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PREFACE

In investigating the highly different phenomena in nature, scientists
have always tried to find some fundamental principles that can explain the
variety from a basic unity. Today they have not only shown that all the
various kinds of matter are built up from a rather limited number of at-
oms, but also that these atoms are constituted of a few basic elements of
building blocks. It seems possible to understand the innermost structure
of matter and its behavior in terms of a few elementary particles: elec-
trons, protons, neutrons, photons, etc., and their interactions. Since
these particles obey not the laws of classical physics but the rules of mod-
ern quantum theory of wave mechanics established in 1925, there has
developed a new field of ‘“‘quantum science” which deals with the expla-
nation of nature on this ground.

Quantum chemistry deals particularly with the electronic structure of
atoms, molecules, and crystalline matter and describes it in terms of elec-
tronic wave patterns. It uses physical and chemical insight, sophisticated
mathematics, and high-speed computers to solve the wave equations and
achieve its results. Its goals are great, but perhaps the new field can better
boast of its conceptual framework than of its numerical accomplishments.
It provides a unification of the natural sciences that was previously incon-
ceivable, and the modern development of cellular biology shows that the
life sciences are now, in turn, using the same basis. ‘“Quantum biology” is
a new field which describes the life processes and the functioning of the
cell on a molecular and submolecular level.

Quantum chemistry is hence a rapidly developing field which falls be-
tween the historically established areas of mathematics, physics, chemis-
try, and biology. As a result there is a wide diversity of backgrounds
among those interested in quantum chemistry. Since the results of the
research are reported in periodicals of many different types, it has be-
come increasingly difficult for both the expert and the nonexpert to follow
the rapid development in this new borderline area.

The purpose of this serial publication is to try to present a survey of the
current development of quantum chemistry as it is seen by a number of
the internationally leading research workers in various countries. The au-
thors have been invited to give their personal points of view of the subject
freely and without severe space limitations. No attempts have been made

ix



x Preface

to avoid overlap—on the contrary, it has seemed desirable to have certain
important research areas reviewed from different points of view. The re-
sponse from the authors has been so encouraging that a seventeenth vol-
ume is now being prepared.

The Editor would like to thank the authors for their contributions which
give an interesting picture of the current status of selected parts of quan-
tum chemistry. The topics in this volume range from studies of the role of
metals in biology in general, ab initio calculations of the properties of
metalloporphyrins, interactions between radiation and molecules, the
problems of nonlinear radiationless processes in chemistry, to practical
valence-bond calculations.

It is our hope that the collection of surveys of various parts of quantum
chemistry and its advances presented here will prove to be valuable and
stimulating, not only to the active research workers but also to the scien-
tists in neighboring fields of physics, chemistry, and biology who are turn-
ing to the elementary particles and their behavior to explain the details
and innermost structure of their experimental phenomena.

Per-OLov LOWDIN
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I. Introduction

Many chemical and physical properties of the elements can be fairly
well described by their position in the periodic table; in biology, however,
this is not the case. This is especially true for the transition metals, many
of which occur in small amounts in the body and are essential for the
normal functions of life (Williams, 1976a).

The essential metals occur often in very specific enzymes, and a sub-
stitution of one metal for another, even though chemically very similar,
will alter the biological activity. Thus, in human hemoglobin, for example,
the iron atom is necessary; in frog hemoglobin, it is the copper atom; and
in alcohol dehydrogenase and in carbonic anhydrase, the Zn atom is nec-
essary. There have been attempts to substitute other atoms for Zn in these
enzymes that resulted in appreciable changes in activity (Lindskog and
Malmstrom, 1962; Hay, 1976).

Copyright © 1982 by Academic Press, Inc.
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2 Inga Fischer-Hjaimars and Anita Henriksson-Enflo

The reaction of the enzymes is supposed to take place at the metal
atom. The metal is said to be the reaction center, and the role of the
surrounding part is thought to be to modify the reactivity of the metal and
to help the reacting parts to join.

Metals can also perform other functions in the body such as stabiliz-
ing conformations, as is done by Ca, Mg, and Zn, for example. There are
also many essential metals for which the biological functions are not yet
known. This is especially the case for metals that occur in the body in
very small amounts—the ultratrace elements. These elements, which
have only lately been discovered to be essential (because of experimental
difficulties), are of course very difficult to isolate in sufficiently large
amounts for detailed studies. One example is chromium, which is found
to be essential from nutrition experiments. It is known that this metal
can be found in the glucose tolerance factor, but neither the structure of
this agent nor the function of the chromium are known yet (Vokal et al.,
1975).

There are other elements that have not yet been found to serve any
positive function in life processes. There are also many elements that have
definite negative or toxic effects, such as the very toxic metals mercury,
cadmium, and lead. It should also be pointed out that many essential
metals become toxic when occurring in large amounts or when present in
a different form. Thus, iron, though very important, can be toxic when it
occurs in too large amounts or in the ferric state. Copper, although essen-
tial, is also found to be toxic in rather small amounts: the problem with
copper pipes used for supplying drinking water is well known. There has
been no explanation of the specificity of the metals, especially the transi-
tion elements, in biology, although the problem has been intensively stud-
jed for a long time (Ahrland er al., 1958; Osterberg, 1976; Williams,
1976b).

An attempt to classify the metals according to their binding properties
to certain ligands has been made (Ahrland et al., 1958; Pearson, 1963).
This classification into hard and soft acids and bases has been useful for
many cases, but does not give the complete answer.

The goal of our project was originally to explain why certain metals
cause contact allergies, whereas other chemically very similar metals are
nearly harmiess. It is well known that among metals there are three that
are strongly allergenic: chromium, cobalt, and nickel. Because the devel-
opment of an allergy depends both on the reactivity and the frequency of
occurrence, there could be many other metals also causing an allergy to
the same extent if their occurrence were comparable. On the other hand,
there are also certain metals, occurring with the same, or even greater,
frequency that do not seem to cause allergy. To these belong the chemi-
cally related metals iron and copper.
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When comparing the three well-known allergenic metals with the
classification of the metals into hard, soft, and intermediate, it is found
that they belong to different classes: Cr?** is hard and Ni?* and Co?* are
intermediate; but the harmless Zn?* also belongs to the intermediate
class. It should also be pointed out that different oxidation states of a
certain metal can place the same metal into different classes. The zero
oxidation state is classified as soft for all metals.

In this situation it would seem to be worthwhile to study the binding
between metal and ligand in more detail. Here, a quantum chemical inves-
tigation could be of great help, e.g., to obtain indices that are difficult to
measure experimentally, such as net, gross, and overlap populations in
each orbital and orbital energies.

A quantum chemical study can be made in many different ways. The
first problem is to choose the system to be studied. It is well known that
all metals do not react with the same molecule in the body. How do we
find a system that is appropriate to study for whole series of metals?

The most common ligands in biological systems are oxygen, nitrogen,
and suifur. However, there are a large number of different molecules that
contain these atoms, each of which has its special properties. To find a
single system simulating all these is impossible. The problem is therefore
to find a system including as many reactions as possible.

Our general problem is to find a system of classification of metals that
cause allergies. An understanding of the mechanisms behind such reac-
tions is therefore of great importance. It is known that the immune system
is involved; however, the detailed mechanism is not known. In the case of
chromium, it is known that Cr(VI) ions in an alkaline medium cause
allergies (e.g., the well-known cement exzema among cement workers).
Whether chromium in other oxidation states can also cause allergy is
under debate. What concerns us about the two other metals, cobalt and
nickel, is that we know that pure metals can cause allergies. Even in
this case the mechanism is not known, nor is the oxidation state causing
the reaction. It may be that small amounts of metal ions (probably in this
case in the +2 oxidation state) are dissolved from the metal by the body
fluids, and that the metal ion is the real allergen.

It is therefore not known what happens when the substance comes into
contact with the body. We have been especially interested in the case of
contact exzema, which is the most common form of metal allergy. In this
case, the contact occurs through the skin. In order to discuss possible
reactions, a knowledge of the structure and composition of the skin is
needed.

A special feature of the skin is the large quantity of free amino acids, in
particular, sulfur-containing amino acids. For this reason and because of
the central role of amino acids in other biological systems, we have chosen
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to study complexes between amino acids and metals, their structure and
reactivity. As already pointed out our tool of investigation has been quan-
tum chemical calculations. These calculations can be performed on differ-
ent levels of sophistication. In the present project it is not known which
index may be important. We thus need an overall picture of the system as
accurate as possible in order to find a pattern for classification and clarifi-
cation. Therefore, we found it necessary to use an ab initio method and,
accordingly, were limited to studies of rather small systems.

II. Choice of Model System

A. The Main Model

Our aim is to compare the effect on the skin produced by a series of
different metals. Since we expect the first step of the reaction to be a
complex formation between the metal and an amino acid, it seems natural
to choose a complex of this kind as the object of a quantum chemical
study. Such a choice is also facilitated by the fact that structures of some
of these complexes are known from X-ray analysis (Freeman, 1967).
Amino acids can react with metals in many different ways. Very often a
chelate formation takes place. In most cases the coordination numbers are
4 or 6, which means that 2 or 3 bidentate ligands bind to the metal (see Fig.
1). It is of course not necessary that all ligands be the same; very often the
fifth and sixth ligands may be some loosely bound water molecules. Even
if these complexes appear small and nice from a chemical point of view,
they are far too big for quantum chemical calculations on an ab initio level,

n R n
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Fig. 1. Complexes of amino acids with metals, in general, four-coordinated (z = 2) or
six-coordinated (z = 3). The overall charge n can equal the charge of the free metal ion or
have a lower value.
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Fig. 2. Model system: X; = NH, O, or S; »n is the overall charge of the complex.

at least in terms of the computing resources available at present and the
long series of systems to be studied. It is therefore necessary to reduce the
size of the model system even more.

One way of reducing the size of the model is to choose a system where
the metal is bound to only one ligand. Such studies have been made in
many cases and valuable information obtained from such models (Pappas,
1978b).

On the other hand, it is well known that in a condensed phase the metal
ion will always be surrounded by at least four ligands. Another way of
reducing the system is therefore to keep the full coordination but reduce
the size of the ligand. The smallest possible ligands are X and XH, where
X is one of the heteroatoms most common in biology, i.e., nitrogen,
oxygen, or sulfur, known to bind to metal ions (Fig. 1). This kind of model
has been used, e.g., by Bair and Goddard (1978) for studies of both ground
state and several excited states.

One may ask whether all properties are well described by XH as a
model of a bioligand. It is well known that metals in biology often form
chelates with five-membered rings, not only with amino acids but also
with peptides, catechol structures, etc. In most cases these ligands are
unsaturated. We have therefore chosen a model system with an unsatu-
rated chelate structure (Fig. 2). The ligating atoms X; chosen are those
most commonly occurring in biology, namely nitrogen, oxygen, and sul-
fur. It is assumed that the two carbon atoms of the five ring will simulate
the organic skeleton of bidentate ligands.

The bulk of our study has been devoted to systems where all four
ligating atoms are equal, i.e., complexes with high symmetry D,,. This
choice has several advantages: It is important to start with a system as
simple as possible. For such systems it is easier to find a systematization
since one can afford to change one parameter at a time. It is possible to
vary the overall charge #» and to include complexes of a series of different
metal ions. Further, there are several biosystems where this structure can
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Fig. 3. Larger molecules containing the present model system.

be important, for example, metals interacting with such ligands as
methylglyoxal, ascorbic acid, catecholic structures (epinephrine, etc),
peptides, dimethylglyoxime, and bispyridyl (Fig. 3). Results from a
theoretical analysis of the highly symmetric compounds can also be used
to predict properties of compounds of lower symmetry which more
closely simulate complexes between metals and amino acids.

A further advantage is that the highly symmetric metal complexes
have been studied experimentally rather extensively, especially where X;
is sulfur (Gray, 1965; Schrauzer, 1968; McCleverty, 1968; Hoyer et al.,
1971; Burns and McAuliffe, 1979). Experiments have shown that the most
stable overall charge is n = —1, but reversible oxidation and reduction to
other charged states can easily take place. These easily occurring electron
transfer reactions imply interesting properties as, for example, semicon-
ductors and catalysts. Compounds of this type have also been used ex-
perimentally as model compounds for iron-sulfur proteins, especially
ferredoxin and rubredoxin, molybdenum-sulfur proteins, as xanthine
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oxidase and nitrogenase, as well as copper proteins (Siiman and Carey,
1980).

Our series of investigation includes compounds with different metal
ions. Magnesium has been studied since it is an essential and, according to
the present knowledge, not a harmful metal. Nickel has been chosen
since it can cause contact allergy, and zinc since it has a healing effect on
the skin. Copper has been studied since its participation in important
biological reactions is well known, particularly in oxidation-reduction
processes. Partly for computational reasons we found it important to in-
clude some lighter metals in our series which would allow more extensive
variation of the various parameters of the model, for example, geometry
and symmetry. Beryllium, which in many respects simulates transition
metals (Schaefer, 1977), was therefore studied as well as the lightest
metal, lithium. Beryllium is known to be a very toxic metal; whether or
not it can cause exzemas is under discussion. Lithium is also of consider-
able biological interest, e.g., as a drug.

Some complexes of transition metals from the beginning of the series
have been studied by a pseudopotential method: Sc, Ti, and Cr (Pet-
tersson, 1981). Chromium is known to be the strongest allergenic metal.
Whether Sc and Ti cause any biological reactions is not well known, but a
systematic study of the present kind may help in predicting biological
properties of these and other metals.

The overall charge n of the compounds has been varied. In the case
of divalent metals and closed shells we have studiedn = +2, 0, —2. In the
case of Li we included n = +1, 0, —1; for Cu, n = +2, +1, 0, —1, -2,
-3, and for Sc, Ti, and Cr, we included n = +2, +1, 0, —1, —2.

Our choice of model system subsequently received support by the
results of others. The importance of choosing a model where the metal ion
is fully coordinated is underlined by the investigation of Rode (1974).
Choosing formamide as an amino acid model he showed that the bonding
pattern of [Li(HCONH,),]* with a four-coordinated Li* ion is strikingly
different from that of the two-coordinated complex [Li(HCONH,)]*. More
recently, Pullman and Demoulin (1979) have made a very careful study of
the effect of the number of ligands of zinc complexes [ZnL, J*, where
L = H,0, OH-, NH,, ImH (imidazol), Im~,m =1,2,4,6, andn = +1
and +2. They studied complexes of both high and low symmetry, but the
general conclusions were applicable to all types of compounds. They
found that the charge and the binding energy of a given ligand depends
much more strongly on the number of ligands than on the nature of the
other ligands. The total binding energy (BE) was found to increase withm,
and for a given value of m, the BE was found to be appreciably higher for
n = +1 than for n = +2.
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In our laboratory the two-coordinated complexes [Be(XCHCHY)]J"
are currently compared to the corresponding four-coordinated com-
pounds (Davstad, 1981). In agreement with the results of Pullman and
Demoulin (1979), we have found the four-coordinated compounds to be
the more stable ones. As discussed in more detail below in Section IV,E 4,
the charge distribution within the two-coordinated complexes gives an ex-
aggerated picture of the features typical for the four-coordinated species.
As an example, the charge transfer between S and Be is almost twice as
large in the two-coordinated case. Moreover, the two ligating atoms O
and S are not changed in the same way by incomplete coordination.

B. Comparison between Different Models

We have also studied model systems with the simple ligands XH™,
[Zn(XH),P~ and systems with saturated ligands [Zn(C,H,X;),F*~ in order
to compare them to [Zn(C,H,X,). P~ (Henriksson-Enflo ef al., 1981). It
was found that many properties were different for the different model
systems. Thus, for example, the highest occupied orbitals were always
mainly ligand orbitals but of different types for different models. The
ordering of the orbitals was different also for the lower lying orbitals.

It is shown in Section IV,A that Koopmans’ theorem is valid for the
highest occupied and lowest empty orbitals. As these orbitals are of great
importance for the chemical reactivity of the molecule, a difference in
their nature and symmetry can lead to quite different reactivity of the
different complexes. The differently charged complexes also have differ-
ent electronic structures and thus different reactivities.

Other properties also, such as binding energies and charges on differ-
ent atoms, are affected by the nature of the ligand. The stabilizing effect of
chelate formation is already clearly seen in the energy differences, and is
not just due to the entropy effect; this has also been stressed by Rode
(1974).

It has also been found that the saturated complex is nearer the small
complex than the unsaturated. Another important finding is that an un-
saturated chelate can occur with different overall charges more easily than
the saturated chelates. Because electron transport is a common mecha-
nism in biology, it is obvious that in such reactions an unsaturated chelate
should be more favorable.

Finally, it should be pointed out that the larger the ligand is, the more
dominating are the properties of the ligand compared to those of the
metal. Certain reactions are supposed to take place at the ligand part, and
in such cases the only role of the metal is to perturb the ligand orbitals,
i.e., some catalytic effect. This is especially the case with unsaturated
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ligands. It is thus important to choose carefully the model system. We
conclude that for studies of metal-amino acid complexes and metal-
peptide complexes, the unsaturated, four-coordinated compound shown
in Fig. 2. is the proper choice.

III. Method and Details of Calculation

A. Computational Method

As already mentioned, we have carried out quantum chemical calcula-
tions on the ab initio level. Most of the calculations were performed within
the single determinant MO-LCAO-SCF framework. At the initial stage
only closed-shell configurations were treated, later open shells were also
included. Most cases include all electrons. In some cases a pseudopoten-
tial method was employed, treating only valence electrons explicitly. The
calculations were performed partly on a CDC 6400 and partly on a VAX
11/780 computer. Integral and SCF calculations were done using the pro-
gram system MOLECULE (Almlof, 1974) and more recently the joint
MOLECULE-ALCHEMY system (Bagus, 1972; Wahlgren, 1977). Mulli-
ken population analysis was carried out with a computer program POPUL
(Johansen, 1974).

Basis sets of Gaussian type were used: for hydrogen the 4s basis of
Huzinaga (1965) scaled by 1.25; for first-row atoms the 7s3p basis; for
second-row atoms the 10s6p basis of Roos and Siegbahn (1970); and for
the metals a modification of the basis of Roos et al. (1971). The three
outermost s functions on Ni, Cu, and Zn were deleted, because they can
be described as well by the totally symmetric combination of d functions.
Since our aim is to describe the bonding, two additional diffuse p functions
and one d function were added, and the innermost s function was deleted.
The final primitive bases were thus for Li and Be, 7s1p; for Mg, 10s6p; for
Ni, Cu, and Zn, (8 + 4)s7p4d. Contractions were mainly to double-zeta
basis, except for transition metal K and L shells and sulfur K shell where
minimal basis was used. The numbers of contracted basis functions were
thus: [H/2s], [Li, Be/4s, 1p], [C, N, O/4s, 2p], [S, Mg/Ss, 4p] and [Ni, Cu,
Zn/(3 + 3)s, Sp, 3d]. Full details of the basis sets are given elsewhere
(Henriksson-Enflo et al., 1981).

In the main part of the investigation d-functions on sulfur were ex-
cluded. This was necessary since it would have been impossible for us to
carry out the project outlined above with d functions on five centers.
Since the role of sulfur d functions is so much debated, we have studied
their influence in a specific case which is presented later in Section IV,G.
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Fig. 4. Structure formulas for different values of the overall charge »: formula A as built
up from a positively charged metal ion and two neutral ligands with clear double-bond
character of the C=X bonds; formula C, again as built up from a positively charged metal
ion and two ligands with two negative charges each, the C=C bond having clear double-
bond character; for formula B no definite valence-bond structure can be written.

B. Choice of Geometry

In quantum chemical ab initio calculations it is preferable that the
geometry of the compound be optimized in each case. In the present study
such an approach would be very costly and beyond the limits of our
resources. Since our main goal is to find general trends within groups of
similar compounds, it seems acceptable to choose a standard geometry for
each group. Accordingly, we have fixed the geometry for each choice of
ligand, assuming it to be independent of the overall charge n. Moreover,
since the ionic radii of most of the metals studied are very similar, we
have assumed the MX distance to be the same for all different M with the
exception of Be with an ionic radius of 0.31 A. There is also experimental
evidence that there are only small changes in geometry when the charge n
or the metal M is changed (Sartani and Truter, 1967).

The geometry of free trans-glyoxal has been determined by electron
diffraction (Kuchitsu et al., 1969). Free cis-glyoxal has been studied by
microwave spectroscopy (Durig et al., 1972). The geometries of free
glyoxal diimine and thioglyoxal are not known. The unsaturated character
of the system implies different structures for different charges (Fig. 4.)

For our model compounds we employ planar geometries that should
represent the most likely average of assumed geometries of differently
charged metal complexes. Since the oxygen complexes were expected to
occur mainly as positive or neutral compounds, a geometry close to that
of free glyoxal was chosen. The main modification is a lengthening of the
CO bond from 1.21 to 1.26 A, expected because of the oxygen—metal
interaction.

The nitrogen complexes were also expected to occur mainly as posi-
tive and neutral compounds. Since the free glyoxal diimine does not exist,
the geometry must be chosen with reference to standard values of bond
lengths and angles. The CC distance is expected to be close to that of
glyoxal. In conjugated molecules a typical C=N distance is 1.27 A. A
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TABLE 1
GEOMETRY OF CoMPLEXES [M(C,H,X;), "

Distance Distance
orangl X=NH X=0 X-=38§ orangle® X=NH X=0 X=8§

CX 1.31 1.26 1.73 XX 2.81 2.76 3.10
CC 1.50 1.50 1.37 ). 0. ¢ 3.01 2.95 2.92
CH 1.09 1.09 1.09 MX 2.06 2.02 2.13
NH 1.02 —_ — <CCX 120° 120° 120°

2 X and X' belong to different monomers; distances in angstroms.

slightly larger distance, 1.31 A, was chosen for the same reasons as in the
CO case.

Metal dithioglyoxal complexes are found to be neutral or negatively
charged in most cases. As indicated by Fig. 4C, one would therefore
expect the CC bond to be close to a double bond and the CS bond to be
more like a single bond. This is also supported by many X-ray studies.
The geometry chosen in this case is a mean value of different experiments
(Kennard ez al., 1972). Atomic distances and bond angles according to our
chosen standard geometry are collected in Table I. The geometry of the
Be complexes is given elsewhere (Blomberg ef al., 1980).

A partial geometry optimization was carried out for the Be complexes
(Blomberg et al., 1980). It was found that our choice of standard geome-
tries was quite reasonable. Even more essential is that the various proper-
ties, discussed below, were found to be rather insensitive to the detailed
geometry. Therefore, the general trends of these properties do not change
if the geometry is optimized for each compound separately.

IV. Results

A. Binding Energies

There is some uncertainty as to how the complexes are formed and
how the binding energy should be defined. We have thus used different
definitions in different papers. Here we shall adopt the definition of
Fischer-Hjalmars and Henriksson-Enflo (1980). We define the vertical
binding energy of a complex [M(C,H,X,).]" as the difference between the
total energy of that complex and the sum of the energies of the constitu-
ents, calculated with the same basis set. The constituents are two neutral
ligand monomers C;H, X, , a metal ion M2* (or M*), and the number of free
electrons necessary to obtain the overall charge n of the complex. It
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should be stressed that we do not expect to obtain absolute values of
binding energies, but only to compare similar compounds. It has been
shown that basis set effects work in the same direction for all the different
systems studied. We therefore believe that energy differences of 1 eV or
more are indeed significant.

