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For the class of adsorbates designated as intermedions, the change in vibration fre-
quency upon chemisorption can be related by equations to a change in the number of
valence electrons associated with these adsorbates. This leads to numerical measurements
of the chemical reactivity of intermedions and the polarizing effect of the adsorbent.
Mathematical interpretations are made of the catalyzed reactions of CO oxidation to
CO, and carbonate, acetylene hydrogenation and hydration, peroxide decomposition,
and several reactions of hydrogen and oxygen. The metallic components of these catalysts
are chromium, iron, cobalt, nickel, copper, rhodium, palladium, silver, iridium, and
platinum. The results of these calculations coincide with the known catalytic reactions
of these metals with respect to valence state as well as with respect to heterogeneous or
homogeneous systems. The polarizing effect of the metallic component of the adsorbent
shows an indication of periodicity when the metals are arranged according to atomic

number.

I. INTRODUCTION

A mathematical relationship between
spectroscopy and catalysis is proposed on
the basis of an interpretation of data from
an infrared study of chemisorption. The
hypotheses which are the foundations of this
work give numerical descriptions of (1) the
energy state of adsorbates, (2) the “polariz-
ing” or “activating” influence of the ad-
sorbent or catalyst, and (3) the energy rela-
tionships which lead to reaction. In order
to account for the interactions in an area
as complex as catalysis, many detailed
assumptions are necessary. In some in-
stances, the experimental methods and in-
strumentation may not exist at this time to
test these ideas directly. Such assumptions
must be evaluated on the basis of their
utility and by the new experiments which
they suggest. For example, to consider
reactants in addition to carbon monoxide,
the necessary proposals are advanced to
extend the mathematical relationships to
systems that have not been studied by
means of the infrared spectra of chemisorbed

species and to other systems that do not pro-
duce infrared spectra.

II. Discussion

An interpretation (1) of the data from an
infrared study of the chemisorption of carbon
monoxide on several metals and compounds
was based on the following equation
(rco — 2269.96) (Eco — 12.1182) = 268.309

(1
This equation was derived to relate the
vibration frequencies » and numbers of
valence or outershell electrons E of gaseous
CO species, viz., the neutral molecule and
the ions. The species which can exist in the
gas phase have integral numbers of electrons.
On the basis of Eq. (1), the vibration fre-
quencies of the chemisorbed CO species
correspond to nonintegral numbers of va-
lence electrons. However, some of the CO
species on adsorbents containing the same
metallic component produced infrared bands
whose vibration frequencies correspond to
nonintegral numbers of electrons with dif-
ferent integers but a constant fraction.



8 R. A. GARDNER

The neutral gaseous CO molecule, 10
valence electrons, has a vibration frequency
of 2143.27 em™! (2). The infrared bands for
CO on copper oxide which correspond to
numbers of electrons with a constant frac-
tion were at 2173 em™! (9.35 electrons) and
2121 em™! (10.32 electrons). On cobalt, in-
frared bands for chemisorbed CO were
observed at 2160 cm (9.68 electrons) and
2091 em~' (10.62 electrons). On a partially
decomposed silver nitrate adsorbent, CO
produced an infrared band at 2165 em™!
(9.56 electrons). The addition of hydrogen
caused the appearance of a band at 2099
em~! (10.55 electrons). Eischens and Pliskin
(3) report an infrared band for CO on iron
at 1960 ecm~! which was replaced, upon the
addition of oxygen, by a band at 2127 em—.
According to Eq. (1), these vibration fre-
quencies correspond to 11.25 and 10.24
valence electrons respectively. These chemi-
sorbed species which produce infrared bands
corresponding to a constant fractional num-
ber of electrons were named “intermedions”
and the fraction, which seems to be a char-
acteristic of each metal, was named the
“polarization fraction.” The infrared bands
due to chemisorbed species not assigned as
intermedions were considered to result from
the carbonyl type of adsorbates described
by other investigators. A complete descrip-
tion of the development of these interpreta-
tions is presented in the previous paper (1).

Constant Value of Polarization Fraction

The polarization fraction remained con-
stant despite changes in the electronic en-
vironment of the metallic component of the
adsorbent. In the above example of the
adsorbent containing silver, the addition of
hydrogen changed the surface from an elec-
tron acceptor to an electron donor. The addi-
tion of oxygen to the iron adsorbent pro-
duced a significant change in the electron
donor character of the surface. The fact that
the fraction remains constant in these exam-
ples is an indication that the polarization
fraction is a numerical expression of the
effect on adsorbates of the ‘“polarizing” or
“activating” influence of the metallic com-
ponent of the adsorbent and an indication
that this fraction may remain constant with

other adsorbates. It follows that if the equa-
tion relating vibration frequency and num-
ber of valence electrons is known for a
molecule and if the polarization fraction of
the metallic component of the adsorbent is
known, then it should be possible to calculate
the vibration frequencies of the intermedions
that may be formed by chemisorption.

Muyers Hypothesis

It is the Myers (4) hypothesis which pro-
poses a relationship between vibration fre-
quency and catalytic reactions. He observed
a coincidence between the vibration fre-
quencies assigned to the normal modes of
gaseous ethylene and the vibration fre-
quencies of several reactive catalyst com-
plexes. For example, the »; mode of gaseous
ethylene has a vibration frequency of 950
em™! and the gaseous Ag—O diatomic mole-
cule has a vibration frequency of 481 ¢m™!
(a first harmonic* of 962 em™). The match
of these frequencies was interpreted by
Myers to explain why silver is a catalyst
for the epoxidation of ethylene. The several
examples of this type of correlation led
Myers to propose that certain reactions are
facilitated when the vibration frequencies
of the reactants coincide.

On the basis of this proposal by Myers,
the discovery of intermedions and the polar-
ization fraction generates many catalytic
possibilities through the interaction of two
constants. These are a constant polarization
fraction for each metal and a specific equa-
tion for the vibration frequencies of each
reactant. A given reactant will have dif-
ferent vibration frequencies when chemi-
sorbed on adsorbents containing different
metal components and thus show different
reactions. Similarly, different reactants on a
single adsorbent will have different vibration
frequencies and different reactions. The
extension of these concepts to reactants
other than CO and the establishment of the
necessary mathematical relationships re-
quires the following detailed interpretation
of the available experimental data relating
to intermedions.

