
6.5 

J. Electroanal. Chem., 351 (1993) 65-79 
Elsevier Sequoia S.A., Lausanne 

JEC 02609 

Semi-empirical calculations of the vibrational frequency 
of carbon monoxide adsorbed on noble metal single-crystal 
surfaces 

P.A. Paredes Olivera and E.P.M. Leiva 

Unidad Docente de Matemdtica, Facultad de Ciencias Quimicas, Universidad National de Grdoba, 
Sucursal16, Casilla de Correo 61, 5016 Chdoba (Argentina) 

E.A. Castro and A.J. Arvfa 

INIFTA, Facultad de Ciencias Exactas, Universidad National de la Plats, Sucursal4, 
Casifla de Correo 16, 1900 La Plats (Argentina) 

(Received 24 January 1992; in revised form 21 September 1992) 

Abstract 

In this work we perform a theoretical analysis of the shift of the observed IR reflection-absorption 
spectroscopy (IRRAS) band of CO adsorbed on Ptflll), Rh(ll1) and Pt(100) single crystals as a 
function of both the degree of CO surface coverage and the electric potential applied at either the 
metal-vacuum or the metal-solution interface. 

The wavefunctions obtained using a modified extended Hiickel molecular orbital (EHMO) method 
are used to predict the vibrational frequency data. The PtUlO), Rh(ll1) and Ptflll) single crystals are 
modelled by bilayer clusters of 25 and 22 atoms respectively. A theoretical description of the observed 
IRRAS shift is analysed by means of a population analysis of CO molecular orbitals, which confirms the 
donation-back-donation model. 

INTRODUCTION 

The chemisorption of CO on noble metals such as Pt and Rh in aqueous 
solution is of particular interest in relation to Cl chemistry [l-6] because CO acts 
as a poison in the catalytic electro-oxidation of a number of organic compounds 
such as methanol, formic acid and hydrocarbons through the occupancy of sub- 
strate active surface sites [7,8]. The possibility of improving ‘this situation has 
-encouraged research work aimed at obtaining a better understanding of the 
metal-CO bond and the adsorbed CO electro-oxidation mechanism. 

The electro-oxidation mechanism of CO adsorbed on Pt and Rh low Miller 
indexed surfaces has recently been interpreted at the atomic level in terms of 
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co-operative interactions between CO and OH adsorbed in vi&al substrate sites 
through the semi-empirical approach [9,10]. 

The use of vibrational spectroscopic probes to characterize small adsorbates at 
ordered monolayer surfaces in an ultrahigh vacuum (UHV) provides valuable 
structural information about surface systems, and in this respect the application of 
JR reflection-absorption spectroscopy (IRRAS) to metal-solution interfaces in- 
volving well-ordered single crystals provides an opportunity for in-situ characteri- 
zation of these systems [ll-141. 

The shifts in the vibrational spectra of some adsorbates in UHV and in the 
electrochemical environment have been related to the influence of the solution 
phase on the adsorption process [15,X]. 

Different approaches can be used to predict the shift of the frequency of the 
C-O internal mode for CO adsorbed on transition metal surfaces [17-241. For 
instance, the use of the extended Hiickel molecular orbital method (EHMO) has 
been employed to study the stability of CO, H and 0 on Ni(ll1) surfaces [25]. In 
this case a linear correlation between the C-O stretching frequencies 5 and the 
square root of the overlap population P has been obtained. 

In this paper we calculate the shift of the observed IRRAS band as a function 
of both the degree of CO surface coverage 8, and the applied electric potential 
at either the metal-vacuum interface KJHV) or the metal-solution interface 
(electrochemical media). The calculations are performed for the following sur- 
faces: Pt(lll), Pt(ll0) and Rh(ll1). The frequency shift of the internal modes of 
CO can be determined by different effects [26] such as mechanical renormaliza- 
tion, chemical interaction among the metal and other adsorbed molecules and 
self-image effects. The present calculations are focused on the shift induced by the 
chemical interaction. 

The following topics are covered in this paper. First, the spectroscopic data for 
CO adsorbed at the metal-vacuum and metal-solution interfaces are summarized. 
Next the calculation procedure is outlined, and a correlation between the experi- 
mental frequency of CO and the calculated overlap population between the C and 
0 atoms of the CO molecule is established. The shifts in the stretching frequency 
of adsorbed CO calculated for different conditions (surface coverage, applied 
potential etc.) are compared with the experimental data. Finally, a molecular 
orbital interpretation is applied to the stretching frequency shift of CO based on a 
population analysis of the CO molecular orbitals. 

