 2238 [1291 [129] 

9 -0 .3  [10] [10] 
9 -0 .3  [10] [101 (100) 

phase is smaller than that of gaseous CO. This statement is substantiated by 
the data given in fig. 7 (and table 6), wherein the 40-17r separation for both 
CO and N 2 in the gas phase as well as in the adsorbed state are compared with 
different reference situations like with respect to Fermi level (panel a in fig. 7), 
aligning 4o(panel b) or l~r(panel c) levels or with respect to vacuum level 
(panel d). However, this observation is not peculiar. The orbital characteristics 
(contours), especially that of 40, which is mostly non-bonding orbital in both 
molecules, in the case of nitrogen has higher charge density on the two atoms 
while it is mainly concentrated on one side of the molecule along the molecular 
axis in the case of CO. This reflects strongly in the variation of the energy of 
the 40 level as a function of internuclear distance for N 2 and CO, where for N 2 
this level is stabilized for internuclear distance elongation [133] while in the 
case of CO, the variation is of lower gradient [28]. In table 6, the data on the 
peak positions of valence levels observed for nitrogen adsorption on group 
VIII metals are given. The data of W(l l0)  [122] and AI ( l l l )  [131] are also 
included for comparison. 

Nieuwenhuys [10] has treated the N 2 adsorption also in terms of a donation 
and backdonation model while Heskett et al. [11] have concluded that the 2~r 
(l~rg) is unoccupied in the neutral ground state for weak adsorption systems in 
contrast to MO cluster model calculations [134], which support the backdona- 
tion of the metal electron to N 2 for bonding. It is usually considered that both 
50 and 40 levels are involved in bonding with the surface in the case of 
nitrogen [101,11]. This contention probably arises from the similarity of the 
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Table 6 
Peak positio, ns of valence levels with respect to E F and energy separation for 4 a(2 o u) and 17r(17r u ) 
level (A(14a-l~rl) ) for N 2 adsorption on metals 

Surface Peak positions A(14o-l~rl) References 

5a l~r 40 
Ni (100) 7.6 12.4 4.8 [112] 
Ni (110) 8.1 7.8 11.8 4.0 [101] 
Fe (111) 8.0 11.7 3.7 [130] 
Ir (110) 8.0 11.8 3.8 [124] 
W (110) 7.0 11.7 4.7 [122] 

Pd (111) 8.7 10.3 11.9 1.6 [101] 
A1 (111) 10.5 11.9 13.7 1.8 [131] 
condensed 
phase 11.1 12.5 14.3 1.8 [132] 
N 2 (gas) 15.5 16.8 18.6 1.8 [107] 

o rb i t a l  c o n t o u r s  of  the  two levels. However ,  the  energy  pos i t i on  of  the  40  level 
in  the  case of  n i t r o g e n  appea r s  to be  u n f a v o u r a b l e  for a n y  b o n d i n g  a n d  hence  

the  b o n d i n g  can  resul t  m a i n l y  f rom the  50 level. 
The  pre fe r red  o r i e n t a t i o n  of  N 2 a d s o r p t i o n  at  ex t remely  low t e m p e r a t u r e s  is 

the  mo lecu l a r  axis b e i n g  para l le l  to the sur face  o n  some  meta l s  [135]. The  U P S  
spec t ra  for these sys tems exhib i t  three  peaks  in  the  va l ence  reg ion  as well  as 
tha t  of  gaseous  CO,  typical  examples  of  which  have  b e e n  g iven  in  t ab le  6. The  
a d s o r p t i o n  energy  for s ide -on  a d s o r p t i o n  of  N 2 has  b e e n  f o u n d  to be  lower  
t h a n  that  obse rved  for  e n d - o n  adso rp t ion .  The  work  f u n c t i o n  m a y  r e m a i n  
c o n s t a n t  or  decrease  because  of  the  c losed-shel l  e lec t ron ic  c o n f i g u r a t i o n  of  the 

a d s o r b a t e  or  du e  to s ide -on  a d s o r p t i o n  state  b e i n g  s imi la r  to rare  gas adso rp -  
t i on  as desc r ibed  in  sec t ion  4. 
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