* It may be necessary to multiply one of the fre-
quencies by 2, 4, 8 . . . 27, where n is integral, to
compare it with the other frequency.
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Interpretation of Experimental Data
Relating to Intermedions

Intermedions have been detected on only
those adsorbents whose metallic components
possessed partially vacant orbitals. No
intermedions were detected on adsorbents
of supported metallic copper or a vacuum-
evaporated copper film. It is possible that
the partially vacant orbitals combine to form
some type of delocalized surface orbital
which can bond intermedions in a wtype or
charge transfer configuration. Since a single
equation describes both gaseous species and
intermedions,* they seem to be bonded in a
gaslike state, at least with respect to vibra-
tion frequency. Intermedions may be con-
strained with respect to rotation since no
evidence of a vibration—rotation doublet has
been detected upon the examination of the
infrared bands of CO intermedions with a
grating spectrometer.

Intermedions may reside on specific lattice
faces. Cunningham and Gwathmey (5) ob-
served that with copper crystals, other
lattice faces were reoriented to the (111)
face upon exposure to hydrogen and oxygen
during the catalytic formation of water. It
is possible that the (111) face may be the
site of residence of the chemisorbed hydrogen
and oxygen intermedions which react to
form water. The highly exothermic character
of this reaction and the concurrent large
decrease in free energy would be expected to
be more than sufficient to promote the re-
arrangement of the lattice faces to facilitate
the formation of water.

The type and number of intermedions may
be proposed on the basis of the presence of
two states of the atoms of the metallic com-
ponent. While the conventional representa-
tion of copper (1I) as 1s% 2s?, 2p8, 3s?, 3pf
3d° suggests that only one electron can be
transferred between the 3d orbital and CO,
to form intermedions possessing 9 or 11
electrons, the experimental data indicates
the presence of two copper species with
partially vacant orbitals capable of electron
transfer. If the 2121 e¢m™! band observed
with the grating spectrometer for CO on

* Gaseous species may be considered as inter-
medions with integral numbers of eleetrons.

copper oxide is assumed to be the more
accurate,t then the polarization fraction of
copper is 0.32 and the observed CO vibra-
tion frequencies of 2173 and 2121 em™! are
equivalent to 9.32 and 10.32 valence elec-
trons. These two intermedions could be
formed from two types of copper species—
having 0.32 and the other 1.32 electrons
available for exchange in the partially vacant
d orbital, i.e., 3d®* and 3d*®. Since these
two species with different numbers of elec-
trons are analogous to upper and lower
oxidation states, they are believed to corre-
spond to cupric and cuprous, respectively.
The electron transfers which appear to
take place during the formation of inter-
medions by the chemisorption of CO on
copper are:
1. those in which the surface accepts elec-
trons to fill the partially vacant orbital and
2. those in which the surface donates elec-
trons to empty the partially vacant orbital.
These are ‘“apparent” electron transfers
since the adsorbate is polarized only when it
is bound in the surface field. Since a single
orbital may contain up to two electrons, the
maximum range for the number of valence
electrons on an intermedion will be two
greater or less than the number of valence
electrons on the neutral species. In the fol-
lowing equations, the superscripts are the
number of electrons; the experimental vibra-
tion frequencies are included :

(CO)" donates 1.68e to Cusd#
= Cud 4+ (COBE  (2)

(CO)"* donates 0.68e to Cu?®®
2 Cu? + (CO)# 2173 em™  (3)

(CO)® accepts 0.32e from Cus*
= Cud + (CO)132 2121 em™ (4)

(COY® accepts 1.32e from Cu?-
= Cut 4+ (CO)L-  (5)

Accordingly, the partial orbital vacancy of
the surface metal atoms is transferred by
chemisorption from the metal to the ad-
sorbate. Equations (2-5) indicate that a

T In addition to the increased resolution of the
grating over the NaCl prism, Eq. (1) changes more
rapidly with respect to number of electrons at 2173
cm™! than at 2121 em™, i.e., 2174 em™! eorresponds
to 9.32 electrons.
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maximum of four intermedions can be
formed from the chemisorption of CO as a
result of electron exchange with the upper
and lower states of a single delocalized
orbital. The nonintegral numbers of elec-
trons associated with CO intermedions will
be composed of the polarization fraction,
a number from 0.00 to 1.00, of the metallic
component of the adsorbent plus the inte-
gers 8, 9, 10, and 11. The CO intermedions
detected on adsorbents containing copper
were those with integers of 9 and 10. The
infrared bands reported by Eischens and
Pliskin (3) for CO on adsorbents containing
iron correspond to the intermedions with
intergers of 10 and 11. While a CO inter-
medion with an integer of 8 has not been
identified, the experimental observation of
intermedions with integers of 9, 10, and 11
gives support to the electron exchanges
indicated by Eqgs. (2-5). It seems likely that
the intermedions which can be proposed
but were not observed may be present at
concentrations below the limit of detection
of the spectrometers.

The similar exchange of electrons between
the neutral oxygen molecule (12 valence
electrons) and the upper and lower states
of a single orbital will generate four oxygen
molecule intermedions with nonintegral
numbers of valence electrons composed of
the polarization fraction of the adsorbent
metal and the integers 10, 11, 12, and 13
with a total range from 10 to 14 electrons.
The four oxygen atom intermedions will have
numbers of electrons with integers of 4, 5,
6, and 7 (total range from 4 to 8). The nitro-
gen atom intermedions will have integers
of 3,4, 5, and 6 (a total range from 3 to 7)
since the neutral nitrogen atom has 5 valence
electrons. Only three intermedions with
integers of 5, 6, and 7 may be formed with
OH, and H,0 can only donate electrons to
form intermedions with integers of 6 and 7.
These limits on OH and H,0 result from the
fact that 8 is the maximum number of elec-
trons that can be accommodated by OH and
H.0.

