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Theoretical correlations among the differential heat of adsorption. the infrared 
spectral position for GO bond, and the surface potential change with surface 
coverage (8) are derived for carbon monoxide chemisorbed on metal by applying 
simple molecular orbital theory to r-system of metal-carbon-oxygen bonds. The 
effects of the surface coverage on these quantities are generally expressed by @/(l + 
00) where [ and w are constants, i.e., asymptotic behaviors are found to approach (0 
for small B and a constant for large we. Qualitative comparisons of these quantities 
with available experimental dat,a are given. 

An understanding of the adsorption of 
carbon monoxide on solid surfaces contains 
many fundamental problems concerning 
the interactions between the gas phase and 
solid surfaces. The stable nature of the 
Isurface complexes of the carbon monoxide 
‘on many transition metals is attributed to 
a “back donation” or the interaction be- 
tween dx-orbital of the metal and px*-anti- 
bonding orbital of the carbon monoxide 
by an analogy to the metal carbonyl com- 
plexes. This concept has applied to the in- 
terpretation of the position and intensity 
changes of the infrared band for C-O (1, 
2) and also to the surface potential changes 
(S), which occur due to the chemisorbed 
carbon monoxide. The simple molecular or- 
bital models proposed by Blyholder (4, 5) 
have successfully accounted for the experi- 
mental data on infrared spectra for carbon 
monoxide adsorbed on metallic surfaces. 
It is assumed in his one metal atom or 

metal cluster model that the extent of 
filling energetically higher orbitals (pro- 
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duced by dr-px” interactions) with elec- 
trons depends on the competition between 
these orbitals and the orbitals on surround- 
ing metal atoms for charge. The filling is, 
therefore, affected by the configuration of 
surrounding atoms, an increase in surface 
coverage, addition of other gases, alloying, 
etc. 

Recently, additional experimental results 
have been published by French workers 
(6, 7) concerning the interactions between 
chemisorbed carbon monoxide and other 
gases such as electron-donor or acceptor 
compounds adsorbed on platinum (6, 7) 
and other transition metals (6). They 
concluded that electron transfer may take 
place through the metal surface atoms be- 
tween different species simultaneously 
chemisorbed, in other words, the extent of 
the electron available for the back-dona- 
tion could be affected by “long distance” 
(7) effects between absorbates. These ex- 
perimental results stimulated the author to 
formulate the effects of such “long dis- 
tance” or “indirect” interactions between 
chemisorbed carbon monoxide on several 
characteristic surface quantities. 

In this paper the author presents a 
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theoretical correlation between the surface 
coverage and the surface quantities (differ- 
ential heat of adsorption, surface potential 
change, and infrared spectral position) for 
chemisorbed carbon monoxide and presents 
a qualitative comparison with the available 
experiments. 

THEORY 

Calculations were made by simple 
Hiickel molecular orbital technique 
(HMO) which has been found to be at 
least qualitatively useful not only in or- 
ganic chemistry (8) but also in chemisorp- 
tion calculations (9). The HMO for X- 
system was applied to the linear carbon 
monoxide where the molecule is linked to 
only one metal atom (i.e., R-C-0; M is 
surface metal atom), since this is the most 
extensively accepted structure among the 
several feasible structures for chemisorbed 
carbon monoxide (10). 

Solving the secular equation Det (H,, - 
ES,,) = 0 by HMO method, the energy 
(E,) of the jth molecular orbital, which is 
the linear combination of metal (&), car- 
bon (&), and oxygen ($3) atom orbitals, 
and the corresponding molecular orbital 
function (1Ei) are obtained as 

El = a + 2.73/I (1) 
Ez=a+/? (2) 
Es = a - 0.73/3 (3) 

91 = 0.21&f + 0.58& + 0.7940, (1)’ 

Qz = 0.58$~ + 0.58& - 0.5840, (2)’ 
% = 0.79l#JM - 0.5&o + 0.2140. (3)’ 

The Coulomb energy of atom r(HT,.) and 
the exchange or the overlap energy between 
atom T and atom s(H,., or ES,,) were fixed 
as follows 

Hml = cr(<O), Hcc = a + p, 
Hoo = a + ZP, HMC = Hco = P(<O), 

S,,= landS,,=O(r#s), 

where Coulomb energies have been chosen 
after the concept based on the electro- 
negativity of the atom involved. The choice 
of exchange energies is somewhat arbitrary; 
however, a different choice does not give 
significant different answers for the results 

shown in the present work. The lowest 
molecular orbital (4,) which has a positive 
sign for all the coefficients is filled with two 
electrons. Further electrons go into the qZ 
orbital which is bonding for the M-C bond 
and antibonding for the C-O bond. We 
now represent the extent of the electron 
which could go into @‘z by 6. Therefore, 6 
is regarded as a quantity indicating the 
availability of the d-orbital or correspond- 
ing to the magnitude of the “back don+ 
tion.” Hence, 6 may depend on the types 
of surface sites (i.e., adsorbent atoms lo’- 
cated at the edges, corners, planes and a!t 
dislocations, coordination number of the 
surface atom, etc.) and on the other gaseb 
preadsorbed on the surface and their cover;- 
ages as well as the carbon monoxide chemi c 
sorbed. In this paper, we are concerned with 
the latter effects of 6 where surface is as- 
sumed to be homogeneous. 