SUMMARY OF THE SPECTROSCOPIC DATA FOR ADSORBED CO AT THE METAL- 
VACUUM AND THE METAL-SOLUTION INTERFACES 

The vibrational spectra of CO adsorbed on the Pt(ll1) and Pt(l10) surfaces 
have been extensively investigated using both IRRAS and electron emission loss 
spectroscopy (EELS) [271 under UHV conditions. The corresponding electrochem- 
ical interface has been the subject of similar research [4,5,14-161. 
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TABLE 1 

Summary of the experimental stretching frequencies vco of CO reported in the literature for the 
adsorption of CO on different crystalline surfaces 

Surface 

Pt(ll1) 

Rh(lll) 

Media 

UHV 

Solution 
0 V/SCE 

UHV 

Solution 
0.2 V/SCE 
PH 1 
Solution 
0.2 V/SCE 

vz/cm-’ ko 

2085 0.1 
2095 0.5 
2110 0.65 
2056 0.2 
2066 0.6 

2015 0.05 
2065 0.75 
2033 0.25 
2041 0.75 

2015 0.70 

Reference 

Ml 

l141 

Pt(ll0) UHV 2080 0.1 WI 
2117 0.9 

Solution 2063 0.1 
0 V/SCE 2074 3 1 

When CO is adsorbed on a metal surface in UHV, two C-O stretching 
adsorption bands are observed. At low 13, a band in the 2000-2100 cm-’ range is 
observed, but as 8, increases this band shifts to higher wave numbers and its 
intensity increases. When 8, approaches monolayer coverage by CO adsorbate 
the band is located at 2100 cm-’ [14]. At intermediate values of eco, a second 
band at about 1850 cm-’ can be seen. This band exhibits the same characteristics 
as those of the preceding band when 8, is increased [14]. Comparison of these 
data with those obtained from metal carbonyl complex spectra and LEED patterns 
allows assignment of the 2100 cm-’ band to the C-O stretching mode of Near 
adsorbed CO and the 1850 cm-’ band to multibonded CO adsorbates [14,15]. 

Similarly to spectra for the metal-gas interface, the IRRAS spectrum of CO 
adsorbates on Pt electrodes also presents two bands, one in the range 2000-2100 
cm-’ and the other at ca. 1800 cm-‘. By analogy with the spectra derived under 
UHV, the band at ca. 2050 cm-’ can be assigned to linearly bonded CO 
adsorbates and the band at 1800 cm-’ to multibonded CO [16]. 

As the applied electric potential is increased positively, the C-O stretching 
band shifts to higher frequencies. A reasonable linear relationship between the 
applied electric potential and the C-O stretching frequency is observed for Pt(ll1) 
single-crystal surfaces [15,161. In this respect, no experimental data are available 
for Pt(ll0) and Rh(ll1). 

Table 1 shows a summary of the values of ~co reported in the literature for the 
adsorption of CO on different crystalline surfaces and for different interfaces and 
degrees of surface coverage. 
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THE CALCULATION PROCEDURE 

Following previously reported procedures [21], we can determine the vibration 
frequency of adsorbed CO by taking the calculated C-O overlap populations as a 
measure of the C-O force constant. The force constant can then be related to the 
vibrational frequencies. The value of the overlap population Pai, between atoms a 
and b is defined as 

Pab = CCCWijacijb j+j$j, dr 

i ja jb 

(1) 

where Ni is the occupation number of orbital i. 
For the calculation of wave functions of the Me-adsorbed CO system, we used a 

modified version of EHMO, known as the ASED-MO technique LB], to calculate 
the wavefunctions of the Me-adsorbed CO system. The procedure has been 
described in ref. 9. For clarity, the method is briefly described below. 

In this method, the total energy E,,, is calculated by the summation of an 
attractive and repulsive energy: 

E TOT = EAlT + EREP (2) 

The repulsive energy EREP is an approximate expression derived from an analysis 
of corrections due to electron-electron interactions. We use the approximation 
proposed by Anders et al. 1291 for E,,. The attractive energy EAIT is found by 
applying EHMO techniques. 