During the initial stage of the present project we had access only to the
MOLECULE SCF program, which treats only closed-shell configura-
tions. It was therefore possible only to calculate energies for divalent
metal complexes with n = *2 and 0. Subsequently, the MOLECULE-
ALCHEMY system was installed at our laboratory, allowing treatment of
open-shell systems so that energies for all the values n = *2, +1, and 0
could be obtained. It was then found that Koopmans’ theorem worked
rather well both for ionization potentials (energy of highest occupied mo-
lecular orbital, HOMO) and for electron affinities (energy of lowest unoc-
cupied molecular orbital, LUMO; cf. Table II). Since the deficiency of
Koopmans’ theorem is very similar in all cases, we expect to obtain
comparable energy values this way. In Table III we have therefore listed
binding energies for n = +2 and 0, obtained from SCF calculations to-
gether with energies for n = +1, obtained from Koopmans’ theorem.

Table III includes complexes of Be, Mg, Ni, Cu, and Zn. For compari-
son, values are also given for the dimer with the two ligands in the same
position as in the complexes but without any metal ion, and for an artificial
system where the metal ion is replaced by a point charge +2 without any
orbitals around it.

The neutral dimers are slightly unstable. This is to be expected since
the polar groups of the two ligands are repelling each other. This repulsion

TABLE 11

BINDING ENERGIES WITH REFERENCE TO FREE NEUTRAL LIGAND AND
FREE M2+ OBTAINED FROM K0OOPMANS® THEOREM, COMPARED
T0 THOSE FROM SCF CALCULATIONS

Binding energies (eV)

Overall Koopmans
charge
Complex n SCF HOMO LUMO
[CHC,H,0; ). +1 20.2 19.6 20.0
-1 26.4 26.1 25.7
[Be(OC,H,S): I +1 25.1 24.4 24.5

-1 33.6 32.6 32.5
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TABLE Il

BINDING ENERGIES® OF COMPLEXES [M(C;H,X;), ]* WiTH REFERENCE
To FREe C,H,X, AND M2+

Overall charge n

Ligand Metal +2 +14 0 -14 -2
Nitrogen None? -0.6 -39 -11.6 -22.9 -38.2
+2¢ 15.9 23.0 25.6 24.6 19.2
Be 17.6 25.6 28.9 27.6 21.8
Mg 13.8 21.5 24.6 23.5 18.1
Ni 13.7 21.4 24.5 23.5 18.1
Zn 15.2 22.9 26.0 24.9 19.5
Oxygen None? -0.2 -1.8 -83 ~182 -32.6
+2¢ 94 18.7 23.0 239 19.9
Be 14.0 24.1 29.1 30.0 25.9
Mg 9.7 19.4 24.2 25.2 21.4
Ni 8.9 18.7 23.6 249 21.2
Cu 14.9 — 29.6 — 27.0
Zn 10.9 20.7 25.5 26.5 22.7
Sulfur None? -0.9 0.5 -2.5 -9.8 -21.5
+2¢ 10.3 22.1 29.5 32.7 31.4
Be 11.5 234 30.9 33.6 31.8
Mg 3.6 15.5 23.0 26.0 24.4
Ni 6.9 18.5 259 28.4 26.5
Cu 11.7 — 30.8 — 31.6
Zn 6.9 18.7 26.2 28.9 27.0

¢ In electron volts.

® No metal; » is reduced by two units.
¢ Point charge without basis functions.
¢ From Koopmans’ theorem.

increases considerably when electrons are added to the system with one
exception. The dimer (C,H,S,); is seen to be slightly stable. This is a
consequence of the positive electron affinity of (C,H,S,), (Section I'V,B).
For more negative values of n all dimers are unstable. Table III shows that
the instability decreases in the order NH > O > S. This is remarkable in
view of the fact that the SS’ distance according to experimental data is
2.92 A, considerably shorter than the distance expected from van der
Waals’ radii, 3.6 A.

The stabilities of the complexes show some interesting features. It is
seen that for n = +2 the stability is in the order NH > O > § for all the
metals and for » = —2 the order is reversed, S > O > NH. Forn =0
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there is no clear trend. All NH complexes are most stable for n = 0. The

O complexes have almost the same energy for n = 0 and n = —1, the
latter being slightly more stable according to Table III. Sulfur complexes
have almost the same energy forn = —1 and n = —2, althoughn = —1is

somewhat more stable according to Table III. If correlation energy could
be considered, this order might change both for O complexes (n = 0 or
—1) and for S complexes (n = —1 or —2). These different stability orders
means that in different surroundings, for example, different pHs, different
types of complexes may arise. In fact, it has been verified by experiments
that different types of metal-amino acid complexes are formed at different
pHs (Carlson and Brown, 1966). It is worth pointing out again that there
are also other molecules of different kinds that can be involved in the
reaction with metal ions.

When comparing the different metals it is seen that the Be complexes
are more stable than the others. This extreme stability may be connected
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Fig. 5. Binding energies of complexes [M(C,H,0,), 1" for M = Mg, Ni, Cu, Zn and
n = 0and 2.
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Fig. 6. Binding energies of complexes {M(C,H,S,),]" for M = Mg, Ni, Cu, Zn
and n = 0 and —2.

with the high toxicity of this metal. A comparison within the series Mg,
Ni, Cu, Zn is outlined in Figs. 5 and 6. It is interesting that the trends are
the same as in Irving—Williams diagrams (Irving and Williams, 1953).

B. Electron Affinities

As already mentioned, Koopmans’ theorem seems to be reasonably
valid as far as electron affinities (EAs) are concerned. A comparison be-
tween EAs obtained by different methods is given in Table IV.

Electron affinities of a series of complexes are shown in Table V. It is
interesting that for a given ligand X and a given n, the EA values of the
different metal complexes are almost constant. On the other hand, Table
V shows that the free-ligand monomers as well as the dimers all have
negative EA values (with one exception) very different from those of the



TABLE IV

COMPARISON OF ELECTRON AFFINITIES® OBTAINED FROM
KooPMANS’ THEOREM WITH THOSE FROM ASCF CALCULATIONS

Overall [CH(CH,0,), I [Be(OC;H,S), I*
charge
n ASCF Koopmans ASCF Koopmans
+2 10.2 9.9 12.1 11.4
+1 4.6 5.0 5.5 6.2
0 1.6 1.1 3.0 2.0
-1 -4.1 -3.6 —-4.8 -3.7

@ In electron volts.

TABLE V

ELECTRON AFFINITIES® OF COMPLEXES [M(C,H, X, ), I
FROM KOOPMANS’ THEOREM

Overall charge n

Ligand Metal +2 +1 0 -1
Nitrogen Monomer® -1.9 -9.6 — —
Dimer® -33 -7.6 -11.3 —15.3
+2¢4 7.2 2.5 -1.0 -5.4
Be 8.0 33 -1.3 -58
Mg 7.7 3.1 -1.1 -5.4
Ni 7.7 3.1 -1.0 -54
Zn 7.7 3.1 -1.1 -5.4
Oxygen Monomer? -0.3 -8.8 — —
Dimer® -1.6 —6.4 -9.9 —-14.4
+24 9.4 4.2 0.9 -4.0
Be 11.1 5.0 0.9 —4.1
Mg 9.7 4.8 1.0 -3.8
Ni 9.8 4.9 1.3 -3.7
Zn 9.8 4.8 1.0 -3.8
Sulfur Monomer? 1.8 -5.1 — —
Dimer® 1.4 -3.0 -7.3 -11.7
+24d 11.8 7.4 3.2 -13
Be 11.9 7.5 2.7 —1.8
Mg 11.9 7.5 3.0 -~1.6
Ni 11.8 7.4 2.5 -1.9
Zn 11.8 7.5 2.7 -1.9

2 In electron volts.

> From the ASCF method; 7 is reduced by two units.
¢ No metal; n is reduced by two units.

4 Point charge without basis functions.



Metals in Biology 17

complexes. But the dimers in the field of a positive point charge do have
the same affinities as the complexes. Thus it can be concluded that the
electron affinity of the complex can be classified as the property of the ligand
dimer in the field of any positive metal ion.

Table V shows that for all values of n the EA value increases in the
order N < O < 8. It is generally accepted that O is more electronegative
than N, but not that S compounds should be more electronegative than O
compounds. However, according to ab initio calculations by Hotop and
Lineberger (1975), it was found that the EA values of the O and S atoms
were 1.46 and 2.08 eV, respectively. As is discussed in more detail in
Section IV,F, the electronegativity concept seems to be most subtle and
strongly dependent upon the surrounding of the atom in question (see also
Pappas, 1978a).

C. Orbital Energies

The pattern of orbital energies is found to be rather similar for com-
plexes [M(C,H,X;),I" for given X and n. As an example, Table VI sum-
marizes calculated valence orbital energies of the following species: the
free-ligand G,H,S,, the dimer (C,H,S;),, and complexes [(C,H,S,).M]°
with M = Be, Ni, Cu, and Zn. Metal orbitals and ligand orbitals, although
mixed together, can be distinguished from each other in most cases. Ob-
viously, the metal orbitals must have different energies for different met-
als. The ligand orbital energies are, however, rather constant. As an ex-
ample, the deepest pr (b,,) orbital has an energy varying between —13.1
and —14.0 eV. Even with a considerable mixing of a metal orbital into a
ligand orbital the energy is kept almost constant; see, e.g., the a,, C
orbital —18.1 to —19.1 eV. Similar results are found for other complexes;
see, e.g., Fischer-Hjalmars and Henriksson-Enflo (1981) where orbital
energies of [(C,H,0,),M] are presented.

The orbital pattern shown in Table VI agrees with measurements of
ionization potentials. Furlani and Cauletti (1978) have reviewed ionization
measurements on different series of transition metal complexes with
ligands not very different from our model compound. From their tables it
is seen that, e.g., the ionization potential of the uppermost ligand = orbital
in acetyl acetonate complexes is found between the limits of 8.06 and 8.49
€V in a series with nine different metals as central atom. They have found
similar results for other ligand orbitals and other complexes.

The only orbitals where the constancy of the energy is noticeably
perturbed are the outermost o lone pairs on sulfur: a,, by, at —10.9, —9.8
eV, and b,,, by, at —9.5, —8.2 eV. In particular, the b,, orbitals of the Ni
and Cu complexes with a vacancy in the b,, metal d orbital are stabilized
by almost 4 eV compared to the Be and Zn complexes.
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TABLE VI

CALCULATED ORBITAL ENERGIES® FOR [M(C,H,S;), ]

Metal

Sym- Orbital Mono- Di-

metry type mer® mer® Be Ni Cu Zn

a, C,S -31.7 -31.3 -31.6 -31.5 -31.6 -31.6

bs, C,S -31.3 -31.5 -31.4 -31.4 —31.4

b,, S,C -27.1 -26.9 -276 275 -27.5 -27.5

by S,C -26.7 -27.2 -27.3 -27.3 —27.4(0.2)
a, S,C -24.2 -24.1 -25.1 -25.1 —25.2 —25.4(0.2)
bay S,C -23.7 —24.2 —24.2 -24.2 -24.3

by M — —16.0(0.8) —23.0(1.5)
bag M —16.1(1.9) —18.8(2.0) —21.8(2.0)
a, M —14.5(1.4) -20.1(1.7) -21.8(1.9)
by, M -15.7(1.6) -18.6(1.9) -21.7(2.0)
a, M -16.7(1.0) -18.3(1.1) —21.6(1.8)
by, C,S -19.9 -19.9 -20.7 —205 -20.6 -20.6

byg C,S -19.3 -19.5  —19.9(0.1) -20.0(0.1) —-19.0(0.3)
bau -19.1 —18.8 —-18.8 —18.7 —18.7 —18.7

ag C —-18.8 —18.8 —18.1(0.9) —18.8(0.7) -18.7

a, S,C —14.8 -15.5 -17.1 -19.1(0.5) -16.3(0.5) -16.9(0.1)
bay S.C —-13.5 —-14.2 —-14.2 -14.3 -14.3

by C,S -13.5 -13.9 —-148 -14.6 -14.6 -14.7

by, C,S -12.5 -12.7  —13.2(0.2) —13.6(0.3) -12.7

b1y C,S -133 -13.1 -140 -139 -13.9 —-14.0

bag C,S -12.9 -13.5  —13.0(0.3) —13.3(0.1) -13.4

a, S —-10.7 -10.9 -12.8  -12.1(0.2) —12.4(0.1) -12.6

bsy S -9.8 -11.8 -114 -11.6 -11.7

bsg S -9.6 -9.6 -109 —10.4(0.1) -10.6(0.1) -10.7

a, S -9.1 -9.8 -9.9 -9.9 -9.9

bay S -93 -9.5 -11.3 —10.8 —11.0(0.1) -11.1

big S —-8.2 -9.2 —11.7(0.4) -12.1(0.2) —8.6(0.2)
by C,S -7.4 —-7.4 -7.4 -7.5

2 In electron volts. M = Be, Ni, Cu, Zn. Most of the orbitals are ligand orbitals, with
clear ligand character and very stable from molecule to molecule. The five d orbitals are
clumped together in a special group, even if the orbital energies vary considerably. Values
in parenthesis are d-orbital population of the orbital (populations less than 0.1 are not given).

> Glyoxal monomer in its cis structure with the same geometry as in the complex.

¢ No metal.

As discussed in Section IV,B we have found that the EA of a complex
depends mainly on the ligands. To obtain insight into the mechanism of
the binding we may therefore assume that a neutral complex is formed
from a metal ion M2* and a negatively charged ligand dimer L3~, although
we know that this method of formation is not identical to the real process.
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Fig. 7. Orbital diagram for formation of [Ni(C,H,S, ), 1° from metal ion Ni?* and ligand
(CyH,S8,)3: (—) filled o orbitals, (- - -) filled 7 orbitals, (---) empty o orbitals, (- - -) empty
7 orbitals.

In Fig. 7 we have depicted the pattern of orbital levels of the complex
[Ni(C,H,S,),1° and correlated these levels to those of its constituents Ni2+
and (CH,S,);~. To remove the pure electrostatic effect on the levels, the
ligand orbitals are taken from the dimer with a point charge of +2 at the
central position and the metal levels from a calculation where the hole in
the d shell is fixed to be the d(xy) orbital. The metal levels are shifted by 20
eV due to the —2 charge of the ligands. With this model the 3d level of the
free Ni2* ion is split as indicated in Fig. 7. The 7 levels d(xz) and d(yz) at
—16 eV are unperturbed, and the o level of d(z2) at — 15 eV is only slightly
perturbed by complex formation. The o level d(x2 — y?) at — 18 eV mixes
formally with the SC antibonding ligand level at —16 eV, but the overlap
between metal and ligand orbitals is negligible. Bonding interaction is
mainly found between suifur ¢ lone-pair orbitals, —11 to —12 eV, and
vacant metal orbitals 3d(xy), 4s, and 4p. There is also some bonding in-
teraction between 3d(xy) and deeper ligand orbitals. The overall effect is
that the ligand donates 2.1 electron units to the metal ion, and the total
overlap is found to be 1.9 e.u. The distribution between o and =, s, p, and
d orbitals is shown in Table VII. It is interesting that only one-third of the
donated electrons goes to the vacant d orbital and that the overlap with 4p
is larger than that with 3d.



20 Inga Fischer-Hjalmars and Anita Henriksson-Enflo

TABLE VII

POPULATIONS® ON THE METAL IN DIFFERENT TYPES OF ORBITALS IN
[Ni(C,H,S,); ]* REFERRED TO Ni2t (3d8)

Extra gross Extra net Overlap
Orbital o i Total o T Total o T Total
s 0.60 — 0.60 0.32 — 0.32 0.54 — 0.54
p 0.51 0.22 0.73 0.23 0.08 0.31 0.56 0.28 0.84
d 0.79 -0.04 0.75 0.54 -0.06 0.48 0.50 0.04 0.54

¢ In electron units.

D. Metal Bridge Effect on Energy Gap

A detailed discussion of the orbital energy diagrams including both
filled and vacant orbitals has been given before (Blomberg et al., 1980;
Fischer-Hjalmars and Henriksson-Enflo, 1980). It was shown that for
n = +2 the HOMO is of ¢ type and the almost degenerate LUMO of
type. When electrons are added to the complex, they will go to these =
orbitals. After addition of four electrons, the two 7 orbitals are filled and
the LUMO is of o type for n = —2. When less than four electrons are
added, n = =1, 0, both HOMO and LUMO are n-type orbitals.

It was also found that the energy gap Ae between HOMO and LUMO

Ae = e(LUMO) — ¢(HOMO)

is rather large, around 10 ¢V, when the two almost degenerate 7 orbitals
are either empty or completely filled. When these orbitals are only par-
tially filled, the energy gap decreases drastically, to 3-5 eV. These fea-
tures of the HOMO and LUMO energies are typical not only for the metal
complexes, but also for the ligand dimers [(C,H,X;),J* without any metal
at all. Table VIII lists the energy gap for n = =2 and 0 for M = Be, Mg,
Ni and Zn. The dimer as well as the point-charge system are also in-
cluded. It is seen that the energy gap is almost constant for a given ligand
X and a given value of n. The artificial systems of dimer with point charge
or no metal do not deviate from the metal complexes. The variation of the
energy gap with the overall charge » is thus a ligand property, more
precisely a property of the ligand dimer. The monomer alone cannot give
rise to a reduced energy gap. When electrons are added to a monomer, the
values of e(HOMO) and ¢(LUMO) are both shifted upward, but the value
of Ae is almost constant, 10-13 eV. The reduced energy gap is a property of
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TABLE VIII
ORBITAL ENERGY GAP Ae® OF COMPLEXES [M(CoH,X,), I*

Overall charge n

Nitrogen ligand Oxygen ligand Sulfur ligand
Metal +2 0 -2 +2 0 -2 +2 0 -2
None? 13.0 3.7 7.4 12.9 3.5 9.6 6.8 4.3 9.7
+2¢ 13.2 3.5 9.3 13.2 33 11.8 7.7 4.1 11.4
Be 12.7 4.6 8.6 13.1 4.1 9.9 6.9 4.7 11.1
Mg 12.8 4.1 6.4 12.9 3.8 7.6 7.5 4.6 9.3
Ni 12.8 4.1 9.1 13.0 3.6 11.6 7.7 4.9 11.0
Zn 12.7 4.2 9.1 13.0 3.7 11.6 6.4 4.8 11.1

¢ In electron volts.
® For no metal, » is reduced by two units.
¢ Point charge without basis functions.

the ligand dimer. What then is the role of the metal? The positive ion has
two important functions: (1) it is essential for the formation of the dimer;
(2) it is necessary in order to increase the electronegativity of the system.
Binding energies for formation of dimers are included in Table III; it is
seen that they are all negative. To obtain a reduced energy gap, electrons
should be added to these unstable dimers. Table V shows that all dimers
have negative electron affinities. In order to remove these instabilities, a
positive charge must be brought into the system forming a bridge between the
two monomers. The effect of such a bridge is shown by the artificial point
charge +2 included in Tables III and V. It is seen that this charge stabilizes
the dimer and increases the EA sufficiently for formation of the ions with
reduced energy gap. In fact, even a charge of +1 is sufficient for this
purpose (Fischer-Hjalmars and Henriksson-Enflo, 1980). Any positive
metal ion seems to have the required stabilizing effect. It has therefore
been called the metal bridge effect.

These findings about the metal bridge effect on the energy gap have
interesting consequences for various physical properties. One is the elec-
tronic excitation energy. A reduction of Ae means a shift to longer
wavelengths of the first N~V transition. In fact, for some compounds,
[M(CG,H,S;),]", the electronic spectra have been measured (Schrauzer and
Mayweg, 1965), and it has been found that when n = 0 or —1, the first
intense absorption band lies in the visible or near-IR part of the spectrum,
but when n = —2 this absorption is shifted to the UV region. Qur energy-
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gap calculations are thus in accord with these measurements.! Other in-
teresting properties such as electrical resistivity and redox potentials are
also in conformity with our calculations (Rosa and Schrauzer, 1969).

E. Charge Distribution
1. Definitions

The electronic charge distribution in the molecule can be presented in
the form of graphs, for example, as isodensity maps. These maps give a
very good overall picture of the distribution but may be difficult to quan-
tify. The most common way to describe the charge distribution is with the
aid of Mulliken population analysis (Mulliken, 1955), including gross
atomic, net atomic, and overlap populations. As is well known the Mulli-
ken scheme is not completely perfect. For example, the definition of gross
population gives too much population to the less electronegative atom of a
strongly polar bond. Nevertheless, the scheme is very useful for a study of
trends in shifts of density in series of similar molecules. It can be an
indicator of situations where possible reactivity indices deserve a closer
analysis.

The gross charge on an atom is in our terminology the sum of the
positive nuclear charge and the negative gross atomic population. In the
same way we introduce the net charge as the sum of nuclear charge and
negative net atomic population. We also define the extra net population as
the difference between the net atomic population of the atom in the mole-
cule and the number of electrons of the neutral atom, H, C, N, O, S, and
metal. Both overlap and net populations can be further partitioned into
their o and 7 parts.

2. Charge on Metals

Charges on the metals, derived from gross populations, are displayed
in Fig. 8 for complexes of the ligands, CG;H,X,, X = NH, O, S, with a
series of metals. There are three columns for each metal giving the gross
charges on the metal ions for overall charge n = +2, 0, —2. The upper
row shows metal charges in NH complexes; the middle row, O com-
plexes; and the bottom row, S complexes. The metal charge in NH com-
plexes is seen to be close to +1 for all the metals studied. The metal
charge does not change much with the overall charge #, but it does de-

1 After the submission of the present article, extensive INDQ calculations on electronic
spectra of [Ni(C,H;S;), P (I) and [Ni(C3H,S,). P (II) were published by Herman ez al. (1982).
These authors calculated Ae values of 3.8 and 6.8 eV for compounds I and II, respectively.
The corresponding excitation energies were found to be 1.4 eV (11.6 kK) and 2.5 eV
(19.8 kK), demonstrating the connection between Ae values and N-V transitions.
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Be Mg Cr Ni Cu Zn

Bn=2 B r=0 M n=2
Fig. 8. Gross charges on the metals of complexes [M(C,H, X, )1, n = 2, 0, —2.

crease slightly when n decreases from +2 to —2. In the O complexes there
is a larger difference between the different metals. The charges on Be and
Mg are almost the same in NH and O complexes for all n values. Charges
on transition metals are somewhat lower in O complexes than in NH
complexes, particularly for n = —2. Inspection of S complexes shows
that charges on Be and Mg complexes are somewhat lower than in NH
and O complexes, particularly forn = +2. Forn = —2, the Mg ion in the
S complex has almost the same charge as in NH and O complexes. The
decrease of metal charge when » is lowered, found for NH and O com-
plexes, is not a general feature of S complexes. For Be and Mg the charge
is almost the same for all three values of n. Considering S complexes of
transition metals, Fig. 8 shows a drastic lowering of the metal charge
compared to NH and O complexes. All charges are close to zero, even
negative in some cases. A low value of the charge on the metal is in
harmony with experiments, Larsson et al. (1978-1979), Grim ef al. (1974),
and with CNDO calculations by Ciullo and Sgamellotti (1976). In Cr com-
plexes the metal charge decreases with decreasing n, but for Ni, Cu, and
Zn, the metal charge increases. Obviously, the interaction between transi-
tion metals and sulfur has special properties not found for their interaction
with nitrogen or oxygen, nor for the interaction of Mg with sulfur. For the
S complex of Be there is some decrease of the metal charge though less
pronounced than for the transition metals.
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TABLE IX
MX OVERLAP OF COMPLEXES [M(C,H,X,), I

X
NH (0] S

M o T Total o T Total o T Total
Be

+2 0.32  0.01 0.33 0.30  0.01 0.31 0.40 0.01 041

0 032 0.04 0.36 030 0.04 0.34 039 0.04 043

-2 034 0.03 0.37 0.32  0.03 0.35 0.39 0.03 043
Mg

+2 0.25 0.01 0.26 0.24 0.02 0.26 031 0.02 0.33

0 0.27 0.10 0.37 0.27 0.07 0.34 0.30 0.10 0.40

-2 034 0.08 0.42 0.31 0.06 0.37 0.30 0.08 0.38
Ni

+2 0.28 0.01 0.29 0.32  0.02 034 0.54 0.02 0.56

0 0.28 0.09 0.37 0.34 0.07 041 0.52 0.09 0.61

-2 0.32  0.07 0.40 0.37 0.07 045 0.48 005 0.3
Cu

+2 0.31  0.03 0.33 0.54 0.03 0.57

0 0.32 0.07 0.39 0.51 0.10 0.61

-2 0.35 0.08 0.43 0.48 0.04 0.53
Zn

+2 0.26 0.02 0.28 0.30 0.02 0.32 0.53 0.03 0.56

0 0.26 0.09 0.34 030  0.07 0.37 0.48 0.10 0.58

-2 0.29 0.08 0.39 0.33  0.08 0.41 0.45 0.08 0.53

For an analysis of the origin of the different charge distributions in the
case of different ligating atoms X, we shall restrict the details to the case
of n = 0. Table IX shows MX overlap populations partitioned into o and =
parts. The o part is obviously dominating in all cases; BeX and MgX
overlaps do not change much for different ligands X. The change of transi-
tion metal overlap is more pronounced. Since there are four bonds from
each metal it turns out that change of MX overlap is responsible for one-
third to one-half of the change of gross charge. However, it must be re-
membered that the gross charge on M is composed of net charge on M,
MX bonding overlap, and nonbonding negative overlap between the
metal and the hydrocarbon part of the ligand.