We define the differential heat of adsorp: 
tion (Q) as the nonlocalized energy in M 3 
CO + M-C-O,” from Eqs. (1) and (21 
we obtain 

-Q = 2(0.23 + S)@, (41 
where the factor 2 in front of the bracket 
comes from the degeneracy of the T-orbital. 
Further, the r-bond order? (PC+) and 
charge density+ (vcO) of the adsorbed 
carbon monoxide are given from Eqs. (1) 
and (2)’ as a linear function of 6 by 

?&I = 2(0.09 - 0.676) (51 
PG, = 2(0.91 - 0.336), (‘3)~ 

respectively. vco is charged negatively id 
6 > 0.14 and the quantity is found to ini 
crease with an increase in 6. 

It has been observed that as the surfacei 
coverage of carbon monoxide increases th 
vibrational frequency of the band for C- J 
shifts to higher values (2, 7, 11, 12). This 
will be explained by assuming that 6 de- 
creases with the increase in the coverage, 

* - & = ZnJC, - @CO + Ed where n is the 
number of electrons and EC0 and E, are the 
energies of rr-system of CO and M, respectively. 

t Pv. = n&‘trC~a where Ci, (C,,) is the co- 
efficient associated with atom r(s) in the jth 
molecular orbital. 

0’~~ = 1 - qr where qF =n,C’,,-. 
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because the bond order PC+ which appears 
to be proportional to the frequency of the 
band as described later, increases with the 
decrease in S from Eq. (6). In addition, 
electron-donor compounds, such as water, 
ammonia, pyridine, and trimethylamine, 
simultaneously adsorbed shift the band for 
C-O to lower frequencies (6, 7). Further 
the extent of the shift was shown to be 
proportional to the amount of pyridine 
adsorbed, and also increases as the first 
ionization potential of the compounds de- 
creases (7). However, when electron-ac- 
ceptor compounds such as hydrogen chlo- 
ride or another carbon monoxide is added, 
the C-O band is shifted to higher fre- 
quency (7) . 

These results suggest that S is associated 
with not only surface coverages (0) but 
also the sign of charge and charge density 
of simultaneously chemisorbed species 
through the surface metal atoms. There- 
fore, S is expected as a first approximation 
to be proportional to the ((net flow” of 
charge from metal to absorbates (m) or 
vice versa. Hence, the value of S is given by 

6 = 60 + 1 h’9nqna87n (7) 
m 

where 6, is the initial value at O,,, = 0, and 
X’, is a positive proportionality constant. 
Now considering the effects of chemisorbed 
carbon monoxide alone on 6, Eq. (7) be- 
comes 

6 = 60 + ~‘qcoko (8) 

Substituting Eq. (5) into Eq. (8), one can 
obtain 

6 = (So + 0.09X6)/(1 + 0.67x0) (9) 

where X = 2X’ and 8 = OcO. 
Using Eq. (9) and rearranging, Q, vcO, 

and PC+ are given as a function of 0 by 

Q = Q. - cd 
1 + 0.67X0 !W 

be 

“-’ = PO + 1 + 0.67X0 01) 

‘Co = 1 + “636718 w> 

where QO, v,,, and P, are initial values at 

0 = 0. Here a and b are positive constants, 
q&V and -0.3317,X, respectively, since tjo 
for most transition metals is expected to be 
negative (i.e., 6, > 0.14) from the experi- 
mental results on surface potential change 
(IS). 

RESULTS AND DISCUSSION 

The curve represented by Eq. (10) is one 
of the typical curves (14) giving the rela- 
tion between Q and 8, and it is seen that 
this curve is initially concave. When h0 < 
1 (i.e., X or 6’ N 0) in Eq. (10) the con- 
ventional linear relation between Q and 0 
is recovered. 

Barthier et al. (15) found a direct linear 
relationship between r-bond order defined 
above and vibrational frequency (v) for 
C-O in carbonyl compounds. Assuming a 
similar relation for the present system, one 
can obtain from Eq. (11) 

ce 

’ = ” + 1 + 0.67X8 (13) 

where v0 is the initial frequency (cm-l) at 
0 = 0 and c is a positive constant since 
b > 0. Equation (13) shows that the fre- 
quency should shift to a higher value with 
an increase in surface coverage. 