The matrix elements of the attractive component of the energy are calculated 
from the following equations: 

Hi” = - (VSIP); 

j-j;=0 (3) 

HGb = 1.125( H{’ + Hjb)Sfib exp( -0.13R) 

where i runs over all orbitals and a runs over all atoms, VSIP stands for the 
valence state ionization potential, S,;b is the overlap integral between orbital i on 
centre a and orbital j on centre b, and R is the internuclear distance between 
centres a and b. The exponents 5 of the Slater orbitals were taken from the 
literature [30]. Table 2 summarizes the values of the parameters VSIP and S used 
throughout the present calculations. These values correspond to the zero-potential 
condition. 

The applicationof positive electric potentials to the interface was simulated by 
decreasing the VSIP values of Me (Me = Pt, Rh) from the reference value listed in 
Table 2. As already determined in earlier work [91, a 1 V shift in the applied 
electric potential corresponds to a 0.3 eV shift in the VSIP. 

The [Me(lllll, and [Me(llO)l, clusters, which have their d bands filled with at 
least one electron per orbital, have been used to model the single crystal metal 
surfaces throughout the present study (Fig. 1). The clusters were constructed 
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(‘a ) 
(b 

Fig. 1. Clusters used to model (a) the Pt(ll1) and Rh(ll1) surfaces, and (b) the Pt(ll0) surface. 

geometrically from>he distances of closest approach of Rh-Rh and Pt-Pt, i.e. 
2.687 A and 2.770 A respectively. 

The smallest cluster dimension compatible with the minimum influence of 
border effects was used when modelling the adsorption systems. Accordingly, 
interactions between adsorbates on the four central atoms of the cluster have been 
calculated. The equilibrium distances of Me-CO, O-H and C-O were calculated 
from the minima of the energy versus bond length curves. The corresponding 
values are summarized in Table 3. 

CORRELATION BETWEEN THE EXPERIMENTAL STRETCHING FREQUENCY AND THE 
OVERLAP POPULATION 

Many theoretical calculations correlating macroscopic properties of adsorbed 
CO on metal surfaces and the overlap population of CO have been published. 
Politzer and Kasten [21] used the charge iterative form of EHMO theory including 
Madelung repulsions and Cusach’s approximation to estimate vibrational frequen- 
cies of CO chemisorbed on an [Ni(lOO)], cluster. These authors prepared a 
calibration curve by plotting the calculated total C-O overlap populations for 
isolated CO, CO+, NKCO), and H&O molecules versus the C-O force constants 
derived from spectroscopic measurements. The resulting function was sigmoidal 
rather than linear. By interpolation of this calibration curve, they used computed 
C -0 overlap populations of adsorbed CO molecules on their clusters to estimate 

TABLE 3 

Calculated equilibrium distances for metal-CO, C-O and O-H bonds 

R-CO Rh-CO c-o O-H 

Distance A 2.05 2.0 1.16 1.0 
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values of the force constant k, for each adsorbed molecule. Finally, the C-O 
stretching frequencies were calculated using the harmonic oscillator approxima- 
tion. 

Schreiner and Brown [31] have found, using EHMO calculations for the metal 
carbonyl complexes NXCO),, Cr(CO), and Fe(CO),, a linear relationship between 
M-C overlap population and M-CO dissociation energies (which are frequently 
considered to be related to force constants). 

Kusuma and Companion [25] used EHMO theory in the investigation of 
CO/Ni(lll) systems. They studied the preferred orientation of the CO molecule 
in the presence of coadsorbed neighbours and the stability of clusters of CO, H 
and 0. They obtained monotonic calibration curves between the experimental 
stretching frequencies of several metal carbonyls and their computed C-O overlap 
populations. These correlations were then used to predict the stretching frequency 
of a CO molecule adsorbed on an Ni(ll1) surface in the presence of other CO 
molecules, H atoms and 0 atoms. 

Following the methodology described earlier in this section, we shall analyse 
here the correlation between the experimental frequency $3 of CO adsorbed on 
a Pt(ll1) single-crystal surface and the square root of the CO overlap population 
PC0 calculated according to eqn. (1). Experimental $3 values were taken from 
the IRRAS data of Chang and Weaver [15]. They obtained a linear relation 
between UC% and the applied electric potential v at different values of f3,, as 
shown in Fig. 2(a). The data in this figure can also be presented as shown in Fig. 
2(b) in which the values of the v$j are plotted versus 8,,; the’applied electric 
potential is the parameter in this case. The calibration curves of 6 vs. I$% can 
be obtained using either of the two methods discussed below. 

One approach is to calculate K for different eco at a given potential (i.e. 