To clarify the specific interaction of the transition metals with the
ligands, one should look for the role of the d orbitals. To this end, the net
charge (cf. Section 1V,E,1), partitioned into s, p, and d contributions, is
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TABLE X

NET CHARGES ON THE METALS IN COMPLEXES [M(C;H;X;),]° PARTITIONED INTO
s, p, AND d CONTRIBUTIONS

Metal

Ligand Orbital Be Mg Ni Cu Zn
Oxygen s 1.81 1.87 1.81 1.79 1.78
p -0.22 -0.30 -0.26 -0.28 -0.30
d — — —0.08 -0.04 -0.03
Sum 1.59 1.57 1.47 1.47 1.45
Sulfur s 1.81 1.86 1.66 1.63 1.60
p -0.29 -0.33 -0.31 -0.35 —0.40
d — _— -0.48 -0.27 —-0.11
Sum 1.52 1.52 0.87 1.01 1.09

listed in Table X. In Table XI, overlap on the metal (half of the total
overlap between metal and ligand) is partitioned into s, p, and d parts. For
comparison Table XI also lists values of nonbonding overlap.

Table X shows that net charges on Mg and Be are almost identical in O
and S complexes. The charges on transition metals including Zn are dif-
ferent in the two kinds of complexes. With S ligands the net charge on Zn
decreases in all three parts, s, p, and d, but mostly in s. On metals with
incompletely filled d shells, Ni and Cu, the largest decrease of net charge
is found in the d part. Table X1 shows that the nonbonding overlap is very
similar in O and S complexes of all the metals. The bonding overlap on Be
and Mg is somewhat larger for X = S than for X = O, mainly due to
increased p overlap. As for Ni, Cu, Zn, the increase in bonding overlap is
distributed over all three orbitals, s, p, and d, and the total MX overlap is
the same for these three metals.

The conclusion to be drawn from Tables X and XI is that vacancies in
the d shell are unimportant for the total overlap and are only reflected in the
net atomic populations. Similar conclusions have been drawn by other
authors, e.g., Pappas (1978b) where references to earlier work are given.
However, as is discussed in Section IV,H, we want to stress that our
conclusion refers to the later part of the series of transition metals and not
necessarily to the first part where there are fewer particles than holes.

3. Ligands and Complexes of High Symmetry
The Mulliken population analysis of complexes with different metal
ions shows that the hydrocarbon part of the ligands has very similar



26 Inga Fischer-Hjalmars and Anita Henriksson-Enflo

TABLE XI

OVERLAP POPULATIONS* ON THE METALS IN COMPLEXES [M(C,H,X,),]°
PARTITIONED INTO 8, p, AND d CONTRIBUTIONS

Metal
Ligand Overlap Be Mg Ni Cu Zn

Oxygen Bonding 0.68 0.67 0.81 0.78 0.76
s 0.27 0.22 0.22 0.24 0.25

p 0.41 0.45 0.42 0.43 0.45

d — — 0.17 0.11 0.06

Nonbonding -0.13 -0.27 -0.28 -0.26 -0.27

s -0.07 -0.06 -0.07 —0.07 —0.08

p -0.06 -0.21 -0.17 —0.16 -0.17

d — — -0.04 —0.02 -0.02

Sulfur Bonding 0.87 0.80 1.21 1.21 1.18
s 0.30 0.24 0.35 0.38 0.40

p 0.57 0.56 0.55 0.63 0.70

d —-— — 0.31 0.20 0.08

Nonbonding -0.09 -0.20 -0.25 -0.22 -0.21

s -0.05 -0.05 —0.08 -0.09 -0.10

p -0.04 ~0.15 -0.13 -0.13 -0.13

d - — -0.04 -0.00 0.02

2 In electron units.

populations for all metals considered (cf. Table XI; Fischer-Hjalmars and
Henriksson-Enflo, 1981). In what follows we shall only discuss the charge
distribution of the ligands for some typical cases. Further details are given
elsewhere (Fischer-Hjalmars and Henriksson-Enflo, 1981; Blomberg et
al., 1979).

Table XII shows extra net populations and Table XIII bond overlap
populations of free-ligand monoanions L~ and metal complexes [BeL,]°
and [NiL,]° for L equal to CGH,0, and C,H,S,. The unsymmetrical ligand
L equal to OCH—C'H’S, also included in the Tables XII and XIII, is
discussed below in Section IV,E 4. Since EA is essentially due to the
ligand (see Section I'V,B), it seems correct to consider the complex (ML, 1"
as composed of M2+ and two L 272, As typical examples we have chosen
to describe the effect of the metal as the difference between populations of
L~ and the complexes [Bel,]° and [NiL, .

Some comments on the populations of the free ligands should first be
given. It is seen from Table XII that O of (C,H;O,)~ has an extra net
population of 0.34 e.u., but S of (C;H;S;)~ has only 0.05 extra net popula-
tion. When looking at the 7 part it is found that O and S have equal
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populations, 0.37 and 0.41, respectively. It is the o distribution that is
different, —0.03 on O and —0.37 on S. This difference of o distribution on
the two ligating atoms is also mirrored in the populations on C and H. The
7r parts on C and C' are equal (-0.17 and —0.20), but the o parts are as
different as —0.87 and 0.01. The net populations on H and H’ are also
somewhat different, —0.26 and ~0.47, respectively. Table XIII shows that
the CO bond has a much larger overlap, 0.87, than the CS bond with an
overlap of 0.57. Again, the difference is in the o part. Table XIII also
reveals that not only the CX bonds but also the CC bonds are different. In
particular, the very small o overlap of the C'C’ bond, 0.07, is remarkable.
As discussed in detail by Fischer-Hjalmars and Henriksson-Enflo (1981),

TABLE XII

EXTRA NET ATOMIC POPULATIONS® OF FREE-LIGAND MONOANIONS L= AND
CoMPLEXES [BeL, ]°, [NiL,]° AND [BeL]*

L = GH,X, L = OCH-C'H'S

L- (BeL.  [NiL,l L- [BeL,] [BeL}*

Oxygen ligands

O:c -0.03 ~-0.20 -0.24 -0.06 -0.16 -0.26
T 0.37 0.44 0.41 0.32 0.41 0.47
Total 0.34 0.23 0.17 0.26 0.25 0.21
C:io —0.87 —-0.84 —0.83 -0.88 -0.88 -0.77
™ -0.17 -0.27 -0.27 -0.39 -0.41 -0.53
Total —1.04 -1.11 -1.10 -1.27 -1.29 -1.30
H:o -0.26 —0.52 -0.53 -0.32 —-0.52 -0.62
M:o ~1.67 -1.55 -1.62 —-1.54
T 0.08 0.11 0.06 0.03
Total -1.60 -1.44 —1.56 —-1.52
Sulfur ligands

H:o -0.47 —-0.61 —-0.61 -0.45 -0.60 -0.60
C:o 0.01 0.02 -0.13 0.01 0.09 0.09
™ -0.20 -0.27 -0.25 0.09 -0.08 -0.16
Total -0.20 -0.25 —0.38 0.10 0.01 -0.07
S:o -0.37 -0.60 —1.02 -0.32 -0.73 -1.13
L 0.41 0.39 0.34 0.43 0.41 0.66
Total 0.05 -0.21 —0.68 0.12 -0.31 -0.47
M:o —1.58 -0.91

kg 0.07 0.03

Total -1.52 —-0.89

¢ In electron units.
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TABLE XIII

OVERLAP POPULATIONS® OF FREE LIGANDS 1.~ AND COMPLEXES
{Bel, 1%, [NiL,1°, AND [BeLl*

L = GH;X; L = OCH-C'H'S

Bond L- [BeL,]° [NiL,]° L- [BeL,1° [BeL]*

Oxygen ligands

OM:o 0.30 0.34 0.21 0.27
T 0.04 0.07 0.02 0.01
Total 0.34 0.41 0.22 0.28
CO: o 0.65 0.48 0.47 0.67 0.54 0.52
g 0.21 0.19 0.19 0.31 0.25 0.26
Total 0.87 0.67 0.66 0.97 0.78 0.77
CH:o 0.67 0.75 0.76 0.76 0.79 0.77
CCorCC':o 0.44 0.57 0.61 0.24 0.35 0.31
T 0.21 0.23 0.23 0.19 0.24 0.19
Total 0.65 0.80 0.84 0.42 0.59 0.50
Sulfur ligands

CcC:o 0.07 0.18 0.34

T 0.30 0.33 0.33

Total 0.36 0.51 0.67

CH :o 0.78 0.76 0.75 0.75 0.73 0.71
CS:o 0.37 0.25 0.42 0.30 0.17 0.29
T 0.20 0.18 0.09 0.11 0.14 0.08
Total 0.57 0.43 0.60 0.40 0.31 0.37
SM:o 0.39 0.52 0.44 0.59
4 0.04 0.09 0.05 0.04
Total 0.43 0.60 0.49 0.63

2 In electron units.

CC bonding in (C;H,S,)" is mainly due to 7 electrons. The free ligand is
therefore only stable when n = —1 or —2. In fact, Hoyer et al. (1971)
remark that, as far as they are aware, the neutral C,H,S, does not exist,
but the dianion is well known.

The covalent part of the MX bonds is essentially of o type (cf. Table
XIII; Fischer-Hjalmars and Henriksson-Enflo, 1981). The metal ion gains
some extra net atomic population, also mainly of o type (see Table XII).
The total gross population accepted by the metal ion of the [Be(C,H,0,), ]*
complexes (cf. Fig. 8) is 1.0 e.u. and only 0.1 of 7 type. The ¢ population
is donated by the O atoms, 0.68 e.u.; CO bonds, also 0.68 e.u.; and by the
H atoms, 1.04 e.u. Thus the remote H atoms donate a large part to the
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metal ion. It is also interesting that the joss of o population at the O atoms
is partly recompensated by a gain of 7 population. This is not true for the
CO bonds where the 7 overlap is unchanged. The o and 7 rearrangements
also include the C atoms and the CC and CH bonds. Both bonds gain some
o overlap and the C atoms lose some 7 population.

The redistribution of charge described for the [Be(C,H,0),I° complex
is very similar to that of other metal-oxygen complexes. As an example,
the details of the charge distribution within the Ni-O complex are in-
cluded in Tables XII and XIII.

We summarize as follows: (1) redistribution of charge is not localized to
the M X, region but the whole ligand is involved; (2) C atoms lose a little, O
atoms somewhat more, and H atoms lose most net population; (3) CC
and CH overlaps increase and CO overlap decreases. These calculated
shifts can be compared with the reactivity of the methine (CH) hydrogen
of amino acids (Phipps, 1979). Experimentally, it is found that this H atom
is very stable in the free amino acids, but in the presence of a metal ion,
Cu%* or Co**, it easily undergoes substitution reactions: for example,
addition of acetaldehyde, CH,CHO, to glycine, NH,CH,COOH, in the
presence of Cu?* yields threonine, CH;CH(OH)CH(NH,)COOH. This ef-
fect is in agreement with our finding that H loses population in the metal
complex, i.e., its positive charge is increasing. This shift obviously makes
it easier for a H* ion to leave the molecule.

In case of the [Be(C,H,S,),]° complex the charge redistribution is simi-
lar to that already described for [Be(C,H,0,),]°, but there are some differ-
ences. The gross population accepted by Be is somewhat larger, 1.3 e.u.,
but the 7 part is as small as in the O complex. The loss from the H atoms
is smaller, but their final positive net charge, 0.6, is larger than in the O
complex, 0.5, since H atoms of [C,H,S,]* are more positive than those of
{C,H,0,]". At the S atoms of the complex the loss in o is not counterbal-
anced by any gain in 7. In total, S atoms lose 1.0 e.u. and H atoms 0.6
e.u. The four C'S bonds together lose 0.5 e.u. of o overlap. In the
free ligand the o overlap of one C'C’ bond is only 0.1, but in the Be com-
plex it increases to 0.2. The total C'C’ overlap increases from 0.4 to 0.5,
becoming larger than the total C'S overlap of 0.4.

The charge distribution of the Mg—S complex is similar to the Be-S
complex. But the transition metals change the ligands differently. Since
the gross population transferred to the metal is much larger, 2.1 e.u. in
case of Ni, some differences must be found. As could be foreseen, the S
atoms lose considerably more o population. In total, they lose 0.65 e.u.
each, or 2.6 together. But the C’S bond does not lose overlap as in the Be
complex. Rather, it gains a little and the C'C’ overlap increases even more
than in the Be complex. So the whole ligand seems to be stabilized by the
Ni atom.
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4. Ligands and Complexes of Lower Symmetry

As discussed in Section II there are many reasons to choose a model
system of high symmetry. Therefore the main part of our project has been
devoted to such complexes. But we know that nature in several cases has
chosen metal complexes without symmetry (cf. Fig. 1). It is therefore
important to study complexes of asymmetrical ligands. For computational
reasons we have chosen the ligand OCH-C'H’S (OS ligand) as our first
example of lowering the symmetry. Details of these calculations will be
reported by Davstad (1981).

Tables XII and XIII include populations of L.~ equal to the OS-ligand
monoanion as well as the four-coordinated complex [BeL,]° and the two-
coordinated complex [BeL]*. Our first comments deal with a comparison
of the free OS ligand with the symmetrical ligands C,H,X, .

Table XIII shows that the CO and CH overlap populations, 0.97 and
0.67 e.u., respectively, are larger, and the C'S overlap, 0.40, is smaller in
the OS ligand than in the symmetrical ligands. The overlap of the CC’
bond, 0.42, is close to that of the CC bond in C;H,S, , 0.36. With overlap
as a measure, the CC’ and C'S bonds of the OS ligand are similar and both
are much weaker than the CO bond. The net atomic populations of Table
XII show that in the OS ligand, O, C, and H have lost and C’ and S gained
population compared to C,H,X,. This increases the difference between
the two carbon atoms of the ligand, C bound to O and C’ bound to S. In
fact, gross atomic populations show that electronic charge has been trans-
ferred from the CHO half to the C'H'S half of the ligand. The extra gross
population of the CHO group is 0.2 and that of the CHS group is 0.8 in L.
The corresponding values of L are —0.1 for CHO and 0.1 for CHS. In L2~
the extra gross populations of CHO is 0.6 and of CHS 1.4 e.u. This result
of population analysis conforms to the monomer EAs of Table V, Section
1V,B, showing that C;H,0, has a negative and C,H,S, a positive EA
value. It is also in agreement with experimental pK, values: 16 for ROH
and 11 for RSH.

In the four-coordinated, low-symmetry complex [Bel,]°, the BeS
overlap is almost the same as for symmetrical ligands C,H, X, but the BeO
overlap is reduced. The net charge on Be, 1.56, is in between those of the
symmetrical O and S complexes, 1.60 and 1.52, respectively. The gross
population, transferred to Be, 1.1, is only slightly larger than that trans-
ferred to Be in {Be(C,H,0,), ], 1.0. The main donors are the S, H, and H’
atoms. At the O atoms the loss in o is completely balanced by the gain in
7. As in the free OS ligand the extra gross population of the C'H’S part,
0.4, is larger than that of the CHO part, 0.1, but the difference between the
two parts is reduced.

A comparison of the four-coordinated complex [Bel,;]° and the two-
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TABLE XIV

ToTtaL CHARGE  ON METAL AND LIGAND L DERIVED FROM GROSS
PoPULATIONS ON FOUR-COORDINATED COMPLEXES [BeL,]" AND
Two-CooRrRDINATED COMPLEXES [BeL]® witH L = OCH,S

[BeL, I* [BeLI®
n=2 1 0 n=2 1 0
Q(Be) 0.97 0.95 0.94 1.26 1.11 0.94
QL) 0.51 0.02 -0.47 0.74 -0.11 -0.94

coordinated [BeL]* shows that the net population of the metal and the
overlap of the BeO bond are slightly larger in [BeL]*. The BeS overlap
has increased even more. Since there are only two bonds to Be its gross
population is reduced by 0.2. The total charge on Be, derived from gross
populations, is found to be 0.94 in the case of [BeL,]° and 1.11 for [BeL]*.
It has been shown before (Demoulin et al., 1977; Fischer-Hjalmars and
Henriksson-Enflo, 1981) that the total charge on the metal undergoes only
minor changes when the overall charge n of the complex is changed. In
Table XIV total charges Q on the Be ion are shown for the two complexes
[BeL,)* and [BeL]" for some values of n. Table XIV also includes the total
charge on each ligand L. It is remarkable that O (Be) is so insensitive to
both the coordination number and the overall charge n.

An obvious consequence of the invariability of Q(Be) is the depen-
dence of Q(L) on both » and the coordination number. Similar results
were found by Pullman and Demoulin (1979). The two OS complexes of
Tables XII and XIII, [BeL,I and [BeL]*, are seen to have Q(L) values as
different as —0.47 and —0.11. The detailed charge distribution within the
ligands is also rather different. In [BeL]* the O atom has lost more in o
and gained more in 7 than in [BeL,1°; for the C atom it is just the opposite.
In [BeL]*, H has lost in o and C’ in 7; the CC’ overlap is reduced. The
most remarkable change is in the population at the S atom where com-
pared to [BeL,1°, there is a large loss of o population, 0.40 e.u. This loss
in o is only partly balanced by a gain of 0.25 e.u. in 7 population. In spite
of this loss at the S atom the gross population of the C'H'S group is larger
than that of the CHO group: 0.16 and 0.05 e.u., respectively.

In conclusion, the comparison between [BeL, and [BeL]* amplifies
the importance of choosing a model system where the coordination is
representative of the metal in question, at least when ligand properties are
of interest.
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TABLE XV

BonD POLARITY OF LiGanps L = C,H,X, AND OCH-C'H’S AND COMPLEXES
[ML,]° anD [ML]*, M = Be AND Ni

L = GH,X, L = OCH-C'H'S

Bond L- [BeL.]° [NiL,]° L- [BeL, ) [BeL]*

Oxygen ligands

OM:o 1.47 1.31 1.46 1.28
T 0.36 0.30 0.35 0.44
Total 1.83 1.61 1.81 1.73
OC:o 0.84 0.64 0.59 0.82 0.72 0.51
T 0.54 0.71 0.68 0.71 0.82 1.00
Total 1.38 1.34 1.27 1.53 1.54 1.51
CH:o -0.61 -0.32 -0.30 -0.56 -0.36 -0.15
CC:o 0.89 0.97 0.86
T 0.48 0.33 0.40
Total 1.37 1.30 1.23

Sulfur ligands

CH':o 0.48 0.63 0.48 0.46 0.69 0.69
C'S:o 0.38 0.62 0.89 0.33 0.82 1.22
g -0.61 —0.66 -0.59 -0.35 -0.50 —0.82
Total -0.25 -0.04 0.30 -0.02 0.32 0.40
SM:o 0.98 -0.11 0.89 0.41
T 0.32 0.31 0.35 0.63
Total 1.31 0.21 1.25 1.05

F. Bond Polarity

As is well known a polar bond is characterized by an unsymmetrical
charge distribution between the bonded atoms. However, the measure of
polarity is not always defined. Frequently charges derived from gross
populations have been used. To make the polarity measure less dependent
on the surroundings we prefer to define the polarity of the bond between
atoms X and Y as the difference between the extra net populations of the two
aroms (Fischer-Hjalmars and Henriksson-Enflo, 1981). Since populations
are partitioned into o and 7 parts we can define o and 7 polarities in this
way. For the sign we shall use the convention that the polarity of the XY
bond is positive when X has a larger extra net population than Y, i.e.,
X-Y*.

Table XV shows the polarity of bonds in some ligands and complexes
with both high and low symmetry. The CO bond of ali ligands and com-
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plexes has the expected polarity both in o and 7. The polarity of the CH
bond is different in different surroundings and it is sensitive to the overall
charge n. The polarity of the CS bond is also most variable. In fact, o and
7 polarities have different signs. According to o polarity, C is more nega-
tive than S, but according to 7 polarity, S is the more negative atom.
When the compound is neutral or has a positive charge the o polarity
dominates; when 7 electrons are added, the 7 polarity increases and may
dominate.

In the metal complexes of C,H,0, the OC polarity is reduced in the o
part and increased in the # part. The total effect is rather small. The
negative polarity of the CH bond is reduced but remains C*H~. In metal
complexes of C,H,S, the polarity C"H* remains (Ni) or is increased (Be).
Since the positive charge at H' is increased in both complexes (see Table
XII), charge and polarity cooperate to facilitate the leaving of a H* ion
from the complex. The o part of the C'S polarity is substantially changed
by the metal. It increases from 0.38 in the free ligand to 0.62 in the Be
complex and further to 0.89 in the Ni complex. Since the 7 polarity is
unchanged the C*S~ bond of the free ligand becomes nonpolar in the Be
complex and C~S* in the Ni complex.

The unsymmetrical OS ligand has some interesting features compared
to C,H,X,. In the present context the main difference is that rhe CC’
bond of the OS ligand is polar; o and 7 polarities have the same sign and
the total CC’ polarity, 1.37, is almost as large as the CO polarity of 1.53.
The C'S polarity is almost zero. The polarities of the two CH bonds are as
different as —0.56 in the CHO group and 0.46 in the C'H’S group. In the
CHO group the C*H~ polarity is reduced by the Be** ion in the same way
as in [Be(C,H,0,),]*. The C-H* polarity of the CHS group is increased by
the metal as in the symmetrical S complex. It is therefore expected that
electrophilic substituents replace the hydrogen of CHS rather than CHO.
The C'S polarity is strongly perturbed by the metal and becomes C-S*.

Comparison between the two complexes [Bel,]° and [BeL]* shows
that all polarity changes are in the same direction but are exaggerated in
the two-coordinated complex. For example, the ¢ polarity of the C'S
bond is as large as 1.22 in [BeL]*, compared to 0.82 in [BeL,]°. It is even
larger than in [Ni(C,H,S,),]°, where the value is 0.89.