Vibration Frequency and “Energy Level”

While the concept of matching vibration
frequencies can be applied to reactions

across the bonds of molecules, it is not
applicable to reactions of atomic inter-
medions or at one atom of a molecule. The
addition of a hydrogen molecule as shown in
the following equation

H—H + :C=0: @ H—C—0—H (6)

should occur on a catalyst containing that
metal which because of its particular polar-
ization fraction changes the gaseous mole-
cules by chemisorption so that their vibra-
tion frequencies are equal. A mathematical
interpretation of such reactions as

H H
| +0=_ >0 M
H H>

H H,
| +:0=0: e >C:O 8)
H v

requires the numerical expression of an
“energy” or reactivity of the oxygen atom
to be compared with the vibration frequency
of the hydrogen molecule and a similar
“energy” to express the reactivity at the
carbon atom of carbon monoxide. Although
this energy cannot at present be measured
directly, it may be derived from the follow-
ing interpretation of vibration frequencies.
The vibration frequency of a diatomic
molecule can be related to its capacity to
accept or donate electrons. Since the addi-
tion of electrons to carbon monoxide de-
creases the vibration frequency, it is pro-
posed that the vibration frequency is related
to the capacity of carbon monoxide to
accept electrons. On the contrary, the addi-
tion of electrons to the OH diatomic mole-
cule increases the vibration frequency. The
vibration frequencies of (OH), seven valence
electrons, and (OH)*, six valence electrons
are given by Herzberg (6) as 3569.59 and ap-
proximately 2955 cm™!, respectively. The
vibration frequency of OH can be related,
therefore, to its capacity to donate electrons.
As electrons are added to CO and its electron
acceptor capacity decreases, there should
be a corresponding increase in its electron
donor capacity and vice versa for OH. It
is proposed that the term “energy level” be
used to describe the electron donor capacity
of CO and the electron acceptor capacity
of OH. The sum of the vibration frequency
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represented by »(C-0), and the energy level
represented by »(—CQ) is a constant as in-
dicated by the following equation for the ex-
ample of carbon monoxide

»{(C-0) + »(—CO) = keo. 9

Whereas the vibration frequency is repre-
sented by »(C-0), the energy level will be
represented by »(—CO) and in the example
of ecarbon monoxide will refer to reaction
at the carbon atom. The energy levels of
atomic species can be related in a similar
manner to their electron acceptor or donor
capacity to provide a numerical measure-
ment of their reactivity. The derivations of
the equations to characterize atomic and
molecular intermedions in terms of energy
fevels and number of electrons are presented
in the last section of this paper.

Mathematical Interpretation of
Catalytic Reactions

As indicated by Egs. (6) and (8), the
energy terms to be matched depend upon
the reaction mechanism. The specific mech-
anisms of the following reactions are those
proposed by other investigators or gen-
erally accepted with the exception that the
intermedions are not considered to be bonded
to specific catalyst atoms, but rather to
delocalized orbitals. The mechanisms are
for reversible reactions of the Langmuir-
Hinshelwood type, i.e., with both reactants
chemisorbed. In the case of those reactions
which are decompositions, according to the
principle of microscopic reversibility, the
catalyst which promotes the decomposition
should form the appropriate intermedions
with matching energy since the position of
the equilibrium depends on the free energy
change. Although the preceding discussion
has considered only solid adsorbents and
catalysts, some of the reactions listed below
involve catalysis by dissolved salts, ie.,
homogeneous systems. A later section will
show the extension of this interpretation
of catalysis to homogeneous systems. For
those reactions that are catalyzed by many
metals, or their compounds, all metals whose
polarization fractions occur as solutions to
the equations are presented in Table 1.
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These reactions are the formation of water
from H:; + O and H + OH, the oxidation
of carbon monoxide by O and O., and the
hydrogenation of acetylene, by addition of
H; across the triple bond. In addition, several
reactions that require & specific metal com-
ponent in the catalyst are included. Some of
the reactions that have been described in the
literature and those that require special
comments are briefly noted in the following
section.

The reactions in Table 1 known to be
catalyzed by chromium compounds are the
hydrogenation of acetylene to ethylene and
the oxidation of carbon monoxide to carbon
dioxide. Another reaction between oxygen
and carbon monoxide presented in Table 1
is the formation of a carbonate species. Little
and Amberg (7) assigned some of the spec-
tral bands that they observed in an infrared
study of the chemisorption of carbon mon-
oxide on chromia-alumina to a surface
carbonate species. It is likely that this car-
bonate species will decompose to yield
carbon dioxide. Thus, this reaction will also
contribute to the oxidation of carbon mon-
oxide. The reaction of a hydrogen atom
intermedion and a hydroxyl intermedion to
form water may be an example of a reaction
not previously described that is predicted
by this type of analysis of catalytic reactions.

The reactions catalyzed by iron and its
compounds are well known. In addition to
the formation of water and the oxidation of
carbon monoxide, the decomposition of
peroxide to form an oxygen atom interme-
dion and a hydroxyl intermedion coincides
with the mechanism proposed by Jarnagen
and Wang (8) and by Koefoed (9) for the
homogeneous liquid phase reaction. The
combination of a hydrogen molecule inter-
medion with a carbon monoxide intermedion
to form an HCOH species is an initial step
in the Fischer-Tropsch synthesis in the
mechanism proposed by Emmett and Kum-
mer (10) and by Storch, Golumbic, and
Anderson (11).

One of the most interesting reactions in
Table 1 is the formation of water from hydro-
gen and oxygen catalyzed by copper. The
Atomic Energy Commission sponsored a
search by MeDuflie et al. (12) for a soluble
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compound to catalyze this reaction in
homogeneous nuclear reactors. After inves-
tigations of compounds of some 20 metals,
they found that cupric salts were optimum
for the regeneration of the water that had
been decomposed by the radiation. The
oxidation of carbon monoxide by oxides of
copper has been investigated by Ritchey
and Calvert (13). They observed that a
particular cuprous oxide preparation did
not catalyze the oxidation in the dark and
that exposure of the system to light caused
the oxidation to occur. They proposed that
the reaction is catalyzed by cuprous oxide
which is activated by the cupric ions which
are generated in the surface by the radiation.
The oxygen atom and carbon monoxide
intermedions in Table 1 are those which
would be present on cuprous copper. Finally,
the hydration of acetylene to acetaldehyde
(14) is a commercial reaction catalyzed by
dissolved cuprous salts.

The reactions catalyzed by silver are the
formation of water and the homogeneous
oxidation of carbon monoxide by hydroxyl.
This latter reaction has been studied by
Nakamura and Halpern (15}, who proposed
a mechanism which includes the insertion of
OH into a silver —CO complex, then subse-
quent decomposition of this intermediate to
yield carbon dioxide. It is to be noted that
not only is the polarization fraction of silver
a solution to the equations for reaction be-
tween (C-0) + (—OH), but that the polariza-
tion fraction of silver is nof a solution for the
reactions of O + (—CO) or (0-0) + (—CO).
This type of mathematical analysis provides
a clear distinction between the mechanisms
that are possible for this reaction.