V = 0.0 V as shown by the broken line in Fig. 2(a)) and the other is to calculate G 
for different v at a given 8,o (i.e. 8,o = 0.33 as shown by the broken line in 
Fig, 2(b)). When the values of 6 calculated using the two approaches are 

(a 1 (b) 0 

Fig. 2. (a) Experimental correlation between vco and the applied electric potential [151: 0 0, = 0.12; 
0 e,= 0.20; 0 0, = 0.35; w &o = 0.45; A tic0 = 0.60. (b) Experimental correlation between vCo 
and 0, derivedfrom( 0 V=O.OV,O V=O.lV; 0 V=O.2V, n V=O.3V, A V=O.4V. 
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1.2355 

4 Q, 1.2345 

2040 2050 2060 2070 

Y / cm’ 
Fig. 3. Correlation between the theoretical 6 calculated in the present work and the experimental 
CO stretching frequencies vco [15]. 

; 2070 

$ 

\ 

A 

(0) 2040 

Fig. 4. Theoretical dependence of yco on 0, for the Me-CO(vacuum) (01 and the Me-CO(solution) 
(0) interfaces (electrode potential, 0 V/SHE): (a) Pt(ll1); (b) Pt(ll0); (c) Rh(ll1). 
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plotted versus $8 we obtain the curves shown in Fig. 3. Curve A is the result of 
the second approach with 8, = 0.33. The values of v are indicated in the figure. 
From a linear least squares fit of the data we obtain 

6 = 1.0757 + 7.75 X 10m5 $~/cm-’ (4) 

with a correlation factor of p = 0.9998. Curve B was obtained for a fixed applied 
potential (0 V). The eco values are indicated in the figure. It can be seen that the 
relation between ,& and ~$3 is parabolic rather than linear. 

Curves A and B should overlap since the relation between \ipco and v,Yz 
should be a universal function. However, some deviation of curve B from linearity 
should be expected since surface coverages are not well defined for our small 
clusters, in particular for high 8,. Figure 3 shows that the curves overlap for low 
values of 8,, while this is not the case for higher values. 

RESULTS 

In this section we compare the vg values with those calculated using eqn. (4) 
and following the procedures described in the preceding section. We shall analyse 

Fig. 5. Theoretical (0) and experimental (0) vcO vs. 8, plots for the Me-CO(solution) electrochemi- 
cal interface: (a) Pt(lll) in 0.1 M HCIO, at 0.0 V/SCE, (b) Pt(ll0) in 0.1 M HClO, at 0.0 V/ScE, (c) 
Rh(ll1) at pH 1 at 0.2 V/SCE. 



the variation of vco with the applied electric potential, the surface coverage and 
the topology and nature of the surface. 

We obtained a value of 2145 cm-’ for the stretching frequency of a free CO 
molecule. After CO adsorption (metal-vacuum interface) this value changes to 
2061 cm-r for [Pt(lll)],, 2123 cm-’ for [Pt(llO)], and 1930 cm-’ for [Rh(lll)],. 
These results are in agreement with the experimental results reported in the 
literature (see section describing the summary of spectroscopic data). 

The variation of the calculated ~co with f&o is shown in Fig. 4. The calculation 
was performed for the Me-CO(vacuum) and Me-CO(solution) interfaces, and the 
values of 8, are in the range 0.33-l for the Pt(ll1) (Fig. 4(a)), Pt(ll0) (Fig. 4(b)) 
and Rh(ll1) (Fig. 4(c)) surfaces. 

The calculated values of vco for the Pt(lll)-CO(vacuum) interface at 0.0 V 
increase from 2062 to 2068 cm-’ when 8, is increased from 0.33 to 1. For the 
Pt(ll0) surface, vco changes from 2124 cm-r to 2143 cm-’ for the same increase 
in the surface coverage, and in the case of Rh(ll1) the change is from 2080 to 2096 
cm-‘. The presence of the aqueous environment results in a diminution of vco 

lb) 2100 

Fig. 6. yco versus applied electric potential for different values of 0,: (a) Pt(lll); (b) Pt(llO); (c) 
Rh(ll1). Theoretical calculations: l f&-o = 0.33; n gco = 0.5; A 0, = 0.75; v 0, = 1. Experimental 
results [HI: 0 8, = 0.35; 0 e = 0.45; A e = 0.60. 
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with respect to the values observed for the Me-CO(vacuum) interface. As in the 
case of the metal-vacuum interface, yco increases with f3,,. For Pt(ll1) the 
variation of loo is 26 cm- * when 0, changes from 0.33 to 1. For PtillO) the 
variation is 5.4 cm-’ and for Rh(ll1) it is 17 cm-’ under the same conditions. 