G. Effect of d Orbitals on Sulfur

As shown in Section IV,E, complexes between metal ions and ligands
with sulfur as ligating atoms seem to be of particular importance. It is a
common opinion in chemistry that when metals bind to sulfur-containing
compounds, the low-lying empty d orbitals on sulfur play an important
role in the binding. In quantum chemical calculations, d orbitals, espe-
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cially when situated on different centers, cause computational problems
that concern time and size requirements for the integral calculations. In
order to perform calculations on such large systems as in the present case,
it was impossible for us also to include d orbitals on sulfur. Moreover,
quantum chemical calculations on organic sulfur compounds were made
earlier, and it was found that in most of these cases the d orbitals on sulfur
play a minor role and then only as polarization functions that extend the
basis set (Roos and Siegbahn, 1971; Gelius et al., 1972). In order to study
this problem in more detail we made quantum chemical studies of a
metal-sulfur complex having the same symmetry as our previously stud-
ied complexes, but also included d orbitals on sulfur (Henriksson-Enflo
and Holmgren, 1981). The smallest possible complex for this study is the
[M(SH), }* complex. For metal M we have chosen Zn and Ni. These two
metals with d*° and d8 configurations, respectively, represent two cases of
interaction: one with a closed d shell and the other with an empty d orbital
on the metal.

It was found that the d orbitals on sulfur play a minor role in the
binding. The d-orbital population on sulfur was only 0.01-0.1 in all cases.
The effect on other orbitals was larger, however. This is an effect of ex-
tending the basis set and not a d orbital effect. The effect on the central
metal was also shown to be rather large because of the fact that there are
four sulfur atoms present, each contributing the same amount.

Each effect, small or not as small, varied in a very systematic way.
Thus, for example, in all cases the charge on the metal grew more posi-
tive as the total charge on the complex grew more negative. This effect
was even exaggerated by the inclusion of d orbitals on sulfur. We can
thus conclude that contrary to popular chemical opinion, d orbitals on
sulfur do not play any important role in the binding between metal and sulfur.

H. Effect of d Orbitals on Transition Metals

The specific properties of transition metal compounds are generally
attributed to the incompletely filled d shell of the metal. In Section IV,E,2,
we have shown that the interaction between transition metals and sulfur is
different from the interaction between magnesium and sulfur. However,
Fig. 8 shows that properties not only of Ni and Cu but also of Zn deviate
from those of Mg. In fact, complexes of the three metals Ni, Cu, and Zn
are strikingly similar in many respects (see also Tables IX-XI). It is also
interesting that biological properties of Zn are not very different from
those of such transition metals as Co. It is well known that Zn?* of car-
bonic anhydrase can be replaced by Co**, giving an enzyme that in several
respects has properties very similar to those of the Zn enzyme (Lindskog
and Malmstrom, 1962). Tables X and XI show that not only 3d but also 4s
and 4p contribute to the specific properties of the MS interaction.
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Figure 7 demonstrates that metal orbitals mix mainly with the lone
pairs of the ligands. The deeper lying metal orbitals are almost unper-
turbed by complex formation. Table VI shows that the Zn d orbitals are
remote from the lone-pair orbitals with energies between —9 and —11 eV.
The mixing of d orbitals into the lone pairs is also negligible. In case of Ni
and Cu the situation is very similar with the exception of b,, orbitals
where the vacant d(xy) orbital plays a certain role. Can we make any
prediction about the role of d orbitals in complexes of other transition
metals?

Studies of complexes of the transition metals Sc, Ti, and Cr have been
initiated in our laboratory (Pettersson, 1981). These studies show that the
d orbitals of such complexes belong to the outer orbitals. In fact, in
complexes [M(C,H,0,), P*, M = Sc or Ti, the highest occupied orbital is
mainly a metal d orbital. It is also found that these d orbitals are very
unstable when the overall charge is lowered and mix in an irregular man-
ner with ligand orbitals; the Cr complexes behave similarly.

These findings can be related to orbital energies obtained from calcula-
tions on free metal ions. Calculations on Sc?*, Ti¢*, and Zn?*, with the
basis set described in Section III,A, give the following d-orbital energies
—24.6, —27.9, and —42.0 eV (Davstad, 1981). Corresponding experimen-
tal ionization potentials (Moore, 1949) are 24.8, 28.1, and 39.7 eV, respec-
tively. The agreement is seen to be very satisfactory. Now we are
interested in d-orbital levels in D,, symmetry, close to D, . In this sym-
metry the d level is split into lowest lying, almost degenerate levels d(xz),
d(yz), (b, bgy) which are 7 levels in our complex. Next come two a,,
levels, d(z2) and d(x? — y?), and highest d(xy) in b,, symmetry. This split-
ting has been obtained by atomic calculations on M2* ions with D, config-
uration without spherical averaging (Davstad, 1981). Energies of d orbitals
from such calculations are afterward shifted upward by 20 eV to simulate
the field of negative ligands in complexes [ML,}. Orbital energies ob-
tained by this method for the entire series Sc*t to Zn?** are displayed in
Fig. 9, which also shows the levels of oxygen lone pairs, 12—-14 eV, and
sulfur lone pairs, 9-13 eV. It is seen that d levels of Sc and Ti are indeed
above the lone-pair levels and Cu and Zn well below. The d levels of Ni
and Co approach the lone pair levels. The d-levels of Cr and Mn are just in
the lone pair range and the Fe level is very close. Therefore we predict
that bonding orbitals of complexes of transition metals Cr, Mn, and Fe
will show considerable mixing between ligand lone-pair orbitals and metal
d orbitals.

Admittedly the calculations behind Fig. 9 are rather crude, but the
prediction about strong interaction between the Cr d level and lone pairs
of the ligands is confirmed by full calculations on complexes
[Cr(CyH, X;),1?, X = O and S (Pettersson, 1981).
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Fig. 9. Energy levels of d orbitals of divalent transition-metal ions in D4, symmetry and
of ligand lone pairs in complexes [M(C,H;X;),]°, X = O and S.

V. Summary and Conclusions

As is well known (cf. Section I), different metals play very different
roles in biology. Some are needed in large amounts, others are essential
but traces are sufficient, still others are toxic. In particular, transition
metals, though chemically similar, have very different biological ac-
tivities. The main purpose of our study has been to search for some
classification of the metals with respect to their biological behavior.

To obtain some insight into the binding of metals in biology we have
made quantum chemical ab initio calculations on a model system (shown
in Fig. 2, Section II,A). The main reason for choosing this system was to
model complexes between metal ions and amino acids or peptides. The
advantage of the model is discussed in Section II. The system can also
serve as a model of complexes of metals with other important bioligands
such as glyoxal, ascorbic acid, catechols, and glyoxime (cf. Fig. 3, Section
I1,A). The ligating atoms X were chosen as X = NH, O, or S. The metals
studied were Li, Be, Mg, Sc, Ti, Cr, Ni, Cu, and Zn. The overall charge of
the complex n has been varied for each complex and includes some or all
of the values n = %2, =1, and 0. A series of results from our investiga-
tions is presented in Section IV. Comparison with relevant experiments
have been made as extensively as possible.



Metals in Biology 37

To calculate accurate values of binding energies is not an easy matter.
It is not to be expected that the present level of ab initio method is suffi-
cient for this purpose. Nevertheless, a comparison within series of similar
systems is expected to give some useful information. As shown by Table
III of Section IV,A, the connection between binding energy and overall
charge n is different for different ligands X. When n = +2 the most stable
complexes are formed with nitrogen ligands. Whenn = —2 the complexes
with sulfur ligands are the most stable. For intermediate values of n the
picture is less clear. These different stability orders mean that in different
surroundings, for example, different pHs, different types of complexes
may arise. It has been verified by experiments that different types of
metal-amino acid complexes are formed at different pHs.

When comparing the different metals it is seen that the Be complexes
are more stable than the others. This extreme stability may be connected
with the high toxicity of this metal. Binding energies of the series Mg, Ni,
Cu, Zn are compared in Figs. 5 and 6. It is gratifying that the trends are
the same as in Irving—Williams diagrams.

The EAs of the various complexes are shown in Table V and discussed
in Section IV,B. It is shown that this affinity is almost independent of the
metal involved and can be classified as a property of the ligand in the field
of any positive ion. Electron affinities are found to be positive when the
overall charge n is positive. For sulfur ligands the affinity is larger than for
other ligands and clearly positive even when n = 0.

Most of the filled molecular orbitals of the complexes can be classified
as either ligand orbitals or metal orbitals (see Table VI, Section I1V,C). The
ligand orbital energies are shifted by the Coulomb field of the ion but are
otherwise independent of the metal. This result agrees with measurements
of ionization potentials.

The highest of the occupied orbitals (HOMO) and the lowest of the
unoccupied orbitals (LUMO) are known to give useful reactivity indices.
It has been found that they are ligand orbitals for all complexes studied
here. In the four-coordinated compounds the HOMO-LUMUO energy gap
is large when n = +2 but is considerably reduced when n = =1 or 0 (see
Section IV,D and Table VIII). The reduction of the energy gap has im-
portant physical consequences. It means a shift to longer wavelengths of
the first N-V transition. Such shifts have been found experimentally.
Electrical resistivity and redox potentials are also changed.

The reduction of the energy gap is a property of the ligand dimer. But
this property can only be manifest in the presence of a positive metal ion,
forming a bridge between the two monomers. It can therefore be called a
metal bridge effect.

As pointed out, most of the orbitals of the free-ligand dimer can be
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easily recognized in the metal complex; however, there are some excep-
tions. The ligand lone-pair orbitals are clearly perturbed by the metal.
They are found to interact with vacant metal orbitals and are responsible
for the covalent part of the bonding. This bonding varies with both metal
and ligand. As an example, Table VII shows the electron population on Ni
in the complex [Ni(C,H,S;).I°. It is seen that the overlap population is
largest in 4 p and equal in 4s and 3d. The complete orbital diagram of this
complex is shown in Fig. 7.

A useful tool for the study of covalent bonding is the distribution of
electronic charge. This distribution can be quantified by the use of Mulli-
ken population analysis as discussed in Section IV,E. The gross charges
on the metals are displayed in Fig. 8. It is seen that there is a considerable
transfer of charge from the ligands to the metal ions. In the case of nitro-
gen ligands all the metals have similar charges, close to +1. With oxygen
ligands some details are different but the overall picture is the same as
with nitrogen. As for sulfur ligands there is a clear distinction between Be
and Mg on the one hand and transition metals on the other. The charge
transfer is almost 2 e.u. in the latter case. Obviously, the interaction
between transition metals and sulfur has special properties. A comparison
between oxygen and sulfur complexes of transition metals shows that both
net charges on the metals and overlap populations are different (see Tables
I[X-XI). It is interesting that vacancies in the d shell are unimportant for
the total overlap, that is, for the covalency of the bond (see Tabie XI).

The effect of some metals on different ligands is analyzed in Tables XII
and XIII. It is found that the redistribution of charge is not localized to the
MX, region but includes the entire ligand. In particular, the H atoms are
found to lose electrons when the metal complexes are formed. As a con-
sequence, the reactivity of the H atoms increases considerably, as is also
found experimentally. As for the sulfur ligand, it is remarkable that the
CC bond is rather weak in the free ligand but strengthened considerably in
metal complexes.

Metal complexes in biological systems often have lower symmetry
than D,, (see Fig. 1). A study of unsymmetrical ligands has therefore been
initiated (see Section IV,E,4 and Tables XII and XIII). It was found that
the unsymmetrical ligand OCH—C’'H’S has a rather weak CC’ bond that
is strengthened by complex formation. The net charges on C and C' are
very different, 1.3 and —0.1 e.u., respectively. The H' atom is somewhat
more positive than H in both the free ligand and the complex.

For the unsymmetrical ligand a comparison has been made between a
four-coordinated and a two-coordinated complex. Table XIV shows that
the gross charge on the metal is close to + 1 for both kinds of complexes
but the total ligand charge is very different. The details of charge distribu-
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tion within the ligands show the same trends for two- and four-
coordinated complexes but are grossly exaggerated in the former case. As
an example, the o net population on S is —1.13 and —0.73 e.u., respec-
tively. This underlines the necessity to study fully coordinated com-
plexes, at least when ligand properties are of interest.

The concept of bond polarity is discussed in Section IV,F. It is sug-
gested that extra net populations should be used as a measure of polarity.
Table XV shows the polarity of bonds in some ligands and complexes. The
polarity of the CH bond is seen to be very different in different surround-
ings, e.g., 0.6 C*H~ in the CHO group and 0.5 C"H* in the CHS group.
For the CS bond, o polarity is C-S* and 7 polarity is C*S~. Thus, the total
polarity can easily change sign, e.g., by the presence of a metal ion. In the
unsymmetrical ligand the polarity of the CC’ bond is almost as large as the
CO polarity. The OM polarity is very similar in Be and Ni complexes, but
the SM polarity is completely different for these two metals.

Since it was found that the interaction between metal and sulfur does
distinguish the transition metals from other metals, it is important to ana-
lyze the details of this interaction. It is popular opinion in chemistry that
the d orbitals on sulfur may play an important role in the binding. For
technical reasons it was impossible to include sulfur d orbitals generally,
but some test cases were studied, as described in Section IV,G. Our resuit
was that d orbitals on sulfur are not important for the binding.

Generally, the specific properties of transition metals are attributed to
the incompletely filled d shell of the metal; however, our analysis has
shown that overlap and polarity of the MS bond are very similar for the
three metals Ni, Cu, and Zn, so an open d shell can not be crucial. On the
other hand, it was also found that the main bonding interaction takes place
between ligand pairs of o type and vacant metal orbitals (see Fig. 7 and
Section IV,C). As shown in Tables VI and VII, vacant d orbitals partici-
pate but do not dominate this interaction.

A prediction about the role of d orbitals in complexes of other transi-
tion metals has been made in Section IV,H. For this purpose calculations
on free M2 ions but in D,, symmetry have been compared to calculations
on complexes of Sc, Ti, Cr, Ni, Cu, and Zn. It is found that d orbital
energies of the complexes are well reproduced by the free-ion calculations
when the d orbitals are either below or above the ligand lone-pair orbitals.
When d-orbital energies are close to lone-pair orbitals as in Cr complexes
an appreciable and irregular mixing occurs. Figure 9 shows energy levels
of free-ion d orbitals of the entire series of transition metals as well as
lone-pair energy levels. According to this diagram, we can predict that
bonding between metal and ligand in complexes of the transition metals
Cr, Mn, and Fe must have particularly interesting properties.
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To sum up, our model system has shown many interesting and also
unexpected properties of the metal complexes. The similarities between
our model and several biological metal systems have revealed new as-
pects to the intricate problem of metals in biology. We hope that this will
stimulate future research in the field.
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I. Introduction

The metalloporphyrins (Fig. 1a) are fascinating molecules to both the
coordination chemist and the biologist. They appeal to the coordination
chemist for several reasons: their ability to incorporate a wide variety of
metals, their rich stereochemistry, their variety of oxidation states, and
their ability to bind and to activate small ligands. To the biologist, the
metalloporphyrins are notable by their presence in many proteins and
enzymes which are responsible for the storage and transport of electrons
and molecular oxygen, the decomposition of hydrogen peroxide, and the
activation of oxygen. For these reasons, the last 20 years have witnessed
an explosion of experimental studies on the metalloporphyrins. Despite
this, there are yet many unknowns regarding the electronic structure and
the stereochemistry of the metalloporphyrins, either in the biological mol-
ecules or in their synthetic models. The reasons for this are various: In
some cases the experimental conditions preclude the use of most experi-
mental tools; for instance, some biological hemes are not accessible to
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Fig. 1. (a) The unsubstituted metalloporphyrin; (b) the same with the 8 carbons of the
pyrrole rings deleted; (c) Model II (see text).

X-ray or neutron diffraction studies. The dioxygen compounds of several
metalloporphyrins are so unstable that their study is possible only at low
temperatures and in solution. Many experimental techniques suffer from
inherent uncertainties due to the assumptions made in the interpretation,
and their conclusions may be regarded as reliable only after cross-
checking. For instance, the electron-density maps obtained from X-ray
and neutron diffraction data depend on the assumptions made regarding
the thermal motion. To give just another example, the iron dioxygen unit
in the oxyheme models has been formulated as Fe(III) —Oj;, based on the
fact that the corresponding v (O,) frequency at 1159 cm™! in the IR spec-
trum is extremely close to the value of 1145 cm™ for the free superoxide
ion (Collman et al., 1976). However, this is at variance with the short
0O—O separations of 1.16 and 1.23 A compared to the bond length of
1.34 A for the superoxide anion. The interpretation of data obtained from
many spectroscopic techniques, such as EPR and Mossbauer spectros-
copy, requires some knowledge of the electronic state of the system and
of the corresponding wave function, which are usually not available. The
requirement is even more severe for photoelectron spectroscopy, which
takes for granted a detailed knowledge of the electronic states of the ion.

Basically, quantum mechanical studies appear ideally suited to answer
some of the questions yet unsolved regarding the structure and electronic
properties of the metalloporphyrins:

(1) Whenever there is a choice between different structures, the calcu-
lations should indicate which structure is the most stable. This type of
problem has been encountered for the catalase compound I, for which two
different structures have been proposed, one with an oxo ligand occupying
an axial site and the other with the oxygen atom inserted into a Fe—N
bond of the heme (Fig. 2) (Chevrier er al., 1981).

(2) The assignment of the ground state and a knowledge of the elec-
tronic wave function should facilitate interpretation of EPR and
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Fig. 2. Two different structures proposed for the catalase compound I (only the MN, unit
of the metalloporphyrins is represented).

Mossbauer spectra (for instance, quadrupole splitting of Mdssbauer
spectra is related to the electric field gradient at the nucleus, which itself
depends on the electronic configuration of the metal). A knowledge of the
energy levels of the molecule or, better, of the electronic states of the
parent ion will facilitate assignment of the photoelectron spectra.

(3) From the electronic wave function, it is possible to construct
electron-density maps (or differential density maps) which are directly
comparable to the experimental maps derived from X-ray and neutron
diffraction data.

For more than a decade, theoretical study of the metalloporphyrins
has been restricted to the semiempirical methods of quantum chemistry
(for a review, see Gouterman, 1978). It is only recently that improve-
ments in the methodology of ab initio calculations, together with the
rapid development of electronic computers, have made it possible to treat
these large molecules at the ab initio level (Dedieu et al., 1976¢, 1977). We
present here a review of the ab initio calculations on the metalloporphyrins
which have been carried out in our group over the last seven years (fur-
thermore, it should be emphasized that this work is still in progress). Ab
initio calculations have also been reported by Olafson and Goddard (1977)
on models of the heme. The work of two other groups is worth special
mention since it represents a series of calculations with an organized effort
to understand many properties of the metalloporphyrins. Magnesium por-
phine and systems related to the chlorophyll have been investigated by
Christoffersen and his group (Spangler et al., 1977) through self-consistent
field (SCF) and configuration interaction (CI) calculations with a basis of
floating spherical Gaussian orbitals. Ohno and his group have studied the
electronic structure of several metalloporphyrins through SCF and limited
CI calculations and this work has been reviewed by Ohno (1979).

II. General Features of the Calculations

A. The Model Systems
In the natural hemes, a number of substituent groups (methyl, vinyl,
etc.) are found at the periphery of the porphyrin ring. Substituent groups
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s CHylCH,),
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Fig. 3. (a) A model used to study oxygen binding to the iron(II) porphyrin; (b) the
synthetic oxygen carrier of Baldwin and Huff.

are also found in the synthetic porphyrins such as etioporphyrin, oc-
taethylporphyrin! and «,8,y,5-tetraphenylporphyrin. However, for the
sake of economy, these ab initio calculations of transition metal porphy-
rins have been carried out for the unsubstituted porphyrin represented in
Fig. 1. This may be justified on the basis that many electronic properties
of the transition metal porphyrins are probably rather insensitive to the
nature of these peripherical substituents. In spite of this simplification, the
porphyrin with a molecular formula MN,C,,H,, (M is the transition metal)
still represents a formidable problem in terms of computation (notwith-
standing the axial ligands). For this reason, one may wonder whether one
could find a simpler system, more amenable to the calculation and still
able to mimic the essential properties of the metalloporphyrins. For in-
stance, since several structural features (such as the out-of-plane dis-
placement of the metal or the doming of the porphyrin) are associated with
the central unit MN,, one may seek to simplify the porphin ligand to some
degree. An extrema along this line corresponds to the model system
M(NH,),, introduced by Olafson and Goddard (1977), with the porphyrin
ligand represented as four NH, groups in a plane (called later Model I). [In
fact, to ensure the overall charge neutrality of this system, the ligand
should be a dianion (NH,)?"]. More realistic models represent some
simplification of the porphin ligand and bear some relationship to the
synthetic models of the heme developed by coordination chemists. For
instance, the model of Fig. 3a has been used by Dedieu et al. (1976b) to

! We have used the following abreviations throughout this article: P, porphin; OEP,
octaethylporphyrin; TPP, tetraphenylporphyrin; TpivPP, tetrapivalamidophenylporphyrin;
and Im, imidazole.
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study oxygen binding to the iron(II) porphyrin and corresponds to the
inner part of the synthetic oxygen carrier shown in Fig. 3b (Baldwin and
Huff, 1973). A related model, shown in Fig. 1c and called Model II, has
been used independently by Hall (1980) and Dedieu e al. (1979b) and is
derived from the porphin ligand, first by deleting the 8 carbons of the
pyrroles as in Fig. 1b and then by retaining only two out of the four
C—C—C bridges.

Some care has to be exercised, however, in the use of these models
since they suffer from a number of drawbacks. For instance, the ground
state of the manganoporphyrin MnP corresponds to the high-spin elec-
tronic configuration (xy) Y(xz) X(yz)(z2)1(x? — y?)! for the Mn atom. Yet the
SCF calculation for the model system Mn(NH,), yields a ground-state
electronic configuration (x2 — y2)°%(4s)! (47 denotes the highest 7+ orbital of
the ligand), rather than (x> — y?%)(4)°. This is a consequence of the lack
of delocalization in the model system, with the 4m7 orbital too low in
energy and lower than the 3d,._,. orbital. Furthermore, Olafson and God-
dard (1977) emphasize that this model lacks the geometric stabilization
due to the bridging methene groups, thus leading to optimized geometries
with the hole radius artificially smaller than in the corresponding porphy-
rin system (the calculated Fe—N distances being underestimated by
about 0.03 A). This model seems to describe the out-of-plane displace-
ment of the metal reasonably well. The same is probably true of Model II,
which should be used rather safely for any structural or electronic prop-
erty associated with the coordination sphere of the metal. It is rather
obvious that this model will not reproduce satisfactorily the electronic
properties of the porphyrins which reflect the electronic delocalization
(such as the orbital energies considered as an approximation to the ioniza-
tion potentials or the electronic excitation energies). To give just an exam-
ple, the optical properties of the transition metal porphyrins have been
analyzed mainly in terms of a four-orbital model (see for instance
Gouterman, 1978), the two top filled orbitals of symmetry a,, and a,, and
the lowest empty orbital of symmetry e,. The ab initio calculation for the
system MnP yields two # levels of symmetry a,, at —0.242 a.u. and a,, at
—0.241, while the calculation for the system MnN,CgH,, (Model II) gives
two high-lying 7 levels at —0.285 a.u. (b,, symmetry) and —0.276 a.u. (b,
symmetry) (Dedieu ez al., 1979b). These four levels are sketched in Fig. 4.
While the b,, level of the model shows the same nodal properties as the a,,
level of the porphyrin system, clearly, the electronic distribution of the b,
level of the model and the a,, level of the porphyrin are completely
different.

