
JOURNAL OF CATALTJIS 3, 105-100 (1964) 

NOTE 

A Relationship between the Energy Levels of Ions 

and the Polarization Fraction 

Received August 14. 1963 

We wish to report some preliminary re- 
sults in the establishment of a quantitative 
relationship between the “polarization 
fraction” and fundamental properties of 
metal ions. 

The proposal that intermedions are 
bonded to some type of delocalized orbital 
is consistent with the description of chemi- 
sorption presented in previous papers (I- 
.3) as well as with the identification of in- 
termedions as strongly 1)olarized but 
Tveakly bonded adsorbatcs. For example, 
copper has a polarization fraction of 0.32. 
The ‘(surface orbital” changes the vibra- 
t,ion frequency of adsorbatcs from that of 
the gas to frequencies which correspond to 
nonintegral numbers of valence electrons 
having different integers but a constant 
fraction of 0.32. It has been proposed (S) 
that the surface copper ions responsible 
for the formation of intermedions may be 
represented by electronic configurations of 
3#.“’ and 3d!‘,“’ instead of the conventional 
3tP and 3d”‘. On this basis, the polariza- 
tion fraction might arise as the resultant 
of the contributions of low-lying energy 

TABLE 1 
S~-M OF ENERGY I,EVELS ABOVE (:RoUNI) ~T.\TE 

AT 298°K ANI) POL.LRIZATION FRACTION 

Metal 

Polarian- 
tiorl 

frartion Ion 

Chromium 0 099 Cr(II1) 
Cr(IV) 

Iror1 0.257 Fe(I1) 
Fe(II1) 

Cobalt 0. 033 Co(I1) 
Co(II1) 

Skkel 0.857 Ni(I1) 
Ni(II1) 

(26 + 1) exp 
(-hcF/kT) 

6.11 
2.G 
1.55 
1.02 
0.072 
0.141 
0.0028 
0.0098 

levels to the actual electronic configuration 
of the metal ion. 

The energy levels of atoms and ions are 
determined from analyses of optical spec- 
tra. The contribution of the levels above 
the ground state to the configuration of the 
atom or ion is proportional to the probabil- 
ity of finding electrons in these levels. 
This in turn is proportional to the sum of 
the Maxwell-Boltzman factors times the 
respective multiplicities. Table 1 presents 
the sums of energy levels calculated from 
values of J and ; from the “Atomic En- 
ergy Level” tables (4) for the energy states 
above the ground state for ions of metals 
whose polarization fractions are known. 
With t.he replacement of E by hei7 the 
weighting factor becomes: 

(25 + 1) exp - (hcG/kT) 
= (2J+ 1) exp -(1.44VjT) 

Also included in Table 1, are the polariza- 
tion fractions of the metals determined 
from carbon monoxide chemisorption and 
from known catalytic reactions by the 
methods described in the preceding paper. 
Figure 1 is a semilog plot of the data of 
Table 1. The metal atoms (state I) have 
not been included, since, in all cases of CO 
chemisorption the metals are in a state 
different from that of the isolated atom. 
The Roman numerals correspond to the 
ionization states in accordance with spec- 
troscopic notation. 

The ions considered are the first t’wo 
which have low-lying energy levels. For 
example, Cr(1) is excluded since it is t.he 
atom; for Cr(I1) the first state above the 
ground state will not make a contribution 
below approximately 1800°K; Cr(II1) and 
Cr(IV) have levels which are available at 
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FIG. 1. Energy levels from optical spectra and 
polarization fractions from CO chemisorption. 

moderate temperatures. In Fig. 1 it is ob- 
served that a straight line passes through 
one of the ions of each metal, viz., Cr(III), 
Fe (II), Co (II), and Ni (III). This relat,ion- 
ship between these quantities persists up to 
500°C for these metal ions. 

The significance of the sums of energy 
levels for the other ions of each of the 
metals is suggested by an interpretation of 
data published by Pickering and Eckstrom 
(5) from their study of the chemisorption 
of CO on vacuum-evaporated nickel films. 
In addition to infrared bands which cor- 
respond to gaseous CO (2170 and 2122 
cm-l) and to the CO intermedion with 
10.85 valence electrons (2058.0 cm-l), they 
observed an infrared absorption band at 
2030.0 cm-l. This band was readily re- 
moved by evacuation. According to the 
equation relating vibration frequency and 
number of valence electrons for CO species 
(z), this frequency corresponds to a CO 
intermedion having 11.00 valence electrons. 
A sum of energy levels of 0.0028 with a 

polarization fraction of 1.00 for Ni(I1) 
agrees quite well with the other points on 
the line in Fig. 1. This illustrates the ob- 
vious conclusion that the polarization frac- 
tions of the different ions of each metal 
must be different. Perhaps the ions which 
define the straight line in Fig. 1 are the 
most, common states for these metals. On 
the basis of this line, if these other ioniza- 
tion states were detected by chemisorption, 
they would have polarization fractions of: 
Cr(IV), 0.205; Fe(III), 0.308; and 
Co (III), 0.543. Further experimentation 
will be necessary to test this proposal. 

The foregoing observation presents a re- 
lationship between the atomic energy levels 
and the polarization fraction that appears 
to be unexpectedly simple. Since the pre- 
ceding publication (3) provides a relation- 
ship between the polarization fraction and 
chemisorption and catalysis, this observa- 
tion seems to provide a fundamental basis 
for the hypotheses and concepts of this 
theory of catalysis. While this relationship 
between the energy levels of the ions and 
the polarization fraction has been ob- 
served, it remains to be explained and 
tested for many other metals. 
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