The reactions known to be catalyzed by
cobalt are the formation of water, oxidation
of carbon monoxide, hydrogenation of
acetylene, and the addition of H, across CO
as an initial step in the Fischer-Tropsch
synthesis. It is indicated in Table 1 that
cobalt will catalyze the reaction of hydrogen
atom and hydroxyl intermedions to form
water as well as the reaction of hydrogen
molecule and oxygen atom intermedions to
form water.

The reactions catalyzed by platinum are
the two reactions for the formation of water,

the oxidation of carbon monoxide and the
hydrogenation of acetylene.

The two reactions catalyzed by nickel are
the formation of water from hydrogen mole-
cule and oxygen atom intermedions and the
combination of oxygen molecule and carbon
monoxide intermedions to form a carbonate
species. Courtois and Teichner (16) have
assigned infrared bands to a carbonate spe-
cies formed in the presence of oxygen, carbon
monoxide, and nickel oxide. Since the frac-
tions for nickel and iron do not appear as
solutions to the equations for the addition of
H: across the triple bond of acetylene, it is
concluded that this reaction does not proceed
by this mechanism in the presence of cata-
lysts whose metallic components are nickel
or iron.

The vibration frequencies and energy
levels of the intermedions in the reactions
considered in Table 1 are calculated from the
following equations:

[(C-0) — 2269.96][E(CO) — 12.1182]
= 268.300 (1)

»(C-0) + »(—CO) = 2204.81 (10)

[»(O-H) — 6080.64][£(OH) — 0.1862]
= —17109.7

»(0O-H) + »(—OH) = 3890.95

[r:(H0) — 5925.03][£(1.0) — 0.1123]
= —17109.7 (13)

vo(H:0) + »;,(—OH,) = 3755.79 (14)
[»(HC=CH) — 3530.43[B(HC=CH)
—14.2018] = 712.441 (15)
[»(0-0) — 2920.16][E(0-0) — 15.7525]
= 5117.58 (16)

(11)
(12)

yH = 4161.14E(H) (17)
yH, = 2080.57E(Hy) (18)
0 = 778.19]8 — E(0)] (19)

These equations are derived from the pub-
lished experimental data for the vibration
frequencies of gaseous molecules, ions, and
radicals that have been determined by infra-
red, Raman, or electronic emission spectra.
These data have been obtained at conditions
of high resolution with an accuracy that is
generally greater than has been achieved in
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the determination of the spectra of chemi-
sorbed species. The increased gain and/or
increased optical slits that may be necessary
to detect some of the bands of chemisorbed
species diminish the resolution of the spec-
trometer. Therefore, the spectra of chemi-
sorbed CO have been used to provide approx-
imate values of the polarization fractions,
with the more accurate values being deter-
mined from computations of reactions based
on the equations.

An analysis of the silver-catalyzed reac-
tion of a hydrogen molecule intermedion and
an oxygen atom intermedion to yield water
might take the form of the following equa-
tion where the subscripts are the vibration
frequencies calculated by the above equa-
tions for the indicated number of valence
electrons. The polarization fraction of silver
determined from the chemisorption of carbon
monoxide is 0.55 from the infrared band at
2099 em™,

H20.55 + 06.55
1144.31 1128.38

= H,0 (20)

This type of matching of the vibration fre-
quencies and energy levels depends upon the
values of the polarization fractions caleu-
lated from the spectra of chemisorbed CO.
An analysis independent of the spectra of
chemisorbed species can be accomplished by
determining the “optimum” fraction for a
perfect match of the vibration frequencies
of the intermedions as shown in the following
equation:

H20.544 + 06.544 QH2O

1131.83 1133.04

(21)

The “optimum” fractions for a perfect match
of the vibration frequencies of the reacting
intermedions are presented in Table 1. If
the preceding hypotheses are valid, then the
optimum fractions for reactions catalyzed
by each metal will be constant within the
limits of the accuracy of the equations and
approximately equal to the polarization
fraction determined from the chemisorp-
tion of carbon monoxide.

The agreement between theory and cal-
culation is satisfactory, particularly in view
of the fact that small differences in the equa-
tions of the intermedions will make large
differences in the values of the optimum

fractions. The fractions seem to be suffi-
ciently constant and to agree with the polar-
ization fractions determined from CO chemi-
sorption to a degree that the differences may
be attributed to small errors in the vibration
frequencies used in the derivations of the
equations. I'or example, the equation of CO
intermedions was derived from the vibration
frequencies reported in the literature for
(CO)™, the neutral molecule, and (CO)?, the
positive ion. Plyler, Blaine, and Connor (2)
state the value of »(C-O)¥ as 2143.274 &+
0.0015 em™ from precise infrared deter-
minations. The value for »(C-0)? of 2183.90
cm™! is given by Herzberg (17) from elec-
tronic emission spectra. Techniques are not
available at this time to provide as accurate
a measurement of the vibration frequency of
the positive ion as can be obtained for the
neutral molecule. In addition, any error in
the value of »(C-0)* is magnified in Eq. (1)
by the large value of dE/dv in the region
of (CO)*. Investigations are continuing in
this entire area to determine the limit of
significance of decimal places in the polariza-
tion fractions and the effects of slight dif-
ferences of vibration frequency between
reactants on the rates of reaction.

In addition to the new experimental data
presented in Table 1 from infrared studies
of the chemisorption of CO on adsorbents
containing chromium, platinum, or nickel
(18), the three fractions, 0.779, 0.798, and
0.809 are tentatively assigned to the group
of metals, palladium, iridium, and rhodium.
This assignment is based in part on the solu-
tions of the equations for the hydrogenation
of acetylene since infrared bands have not
been observed that can be designated as CO
intermedions on these metals. The following
section will deseribe in detail the solutions
to these equations.