If the change in surface potential (Av)? 

which is induced by molecular adsorption, 
is considered to be due to an adsorbed 
species of dipole moment L ( = Iv, 1 is a 
distance between the surface and the ad- 
sorbed molecule) ; AV’ is proport,ional to the 
total dipole moment of the adsorbates 
(oc LhO, where h is the number of sites 
per unit area). Hence, for the present sys- 
tem Ali can be expressed as a function of 
0 from Eq. (12) by 

de 
Av = 1 + 0.67X8 (14) 

where d is a constant (0~ Z?,,) if I is taken 
to be a constant. The form of Eq. (14) is 
the same as those derived by the electro- 
static method (16) or by assuming the 
existence of direct interactions between the 
adsorbates (17). Here, it has been derived 
by the molecular orbital method. Hence, 
the effects of the surface coverage on differ- 
ential heat of adsorption, IR spectral posi- 
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tions for C-O and surface potential change 
are generally expressed by @/(l + ~0) 
where .$ and o are constants; i.e., asymp- 
totic behaviors of the quantity are found to 
approach [S for small 0 and a constant for 
large &. Similar behavior has been seen 
in much of experimental data for the car- 
bon monoxide adsorption on metals; e.g., 
by Beebe et al. (18) where the differential 
heat of adsorption on iron decrease from 
18 kcal/mole to around 5 kcal/mole with 
increasing 8, by Culver et al. (13) where 
the surface potential change on nickel ap- 
proach to saturation value of around 
- 1.3 V as 0 + 1 or by Eisinger et al. (19)) 
Gomer et al. (20), and Estrup et al. (21) 
where work functions on tungsten or Ni 
(110) single crystals initially increase with 
good linearity but tend to a constant value 
for large 8. 

The experimental results have also been 
explained to some extent by assuming direct 
interactions between adsorbates or a priori 
heterogeneity of surface or by surface re- 
arrangement during adsorption (21). The 
present work shows that the asymptotic 
behavior of the quantities for large 6’ can 
be also interpreted by the “indirect” inter- 
actions between adsorbates without the 
postulations mentioned above. 

A quantitative comparison of the model 
with the experimental data would not be 
enlighting, since a detailed knowledge of 
X, ,8, etc., is not available. An additional 
problem in interpreting experimental re- 
sults is the difficulty of obtaining the cor- 
rect value of the surface coverage cor- 
responding to a definite adsorbed state, 
since several different adsorbed states may 
be possible for chemisorbed carbon mon- 
oxide on single crystals (22) or on poly- 
crystals (2, 12). 

The contribution of o-bond between the 
surface metal atom and carbon atom in the 
carbon monoxide adsorbed has not been 
considered in the above calculations. It, 
seems reasonable to expect the a-bonding 
to remain approximately constant” and 

*For instance, when electrons concerned with 
u-bonding are strongly localized at each surface 
complex. 

also the U- and x-bonds to be separable, 
then Q0 and d,B due to a-bonding should 
be added as the extra terms to the right 
side of the Eqs. (10) and (14), respectively. 
The constant d,( oc 1~~) should be positive 
since a-bonding is believed to take place 
by the donation of the lone pair on the 
carbon atom (i.e., 5 u doublet) to the metal. 
This suggests the possibility of a maximum 
value in surface potential change as a 
function of surface coverage, at 0 max = 
(dq - 1) /0.167X; this phenomenon 
has been observed experimentally, though 
other explanations have been offered to ex- 
plain it (25). 

Presently it seems very hard to make a 
quantitative estimation of the contribution 
of “back donation” to the chemisorption of 
carbon monoxide. The calculation by Grim- 
ley (24) suggests that on nickel surface 
about 84% of the binding energy is con’ 
tributed by “back donation” into the X* or- 
bital. For metal carbonyl molecules some 
workers (25) for Ni(C0)4 obtained the 
results showing a significant role of “back 
donation” by using SCF-MO calculation, 
while others (26) obtained the different re- 
sults for Cr(C0) 6, Mn+(CO),, etc. 

The present calculations have been done 
using the simple Hiickel-MO method which 
might be criticized as an oversimplification. 
The calculation using a more rigorous MO- 
model (e.g., SCF-MO) as used for metal 
carbonyl molecules would be more accept- 
able. However, it is still very difficult and 
not particularly rewarding for the present 
problem, since we presently have only a 
limited knowledge concerning the orbitals 
of the surface atom of the metals due to 
diminution of the symmetry. Additionally 
a limited comparison between SCF-MO 
and simple Hiickel-MO was carried out by 
Blyholder (27) for a six-linear-chain model 
where it was shown that the latter model 
gives a reasonably good description of the 
orbital change with the energy change of 
an end atom. Hence, we expect the present 
calculations to give a good description of 
the behavior of the physical quantities 
though a more detailed description using a 
more realistic model would be desirable. 
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