Figure 5 shows the experimental and calculated values of vco obtained under 
identical conditions for different monocrystalline surfaces in the aqueous environ- 
ment. The agreement between the experimental and theoretical values is excellent 
in the case of Pt(lll), while for the other surfaces it is similar to that obtained with 
ab-initio calculations [20,24]. 

The variation of yco with the applied electric potential is shown in Fig. 6. A 
linear relation between vco and V is obtained for the different surfaces. For 
Pt(ll1) (Fig. 6(a)) we have also plotted experimental values taken from ref. 15. As 
can be seen, very good agreement is obtained between theory and experiment. 

DISCUSSION 

The changes in vco with the adsorption of CO on a metallic surface, when the 
surface coverage increases or when the nature of the interface changes and an 
electric field is applied can be explained by applying molecular orbital (MO) theory 
to adsorbed CO. The nature of the CO-metal interaction and, in particular, the 
changes m yco for CO adsorbed on different sites can be rationalized on the basis 
of a simple MO model which postulates a u charge donation from the CO to the 
metal and mixing of the metal orbitals with the T orbitals of CO (Blyholder 
model). This basic picture of u donation and IT backbonding has been used by 
inorganic chemists and later extended to surface chemistry. The relative impor- 
tance of the u and rr bonding contributions undoubtedly varies from metal to 
metal and from one site to another on a particular metal [24]. 

Thus in order to obtain a deeper insight into the nature of the chemical bonds 
involved in the adsorption of CO on the different metal surfaces, we performed a 
population analysis of the projection of the MOs of [MeI,( and 
[MeI,( clusters onto the MOs of the free CO molecule. This approach 
is very useful since the extent to which each MO of free CO participates in the 
CO-metal bond can be inferred from analysis of the changes in the population of 
each MO. 

Table 4 shows the Miilliken population analysis for a free CO molecule and for 
a CO molecule adsorbed on different sites of a Pt(ll1) surface. This analysis shows 
that the 5a and 27~* MOs and, to a lesser extent, the 4u MO of CO participate in 
the chemical bond between CO and the metal surface. There is a charge transfer 
from the CO MO into the metal and back-donation from the metal d band to the 
unoccupied 2~ * orbital of CO. Thus the population of the 50 MO of the free CO 
diminishes by approximately 30% and that of the 4u MO diminishes by about 
10%. Part of the total charge is transferred to the CO 2a* MO by the metal and 
the rest is transferred to the metal. This causes the CO bond to weaken as a 
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TABLE 4 

MO populations for free CO and for CO adsorbed on different sites on a Pt(ll1) surface 

Orbital Free CO Top CO Bridge CO Hollow CO ’ 

2?r* 0.0 0.1973 0.5312 0.5337 
sa 2.0 1.4103 1.4013 1.3525 
2P 4.0 3.9998 3.9476 3.9463 
40 2.0 1.8246 1.7797 1.8016 
30 2.0 2.0020 2.0118 2.0119 

Total charge 10.0 9.4340 9.6716 9.6460 

consequence of back-donation into the 21r * MO which leads to the lowering of 
the CO stretching frequency discussed earlier. 

The experimental yco for adsorption on different sites decreases in the order 
top > bridge > hollow. This trend is confirmed by our population analysis for the 
different MOs. Thus, the 2n* MO population gives 0.1973, 0.5312 and 0.5337 for 
the top, bridge and hollow sites respectively (Table 41, whereas the 5a MO 
population decreases in the same order. 

It has already been shown that vco increases with r3co. This trend is due to two 
simultaneous effects: the direct CO-CO interaction and the CO-metal-CO inter- 
action. In order to analyse the former, we performed a population analysis of “CO 
clusters” of the same geometry as those observed on the metallic surface but 
without the metal substrate. The results are shown in Table 5. It can be seen that 
the CO-CO interaction (in the absence of the metal) leads to an increase in the 
2 r * MO population and a decrease in the 5u MO population. This indicates that 
in a “pure CO” cluster the CO bond is weakened, which would produce a 
decrease m vco. Since this result disagrees with that obtained when the metal is 
present (Figs. 4 and 51, we can conclude that the direct CO-CO interaction is not 
the predominant effect in the changes of vco with Qo. However, when CO is 
adsorbed on a metal surface, further adsorption of other CO molecules increases 