Calculation of Oplimum Fraclions

The calculation of optimum fractions for
the reaction of a hydrogen molecule inter-
medion with an oxygen atom intermedion
involves the determination of each fraction
for which the ratio of the vibration frequen-
cies (and energy levels) of any pair of the
H; and O intermedions is equal to 2* where
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TABLE 1
ANALYSES OF CATALYTIC REACTIONS

[ORT}

€

. Optimum Component Polarization fraction

Reaction fraction of eatalyst from CO chemisorptione
Hite - (—OH)7+e = H,0 0.098 Chromium 2203 em™! (CO)3-1
Hy + (HC=CH)1+e = C.H, 0.099 2181 em™! (CO)9-10
Otte 4+ (—CO)te e CO, 0.099 2134 em™! (CO)w0-1
(0-0)1zte  (—CO)ote 2 CO;, 0.100
Hae + Obte =2 H,0 0.257 Iron 2127 em™! (CO)to-#
O7te 4 (—CO)8te = CO, 0.264 1960 cm™! (CO)1-»
Otte 4+ (O-H)5te = O0H 0.260
Hoe + (C-O)10te = HCOH 0.256
Hye 4+ Obte =2 H,0 0.315 Copper 2121 em~! (CO)w-2
O7te + (—CO)nte 2 CO, 0.312 2173 em™! (CO)*-%
v3(—OH,)"" 4 (HC=CH)'*¢ = CH;CHO 0.315
H,e + Qe = H,0 0.544 Silver 2165 em™! (CO)9-5¢
(C-0)#+e + (—OH) ™+ =00, + H 0.539 2099 cm™ (COY0-5
Hie + Otte = H;0 0.630 Cobalt 2160 cm™! (CO)e-8
Hite 4 (—OQH)7*e < H,0 0.638 2091 em™! (CQ)o-62
Oste 4 (—CO)w0te 2 CO, 0.631
Hy*e 4+ (HC=CH )8+- = C.H;, 0.635
Hyite 4+ (C-O)l+e = HCOH 0.641
He + (—OH)s* = H,0 0.779 (Rhodium)
O7+e 4 (—CO)+e = CO0, 0.772
Hy + (HC=CH)!1* = C.H, 0.778
Htte 4 Qbte = H,0 0.798 (Iridium)
Hy + (HC=CH)w+* =2 CH, 0.798
(0-O)11*e 4+ (—CO)v+e = CO, 0.803
Hoylte 4 (O-Q)io+e = H,0; 0.811 (Palladium)
(0-0)tte  (—CO)+e = CO; 0.812
Hy + (HC=CH)?%*e = C.H, 0.809
H.e 4 Obte = H,0 0.817 Platinum 2063 cm™! (CO)w0-82
He 4 (—OH)5%e = H,0 0.816
Ot 4 (—CO)ote 2C0, 0.818
H, + (HC=CH)#** = C,H, 0.817
Hye + Ofte = H,0 0.856 Nickel 2058 cm™! (CO)w s
(0-0)0te - (—CO)te =2 CO, 0.857 1230 et (CO)11 86

o This column presents the vibration frequencies from CO chemisorption and the corresponding CO

intermedions.

n is an integral number. Hydrogen molecule
intermedions can have numbers of valence
electrons with integers of 0 and 1, ie.,
Hy¢ and H,'*¢ where e, the polarization frac-
tion, is different for each metal. On any
one metal, four oxygen atom intermedions
may be formed with numbers of valence
electrons having integers of 4, 5, 6, and 7.
The vibration frequencies of the hydrogen

molecule intermedions are given by the
equation

VH2

2080.57 Eln, (18)
where Fy, equals ¢ and 1 4 e. The energy
levels of the oxygen atom intermedions are
given by the equation

O = 778.19(8 — Eo) (19)
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where Ko equals 4 +¢, 54 ¢, 64 ¢, and
7 + e. If the polarization fraction e of a
metal is known, then the vibration frequen-
cies of the two H, intermedions and the
energy levels of the four 0 intermedions can
be calculated and the values compared to
determine if any pair composed of one H,
intermedion and one O intermedion have
equal energy levels.* As proposed by Myers
(4) it may be necessary to multiply one of the
energy levels by 2, 4,8, 16 . . . 2" to bring
it to a magnitude that is comparable to the
other energy level. As an example, the hy-
drogenation of acetylene to ethylene cata-
lyzed by platinum may be considered. The
polarization fraction of platinum from Table
1 is 0.817, therefore, acetylene and hydrogen
molecule intermedions with the following
vibration frequencies may exist on platinum
or its compounds: (HC=CH)%#7 3398.12;
(HC=CH)*#7  3367.95; (HC=CH)"*®",
3319.95; (HC=CH)"#7 3231.69; (H,)"*"
1699.83; (H)'*7, 3780.40. The catalytic
reaction is shown in the following equation:

Hp87 4 (HC=CH)?*" 2@ H,C = CH; (22)
1699.83 3398.12
(3399.66)

Multiplication of the vibration frequency of
the H. intermedion by 2 produces a satis-
factory match with the vibration frequency
of the acetylene intermedion. The opposite
example is provided by a test of silver as a
catalyst for the same reaction. From Table
1, the polarization fraction of silver is 0.541.
Acetylene and hydrogen molecule inter-
medions with the following vibration fre-
quencies may exist on silver or its compounds:
(HC=CH)®%%, 3404.57; (HC=CH)?*54,
3377.57; (HC=CH)'0-%41  3335.85;
(HC=CH)"-*4, 3262.68; (H,)-3% 1125.59;
(Hy)*-%4, 3206.16. There is no match of the
vibration frequencies nor multiples of 2, 4,
8, ete. of the acetylene and hydrogen mole-
cule intermedions on silver. Therefore, 0.541
18 not an optimum fraction for the reaction
of acetylene and hydrogen molecule inter-
medions and silver will not catalyze this
reaction of these intermedions in the ground
electronic state.

* It is convenient to use a single term for both
“energy level” and “vibration frequency.” Energy
level seems to be the more general designation.

The equations and reactions considered
in this paper are limited to intermedions in
the ground electronic state since the vibra-
tion frequencies used to derive the equations
are for molecules, ions, and radicals in this
state. Iixcitation to higher electronic states
changes the vibration frequencies and, there-
fore, changes the equations. Intermedions
in excited electronic states could be deseribed
by equations, if sufficient accurate data were
available.

A “search” for catalysts for a particular
reaction is conveniently programmed for a
computer. The fraction e is the variable and
1s incremented from 0 to 1.00. The energy
levels of the two reactants are determined
for each value of e, for each of the possible
intermedions and multiplied by 2, 4, 8, etc.
and compared. The answers are “optimum”
fractions, i.e., those fractions for which the
energy levels of the intermedions are equal.
If from independent experimental data the
fractions can be related to particular metals,
then these metals should catalyze the
reaction. There are, of course, many other
factors that enter into an actual catalytic
reaction, e.g., the metal must be in the ap-
propriate valence state and compound to
generate the pairs of intermedions that will
react, and the rate and yield will be deter-
mined by the temperature, pressure, and
thermodynamic properties of the system.