With these three models [Model I, M(NH,),; Model II, MN,CgH,,;
and the porphyrin MP or MN,C;H,.], we have studied the following
systems:
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b1y b3g

Fig. 4. The high-lying molecular orbitals a,,(sr) and a,,(w) of the porphin dianion and
byu(m) and by () of the ligand N,CgH,, of Model II.

(1) Mn(NH,;),, MnN,C;H,,, Fe(NH,;),, MnP, FeP, and CoP, which
represent the four-coordinate porphyrins

(2) Fe(NH,),NH;, Fe(NH,),SH, and FePNH; (Fig. 5), which repre-
sent a number of five-coordinate porphyrins, mainly the deoxyheme
models

(3) MPO,NH, (M = Fe and Co) (Fig. 6), FePO,Im, and MPO, (M = Ti
and Mn) (Fig. 7), which correspond to the dioxygen complexes of the
metalloporphyrins and most notably to the oxyheme models

(4) FeN,CgH,,0 as a model of the active oxygen complex of catalase.

Fig. 5. The FePNH; model.
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Fig. 6. The FePO,NH; model with the bent structure for the iron-dioxygen unit.

B. The SCF Calculations
1. The Choice of Geometry

Choosing the geometry to be used in the calculations is not very easy,
but it is important in many respects. For instance, the calculated out-of-
plane displacement of the metal is probably quite sensitive to the porphy-
rin hole radius. The cost of the calculations practically excludes any
extensive geometry optimization, except for a small number of specific
parameters (for instance, the O—O bond length in the dioxygen com-
plexes). For this reason, we have incorporated in the calculations as much
data from the experimental structures as possible (whenever the struc-
tures are available for the system under study or for a related system).
When the calculation is intended to elucidate a structural problem, such as
the mode of coordination of the dioxygen ligand or the out-of-plane dis-
placement of the metal atom, only one structural parameter is allowed to
vary; all the other parameters (bond distances and bond angles) are kept
fixed. Two simplifying assumptions have been used throughout these cal-
culations:

Fig. 7. The MPO, model (M = Ti and Mn).
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—_—

Fig. 8. The choice of axis.

(1) The porphine ligand has been generally assumed to be planar.
Although both the experimental and theoretical (cf. Section IV,A,1) evi-
dence point to the porphyrin ligand as highly flexible, in many of the
transition metal porphyrins the porphin ligand shows only mild distortion
from planarity (Hoard, 1975). However, whenever the experimental struc-
ture pointed to a strong deviation from planarity [as is the case for the
S = 1 iron(II) porphyrin], we adopted a nonplanar geometry.

(2) Somewhat idealized geometries with a fourfold symmetry (see Fig.
8 for our choice of axis) have been used since most of the experimental
structures of the transition metal porphyrins show only small deviations
from the fourfold symmetry (Hoard, 1975). There are, of course, a few
exceptions; for instance, systems such as that shown in Fig. 2 with the
fifth ligand bonded not only to the iron atom but to a pyrrole nitrogen as
well (Chevrier et al., 1981), and clearly, for such a case, the experimental
geometry, somewhat idealized to C, symmetry, is used in the calculations.
We also note that Model II retains the fourfold symmetry only at the level
of the MN, core.

With these simplifications, most important are the geometrical param-
eters of the porphyrin ligand. The geometry of the porphyrin is known to
be rather sensitive to the spin state of the metal. For this reason, we have
used different geometries for the systems FeP, FePNH, , and FePO,NH;,.
FePNH; is a model for the deoxyheme which is high-spin (S = 2), and the
geometry corresponds to a set of regularized coordinates (Eaton er al.,
1978) with a distance Ct * - * N,yrroe Of 2.01 A (this is near the values of
2.03-2.04 A reported for a number of high-spin five-coordinate iron(II)
porphyrins (Hoard, 1975). For FeP and FePO,NH;, which are model
systems, respectively, for the compound FeTPP (§ = 1) and for the
oxyheme (S = 0), the geometry of the porphyrin core was taken as the
experimental geometry (somewhat idealized) of FeTPP (Collman et al.,
1975a) with a Fe—N ;0 distance of 1.97 A. For TiPO, we have used the
hole radius porphyrin ring in TIOEPO, (Guilard et al., 1976). Details of the
geometries (including the bond lengths and bond angles for the axial
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ligands) may be found in the original publications by Dedieu et al., 1977,
1979a, 1981).

While for most of the hexacoordinated metalloporphyrins the metal
atom sits in or near the coordination plane (defined by the four pyrrole
nitrogens), the out-of-plane displacement of the metal is a ubiquitous fea-
ture of the five-coordinate porphyrins. For TiPO, the metal atom was
located 0.62 A off the equatorial plane [namely, the experimental dis-
placement in TIOEPO, (Guilard et al., 1976)]). For MnPO, we have consid-
ered two different values, 0.25 and 0.62 A, for the displacement of the
manganese atom. For the deoxyheme model FePNH;, the out-of-plane
displacement was optimized by repeating the calculations for the values of
0, 0.25, 0.50, and 0.75 A. Finally, the calculation of the out-of-plane
displacement for the four-coordinate metalloporphyrins may shed some
light on the origin of the displacement observed for the five-coordinate
porphyrins (Olafson and Goddard, 1977; Veillard er al., 1980). For this
reason, the out-of-plane displacement has been also optimized for the two
high-spin systems FeP (S = 2) and MnP (S = 5/2). In the intermediate
and low-spin systems FeP (§ = 1) and CoP (§ = 1/2), the metal is either
known or is assumed to be in the coordination plane.

One initial goal of this work was to study the mode of coordination of
the dioxygen ligand to the heme. At the time this work was started, no
experimental structure had been reported for the heme in oxyhemoglobin
or oxymyoglobin. To find which was the most stable structure, we have
carried out calculations for the systems MPO, and MPO,NH,, with the
bent structure, or with the perpendicular structure, or with the kinked
structure. Given the interest in the mode of coordination of the dioxygen
ligand in the oxyheme, limited geometry optimization has been carried out
for the FeO, unit in FePO,NH; by varying the O—O bond length and the
FeOO angle. An outline of the systems studied, with the basis set used
and the reference to the original publication, is given in Table 1.

2. The Basis Sets

Ab initio calculations of metalloporphyrins have now been carried out
in our group for a period of seven years. During this period, the increased
efficiency of the SCF programs has led to a marked reduction of computa-
tion time. Calculations which seven years ago were carried out at the
minimal basis set level are now feasible with a double-zeta basis set. Also,
the calculations need not be carried out at the same level of accuracy for
the different systems under study. In the case of the oxyheme model
FePO,NH;, the search on the potential energy surface of the iron-
dioxygen unit required a relatively large number of calculations and this
could be achieved only with a minimal basis set (however, we also per-
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TABLE 1

OUTLINE OF THE SYSTEMS STUDIED AND THE
CORRESPONDING BAsis SET®

System Basis set Reference
Porphin dianion P~ BSI Dedieu et al. (1977)
BSII Dedieu e al. (1979b)
BSII Dedieu et al. (1979b)
FeP (S = 0) BSI Dedieu er al. (1977)
FePO, BSI Dedieu er al. (1977)
FePO,(NH;) BSI Dedieu et al. (1977)
BSII Dedieu ef al. (1979a)
FePO,Im BSI Dedieu et al. (1977)
FePCO BSI Dedieu et al. (1977)
MnPO, BSI Dedieu er al. (1979a)
BSII Dedieu er al. (1979a)
TiPO, BSI Dedieu et al. (1979a)
CoPO,NH, BSI Dedicu et al. (1979a)
FePNH, BSIHI Dedieu er al. (1981)
(§=2and § =0)
FeP(S =1) BSII Dedieu er al. (1981)
BSIII Dedieu er al. (1981)
§=2 BSII Dedieu er al. (1981)
CoP (S = 1/2) BSIII Bénard (1982)
MnP (S = 5/2) BSII Dedieu et al. (1979b)
Fe(NH,),(NH;) BSII Dedieu et al. (1979b)
Fe(NH,),(SH) BSII Dedieu ef al. (1979b)
Mn(NH,), BSII Dedieu et al. (1979b)
MnN,CgH,, BSIV Dedieu er al. (1979b)
BSIV + Dedieu et al. (1979b)
functions
Fe(N,CsH,,)O(NH,) BSIV Strich and Veillard (1981)
(model for FePONHj;)
FePO BSII Veillard and Strich (1981)

@ See Table I for definition of basis sets.

formed one calculation with a split valence basis set in order to check the
results of the minimal basis set calculations). For the deoxyheme model,
the calculation was intended to yield a rather accurate value of the out-
of-plane displacement of the iron atom, and we felt that this would require
the use of a basis set of double-zeta quality at the level of the valence
shells (but minimal for the inner shells). Finally, the calcuilations on the
four-coordinate system FeP (intermediate spin § = 1) was intended to
test the quality of the wave function by comparing the calculated quad-
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TABLE II

Basis SETs USED

Basis Gaussian Contracted
set basis set basis set Reference
BSI 10,6,4/7,3/3 4,3,2/2,1/1 Roos er al. (1971)

Roos and Siegbahn (1970)
Huzinaga (1965)

BSII 11,7,5/8,4/4 5,4,2/3,2/2 Roos et al. (1971)
Whitman and Hornback (1969)
Huzinaga (1965)

BSIII 13,8,5/9,5/4 8,5,3/4,2/2 Hyla-Kryspin et al. (1981)
Huzinaga (1971)
BSIV 13,8,6/9,5/4 8,5,3/4,2/2 Hyla-Kryspin et al. (1981)

Huzinaga (1971)

rupole splitting to the experimental value derived from the Mdssbauer
spectra. This was done with a basis set which was of full double-zeta
quality. For these reasons, we have been led to use different basis sets
(BS) and they are summarized in Table II: BSI is a minimal basis set
except for the 3d functions which are split; BSII is minimal for the inner
shells and the shells 4s and 4p of the metal; double zeta for the valence
shells of the light atoms and the shells 3s, 3p, and 3d of the metal; BSIII
and BSIV are double-zeta basis sets except for the 4p shell of the metal
which is minimal and the 3d shell which is of triple-zeta quality; BSIII and
BSIV differ only by one additional diffuse function of 3d symmetry in
BSIV (of exponent 0.09 for Mn and Fe). More details about the basis sets
used, the values of the exponents and the choice of the contraction may be
found in the original publications.

Except for one case (Demuynck et al., 1979) no previous calculations
of transition metal complexes and organometallics have included polariza-
tions functions of the f type on the metal atom. One set of f functions was
used in the calculation of the model system MnN,C¢H,,, their exponent
was varied between 0.1 and 0.3.

3. The Calculations

- Calculations for the metalloporphyrins require basis sets including up
to 700 Gaussian functions and more than 300 contracted functions, with a
total number of electrons exceeding 200 (Table III). The calculations for
the model systems still demand up to 400 Gaussians and nearly 200 con-
tracted functions. Even with a moderately fast computer (all the calcula-
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TABLE III

S1zE OF BAsis SETS AND NUMBER OF ELECTRONS

Number Number Number
Basis of Gaussian of contracted of

System set functions functions electrons
FeP BSIII 691 305 186
FePNH, BSII 622 284 196
FePO,NH; BSII 662 302 212
MnN,C¢H,, BSIV 363 171 99

+f functions

Fe(N,CgH,, JO(NH;) BSIV 413 187 118

tions were run on a Univac 1110 monoprocessor), this requires an ex-
tremely efficient program if the computation times are to be kept reason-
able. The calculations were run with the system of programs that Asterix
developed in our laboratory (Bénard et al., 1981) for relatively large sys-
tems with transition metals. High efficiency has been achieved due to the
following features:

(1) Evaluation of the two-electron integrals over s, p, d, and f Gaus-
sian functions, based on the block techniques (Bénard, 1976; Bénard and
Barry, 1979).

(2) Use of original recursion formulas based on the formalism of
Taketa ez al. (1966) for the effective computation of the repulsion integrals
(Bénard, 1976; Bénard and Barry, 1979).

(3) Full exploitation of the symmetry operations pertaining to non-
degenerate point groups in order to avoid redundant computation and
storage of blocks of integrals which are equivalent by symmetry, accord-
ing to the algorithm proposed by Pitzer (1973).

(4) A high degree of optimization of the SCF programs. In the earlier
version of these programs, the Fock matrix was built from the two-
electron repulsion integrals. In the latest version, this is done from the P
supermatrix (Veillard, 1975). A convergence guarantee is obtained
through the use of the level-shift procedure proposed by Saunders and
Hillier (1973) for the closed-shell cases and by Guest and Saunders (1974)
for the open-shell cases (with a restricted Hartree-Fock formalism).

All one- and two-electron integrals were computed with single-word
accuracy (word of 36 bits). The SCF calculations for the closed-shell
systems with less than 229 basis functions were carried out with double-
word accuracy. The other SCF calculations have been performed with
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single-word accuracy and the total energy was calculated with double-
word accuracy after the wave function had converged (this ensures that
the numerical accuracy of the integrals is retained in the calculation of the
energy as the sum of a very large number of small terms, and hence that
small energy differences, calculated as the difference of two energy val-
ues, are numerically significant).

III. Ground-State Assignments and Electronic Configurations

A. Ground-State Assignments
1. The Deoxy Systems

a. The Biological importance of the deoxy porphyrins. In normal
deoxyhemoglobin A, the iron(II) atom of the heme is five-coordinate, high
spin (§ = 2), and is axially bound to the imidazole ring of the proximal
histidine residue. Furthermore, it is displaced out of the plane of the
porphyrin ring and this out-of-plane displacement has been estimated to
0.60 A (0.1 A) from the refinement of a 2.5-A resolution X-ray diffraction
study with the porphyrin assumed planar (Fermi, 1975). In a number of
model five-coordinate compounds, the out-of-plane displacement of the
iron atom appears to be somewhat smaller, with a value of 0.42 A from the
mean plane of the pyrrole nitrogens in Fe(TPP) (2-Melm) (Hoard and
Scheidt, 1973) and a value of 0.399 A from the mean plane of the pyrrole
nitrogens in Fe(TpivPP) (2-MeIm) (Jameson et al., 1978c, 1980). As a
matter of fact, the steric hinderance of the 2-Melm ligand in these two
molecules may induce an increased out-of-plane displacement of the iron
from its intrinsic, unstressed value (Collman, 1977) since the presence of
the methy! substituent may result in short contacts with the porphinato
atoms.

The out-of-plane displacement of iron in deoxyhemoglobin plays a key
role in the theories constructed in order to explain a number of properties
of hemoglobin, such as cooperativity (Perutz, 1976). When oxygen binds
to deoxyhemoglobin, the iron moves into the plane of the porphyrin ring
and becomes low spin. The proximal histidine residue moves with the
iron. Perutz (1970, 1972) has proposed a sequential process by which the
concerted movement of the iron and F8 histidine residue toward the heme
plane triggers a series of changes in the positions of key aminoacids and in
the interactions within and among the four heme subunits. He has shown
how these changes can account for the cooperativity of dioxygen bonding.
Perutz has suggested that the low-oxygen affinity of the deoxyhemoglobin
may be related to the increased tension at the heme in each subunit which
constrains the iron atom to be further away from the porphyrin plane than
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its equilibrium position and thus opposes its movement into the ring upon
reaction with oxygen.

Thus knowledge of the intrinsic equilibrium position of the iron in a
high-spin, five-coordinate ferroporphyrin is essential. For instance, a
number of arguments in support of a lack of strain on the heme group in
the deoxy quaternary structure have been given (Huynh ez al., 1974a,b;
Eisenberger et al., 1976; Spiro et al., 1976; Gelin and Karplus, 1977), and a
recent EXAFS study of deoxyhemoglobin has yielded an out-of-plane
displacement in the range 0.2-0.3 A (Eisenberger e al., 1978).

The low-spin Co(II) analog of deoxyHb still exhibits cooperativity
{Hoard and Scheidt, 1973). In the deoxy form, the Co(II) atom is approx-
imately 0.25-0.36 A out of the heme plane and moves in the plane upon
oxygenation.

More accessible to theoretical studies and subject to a wealth of ex-
perimental studies are the unligated metalloporphyrins. The four-
coordinate «,83,y,8-tetraphenylporphinatoiron(II) FeTPP has been inten-
sively studied (Collman et al., 1975a). The iron atom with an intermediate
spin (§ = 1) is at the center of the molecule.

The ground-state configuration of iron(II) porphyrins has been dis-
cussed by many authors. The analysis of the proton NMR spectra of
FeTPP indicates large 7 contact shifts, thus requiring unpaired spins in d,
and d,, and suggests that the orbital ground state is nondegenerate, which
leaves the state 3A,, as the only candidate for the ground-state configura-
tion (Goff et al., 1977). The same ground state has been proposed by
Collman et al. (1975a) on the basis that it could fit both the magnetic data
and the data obtained from Mossbauer spectroscopy. Yet, the Mossbauer
spectra of Fe(TPP) (Lang ef al., 1978) and the proton NMR spectra of a
number of four-coordinate (S = 1) ferrous porphyrins (Mispelter et al.,
1980) could as well be accounted for by assuming that in these complexes
the ground state results from a spin—orbit mixing of the two states 3A,, and
3E,. On the other hand, the resonance Raman spectra of ferrous oc-
taethylporphyrin (FeOEP) has been intepreted in terms of a *E, ground
state (Kitagawa and Teraoka, 1979).

Our theoretical study of the four- and five-coordinate porphyrins was
aimed at the following points:

(1) Calculation of the out-of-plane displacement of the iron atom for a
five-coordinate iron(II) porphyrin, considered as a model of the heme and
free of the influence of the globin molecule

(2) Elucidation of the origin of the out-of-plane displacement

(3) Calculation of the electric field gradient at the iron nucleus in order
to investigate the relationship between the quadrupole splitting value and
the electronic configuration of the ground state of the heme.
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Related studies include the ab initio GVB-CI calculations on the model
systems Fe(NH,), and Fe(NH,),NH; of Olafson and Goddard (1977) and
the ab initio SCF calculations of FeP and CoP (Kashiwagi e al., 1978;
Kashiwagi and Obara, 1981).

b. The four-coordinate systems: MnP, FeP, and CoP. Since we
deal with open-shell systems with the 3d orbitals incompletely filled, sev-
eral electronic states corresponding to different electronic configurations
are expected to have close energy values for a system with a given multi-
plicity. In the four-coordinate square planar systems MP (M = Mn, Fe,
Co), the orbitals d,, , d.., d,., and d,. are expected to be close in energy,
while the orbital d,._,. is destabilized through the antibonding interactions
with the lone pairs of the pyrrole nitrogens. For the ground state of FeTPP
(Kobayashi and Yanagawa, 1972; Brault and Rougee, 1974; Collman et
al., 1975a; Goff et al., 1977), three electronic configurations are compati-
ble with the spin value:

(xy) W(x2)X(y2)*(z)! *Bie
(xy)2(xz) Y(yz) Y(z?)? 3As
(xy)*(xz) 13(yz)13(z8) 3K,

(these states are labeled according to D,, symmetry, with the orbitals 3d,,
and 3d,, degenerate, although the FeTPP molecule shows only S, sym-
metry due to extensive ruffling of the porphinato core). For the high-spin
(S = 5/2) four-coordinate MnTPP (Kirner et al., 1977), there is only one
possible electronic configuration for the ground state:

() Hx2)(y2) (2 x? = yH)t PAy,

Similarly, for the low-spin (S = 1/2) CoTPP (Madura and Scheidt, 1976),
the ground-state configuration is known to be (xy)%(xz)%(yz)*(z%)! %A,
(Griffith, 1958; Lin, 1976).

In Table IV we have reported the total SCF energies computed for the
corresponding model systems with different geometries and basis sets, the
metal atom being in the plane of the four nitrogen atoms. According to the
SCF energy values of Table IV for FeP, the state 3A,, is lower in energy
than the state ®B,, for both the planar and ruffled structures of the porphy-
rin ring. Furthermore, the calculated value for the quadrupole splitting of
the 3B,, state (see discussion below) rules out this state as the ground
state. Unfortunately, our SCF open-shell program is presently limited to
the half-closed-shell case, so no selection of the ground state between the
states 3A,, and 3E, could be made thus far on energy criteria.

c. The five-coordinate deoxy systems: FePNH; and FePSH. In
the five-coordinate systems the orbital d,. is somewhat destabilized
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TABLE IV

TotaL SCF ENERGIES FOR THE FOUR-COORDINATE SYSTEMS

Structure
Elec- of the Total energy (a.u.)
Sys- tronic  porphyrin
tem Electronic configuration state ring BSI BSII BSII
MnP  (xy)xz)Y(yz)(z®)Yx? — y?)!? SAg Planar —2124.065 -2129.7671
FeP  (xy)'(xz)%(yz)%(z?)? 3B, Planar —2241.0690
Ruffled —2243.90¢
(xy)¥xz) (y2) (2?)* 3As, Planar -2241.0951
Ruffled —2241.0755 —~2243.93!
xy)Ax2)(y2) (2 M x? — yB)' 5By, Planar —2241.1400
CoP  (xy)%(xz)*(yz)*(z?)! 2A,, Ruffled ~2362.84¢

through the interaction with the axial ligand. Since the iron atom of the
deoxyheme is high-spin (§ = 2), each of the three possible configurations
for the ground state of the model FePNH;, corresponds respectively to one
of the orbitals d,,, d,,, and d,, being doubly occupied (Fig. 9).
According to the energy values of Table V, the ground state of the
system FePNH; corresponds to the configurations 3A” (xy)¥(xz) yz)3(z%)*
(x2 — y3H)* and A’ (xy)Uxz)Xyz)(zH)Ux* — y»)! which are practically
degenerate. They are also the ground-state configurations in the extended
Hiickel calculations (Loew and Kirchner, 1978) and in the GVB-CI model
calculations (Olafson and Goddard, 1977). Our ground-state assignment is
at variance with the assignment of Goff and La Mar (1977) of a ground-
state configuration (xy)%(xz)*(yz)'(z%) (x* — y?)'. Extended Hiickel calcu-
lations for a system FePH,O, together with the fitting of the temperature

22 + + +
“ ot + =
wor o+ + F #
w4 +- T

5, 5, 5
A A A"

Fig. 9. The electronic configurations of lowest energy for the deoxyheme model
FePNH;.



Ab Initio Calculations of Metalloporphyrins 59

TABLE V

ToTtAaL SCF ENERGIES FOR FePNH; (S = 2) wiTH BSII As A FUNCTION
OF THE QUT-OF-PLANE DISPLACEMENT

Electronic Total SCF
Electronic configuration state Z (A) energy (a.u.)
oY) (x2) (y2)2 (2B (x? — y2)* SA" 0 —2297.2574
0.25 —2297.2673
0.50 —2297.2645
0.75 —2297.2494
Cy) ¥ x2) (yz) ' (2*) (x* — y B! SA’ 0 —2297.2551
0.25 —2297.263
0.50 —2297.262
(xy)(xz)*(y2) (25 x* — y?)! SA 0 —2297.2573

dependence of the quadrupole splitting resulted in a ground-state config-
uration (xy)'(xz)%(yz)(z%)(x? — y?)! (Trautwein et al., 1975).