TABLE 5 

MO populations for different “pure CO” clusters 

Orbital e co = 0.33 9 = co 0.50 e = 0.75 co 9 = 1.0 co 

2rr* 0.0 0.0 0.023 0.024 
50 2.0 2.0 1.988 1.979 
2.lr 4.0 4.0 4.000 4.000 
40 2.0 2.0 1.989 1.997 
30 2.0 2.0 2.ooo 2.ooo 

Total charge 10.0 10.0 lO.ooo lO.ooo 

0, is the degree of surface coverage that would be attained if the molecules were adsorbed on the 
substrate surface. 
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TABLE 6 

MO populations for CO adsorbed on a Pt(ll1) surface at different surface coverages 

Orbital e = 0.33 m 

Metal -CO(vacuum) interface 

27F.e 0.1973 
50 1.4103 
2T 3.9998 
4U 1.8246 
3u 2.0020 

Total charge 9.4340 

Metal - CO(solution) interfnce 
2P* 0.1883 
50 1.4109 
2?.r 3.9880 
40 1.8229 
3a 2.0020 

Total charge 9.4121 

0 = 0.50 a 8 = m 0.75 8 = 1.0 m 

0.1957 0.1917 0.1895 
1.4109 1.4123 1.4175 
3.9988 3.9980 3.9980 
1.8232 1.8226 1.8224 
2.0030 2.0050 2.0070 

9.4316 9.4305 9.4344 

0.1997 0.2007 
1.4117 1.4255 
3.9910 3.9910 
1.8229 1.8230 
2.0030 2.0050 

9.4283 9.4452 

the bonding of the 5a MO population, leaving the 27r* population almost 
unchanged. Thus the net effect is a strengthening of the CO bond which implies an 
increase in vco. 

As shown above, the value of vco depends on the nature and topology of the 
metal surface. This is also reflected in a population analysis. For Pt(ll1) [Pt: d9s’] 
we obtained a population of 0.2124 for the 2~* MO and 1.4552 for the 5a MO, 
while for Rh(ll1) [Rh: d%‘l the corresponding populations are 0.2272 and 1.4692 
respectively. These changes imply that vCO_pt > vco_u, as observed experimentally 
and as calculated in the previous section. Concerning the topology of the surface, 
we recall that a higher value of vco was obtained for the less compact Pt(ll0) 
surface than for the Pt(ll1) surface. The population of the 2~* MO for Pt(ll0) is 
0.1671 while for Pt(ll1) it is 0.2272. Thus the fact that the Pt(ll0) surface has the 
highest vco is also related to the low population of its 27r * MO. The populations 
of the 5a MOs are 1.4552 and 1.3293 for the Pt(ll1) and Pt(ll0) surfaces 
respectively. 

The presence of the aqueous environment produces a decrease in vco values 
relative to those observed for the metal-vacuum interface. The adsorption of 
water and/or its decomposition products such as OH- modify the charge-transfer 
mechanism of the Me-CO system. As can be seen in Table 6, both the 2n* and 
5a population increase. However, since the 5a MO implies only weak bonding 
and, the 27~* MO is strongly antibonding, the CO bond is weakened and the 
increase of the back-donation into the 27r* orbital results in a drastic diminution 
of Vco. 

Finally, we analyse the influence of the electric potential I/ applied to the 
metal-solution interface. As can be seen in Table 7, as the applied potential 



78 

TABLE 7 

MO populations for CO adsorbed on a Pt(lll) surface at different applied electric potentials 

Orbital Metal-CO(solution) interface 

v= 0.1 v= 0.2 v=o.3 

2Tr* 0.1975 0.1902 0.1834 
50 1.4090 1.3989 1.3887 
2?r 3.9921 3.9916 3.9907 
4a 1.8218 1.8191 1.8161 
30 2.0027 2.0029 2.0026 

Total charge 9.4230 9.4827 9.3816 

9 = 0.33 in oo all cases. 

increases the 2~* and 5a MO populations decrease linearly which implies an 
increase in the charge transfer to the metal. This is reflected by an increase in yco. 

CONCLUSIONS 

On the basis of experimental results reported in the literature for the variation 

of vco with factors such as eco, applied electric potential and environment, we 
have obtained a linear correlation between measured macroscopic properties (v,) 
and quantum calculations (6). Using the linear correlation found between vco 
and 6 we calculated the changes in vco induced by changes in the applied 
potential, the surface coverage and the nature of the surface itself. The calcula- 
tions are in reasonable agreement with the experimental results. The population 
analysis performed indicates that the variation in vco can be explained in terms of 
the donation-back-donation model. 
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