In the example of the reaction of

H: + 0 & H,0 (7)

if the multiplicative factors are limited to
1, 2, 4, and 8, there are 56 equations which
can be written of the type:

M 2080.57(A + ¢) = M,778.19(8 — B — ¢)
(23)

where M, and M, are the multiplicative
factors, i.e., either M; or M equals 1 and
the other equals 1, 2, 4 or 8; A equals 0 or
1 and B equals 4, 5, 6, or 7. Only 26 of these
equations give positive fractions for e. Of
these 26 “optimum” fractions, the following
6 have been assigned from analyses of the
infrared spectra of chemisorbed CO: Fe
0.257, Cu 0.315, Ag 0.544, Co 0.630, Pt 0.817,
and Ni 0.856. Some of the other 20 “opti-
mum” fractions correspond to other metals
that also catalyze this reaction by this
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mechanism. Among these 20 unassigned
fractions, there will also be those which do
not correspond to any metal. The number
of optimum fractions varies greatly from
one reaction to another, e.g., there are only
four solutions for the reaction:

v3(H:0) + HC=CH = H,C—=CHOH (24)

Tentative assignments of the polarization
fractions of rhodium, iridium, and palladium
are suggested by the optimum fractions for
the reaction of a hydrogen molecule inter-
medion and an acetylene molecule inter-
medion to form ethylene. When multiplica-
tive factors of 1 and 2 are used, there are
8 optimum fractions of which 2 have been
assigned to metals from infrared studies of
chemisorbed carbon monoxide. The 8 frac-
tions with the assigned metals are: 0.567,
0.602, 0.622, 0.635 Co; 0.778, 0.798, 0.809,
and 0.817 Pt. In addition to cobalt and
platinum, three metals that are known to be
good catalysts for the hydrogenation of
acetylene are rhodium, iridium, and pal-
ladium (79, 20). In view of the close simi-
larities of these metals of the platinum group,
it seems likely that the fractions 0.778,
0.798, and 0.809 correspond to these three
metals. It will be difficult to assign these
fractions to the individual metals from the
spectra of chemisorbed CO. The vibration
frequencies for the CO intermedions with
these fractions and integers of 10 differ in
vibration frequency by only 4 em™!, ie.,
(CO)10-78 = 2068 and (CO)'0-3 = 2064.
However, the individual assignments are
suggested by the reactions presented in
Table 1.

Of the three fractions, only 0.798 is a
solution of the reaction:

H; + 0 = H.0 (7)

Iridium is the one of these three metals
that readily catalyzes the formation of water
from hydrogen and oxygen. Hofmann (21)
describes iridium as ‘“the ideal detonating-
gas catalyst.” Iridium is, therefore, tenta-
tively assigned the fraction 0.798.

The high activity of palladium as a
catalyst for the formation of hydrogen
beroxide is attributed by Pospelova and
Kopozev (22) to the catalysis of the direct

synthesis from hydrogen and oxygen while
maintaining the 0—O0 bond. The fraction
0.811 is the only solution to the equations
for the addition of a hydrogen molecule
intermedion across an oxygen molecule
intermedion that can be related at this time
to a specific metal. In addition, although
palladium will catalyze the formation of
water from hydrogen and oxygen, it has been
demonstrated to selectively oxidize low
concentrations of carbon monoxide in hydro-
gen (23). This reaction is used commercially
to remove trace quantities of carbon monox-
ide from ammonia synthesis gas. Since the
fraction 0.811 is an optimum fraction for
the equations for the reaction of oxygen
molecule and carbon monoxide intermedions
to oxidize carbon monoxide, an optimum
fraction for the synthesis of hydrogen
peroxide, and an optimum fraction for the
hydrogenation of acetylene, it is tentatively
assigned to palladium. The third fraction,
0.778, is assigned to rhodium. Additional
evidence will be required to support these
tentative assignments.

Homogeneous and Heterogeneous Catalysts

The numerical analyses of reactions pro-
vides a means for determining which reac-
tions may be catalyzed by a dissolved salt
of the appropriate metal, ie., in a homo-
geneous system, and establishes the re-
lationship between heterogeneous and homo-
geneous catalytic reactions. Eqs. (2) and
(4) above indicate that the formation of
intermedions on the higher oxidation state
(or “ic” state) of the metal can occur either
by the donation of 2 — ¢ electrons, e.g.,
2 — 0.32 = 1.68 for copper, Eq. (2), or by
the acceptance of ¢ electrons, Eq. (4), by
the adsorbate. The lower oxidation state
(or “ous” state) forms intermedions by the
donation of 1 — e electrons, Eq. (3), or by
the acceptance of 1 4 e electrons, Eq. (5),
by the adsorbate. It is proposed that if a
single complexed atom of the metal possesses
a delocalized orbital, then it should be able
to bond the donor and acceptor pair of inter-
medions that ean exist on the same oxidation
state. For example, in Table 1, the oxygen
and hydroxyl intermedions with matching
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energy levels on iron are 0% and (OH)%*.
The neutral oxygen atom has six valence
electrons; an Q% has accepted e. The neutral
hydroxyl diatomic molecule has seven
valence electrons; an (OH)*™ has donated
2 — e electrons. The acceptance of e and
donation of 2 — e are the electron exchanges
that can occur on the ““ie” state. Therefore,
as 1s observed experimentally, ferric ion
catalyzes the homogeneous decomposition
of peroxide. While, on this basis, the reaction

H; + CO & HCOH (6)

on iron should also be a homogeneous reac-
tion catalyzed by complexed ferric ion, it
is not reported in the literature. The equilib-
rium is undoubtedly shifted far to the left
since HCOH 1is an unstable intermediate
incapable of more than fleeting existence
when separated from the adsorbent or
catalyst. This is an example of a reaction
that does not occur in a homogeneous system
because of the thermodynamic instability
of the product. In a heterogeneous system,
further reactions of HCOH with CO and/or
H; lead to stable products.

The formation of water catalyzed by cop-
per corresponds to the donation of 2 — e
electrons by H, and the acceptance of e
electrons by O. This reaction is observed
to be catalyzed by aqueous solutions of
cuprie salts. Accordingly, from the observa-
tions by Cunningham and Gwathmey, it
appears that the (111) lattice plane of
copper becomes a ‘“cupric” lattice face
(perhaps by epitaxial oxidation) and is the
site of residence of both H.* and O% inter-
medions at these experimental conditions.
The hydration of acetylene to vinyl alcohol
which tautomerizes to acetaldehyde is in-
dicated in Table 1 to proceed on copper by
the formation of an (H.0)"* intermedion
by the donation of 1 — ¢ electrons and an
(HC=CH)"** intermedion by the accept-
ance of 1 + e electrons. This electron ex-
change corresponds to the cuprous state and
cuprous copper is observed to catalyze the
homogeneous hydration of acetylene (14).