Caron et al. (1979) have described a model of the active site of the
reduced cytochrome P, with a mercaptide ligand as the fifth ligand of a
high-spin iron(II). This system is devoid of the steric interaction due to the
methyl group in the 2-MeIm ligand. We have used the model system
[Fe(NH,),SH]~ to compare some structural and electronic properties of
this compound with those of the deoxyheme. The calculated ground-state
configuration for our model system also corresponds to the degenerate
configurations *A” and A’.

2. The Oxy Systems

a. Situation of the problem. The detailed nature of the metal oxygen
bond in dioxygen complexes of metalloporphyrins has been pending for
a long time. Many experimental efforts have been devoted to the charac-
terization of the metal dioxygen unit in MPO, and MPO,L systems [with
M a metal(II) and L a neutral ligand such as imidazole] through either a
metal(I)- O, neutral dioxygen formulation, a metal(III)-O; superoxide
formulation, or a metal(IV)-0%~ peroxide formulation. The corresponding
data may be summarized as follows:

(1) For the peroxotitaniumoctaethylporphyrin the diamagnetism of
the system and a O—O bond length of 1.445 A (as indicated by the X-ray
crystal structure) are unambiguously indicative of a peroxo type of bond-
ing (Guilard et al., 1976, 1978).

(2) No X-ray crystal structure is available for the Cr(O, )(TPP)(py)(py,
pyridine). A magnetic moment of 2.7 uy is indicative of two unpaired
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electrons and the IR band at 1142 cm™ (which is assigned to vo_o) has
been taken as evidence (Cheunget al., 1976) for a superoxo-type ligand by
analogy with the dioxygen adducts of cobalt—Schiff-base complexes (see
for instance Basolo et al., 1975).

(3) The dioxygen adduct of the manganese tetraphenylporphyrin and
of other Mn(II)-porphyrins has been characterized at low temperature
(Weschler et al., 1975; Hoffman et al., 1976, 1978). A spin state S = 3/2
was assigned on the basis of the EPR spectra. The absence of spin transfer
to dioxygen found in the experiments with 50% 7O enriched O, was used
to rule out a Mn(III)-O; formulation. On the basis of the EPR spectra
(which are quite atypical, however) the system has been repeatedly for-
mulated as Mn(IV)(0%~) with the Mn(IV) in the (£,)® configuration.

(4) For the iron system, the O—O bond length of the coordinated
dioxygen is rather short [1.16 A—probably grossly underestimated—in
Fe(TpivPP)(1-MeIm)O, and 1.23 A in Fe(TpivPP)(2-Melm)O,]. This
clearly supports a Fe(II)O, formulation. Nevertheless, the superoxide
formalism Fe(III)(O;) has been assigned to these systems, on the basis of
the vo_ stretching frequency (1159 cm™!) (Collman et al., 1976), again
close to the values for the free superoxide ion (1145 cm™) and for a
number of Co(II)-Schiff-base dioxygen adducts. The dioxygen complex
of the picket-fence porphyrin has been found to be diamagnetic (Collman,
1977), in agreement with the early results of Pauling and Coryell (1936) on
the oxyhemoglobin. Recent experimental data (Koster, 1975; Cerdonio et
al., 1977, 1978) are indicative, however, of a thermal equilibrium between
a ground singlet state and an excited triplet state (although their interpre-
tation has been questioned by Pauling, 1977).

(5) A spin state S = 1/2 has been assigned to the dioxygen adducts of
cobalt(Il) porphyrins which have been formulated as Co(III)-O; com-
plexes. This was based on the analysis of the corresponding EPR spectra
(Walker, 1970; Hoffman and Petering, 1970; Yonetani et al., 1974; Way-
land et al., 1974; Collman et al., 1978), which are similar to those reported
for the low-spin § = 1/2 dioxygen adducts or Co(II)-Schiff-base com-
plexes (Basolo ef al., 1975).

It should be pointed out, however, that the characterization of the
electronic structure of the metal dioxygen unit M—Q, as either M(I)-0O, ,
M(IID-0O;5;, or M(IV)-0%~ is rather formal (see, for instance, Drago,
1979). A better way of characterizing the metal dioxygen unit is possible if
the ground-state electronic configuration is known: if we adopt the nota-
tion scheme introduced by Enemark and Feltham (1974) and if we denote
the MO, fragment by {MO,}", where n is the number of electrons asso-
ciated with the metal d orbitals and the 7* orbitals of dioxygen (17, for
molecular oxygen), then a ground-state electronic configuration of the
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type d"2xn? will be referred to as a M(II)-O,-type configuration, a d*373
configuration as a M(III)-O; superoxo-type configuration, and a d* ‘x4
configuration as a M(IV)-O%~ peroxo-type configuration. Again, one
should keep in mind that one never has pure 7 dioxygen and d metal
orbitals: these orbitals mix with each other and with the other ligand
orbitals. However, there should be some correlation between the oxida-
tion state representation and the extent of the charge transfer from the
metal to the dioxygen ligand.

It is important to know the extent of this charge transfer in order to
understand the reactivity of the oxyporphyrins. Elucidation of the rules
which govern the trend of the experimental data when one proceeds from
Ti to Co along the transition series is also desirable: the formal oxidation
states seem to be distributed at random, some of the experimental data are
puzzling (especially for Mn and Fe). These questions should be answered
once the ground-state electronic configuration has been assigned.

As dioxygen complexes of the metalloporphyrins we considered the
model systems TiPO,, MnPQO, , FePO,NH;, and CoPO,NH,, i.e., corre-
sponding to the known coordination number of the metal atom:
Ti(OEP)O, (Guilard et al., 1976, 1978) and Mn(TPP)O, (Weschler ¢ al.,
1975; Hoffman et al., 1976) have been reported to be five coordinate. [A
six-coordinate adduct TiPO,(L) has also been observed (Latour et al.,
1979).] On the other hand, the dioxygen complexes of the picket-fence
porphyrin Fe(TpivPP) are six coordinate with an imidazole ligand to com-
plete the coordination sphere of the iron atom (Collman ez al., 1974; Jame-
son et al., 1978a, 1980). One also finds a sixth imidazole ligand in the
oxymyoglobin (Phillips, 1978) and in the oxyerythrocruorin (Weber e al.,
1978). This is also true for the dioxygen adduct of the cobaltomyoglobin
(Petsko et al., 1981). For each of these systems the experimental value of
the spin state was generally assumed. This reduced the number of elec-
tronic configurations which had to be considered. Moreover, due to the
correlation error, it would have been difficult to compare at the Hartree—
Fock level the relative stabilities of electronic states with different num-
bers of unpaired electrons.

b. The TiPO, system. For the TiPO, system we have considered
only closed-shell electronic configurations. This is a safe assumption since
the OEPTiO, complex has been found to be diamagnetic (Guilard er al.,
1978). For both structures, perpendicular and bent,? the electronic config-
uration of the ground state is d°(72)*(w})?.* The computed total SCF ener-

? To characterize the M-0O, geometrical structures, we shall use the terms perpendicu-
lar, or Griffith structures, and bent, or Pauling structures, interchangeably.

3 In the following, 72 and 74 denote the two m, antibonding orbitals of the dioxygen

ligand which are, respectively, symmetrical and antisymmetrical with respect to the plane
containing the MO, unit.
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gies of the possible closed-shell electronic configurations may be found in
the original publications by Rohmer et al. (1977) and Dedieu et al. (1979a).
According to what has been said previously it would be defined as a
Ti(IV)O%~ peroxo-type configuration (in fact, neither the 72 nor the 7}
orbital are pure orbitals of the dioxygen ligand since they mix with d
orbitals, e.g., with d_, and d,,, , respectively, in the perpendicular struc-
ture). This resuit is in good agreement with the formulation of the bonding
in the molecule OEPTIO, in terms of a peroxotitanium unit which was
based on the 0—O distance of 1.44 A and the »(O—O) IR absorption at
898 cm™! (Guilard et al., 1976, 1978).

c. The MnPO, system. The nature of the ground-state electronic
configuration of the MnPO, system has been the subject of a continuing
controversy (see, for instance, Dedieu et al., 1979a and Hoffman ez al.,
1978). For a spin state of S = 3/2 (experimental value deduced from the
EPR spectra) there are 14 possible configurations for the ground state (we
have assumed that the 3d,._,. orbital is always empty, which is likely to be
the case). According to the Enemark and Feltham notation, three of them
can be characterized as being of the d*z* type [or Mn(IV)OZ], five of the
d4m? type [or Mn(IIT)O; ] and six of the d57»2 type [or Mn(I)O,]. Using first
the minimal basis set (BS I) we found that for a 0.25 A out-of-plane
displacement of the Mn atom and an eclipsed* conformation of the O, unit,
no stationary value of the energy could be obtained for the three config-
urations of the d*7* type: starting with a trial wave function in which the
three open shells were predominantly of d type led invariably to a solution
where one of these open shells and a closed shell of the same
symmetry-—either 772 or w8—had switched, thus leading to a configuration
of the d*z® type. This result was traced to the fact that the 7, orbitals of
dioxygen do not appear to lie below the 3d orbitals of the Mn atom (see
Ref. 57 of Dedieu et al., 1979a). The experimental assignment (d®z*) based
on EPR spectra seemed therefore to be ruled out by our calculations. The
lowest energy configuration, although different for the bent and perpen-
dicular structures, was in both cases of the d*#® type with a Mn(III) atom
of intermediate spin (d*, § = 1). We refer the reader to the original publi-
cations by Dedieu and Rohmer (1977) and Dedieu ef al. (1979a) where a
complete list of the energies of the 14 configurations in both geometries
can be found. Since the same result was obtained with a larger basis set
(the valence split basis set II) the lack of a peroxo-tyype ground-state
configuration could not be traced to our initial choice of a minimal basis
set.

4+ The term eclipsed refers to the oxygen atoms being eclipsed with respect to the pyrrole

nitrogens; the term staggered refers to the oxygen atoms being staggered with respect to the
pyrrole nitrogens.
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TABLE VI

ToTaL SCF ENERGIES FOR SOME REPRESENTATIVE CONFIGURATIONS® AND
STRUCTURES oF Mn(P)O, (§ = 3/2)

Ct---Mn=025A Ct---Mn=062A
Bent, Perpendicular, Perpendicular, Perpendicular,
eclipsed eclipsed eclipsed staggered
Electronic configuration (a.u.) (a.u.) (a.u.) (a.u.)
(1) (m3)*(w)2(xy) *xz) (yz)! b b b, e b, e
(3) (mD2A7Y) 2 (xy) Uyz) (zH)* b b — —2273.04¢
—2272.082¢
@) (7)UD) (xy)Hyz) Uxz)t —2273.129¢ —2273.041° —2273.041° —
6) (7)A 7Y Uxy)Hyz)(z)? —2273.077¢ —2273.094¢ —2273.085¢
—2273.121¢

¢ We use our original numbering here [see Dedieu er al. (1979a)].

b No stationary value of the energy was found corresponding to this configuration.

¢ 0—O separation of 1.25 A.

4 0—O separation of 1.46 A.

¢ There is an important mixing between w3 and xz. As a result, the open shell has a
greater component on 7§ than on xz, and the configuration is best described as being

(7)) W) 2(xy) Y(xz)(yz)*.

The influence of the Ct - - - Mn distance and of the conformation of
the dioxygen unit (eclipsed or staggered) has been now investigated more
carefully for the perpendicular structure. The corresponding results are
summarized in Table VI. For the eclipsed conformation the lengthening of
the Ct - - - Mn distance does not lead to a stabilization of the d®*z*-type
configurations. On the other hand, for the staggered conformation we now
obtained a stationary value of the energy for one d3z* configuration,
namely, configuration (3) which can be abbreviated as® (m2)%(w})%(xy)*
(Yz)1(z2)? (or perhaps more precisely (w3 + Xz)%(75) *(xy)(Yz)(z?)*. This
result has been previously rationalized (see Ref. 50 of Dedieu et al.,
1979a) in terms of symmetry arguments. Note that this configuration was
found to be consistent with the data of the EPR spectra (Hoffman et al.,
1978), especially with the lack of spin density on O, . A lower energy value
has been found, however, for a d‘m3-type configuration (see Table VI).
The increase of the O—O bond length to 1.46 A (.e., typical of a peroxo
unit) does not change these results, all computed energies being lowered.

5 In our choice of axes, X is the axis in the dioxygen plane and Y is the axis perpendicu-
lar to the dioxygen plane.
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There is still some disagreement between these results and the experi-
mental results [which would favor configuration (3)]. 1t is less severe than
previously, however, since we now find a d®z*-type configuration (which
belongs to the set of those experimentally postulated), although it is about
1 eV higher in energy than our lowest d*#® configuration. Moreover, our
description of the ground state by a single determinantal wave function is
perhaps less appropriate for MnPO, than for other metalloporphyrins
(vide infra). Each state may be a mixture of several electronic configura-
tions (some of them being also of the d37? type; see Dedieu et al., 1979a).
The situation is even more intricate when one goes from the C,, symmetry
(perpendicular geometry) to the C, symmetry (bent geometry). A more
appropriate description of the ground state would probably be obtained
through CI calculations; thus far we cannot give a definite conclusion at
the SCF level.

Calculated 3*Mn and 7O hyperfine splitting obtained from an iterative
extended Hiickel wave function were used to assess the ground-state
electronic configuration of the MnPQ, system (Hanson and Hoffman,
1980). The results which are said to agree with the experimental results do
not reconcile theory and experiment, however, since in order to get the
agreement the authors have to assume an open-shell orbital of lower
energy than a closed-shell orbital. Such a treatment is inappropriate for a
one-electron Hamiltonian, since one obtains a lower total energy by plac-
ing the three open-shell orbitals above the closed-shell orbitals. When this
is done the ground-state energy configuration turns out to be (in our nota-
tion) (w2 + X2)2(wd)"(xy)*(Yz)'(z?)", i.e., configuration (6), which we have
found to be the lowest in an SCF treatment and which is of d‘zx® type. If
the ground-state configuration of the MnPQO, system were a d3z*-type
configuration, then one should explain why the energy-based treatment
fails to yield the correct result. Our feeling is that the dioxygen adduct of
the manganese porphyrin represents an intermediate case, when going
from titanium porphyrins to cobalt porphyrins, for the characterization of
the ground state (and of the geometry as we shall show later). We note that
the ground-state dioxygen adducts of the manganese phtalocyanine
(Lever et al., 1979, 1981) and of a manganese phtalocyanine derivative
(Moxon et al., 1981) have been characterized as being of the d*m®
superoxo type in agreement with our conclusion for MnPO,. Another
possibility would be that the change in the equatorial ligand has switched
the ground-state configuration from d®z4 to d*n3. This would be indicative
that both configurations are close in energy and should contribute to the
ground-state description.

d. The FePO,NH,; system. For the Pauling geometry of the
Fe(P)O,NH; system, a number of singlet and triplet electronic states were
considered. The singlet states were either of the closed-shell type (config-
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uration of the d®#? type where d°® stands for d%, d2, d2,) or of the open-shell
type (configurations of the d®#® type). The triplet states corresponded to
d573 configurations. The lowest energy of the system was indeed found for
a triplet state 3A’ with the configuration dZ,d2, d}, (w2*(72)* (see Dedieu et
al., 1977, 1979a). We emphasized, however, that the correlation error
should bias the energy results in favor of the open-shell calculation and
assigned therefore the ground state to the closed-shell configuration
(d P (d.. (d,, (w22, which lies only slightly higher in energy. (The corre-
lation energy between the closed-shell and the open-shell configurations
would be of the order of a pair correlation energy, about 0.03 a.u., and
probably larger due to the near degeneracy of the two orbitals of the
dioxygen w2 and n2; see Ref. 63 of Dedieu et al., 1979a.) This totally
spin-paired ground-state electronic configuration has been found to pro-
vide a satisfactory basis for the interpretation of the observed transition
energies and polarization in the electronic absorption spectra of oxymyo-
globin and oxyhemoglobin (Eaton et al., 1978; Churg and Makinen, 1978).
That a triplet state lies in the vicinity of the singlet ground state is also in
agreement with the experimental results of Cerdonio et al. (1977, 1978)
and Koster (1975).

Other calculations on oxyheme systems also yield the diamagnetic
singlet state as the ground state: the CI-Pariser—Parr-Pople (PPP) calcu-
lation of Case et al. (1979) led to a singlet ground state which was domi-
nated by the closed-shell SCF d%(#2)? configuration. The singlet dia-
magnetic ground state was obtained in an INDO-SCF-CI calculation
(Herman and Loew, 1979) and a triplet state (having the same composi-
tion as that of our lowest) was found very near in energy (at 0.6 x 1073
a.u.).

Using the oxidation-state formalism, the ground state of the
Fe(P)O,NH; system would therefore correspond to an iron(II) dioxygen
complex. Indeed, the net charge of the O, ligand as obtained from a
Mulliken population analysis is +0.02, i.e., indicative of no charge trans-
fer to the dioxygen ligand. This conclusion does not change when using a
basis set of better quality: with the valence split basis set the net charge of
the dioxygen ligand was computed to be +0.08. A neutral dioxygen ligand
also results from the PPP calculations of Case et al. (1979) and of the
GVB-CI calculations of Goddard and Olafson (1977). The INDO calcula-
tion of Herman and Loew (1980), as well as the earlier iterative extended
Hiickel calculations of Kirchner and Loew (1977), point to a Fe(II)O,-type
configuration but end with a net negative charge for the O, unit which is
traced to a nonnegligible back-bonding from iron to dioxygen.

The Fe(I)O, formalism is at variance with the superoxide formulation
Fe(I11)O;, which has been deduced mainly from the interpretation of the
value found for the dioxygen IR stretching frequency (see Collman et al.,
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1976, 1977). We have shown, however, (see Dedieu et al., 1976b) that the
experimental shift of the O—O frequency from O, (1556 cm™) to the
dioxygen complex of the picket-fence porphyrin (1159 cm™!) is well repro-
duced by the minimal basis set calculation [although the calculated
stretching frequencies are too large: 1741 cm™ for O, and 1326 cm™ for
Fe(P)O,NH;]. The correlation between the O—O stretching frequency
and the charge of the dioxygen unit which is often advocated seems there-
fore to be a rather loose one. This view is also shared by Case et al. (1979)
and by Drago (1979) and is gaining wide acceptance because experimen-
tal data (see Jones et al., 1979) indicate that the O—O IR stretching
frequency for end-on bonded dioxygen complexes is quite insensitive to
ligand and metal variation, and is thus insensitive to the amount of elec-
tron transfer.

e. The CoPO,NH; system. There are four possible electronic con-
figurations for the low-spin § =1/2 ground state of Co(P)O,NH; (Dedieu
et al., 1976a). Two of them are of d’#? type and the other two of the d®z3
type. According to our calculations (see Dedieu et al., 1979a), the
ground-state configuration for the bent structure (the most stable one) is
(d,,)¥(d,,)¥d,, (@ 2)*(wh)!, i.e., a d®nr® Co(II)O; superoxo-type con-
figuration. This is in agreement with the known experimental data.

[f. Rationalization of the results. The next step in our analysis was to
rationalize the changes in the configuration of the dioxygen ligand as a
function of the transition metal of the metalloporphyrin: along the se-
quence of metals Ti, Mn, Fe, and Co, the dioxygen ligand is successively
described as peroxo, superoxo (or possibly with a great admixture of
peroxo character), neutral dioxygen, and, again, superoxo. Although this
classification is rather formal, it is indeed refiected in the charge given by

TABLE VII

THE CHARGE OF THE DIOXYGEN LIGAND FROM THE
POPULATION ANALYSIS VERSUS THE FORMAL CHARGE

System Ground-state configuration Q(0,)
TiPO, d°(73)2(m)? 16.66
MnPO, (A2 P(dy)(de) (2P (ml)te 16.45

(dgy P(d, ) (A (2P (mrh)*? 16.33
FePQ,NH, d2,dz,d2, (w3)? 1598
CoPO,NH;, (dy P (A2, P(dy, (2P () 16.45

2 Lowest energy configuration for the bent structure.
b Lowest energy configuration for the perpendicular
structure.
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Fig. 10. The energies of the orbital 17, of O, and of the 3d orbitals in the first-transition
series. (Reprinted with permission from Hoffman es al., 1977. Copyright 1977, American

Chemical Society.)

the population analysis (see Table VII). The rationale behind these
changes lies in the relative electronegativities of the metal d orbitals and
of the dioxygen 7* antibonding orbitals. This is illustrated in Fig. 10 where
the relative energies of the lw, orbitals and of the 3d orbitals of the
transition metal (the latter depending, of course, on the charge of the
metal) are shown. One notices immediately that the energy of the 3d
orbitals decreases along the transition series. Assuming a positive charge
of the order of the unity on the metal (as usually is found in a population
analysis), the 3d orbital energy is probably greater than the energy of the
17, O, orbital at the beginning of the series, while in the middle the two
energies are probably similar. Since the molecular orbitals of the MO, unit
are built from the interaction of the metal d and O, #* orbitals (see our
original papers and also Hoffmann et al., 1977), these molecular orbitals
are mostly dioxygen orbitals when M is an early transition metal. This
results in a charge transfer from the metal to the dioxygen ligand, as found
for TiPO, : the two m orbitals are lower than the d,, orbital and are filled
with four electrons, hence the peroxo-type Ti(IV)O3~ configuration. Pro-
ceeding along the transition series, the electronegativity of the d orbitals
increases and progressively matches the corresponding value for the #*
orbitals of O, . The charge transfer from the metal to the ligand decreases
from Ti(IV)(0%) to Fe(I)O, in FePO,NH; where we do not find any
significant charge transfer: the metal d orbitals of pseudo-t,, symmetry®
which are lower in energy than the 7* orbitals of O, are filled, together
with the dioxygen w2 orbital. In the CoPO,NH; system the additional
electron has the choice between one of the e, orbital’ (namely, 3d,.) and
the other #* orbital (). Since this e, orbital is at a much higher energy,
it turns out to be energetically more favorable to put this electron in the 72
orbital, hence the charge transfer configuration Co(III)-O;.

One would have noticed that the V, Cr, and Mn atoms lie in a borderline
region where the metal d and dioxygen 77* orbitals are similar in energy.
As a consequence, many electronic configurations are close in energy.

8 We refer here to the pseudo-O, symmetry-point group of the FePO,NH; system.
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TABLE VIII

57Fe MOSSBAUER PARAMETERS FOR FOUR- AND F1VE-COORDINATE Fe(II)
PORPHYRINS AND DEOXYHEME

AE,

System Spin value (mm/sec) Ve Reference
FeTPP 1 1.51 >0 Collman et al. (1975)
(2-MeIm)FeTPP 2 2.28 <0 Collman et al. (1975)

Kent et al. (1979)
DeoxyMb 2 2.29 >0 Gonser et al. (1974)
2.22 <0 Kent ez al. (1976, 1979)
DeoxyHb 2 2.38 Huynh et al. (1974)
2.40 <0 Kent et al. (1979)

This is best exemplified by our work on MnPQO, : obviously, a multiconfig-
urational wave function is necessary in order to get a good representation
of the Mn-0O, unit. On the other hand, as pointed out previously, the
ground state of the FePO,NH; system has been found by Case et al. (1979)
to be dominated by the closed-shell SCF configuration in their PPP-CI
calculation. This is again consistent with the greater energy separation
between the 3d metal orbital and the O, #* orbitals.