Both of the reactions in Table 1 catalyzed
by silver require the “ic” state; in each, the
electron exchanges are e and 2 — e. Both
reactions are observed to be catalyzed by

homogeneous solutions of silver salts. If
the fraction 0.798 corresponds to iridium,
then iridium in the higher oxidation state
should catalyze the hydrogenation of acety-
lene in a homogeneous system. The forma-
tion of water from H, and O catalyzed by
nickel requires the “ic” state. McDuffie
et al. (12), did not observe the catalysis of
this reaction by nickel salts in aqueous solu-
tion. However, they may have had the
lower valence state, since they took no
precautions to test all oxidation states of the
metals.

The foregoing discussion indicates a
fundamental difference between hetero-
geneous and homogeneous catalytic reac-
tions. When the catalyst is a solid, more
than one oxidation state of the metal may
be present on adjacent lattice faces. Reac-
tions may take place on the lattice face,
edge, or corner where the intermedions with
matching energy-levels meet. This may
result in several reaction paths or mecha-
nisms for a single product and several
products when more than one is possible.
In homogeneous systems, when a single
dissolved complexed metal ion acts as a
single catalytic site, only the specific pair
of intermedions is formed and the selectivity
of the reaction may be 1009. The homo-
geneous catalyst is observed to function as a
simple electron exchange site, accepting
electrons from one reactant and donating to
the other, forming intermedions with match-
ing energy levels.

Periodicity of the Polarization Fraction

The foregoing discussion has presented
the hypothesis that the polarization fractions
are characteristic constants for, at least,
these several metals. The possibility that
the polarization fractions may be related to
fundamental properties of metals is indicated
by the comparison of the polarization frac-
tions and the atomic numbers of the metals
presented in Table 2. Those polarization
fractions which have been tentatively as-
signed from known reactions are included
in Table 2.

A limited periodic relationship seems to
exist between the polarization fractions and
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TABLE 2
Porarization FractioNs aAND Atomic NUMBERS
24 25 26 27 28 29
Cr Mn Fe Co Ni Cu
0.099 0.257 0.635 0.856 0.315
45 46 47
Rh Pd Ag
0.778 0.810 0.544
77 78
Ir Pt
0.798 0.817

the atomic numbers of these metals. The
fractions increase from chromium to nickel
and, with the exception of nickel, increase
with atomic number within the groups. The
narrow range of the fractions for Rh, Ir, Pd,
and Pt, 0.039 electrons, is consistent with
the qualitative similarity of their behavior
as catalysts. However, as indicated in the
preceding discussion, there are sufficient
differences in the catalytic activity of these
metals to enable distinctions to be made.
Frequently, these differences are magnified
at reaction conditions of low conversion and
low temperature, e.g., the selective oxidation
of low concentrations of CO in H. streams
catalyzed by Pd takes place in the tem-
perature range of 100°C. At elevated tem-
peratures, this selectivity is lost. In addition
to the continuing experimental efforts to
obtain the polarization fractions of other
metals, attempts are under way to establish
a fundamental interpretation of this fraction
on the basis of current theories of the metallic
state.

Derivations of Equations of Intermedions

The mathematical functions which relate
the vibration frequencies (or energy levels)
and the number of valence electrons of
intermedions are of only two types; the
straight line and the hyperbola. The equa-
tions for atomic intermedions are straight
lines and the equations for diatomic inter-
medions are hyperbolas except for the H,
intermedion. The curvature of the equations
for diatomic intermedions results from
changes in the bond order and/or changes
in the relative distribution of electrons be-

tween two unlike nuclei as electrons are
added or removed. Changes in bond order
are changes in the number of molecular
orbitals which contribute to the bond. Such
changes cannot occur with the H, inter-
medion since the leg molecular orbital is
the only bonding orbital available (in the
electronic ground state). The relative dis-
tribution of electrons between the two
protons cannot change since H, is a homo-
diatomic molecule. Therefore, the equation
which describes H, intermedions is a straight
line, while the equations for all other di-
atomic molecules are hyperbolas. The gen-
eral method used for the derivation of the
equations of atomic intermedions is based
on the following relationship between the
equations for hydrogen molecule and hydro-
gen atom intermedions.

Hydrogen atom and molecule intermedi-
ons. The vibration frequency of the
hydrogen molecule, H», represents its elec-
tron donor capacity. As electrons are re-
moved, the vibration frequency decreases,
becoming zero for 2 protons. The equation
for hydrogen molecule intermedions is the
straight line defined by the points »II.®
= 4161.14 cm™! (24) and vHy° = 0.0, viz,,
Eq. (18). The hydrogen atom with one
valence electron is also an electron donor,
with its energy level decreasing as electrons
are removed, becoming zero for the proton.
It is proposed that the donor capacity of a
hydrogen atom, a proton and one electron, is
equal to the doner capacity of a hydrogen
molecule, two protons with two electrons:

il = yH,? = 4161.14 (25)

The equation for hydrogen atom inter-
medions is the straight line defined by the
points »H! = 4161.14 em—! and »H® = 0.0,
viz., Eq. (17).

Oxygen atom intermedions. The deri-
vation of the equation for oxygen atom
intermedions is similar to the preceding
derivation for hydrogen atom intermedions.
The ground state vibration frequency (25)
of the oxygen molecule (O:) with 12 valence
electrons is 1556.38 cm™2. Since this vibra-
tion frequency represents a measurement
of the electron acceptor ability of the neutral
oxygen molecule, it is proposed that cne
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oxygen atom with 6 valence electrons will
have the same electron acceptor capacity
or energy level:

yO8 = »0,'?2 = (26)

The addition of electrons to the oxygen atom
should decrease its electron acceptor capacity
and “energy level” until both reach zero
at the electron saturated O?~ ion.

The equation for oxygen atom inter-
medions Is the straight line defined by the
points »Of = 1556.38 em~! and »0O® = 0.0,
viz., Eq. (19).

The derivation of Eq. (10) to describe the
“energy level” of CO intermedions requires
the evaluation of £ in Eq. (9). As electrons
are removed from CO, the vibration fre-
quency »(C—O0), bond order, and electron
acceptor capacity increase. It is proposed
that the limit is (CO)®. If more than 2 elec-
trons are removed from the neutral CO
molecule, 1t is thought that the C to O bond
is weakened and Eq. (1) is no longer ap-
plicabie; »(—CO) decreases as electrons are
removed becoming zero at (CO)®. Therefore,

koo = »(C-0)3 = 2204.81 em~! (27)

Oxygen molecule intermedions. The
equation for oxygen molecule intermedions
is derived similarly to the equation for
carbon monoxide intermedions. The vibra-
tion frequencies of the neutral O. molecule,
12 valence electrons, and the positive ion,
11 valence electrons, are 1556.38 and 1843.34
cm~! (26), respectively. 1t is proposed that
the O intermedion with 14 valence electrons
(the double negative ion) dissociates. The
equation for oxygen molecule intermedions
is the right hyperbola defined by the points
y()p!! = 1843.34 em™Y, »0.!? = 1556.38 and
yO = 0.0, viz., Eq. (16).

OH intermedions. The vibration fre-
quency of (O-H) corresponds to an electron
donor capacity since it decreases as electrons
are removed. The form of the relationship
between the vibration frequencies of OH
intermedions, »(O-H), and the number of
valence electrons, E(OH), is hypothesized
to be the hyperbola (Curve A) shown in
Tig. 1. In addition to the single point shown,
two other points are necessary to define
Curve A.

1556.38

A second curve can be proposed to repre-
sent the energy levels of the OH species as
a function of the number of valence elec-
trons, i.e., »(—OH) vs. E(OH) (Curve B). It
is assumed that the energy level of the elec-
tron-saturated (OH)® equals zero. The sum
of these two, viz., »(—OH) and »(O-H) is a
constant and the two functions are related
by the following equation:

v(O-H)™ + »(—OH)™ = »(O-H)? (28)

where m may be an integral or nonintegral
number. The third curve necessary is »(0O)
vs. £(0) from Eq. (19). These relationships
are indicated in Fig. 1. When electrons are

4000
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20001

1000

Vibration frequency of OH in cm’!

L1 1 1
3 4 5 6 7 8

0 ] I
I 2

Number of valence electrons

Fic. 1. Suggested curves characterizing OH
intermedions. Curve A is »(O—H) vs. E(OH);
B is »(—OH) vs. E(OH); C is » vs. E(Q).

removed from the OH intermedion, Curve A
decreases and becomes zero at an integral
number of electrons. If the hypothesis is
made that the OH intermedion decomposes
to form a positive oxygen atom intermedion
and a proton at Point 1, then the oxygen
atom intermedion formed by the decom-
position is now described by a point (Point
2) on Curve C. It is identical in number of
electrons with one of the oxygen atom
intermedions on Curve C possessing an
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integral number of electrons. Further, since
»(O-H)™ + »(—OH)™ = »(O-H)* (28)

and letting the number of electrons at de-
composition equal n, where n is an integral
number, we may write

y(O-H)» = 0.0 (Point 1)  (29)

and
v(—OH)"» = »(0-H)?® = »O~ (Point 2) (30)

That is, the integral number of electrons
possessed by the OH intermedion at decom-
position is equal to the number of electrons
possessed by one of the oxygen ions. The
appropriate value of n can be chosen on the
bases of the above-mentioned requirements,
viz., (1) the curvature of »(O-H) vs. E(OH)
must be positive with increasing E(OH)
and (2) since »O" = »(O-H)® and »(O-H)?
must be greater than »(O-H)?, »O* must
be greater than 3569.59 cm~. The value
n = 3 satisfies both of these requirements.
The three vibration frequencies and number
of electrons used to establish the hyperbola
for OH intermedions are:

»(0-H)® = 3890.95 cm~ 1, »(O-H)?
= 3569.59 cm~!, and »(O-H)® = 0.0

The equations characterizing OH inter-
medions are Egs. (11) and (12).

Water intermedions. The water mole-
cule has three normal vibration modes. The
frequencies of these vibrations for the
neutral water molecule (H:0)% are: » =
3656.65, v, = 1594.78, and w»; = 3755.79
em—! (27). A second point on each hyperbola
of the three normal modes is the point of
dissoclation of the water intermedion at
three valence electrons. In the absence of
published data of the vibration frequencies
of H,O ions, it was necessary to derive a
third constraint for the equations of H,O
intermedions. The hyperbolas for OH and
H.0 intermedions describe the energy levels
and vibration frequencies of O to H bonds
as functions of the number of valence elec-
trons. It was assumed that these four
equations differ by a translation of the axes
while maintaining a constant curvature, k,
equal to kom. The equations of the hyper-
bolas of the three normal modes of H,O are:

[»:(H.0) — 5810.14][£(H,O) — 0.0552]
= —17109.7 (31)

[1(H:0) — 3265.83][E(H:0) + 2.2390]

= —17109.7 (32)

and Eq. (13).

Acetylene intermedions. The equation
of the vibration frequency of acetylene
intermedions was derived on the bases that
chromium and platinum catalyze the hy-
drogenation by the addition of a hydrogen
molecule intermedion and that the vibration
frequency of the C to C bond of acetylene
decreases with the addition of electrons,
becoming zero at 14 valence electrons. Values
of 0.0991 and 0.8167 were used for the
polarization fractions of chromium and
platinum, respectively. The hydrogen mole-
cule intermedions and the corresponding
acetylene intermedions with matching vibra-
tion frequencies are shown in the following
two equations:

Hpe0ot 4+ (HC=CH)" %1 = C,H, (33)
206.19 3299.04

(3299.04)
Hpo#6 4 (HC=CH)3%% = C,H, (34)
1699.20 3398.40

(3398.40)

The hyperbola relating vibration frequency
and number of valence electrons for the
C-C bond of acetylene intermedions is
Eq. (15).

ITI. SUMMARY

The foregoing discussion has presented
the development of empirical relationships
leading to quantitative mathematical inter-
pretations of many diverse catalytic reac-
tions. The simplicity of the functions—the
straight line and the right hyperbola—and
the wide variety of reactions that are cor-
related on these bases imply that more fun-
damental relationships precede the hypoth-
eses presented. It was necessary to propose
the several new concepts in order to generate
the relationships to test the applicability
of “intermedions,” ‘“the polarization frac-
tion,” and ‘“the Myers hypothesis” to the
interpretation of catalytic reactions. The
delineation of steps of the reaction mecha-
nisms, the designation of homogeneous
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catalysis as a ‘“restricted” area of hetero-
geneous catalysis, the determination of the
valence state of the catalytic metal, and the
indication of a periodicity of the polarization
fraction support the hypotheses and, at the
same time, demonstrate the need for further
exploration in these areas.
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