B. Calculation of the Quadrupole Splitting

The Mossbauer spectroscopy of the 5’Fe atom provides a unique way
to probe the electronic structure of the iron atom in the iron(I) porphy-
rins, since the quadrupole splitting AE, is related to the electric field
gradient at the iron nucleus and hence at the electronic distribution in the
3d orbitals (see, for instance, Lang, 1970). Many studies, both experimen-
tal and theoretical, have been devoted to the Mdssbauer spectra of the
four-coordinate iron(II) porphyrins (§ = 1) (Collman ez al., 1975a; Dol-
phiner al., 1976; Langet al., 1978); the five-coordinate iron(1I) porphyrins
(S = 2) (Kent er al., 1979); and deoxymyoglobin and deoxyhemoglobin
(Huynh et al., 1974a,b; Gonser et al., 1974; Eicher et al., 1976; Maeda et al.,
1976; Kent et al., 1977). Experimental values of AE, together with the sign
of V., are summarized in Table VIII. For FeTPP, the value of the quad-
rupole splitting has been used to assign the ground-state configuration.
The configuration (d,,)*(d,.)*(d,.)?(d..)! (state ®B,,) was rejected on the
basis that it would give a strongly negative quadrupole interaction and the
configuration (d,,)*(d..)*-%(d,.)*5(d,.)! (state 3E,) was also rejected on the
basis that it does not exhibit the required magnetic properties. The config-
uration (d,,)?(d,.)'(d,,) (d,.)?* (state 3A,,) was retained as the ground-state
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configuration, although the value of AEy could be explained only by post-
ulating an extremely large electronic transfer from the porphinato nitrogen
atoms to the d,._,. orbital (Collman et al., 1975; Lang et al., 1978).

For the five-coordinate high-spin molecule (2-MeIm)Fe(TPP) the ex-
perimental value of 2.28 mm/sec is extremely close to the corresponding
values for the deoxyheme molecules (Kent et al., 1979). A great many
theoretical studies have been devoted to the analysis of the Mossbauer
spectra of the deoxyheme molecules, but the conclusions have been rather
conflicting. A first group of studies finds V,, positive, parallel to the heme
plane (Gonser et al., 1974; Huynhet al., 1974; Eicheret al., 1976; Maeda et
al., 1976). However, a more recent analysis of the spectra of the three
molecules (2-MeIm)Fe(TPP), deoxyMb, and deoxyHb yields V,, negative
(Kent et al., 1979).

We have calculated the electric field gradient (EFG) tensor with an
ammended version of the one-electron properties package of the
POLYATOM program (Neumann e7 al.) and the calculated values of the
quadrupole splitting are reported in Tables IX and X for FeP and
FePNH,, respectively. Before discussing these results, we should em-
phasize their limitations. These theoretical values are based on single-
determinantal wave functions, and in some cases they are to some extent
sensitive to the basis set used. Finally, for the five-coordinate system, the
electric field gradient at the iron nucleus may also depend on the nature of

TABLE IX

CALCULATED QUADRUPOLE SPLITTING® FOR FeP As A FUNCTION
OF THE ELECTRONIC CONFIGURATION

AE, (mm/sec)

Electronic FeP FeP
configuration Electronic planar ruffled
=1 state BSII BSIII

ey (xz)*(yz)(22) i —-4.84 -5.38
(xy)2(xz) ' (yz) "(z%)? 3Age ~0.28 +0.21
(xy)2(xz)3(yz)-5(2) 3E, +1.37¢ +1.97°

¢ The quadrupole splitting is related to the EFG tensor through
AEg = 3QV,.(1 + n2/3)¥2 with the convention |V_,| = |V, | = |V,
and n = (V,, — V,,)/V,,; sign of AE, is sign of largest magnitude
Vi: @ = 0.20 barn.

b AEq = —0.19 mm/sec for the ruffled porphyrin ring.

¢ Using the SCF wave function for the 2A,, state.
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TABLE X

CALCULATED QUADRUPOLE SPLITTING FOR FEPNH; (S = 2) wiTH BSII As A FUNCTION OF
THE ELECTRONIC CONFIGURATION AND OF THE QUT-OF-PLANE DISPLACEMENT OF IRON

Electronic
Electronic configuration state Z (A) AE, (mm/sec)
(P2 (yz (2 — y)! SA" 0.1 -37
0.25 +3.7
0.50 +4.0
Gy (y2) (22 (2 — ¥ 5A’ 0 +6.5
0.25 +6.1
0.50 +53
oy ez (yz) (22) (a2 — Y2 SA 0 -3.7

the fifth ligand: the calculations have been carried out for an ammonia
ligand, whereas the Mdssbauer experiments refer to an imidazole ligand.

For FeP the calculated values of AE, (Table IX) for the configuration
(xy)¥(xz)15(yz) 15(z2)! (state 3Ey) is positive and sufficiently close to the
experimental value of +1.51 mm/sec. This would tend to support the
assignment of this configuration as the ground-state configuration. How-
ever, we also obtain a positive value of AE for the state 2A,,, so that one
cannot definitely rule out the possibility of an 2A,, ground state. In the
Hartree-Fock approximation, the wave function is represented by a single
determinant and one easily finds that there is one other 3d® configuration
of 3E, symmetry and two other 3d® configurations of 3A,, symmetry which
can mix with the above configurations in the ground-state wave function.
A large admixing of these configurations in one of the two ground-state
wave functions may alter the calculated value of the quadrupole splitting.

For FePNH, (Table X) the configuration (xy)2(xz)'(yz)(z?)(x®* — y?)*
(5A’) gives a large positive quadrupole interaction (5-6 mm/sec), whereas
the experimental measurements correspond to a much smaller value of 2.3
mm/sec. This substantiates our conclusion based on the energy values of
Table V that this configuration is not the ground-state configuration. [It
was assigned as the ground-state configuration in the ligand-field calcula-
tions (Trautwein et al., 1975) and in the crystal field model with a tetra-
gonal symmetry (Huynh ef al., 1974)]. For the two other configurations
which are nearly degenerate, they yield identical values of AE,. One
notices that the sign of AE, changes with the out-of-plane displacement
between Z = 0 and Z = 0.25 A, while the absolute value of AE, remains
practically constant. Thus the measured values of AE, should be rather
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insensitive to the displacement of the iron as long as the system remains in
a high-spin state.

C. Energy Levels and Ionization Potentials

Studies on the oxidation-reduction properties of metalloporphyrins
have long been a problem to biochemists and chemists alike because of
the importance of these systems as biological electron-transfer agents.
The interpretation of the properties of oxidized porphyrins requires a
knowledge of their energy levels (Dolphin and Felton, 1974). Further-
more, there has been an upsurge of photoelectron spectroscopic studies of
metalloporphyrins (Khandelwal and Roebber, 1975; Muralidharan and
Hayes, 1978; Kitagawa et al., 1979; Dupuis et al., 1980; see also Nakato et
al., 1976). In this section we consider first the energy levels and next the
calculation of ionization potentials.

The energy levels of metalloporphyrins have been discussed by many
authors (see, for instance, Gouterman, 1959; Maggiora, 1973; Dedieu et
al., 1977). For the sake of simplicity, we consider first the energy levels of
the porphine dianion (Table XI). One finds as the highest occupied orbitals
a set of two 7 orbitals, nearly degenerate, of symmetry a,, and a,,.
Somewhat below are a number of 7 orbitals intermixed with the orbitals

TABLE XI

THE ENERGY LEVELS AND ORBITAL ENERGIES® OF THE PORPHIN DIANION WITH
DIFFERENT BASIS SETS AND GEOMETRIES

Ruffled
Planar,
Orbital® BSI BSI BSII BSIII
3ay, () +0.014 +0.013 +0.054 +0.051
la,,(m) —0.045 -0.043 +0.023 +0.023
9b, () —0.106 —0.105 -0.071 -0.070
3ey(m) -0.115 -0.114 —-0.060 —-0.059
2bg, () -0.121 -0.121 —0.065 —0.063
17e,(n) -0.143 -0.143 -0.114 -0.111
2a,,(m) —0.167 —0.164 -0.100 -0.099
11a,,(n) -0.187 —0.188 —0.166 -0.162
2e,(m) -0.201 -0.193 -0.126 -0.125
1b,,(mr) -0.258 —0.243 -0.179 —0.178

¢ In atomic units.
b The notations 7 and n denote, respectively, the porphin 7= and o MOs composed
mainly of the nitrogen lone pairs.
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TABLE XHI

THE ENERGY LEVELS AND ORBITAL ENERGIES OF THE LOW-SPIN (§ = 0) IRoN(II)
PORPHYRIN (PLANAR GEOMETRY)

BSI BSII BSI BSII
Orbital (a.u.) (a.u.) Orbital (a.u.) (a.u.)
la, () -0.317 —0.238 9b,,(d,,) -0.518 —0.468
Sa,.(mr) -0.316 -0.253 19e,(n) —0.525 -0.471
de,(m) -0.413 —0.348 1b, () -0.536 -0.459
2by(7) —0.424 —0.357 9b,.(n) —0.537 —-0.473
4a,, (1) —0.442 —0.374 2e4(d;. , d,,) —0.554 —0.500
3ey(m) —0.469 —0.390 14a,,(n) —0.588 —0.541

made essentially from the nitrogen lone pairs. The other o orbitals are
found at lower energies (Dedieu et al., 1977). From the results of Table XI,
one notices the following:

(1) The orbital energy values are practically the same for the two
geometries considered—planar or ruffled

(2) The orbital energies of these high-lying levels are raised when the
basis set improves from minimal to double zeta

(3) The orbital energies are practically the same for the two basis sets
BSII and BSIII, which differ only at the level of the inner shells (one being
minimal and the other double zeta for the inner shells).

In Table XII we have reported the energy levels of the low-spin
(S = 0) iron(II) porphyrin FeP. We have considered this closed-shell low-
spin system rather than the intermediate-spin (S = 1) open-shell system,
which is known experimentally, in order to make a significant comparison
with the porphin dianion, since orbital energies from closed-shell and
open-shell SCF theories are not necessarily comparable. The 7 a,, and a,,
orbitals are practically degenerate and are separated from the next oc-
cupied orbital by a gap of about 0.1 a.u. or 3 eV. The sequence of energy
levels is rather similar to that found for the porphine dianion, the main
differences being the following:

(1) A net stabilization of the orbitals of the iron(II) porphyrin, which is
due to the charge cancellation

(2) A preferential stabilization of the a,,(7) orbital in the iron(II) por-
phyrin as a consequence of mixing with the iron 4p, orbital

(3) A preferential stabilization of the molecular orbitals (MOs) by, €,,
and a,, made mainly from the lone pairs of the nitrogen atoms, this stabili-
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(@) (h)

Fig. 11. The high-lying MOs of iron(II) porphyrin. The size of the lobes is approximately
proportional to the basis functions coefficients. The view is looking down the positive z axis
at the upper lobe of the pr and dnr basis functions for the 7 MOs: (a) 5a,,(); (b) la,,(m);
(c) deg(m); (d) 25,,(m); (€) Ibyye(dy ); (F) 19e,(n); (8) Ibyy(n); (h) 14a,,(n).

zation being larger for the MO b, (n) as a consequence of the bonding
interaction with the 3d,._,. orbital of iron.

These high-lying MOs are sketched in Fig. 11. Essentially the same
features are found in the sequence of energy levels for MnP (S = 5/2),
FeP (S = 1), and CoP (S = 1/2) (Table XIII; with the restriction that the
energy of an open-shell orbital is not comparable to that of a closed-shell
orbital). One notes again, from the values reported for FeP (S = 1), that
the orbital energies are practically the same for the two geometries, planar
and ruffled, and for the basis sets BSII and BSIII. Furthermore, the orbi-
tal energies for the 7 levels are nearly identical for FeP (S = 1) and CoP
(S = 1/2). The only exception corresponds to an inversion of the levels e,
and b,,, a consequence of the fact that the e () orbital of FeP is stabilized
through a bonding interaction with the orbitals d,, and d,, of iron.

The above description of the energy levels has some relationship to a



TABLE XIII

THE ENERGY LEVELS AND ORBITAL ENERGIES OF THE MANGANESE(II) PORPHYRIN (S = 5/2), THE IRON(II) PORPHYRIN (§ = 1),
AND THE COBALT(II) PORPHYRIN (§ = 1/2)

MnP(?A,,;), BSII® FeP(A,,) CoP(2A,,), BSIII®
Energy Energy level (a.u.) Energy
Orbital level Orbital Orbital level
(a.u.) (a.u.) (a.u.) BSII® BSII¢ BSIII¢ (a.u.) (a.u.)
bye(dzay2) +0.011% ey(d,. , dy.) —0.076* —-0.076* ~0.071* a,5(d,2) —0.088*
bye(d.y) —0.058* ay () -0.239 —0.237 -0.234 a,,(m) -0.230
eld;,, d,,) —0.067* a,(m) ~0.254 -0.251 -0.248 Ay (7) -0.251
a;4(d,2) ~-0.070% b, () —-0.357 -0.357 -0.353 ey(m) —0.348
a5, () —-0.240 eym) —0.366 —0.365 —0.362 beu(m) —0.352
a;,(r) -0.242 () -0.375 -0.375 -0.373 ay,(m) -0.373
by () -0.358 e (m) -0.392 —0.385 -0.379 ey(m) -0.379
eqlm) -0.361 ay(d,2) -0.432 -0.432 —0.428 by () —0.444
au(7) -0.372 byu(m) -0.460 —0.448 —-0.443 beg(dy) -0.516
eq(m) ~0.382 bye(dyy) —0.481 —0.483 -0.479 ey(dy,, dy.) -0.519
b, (7) -0.439

¢ Assumed planar.
b Asterisk denotes open-shell orbitals.

¢ Experimental geometry, ruffled.
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number of experimental data. The near degeneracy of the highest filled
orbitals a,,(7) and a,,(7) is the key to the striking differences observed in
the EPR spectra of porphyrin 7 cation radicals, with the possibility of
either a2A,, or2A,, ground state (Dolphin and Felton, 1974). The similar-
ity between the sequence of energy levels for the porphin dianion and
various metalloporphyrins is in agreement with the experimental observa-
tion that the free-base porphin and its metallic derivatives have surpris-
ingly similar photoelectron spectra (Khandelwal and Roebber, 1975;
Kitagawa et al., 1979; Dupuis ef al., 1980). A study of the redox poten-
tials of metalloporphyrins has led to the conclusion that upon the intro-
duction of a transition metal into a porphyrin, only the o shell of the
porphyrin (namely, the nitrogen lone pairs) is appreciably shifted in
energy (Fuhrhop et al., 1973). This is in agreement with the statement
reached by Gouterman (1959) that the interaction between the metal d(zr)
and the porphyrin 7r orbitals is minimal.

We now turn to a discussion of ionization potentials. At the SCF level,
ionization potentials may be calculated in two ways. One method is to use
Koopmans’ theorem: namely, for a closed-shell system the ionization
potential is equal to the negative of the orbital energy. There are two
drawbacks to this approach. First, the relationship does not apply to the
open-shell systems (however, with the open-shell SCF formalism which
we have used, it seems to be approximately valid for the filled orbitals).
Next, we have shown that in the case of organometallics, Koopmans’
relation is approximately valid for the ligand orbitals but not for the metal
3d orbitals (see, for instance, Coutiere et al., 1972; Veillard and De-
muynck, 1977) since the reorganization energy remains small for the
former but not for the latter, where it amounts to several electron volts.
Then the proper way to calculate the ionization potentials is to carry out
separate SCF calculations for the molecule and its ion and then subtract
the energy of the former from that of the latter. This is usually called the
ASCF method. We discuss first the ionization potentials on the basis of
Koopmans’ theorem, and this discussion is obviously restricted to the
ionization from the = orbitals of the porphyrin. Next, we shall see how the
conclusions are changed when the ionization potentials are obtained from
the ASCF method.

We have reported in Table XIV the ionization potentials calculated for
a number of systems either on the basis of Koopmans’ theorem or by the
ASCF method, together with the experimental values found in the litera-
ture. For the two highest # orbitals of the porphyrin ligand, a,, and a,,,
both the Koopmans’ and the ASCF values of the ionizations potentials are
in good agreement with the experimental values. Koopmans’ values tend
to be slightly higher than the experimental potentials, while the ASCF



TABLE XIV

THEORETICAL AND EXPERIMENTAL VALUES OF THE IONIZATION POTENTIALS (IP)

Calculated IP (eV)

Electronic Basis Molecular Koopmans’ Experimental
Compound state set orbital theorem ASCF IP (eV) Reference
MnP 8As, BSII a,(m) 6.53 — 6.44 Khandelwal and Roebber (1975)
ay,(m) 6.58 —_ 6.61 Khandelwal and Roebber (1975)
FeP 3A,, BSIII a,,(m) 6.37 5.9(*A,) 6.06 Kitagawa (1979)
ay, () 6.75 6.3(*A,) 6.48 Kitagawa (1979)
b (7) 9.60 9.3¢B,,) 7.29 Kitagawa (1979)
a,,(d,:) 11.6 5.8(*A,,)
bye(dzy) 13.0 6.1('B,y)
CoP 2AL, BSIII a(m) 6.26 5.6CA,) 6.09 Kitagawa (1979)
2,(m) 6.83 6.2(3A,,) 6.58 Kitagawa (1979)
ae(d,) — 8.3(A,)
FePNH;, SAY BSII a,(m) 6.34 —
ay,(m) 6.53 —
FePO,NH, 1A’ BSIHI a,,(m) 6.37 —

a,(1r) 6.56 —
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values are slightly lower. For all the systems studied except MnP, our
calculations indicate that the a,, orbital has a higher energy than a,, , but
the reverse situation occurs for MnP (however, the energy difference is
extremely small for this molecule). For the three molecules MnP, FeP,
and CoP, the experimental separation between these two states of the ion
is well reproduced by the calculation (for MnP theoretical 0.05 vs. 0.17 eV
experimental, for FeP theoretical 0.4 vs. 0.4 eV experimental, and for CoP
theoretical 0.6 vs. 0.5 eV experimental). On the basis of Koopman’s
theorem, together with the values of Table XIII, the third 7 ionization
potential for FeP or CoP would be at about 9.6 eV, while Kitagawa et al.
(1979) report in the photoelectron spectra a band at about 7.3-7.5 eV
which they assign to the third 7 cation state. These authors already men-
tioned that the theoretical calculation fails to reproduce the experimental
gap between the second and the third ionization potentials. They hypothe-
size that Koopmans’ theorem would be applicable for the first two #
cation states but not for the following 7 states.

Ionization potentials calculated by the ASCF method for the # orbitals
are in good agreement with those obtained from Koopmans’ theorem,
since the relaxation energy remains small for these orbitals (in the range
0.3-0.6 V), in agreement with our earlier findings for other organometal-
lics. This is true not only for the a,, and a,, 7 orbitals but also for the third
7 orbital b,,. Thus the relaxation does not appreciably reduce the calcu-
lated gap between the second and the third 7 ionization potentials.

According to the ASCF calculations for FeP and CoP, the ionization
energy of an electron in a filled metal 3d orbital is at 5.8 eV (3d,.) and 6.1
eV (3d,,) for FeP and at 8.3 eV (3d,.) for CoP. The d electron bands have
not been located in the photoelectron spectra of the metalloporphyrins.
However, the ionization from a 3d-like orbital of Fe has been reported at
6.88 eV in the photoelectron spectrum of iron phtalocyanine (Berkowitz,
1979), in rather good agreement with our values of 5.8 and 6.1 eV for FeP.

On the whole, our results regarding ionization potentials are in excel-
lent agreement with those of Ohno (1980). This indicates that the calcula-
tion of the ionization potentials is rather insensitive to the details of the
basis set used.

D. The Electron-Density Distributions in the Metalloporphyrins

Only recently has it become possible to obtain from X-ray diffraction
measurements accurate experimental information on the electron-density
distribution in crystals of CoTPP (Stevens, 1981). Since the electron dis-
tribution is a sensitive property straightforwardly related to the wave
function of the system, it may be used as a critical test against which our
calculations may be judged. Stevens has reported the maps of the defor-
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(a)

Fig. 12. The deformation density distribution near the cobalt atom in the plane of the
CoN, core: (a) from the experimental work of Stevens (1981) on CoTTP; (b) from the
theoretical work of Bénard (1982) on CoP. The contour intervals are 0.10eA ~* for experi-
mental maps and 0.10eA ~* for computed maps.

mation density distribution near the cobalt atom in the plane of the CoN,
core (Fig. 12a) and in the pyrrole plane (Fig. 13a). Bénard (1982) has
computed the theoretical deformation density maps for the cobaltopor-
phyrin CoP (Fig. 12b and Fig. 13b). Comparison with the experimental
maps shows that all the significant features (peaks, pits, and saddle points)
obtained from the diffraction experiments are reproduced by the com-
puted wave function. For instance, the two maps of Fig. 13 show the same
zone of electron deficiency at the center of the pyrrole ring and the same
accumulation regions centered in the middle of the bonds. A better quan-
titative agreement cannot be expected since (1) the effects of thermal
smearing have not been introduced into the wave function; and (2) the
experimental and theoretical deformation density in the vicinity of the
heavy atoms are equally ill defined (Rees, 1976).

E. Population Analysis and Charge Transfers

For the sake of brevity, we do not report here the detailed results of
the population analysis for the systems studied (results for the iron sys-
tems have been given by Dedieu et al., 1977). We comment briefly about a
few points which are frequently discussed in the literature.

It is commonly accepted that a moderate = back-bonding from metal to
porphyrin helps to relieve the charge build-up on the metal atom that
results from o donation. Experimental evidence in support of or against a
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{a) (b)
Fig. 13. The deformation density distribution in the pyrrole plane: (a) from the experi-
mental work of Stevens (1981) on CoTPP; (b) from the theoretical work of Bénard (1982) on
CoP. The contour intervals are 0.05¢A ~ for experimental maps and 0.10¢A ~2 for computed
maps.

significant iron-to-porphyrin 7 back-bonding has been discussed by sev-
eral authors (see, for instance, Goff and La Mar, 1977; Mispelter et al.,
1978; Goff et al., 1977). The = populations of the metal and of the porphy-
rin ligand are reported in Table XV for some representative systems. The
four-coordinate systems show a 7 charge transfer from the porphyrin to
the metal. The five-coordinate system MnPO, also shows a large = trans-
fer from the porphyrin to the metal, which is understandable in terms of
the formal valency Mn(III)Os. For the other five-coordinate systems
FePNH;, FePCO, and FePOQ,, the population analysis indicates a depopu-
lation of the 7r orbitals for both the metal and the porphyrin. A metal-to-
porphyrin 7 back-bonding is found only in the case of the hexacoordinate
systems FePO,NH; and FePO,H,O. It has been found that the direction of
the charge transfer does not depend on the basis set used, minimal or
double zeta (although the double-zeta calculations tend to level off the net
charges).

A comparison of the wave functions and of the corresponding popula-
tion analysis for FeP (low spin) and FePO, shows that the bonding be-
tween the dioxygen ligand and the iron atom may be described in a rela-
tively simple way, which is very close to the original proposal by Pauling
(1949). A synergic process involves a charge transfer from the dioxygen
orbitals 30, and 72 to the 3d,. orbital of iron, while 7 back-bonding popu-
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TABLE XV

7 POPULATIONS OF THE METAL AND OF THE PORPHYRIN®

A Nature
of the
System S Porphyrin® Metal? Metal*  Porphyrin” transfer
MnP 5/2 25.960 2.040 +0.040 —0.040 P>M
FeP 0 25.978 4.022 +0.022 —0.022 P>M
1 25.962 2.038 +0.038 —0.038 P—-M
25.944 2.055 +0.055 —-0.056 P—>M

FePNH,* 2 25.987 2.999 -0.001 -0.013
MnPO, 3/2 25.904 2.134 +0.134 —0.096 P> M
FePO,NH, 0 26.038 3.848 -0.152 +0.038 M—->P

2 With BSII except for FeP § = 0, which used BSI.

b QOut-of-plane displacement of the iron atom of 0.25 A.

¢ Total 2ps population of the carbon and nitrogen atoms of the porphyrin.
¢ Total 3dr + 4pm population of the metal.

¢ Charge transferred to the metal 7 orbitals.

7 Charge transferred to the porphyrin 7 orbitals.

lates the 7} orbital of the dioxygen ligand at the expense of the metal d,,
orbital (for the sake of simplicity, we refer to a dioxygen ligand in a 'A
state). Both charge transfers are relatively small, of the order of 0.1¢ or
less. Acting in the opposite way, they leave the dioxygen ligand quasi-
neutral. Since the 30, orbital is bonding, whereas the orbitals 72 and =}
are antibonding, it is expected that as a whole the binding of the dioxygen
ligand to the ferroporphyrin will weaken the O—O bond. This probably
explains the decrease in the O—O stretching frequency, which has been
found both experimentally and theoretically.

IV. Geometrical Structure

A. The Deviations from a Planar Metal—Porphyrin Unit

in the Deoxy Systems
1. Ruffling of the Porphyrin

The tendency of the porphin to complex a great number of metal ions
is related to the ability of the porphyrin ring to stretch or to contract. The
resulting complexes exhibit variable structures depending on the size of
the metal ion and on the nature of the axial ligands (Hoard, 1975). Three
different types of geometries have been reported for the porphyrin ring
(Fig. 14):
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(a) (b)

Fig. 14. (a) The domed geometry of the porphyrin; (b) the ruffled geometry of the
porphyrin.

(1) A planar geometry with D,;, symmetry

(2) A domed geometry with C,, symmetry, usually in the case of
five-coordinated porphyrins

(3) A ruffled geometry with D,, symmetry. The ruffling results from a
contraction of the porphyrin skeleton occuring when the radius of the
metal ion is small

The intrinsic stabilities of these different structures are probably close
since, for instance, the octaethylporphinatonickel(II) NiOEP crystallizes
in two different forms: tetragonal with the macrocycle highly distorted and
having D,, symmetry (Meyer, 1972), and triclinic with the macrocycle
effectively planar (Cullen and Meyer, 1974). The four-coordinate porphy-
rins FeTPP and CoTPP display ruffled structures of S4 (quasi-Dyq) sym-
metry (Collman et al., 1975a; Madura and Scheidt, 1976).

In order to investigate the energy cost of these deformations, we have
considered the metal-free porphin P2~ and the iron(Il) porphyrin FeP
(§ = 1) with either a planar D,, or a ruffled D, skeleton (keeping the
Ct—N distance equal to the value of 1.97 A). As seen from Table XVI, the
corresponding energy values are close and, furthermore, the results de-
pend on the basis set used. To assess which structure is the most stable
would require an extended basis set, together with extensive geometry
optimization.

TABLE XVI

RELATIVE ENERGIES OF DIFFERENT STRUCTURES FOR P2~ AND FeP

Structure
Molecule Basis set Planar D, Ruffled D,
P2 BSI —978.5215 —978.5495
BSII —980.5666 —980.5525

FeP (A BSII —2241.0951 —2241.0755
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Fig. 15. The potential energy of FePNH; as a function of the out-of-plane displacement
of the iron atom.

2. The Out-Of-Plane Displacements in the Four- and Five-Coordinate

Porphyrins

a. The five-coordinate porphyrins: FePNH;. As mentioned above,
the low affinity of deoxyhemoglobin for molecular oxygen has been re-
lated to the out-of-plane displacement of the iron atom since, upon oxygen-
ation, the iron moves into the porphyrin plane. For this reason, we have
calculated the potential energy curve for our deoxyheme model FePNH;,
as a function of the out-of-plane displacement of the iron (Fig. 15). The
curve has a minimum for a displacement of 0.32 A. This value is interme-
diate between the EXAFS value of 0.2-0.3 A for deoxyhemoglobin
(Eisenberger et al., 1978) and the displacements of 0.40 and 0.42 A re-
ported for two synthetic five-coordinate porphyrins with a 2-MeIm ligand
(Jameson et al., 1978a). The steric requirements of the 2-Melm are proba-
bly responsible for the increased displacement of about 0.1 A, compared
to our value (as evidenced by the tilting of the ligand). A similar adjust-
ment for the steric hindrance of the 2-Melm group through a displacement
of 0.11-0.12 A of the iron atom has been reported in the dioxygen com-
plexes of the picket-fence porphyrin (Jameson et al., 1978a). The calcu-
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lated displacement of 0.32 A is also close to the value of 0.28 A reported
on the basis of an X-ray crystal structure for a polymeric ‘‘picket-fence’’
porphyrin with the iron atom of one porphyrin unit coordinated to the
pivalamid oxygen atom of another unit, this system being devoid of any
short contact between the axial ligand and the porphyrin ring (Jameson et
al., 1978b).

b. The out-of-plane displacement in the four-coordinate porphy-
rins. A question which is frequently addressed is the origin of this out-
of-plane displacement of the iron atom (Perutz, 1978). Traditionally, it was
said that the radius of the high-spin iron atom is too large to fit into the
porphyrin hole (Cotton and Wilkinson, 1972). An equivalent explanation
emphasizes the presence of an electron in the antibonding orbital d,._,.
since pulling the iron out of the porphyrin plane will reduce the antibond-
ing character of this orbital (Hoard, 1975). For this reason we have calcu-
lated the potential energy curve for the high-spin (§ = 2) four-coordinate
system FeP, and we have found that the equilibrium structure corre-
sponds to the iron atom in the porphyrin plane (Veillard ez al., 1980). This
supports the proposal of Olafson and Goddard (1977) that the out-of-plane
displacement of iron in the five-coordinate porphyrins is not due to the
size of the high-spin iron(II) but rather to the nonbonded interactions
between the electron pair of the fifth ligand and the pyrrole nitrogens of
porphyrin.

Further confirmation of the importance of the axial ligand—porphyrin
interactions may be found in the following calculations. We have com-
puted the potential energy curves as a function of the out-of-plane
displacement for the two systems Fe(NH,),NH; and [Fe(NH,),SH]~ con-
sidered respectively as models of the deoxyheme and of the reduced
cytochrome P450. The energy minima correspond respectively to a dis-
placement of 0.45 and 0.65 A. The increase in the out-of-plane displace-
ment when going from a nitrogen to a sulfur ligand results from an in-
crease of the repulsive interactions between the lone pairs of the fifth
ligand and of the pyrrole nitrogens since the lone pair of a mercaptide
sulfur is more delocalized than the lone pair of a nitrogen atom.

Although the size of the metal does not seem to be responsible for the
out-of-plane displacement in the case of the iron atom, this factor might
become dominant for larger atoms. One possible candidate is the man-
ganese atom, since its ionic radius is larger than the one of iron (the
difference being in the range 0.03-0.08 A, depending on the set of ionic
radii used). Support for this hypothesis may be found in the results of the
X-ray structure for MnTPP (Kirner et al., 1977) with an out-of-plane dis-
placement of 0.19 A of the manganese atom. For these reasons, we have
calculated the potential energy curve of MnP as a function of the out-of-
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plane displacement of the manganese atom, for the high-spin (S = 5/2)
configuration with BSII (Dedieu et al., 1981). The minimum was found for
the manganese atom being in the plane. Using the model MnN,CgH,, we
have extended this study with basis set III and additional f-type polariza-
tion functions. With this improved basis set the manganese atom is still
found to be sitting in the plane of the porphyrin. For this reason, we
consider that the intrinsic equilibrium position of the manganese atom in
MnP is the porphyrin plane and that the out-of-plane displacement re-
ported for MnTPP is the consequence of a weak w-complex formation
between a toluene solvate molecule and the metalloporphyrin, as pro-
posed by Kirner et al. (1977).

B. The Geometrical Structures of the Oxy and Carboxy Systems
1. Situation of the Problem

When this theoretical study began, the X-ray crystal structure of the
dioxygen adduct of the picket-fence porphyrin (Collman et al., 1974,
1975b) was the only known structure of a dioxygen adduct of a metal-
loporphyrin that was of good enough quality to assess unambiguously the
geometry of the MO, unit. The FeO, unit was found to adopt a bent,
end-on structure (I) rather than a perpendicular side-on structure (II). The
Fe—0O—O plane was found to be four-way statistically disordered,
bisecting the N—Fe—N right angles of the equatorial porphyrin plane.
However, high thermal motion and disorder in many parts of the struc-
tures of O, adducts of picket-fence porphyrins have apparently precluded
precise characterization of the O—O distance and the Fe—QO—OQ angle

(see Jameson et al., 1978a, 1980).

M an

0

o

The structures of two natural oxyhemoproteins have been reported. In
oxymyoglobin (Phillips, 1978) the FeO, unit is bent (£ FeOO = 121°) but
without any disordering and with the Fe—O—OQO plane eclipsing the
Fe—N (pyrrole) bond. These features have been traced to steric hin-
drance of some distal residues. Again, although further refinements of the
structure have apparently been carried out (see Table 20 of Jameson et al.,
1980), the bond distances and bond angles within the FeQ, unit are
only known with large standard deviation errors. The structure of oxy-
erythrocruorin (Weber et al., 1978) indicates an end-on dioxygen ligand
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but with a near linear Fe—0O—O bond (£ Fe—0—0 = 170°). This struc-
ture was poorly resolved however, and the large error (30°) on the
Fe—O—O angle precludes any definite conclusion. We note simply
that the dioxygen unit is found to point approximately between the vinyl-
substituted pyrrole residues.

Structures of dioxygen adducts of metalloporphyrins other than iron
porphyrins have now been published. A perpendicular structure (II) has
been found for the dioxygen complex of the titaniumoctaethylporphyrin
(Guilard er al., 1976, 1978) with the O—O unit eclipsing two Ti—N (pyr-
role) bonds. In the oxycobaltomyoglobin the MO, unit adopts a bent
structure (Petsko et al., 1981).

An X-ray crystal structure of a dioxygen adduct of a manganese por-
phyrin is still to be found. A side-on perpendicular structure has been
postulated, originally on the basis of the EPR data (Weschler e al., 1975;
Hoffman er al., 1976, 1978). Later, the value of the O—O IR stretching
vibration [803 cm™! for »(*0,)] was said to be characteristic of such a
perpendicular structure (Jones et al., 1979).

Our theoretical study of the geometrical aspects of the dioxygen coor-
dination to the porphyrins of Ti, Mn, Fe, and Co was therefore aimed at
the determination and the understanding of (1) the geometrical structure
of the MO, unit either bent (I) or perpendicular (II), and (2) the
stereochemistry of the MPO, system by studying the rotational isomerism
around the M—O bond, since for each of the two structures, perpendic-
ular or bent, the O—O bond may project either along the M—N bonds
[eclipsed structures (III) and (IV)] or along the bisector of the N—M—N
angle [staggered structures (V) and (VI)].
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2. Bent, Kinked, and Perpendicular Structures of the Oxy Systems

For TiPO, the perpendicular structure was found to be more stable
than the bent structure by 83 kcal/mol (Rohmer er al., 1977). This is in
agreement with the X-ray crystal structure which we mentioned above.
The energy difference between the two structures is large and our conclu-
sion should therefore be independent of further theoretical refinements
such as basis set enlargment, geometry optimization, or the use of a
method that goes beyond the SCF level.

For the MnPQO, system the situation is less clear-cut. As evidenced
from Table VI, the energy difference between the two basic structures,
bent and perpendicular, is highly dependent on the geometry optimization
of the MnO, unit. Two factors seem to be important: the Ct—Mn distance
and the conformation of the O, unit with respect to the Mn—N (pyrrole)
bonds. For the eclipsed conformation, the bent structure is more stable
than the perpendicular structure by about 22 kcal/mol (we consider here
only the lowest energy configurations—of the Mn(III)O; superoxo type—
in both structures). This difference is reduced to 5 kcal/mol if one com-
pares the bent eclipsed structure to the perpendicular staggered one (with
Ct—Mn = 0.62 A). It seems therefore difficult to assess, on the basis of
only our present calculations, the geometry of the MnO, unit. This would
require a rather careful geometry optimization. Moreover, as we pointed
out already, one should probably go beyond the SCF level and consider
more than one configuration in the ground-state wave function for each
basic structure. Finally, we cannot exclude the possibility of a kinked
geometry (VII), somewhat intermediate between the perpendicular struc-
ture (observed for TiPO,) and the bent structure (observed for FePO,).
This is not an unreasonable assumption: this structure was indeed consid-
ered for the dioxygen adduct of iron porphyrins (vide infra).

o

\

Fe
(VID)

The iterative extended Hiickel (IEH) calculations of Hanson and
Hoffman (1980) are said to favor the perpendicular geometry. This is again
based on calculated properties from wave functions which are set accord-
ing to the experimental EPR data and not based on energy comparison.
One may wonder what would have been the result if total energies had
been reported. Although we are well aware that the IEH method may not
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be reliable for this purpose, it is interesting to note that calculations using
this method and carried out on the FePO,NH; system (Kirchner and
Loew, 1977) had definitely favored—on energy grounds—the kinked and
the bent structures over the perpendicular structure, thus in agreement
with the experimental data and our ab initio calculations (see below).

For FePO,NH;, the bent structure is more stable than the perpendicu-
lar structure by 49 kcal/mol (with the minimal BSI). This is in agreement
with the X-ray crystal structure data which we have quoted above. As for
TiPO,, the energy difference is sufficiently large that it would survive a
calculation carried out with a better basis set. The optimized value of the
FeOO angle (128°, Dedieu et al., 1976b) is in agreement with the experi-
mental value found for the dioxygen adduct of picket-fence porphyrins
(131°, Jameson ez al., 1978a; 129°, Jameson et al., 1980). The optimization
of the O—O bond length ended with a value of 1.296 A. Owing to the use
of a minimal basis set, this value is certainly overestimated and we believe
that it would fall in the range 1.22—1.26 A when using better basis sets. A
lower bound of 1.21 A has been recently found (Jameson et al., 1980).

The earlier crystallographic study of the dioxygen adduct of the
picket-fence porphyrin (Jameson et al., 1978a) suffered from large disorder
and high thermal motion. Since the O—O bond length was found to be
unrealistically short (average value 1.16 A), a kinked structure such as
(VII) could not be ruled out. Such a structure was indeed predicted on the
basis of IEH calculations by Kirchner and Loew (1977) who found the
kinked structure about 15 kcal/mol lower in energy than the bent struc-
ture. From our calculations the bent structure is favored over the kinked
one (with the geometry corresponding to the lowest energy reported by
Kirchner and Loew) by about 6 kcal/mol. The kinked structure seems
therefore to be ruled out for the FePO,NH; model system (which has an
unsubstituted planar ferroporphyrin). The energy difference is sufficiently
small, however, that one cannot preclude the occurrence of the kinked
structure for the dioxygen adduct of the highly substituted picket-fence
porphyrin or of some naturally occuring proteins. Nevertheless, the most
recent X-ray crystal structure of the dioxygen adduct of the picket-fence
porphyrin (Jameson et al., 1980) indicates that the off-axis displacement of
the coordinated oxygen atom (if any) should be small.

For the CoPO,NH; system we found the bent structure more stable
than the perpendicular one, by about 45 kcal/mol in the minimal basis set
calculations. This is again in agreement with the experimental structure of
the oxycobaltomyoglobin (Petsko er al., 1981) and with the known struc-
tures of several dioxygen adducts of Co(II)-Schiff-base complexes (see
Basolo et al., 1975).

The trends in the geometrical structure of the MO, unit along the
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Fig. 16. The 3d_,—#2 interaction for the two structures: perpendicular (left) and bent

(right).

transition series (perpendicular for an early transition metal Ti, bent at the
end of the series for Fe and Co) have been rationalized as follows. The
dominant metal-ligand interaction is 3d,,~-1#2 for both structures, bent
and perpendicular (or 3dy,~172 depending on the relative orientation of
the dioxygen ligand and the porphyrin ring). This interaction shown in
Fig. 16 is somewhat larger for the perpendicular structure than for the
bent structure (this results from a larger overlap in the perpendicular
structure). For TiPO, only the lowest orbital of Fig. 16 is filled and the
interaction is therefore stabilizing. The minimum energy is achieved by
maximizing this interaction, hence the preference for the perpendicular
structure. On the other hand, for Fe and Co both orbitals of Fig. 16 are
filled and the corresponding interaction is destabilizing. The energy will be
minimum when this interaction is minimized, and this is achieved in the
bent structure. The above analysis, although somewhat simplified (Dedieu
et al., 1979a, Refs. 96 and 97), is similar to that proposed by Hoffmann et
al. (1977) in terms of a Walsh diagram for ML,XY complexes. In the
middle of the series the situation is again less clear-cut (as for the ground-
state assignment): this is best illustrated by the MnPO, system (see Table
VI). Since more than one configuration will probably contribute to the
ground state, a discussion in terms of orbital interactions is not possible.
Moreover, should one consider the lowest energy configuration for each
structure, the corresponding dominant interactions are different since the
configurations are not the same. In the perpendicular structure [configura-
tion (6)], the dominant interaction between 72 (occupied) and d,,, which
is empty, is a stabilizing one. In the bent structure [configuration (4)] the
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interaction between 72 and d,, is a three-electron interaction, thus de-
stabilizing. It is balanced, however, by an interaction between mZ(oc-
cupied) and d,.(empty) which is stabilizing. The net result is therefore a
small energy difference between both structures. (It should be noted that
we have only considered the eclipsed conformation for the bent structure.
Staggering the O, unit might stabilize the bent structure somewhat since it
would reduce the steric contacts between the terminal oxygen atom and
the pyrrole nitrogens.)

3. The Rotational Isomerism around the Metal-Oxygen Bond

The relative stabilities of the eclipsed and staggered conformations
were investigated for two systems, TiPO, and FePO, (considered as a
model of FePO,Im). In both cases the experimental mode of coordination
was retained, perpendicular for TiPO,, bent for FePO,, and the SCF
calculations were performed only on the corresponding ground-state con-
figuration. For TiPO, the eclipsed structure (III) was found more stable
than the staggered structure (V) by 5 kg¢al/mol, in agreement with the
crystal structure of Ti(OEP)O, (Guilard et al., 1976, 1978). Dynamic NMR
data have been interpreted in terms of a rotation of the peroxide group
with an estimated rotation barrier of 10 kcal/mol (Guilard et al., 1978). The
greater stability of the eclipsed structure has been rationalized on the
basis of metal-ligand interaction diagrams (see Dedieu et al., 1979a) de-
duced from the SCF wave functions.

For the FePO, system the most stable structure corresponds to the
staggered structure (VI), the eclipsed structure (IV) being higher in energy
by 6 kcal/mol. This is also in agreement with the crystal structure of the
dioxygen adduct of picket-fence porphyrins (Collman ez al., 1974, 1975b;
Jameson er al., 1980). Note that the eclipsed structure which has been
found for the dioxygen adduct of oxymyoglobin (Phillips, 1978) has been
traced to steric interactions from protein residues. This is consistent with
a low rotational barrier, as obtained from these calculations. INDO-SCF
calculations (Herman and Loew, 1980) also indicate a rather small barrier
in the FePO,Im system, the staggered geometries being the most stable
[on the other hand, the eclipsed structure was found through IEH calcula-
tion (Kirchner and Loew, 1977), again with a small rotational barrier]. We
traced (see Dedieu er al., 1979a) the greater stability of the staggered
conformation to the steric repulsion between the terminal oxygen atom
and one of the pyrrole nitrogen atom rather than to the orbital interactions
which were found to be rather weak. Using the same arguments, the
conformation of the CoPO,NH; system was also predicted to be
staggered.

We do not have enough calculated data to compare both conformations
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in the MnPQ, system. For the lowest energy configuration of the perpen-
dicular structure [configuration (6), (7m2)*(72)'(xy)*(Yz) }(z%)!], the eclipsed
configuration appears to be slightly more stable than the staggered config-
uration (as for TiPO,, this result can be easily explained in terms of orbital
interactions). It must be pointed out again that this result only holds for
the lowest energy configuration. The definite result may be different once
a many-configurational wave function has been used.

4. The Structure of the FeCO unit in FePCO

This part of our study was initiated by several reports of a bent-
structure (VIII) for the Fe—C—O unit in X-ray crystal structures of
different carbon monoxide hemoproteins (Huber e7 al., 1970; Padlan and
Love, 1974; Norwell et al., 1975). The bending of the Fe—C—O unit («
being of the order of 135-145°) was traced to the steric interactions with
the surrounding proteins. Indeed, using empirical energy functions to cal-
culate interaction potentials, Case and Karplus (1978) showed that a car-
bonyl ligand linearly bound to the iron atom should have strong repulsive
interactions with some protein residues. Heidner et al. (1976) have sug-
gested a bending of the entire Fe— CO unit away from the heme normal {as
sketched in (IX)], but the carbon atom could not be located. It has been
emphasized, however, that the available X-ray and neutron diffraction
date did not allow distinguishing between the two structures bent (VIII)
and tilted (IX), although this latter possibility was chemically more rea-
sonable (Collman, 1977; Peng and Ibers, 1976). Since both structures were
rather unexpected, we decided to investigate the intrinsic structure of the
Fe—CO unit in the model system FePCO in the absence of any steric
constraints. (For the sake of economy, we considered a model system
without a sixth axial ligand.)

I
| /
1

(VIID ax)

Calculations on structures (VIII) and (IX) were carried out for differ-
ent values of the angle « and 8 (keeping the Fe—C and C-—O bond lengths
at 1.77 and 1.16 A, respectively); « and 8 were not varied independently
but were subject to the constraint 8 = y (i.e., we kept the same angle
between the Fe—O axis and the heme normal for both structures). This
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allowed us a comparison of the energetics of the two deformations. We
found, as expected from the extensive literature on transition metal car-
bonyl complexes, a linear Fe—C—O bond, but the potential energy ap-
peared to be rather soft (the numerical results may be found in the original
publication Dedieu et al., 1976). After the completion of our work, X-ray
crystal structures of the FeTPP(CO)(Py) system (Peng and Ibers, 1976)
and of the carbonyl complex of the picket-fence porphyrins (see Ref. 5 of
Peng and Ibers, 1976) also indicated a linear Fe—C—O bond perpendicu-
lar to the heme plane. From our calculated energies it seems very difficult
to choose between the two alternatives VIII and IX for the structure of
CO in carboxyhemoproteins. A bend of 30° would require 9.2 kcal/mol
and the corresponding tilt 11.3 kcal/mol. On the basis of their empirical
calculations, Case and Karplus (1978) have tentatively favored the tilting
deformation over the bending deformation. They have reported a value of
about 7 kcal/mol for the maximum strain energy that can be supported by
the protein. At first glance, the values which we report here seem there-
fore to be still slightly too large to be consistent with the bending (or the
corresponding tilting) of 35°~45° which has been found experimentally. It
must be pointed out, however, that in order to obtain this level of chemi-
cal accuracy, more refined calculations (allowing at least a more complete
geometry relaxation) should be performed. But such calculations pres-
ently lie beyond our computing possibilities.
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I. Introduction

The development of quantum chemistry beyond its former principal
area of molecular structure and properties toward time-dependent pro-
cesses, kinetics, molecular dynamics, intermolecular forces, and interac-
tion with radiation has renewed interest in methods for dealing with time
dependence generally. The use of high-intensity coherent sources has
placed new demands on methods for dealing with radiation effects, includ-
ing nonlinear processes such as two-photon absorption. There is also a
range of problems in the study of intermolecular forces which have
needed new theoretical approaches.

For the most part calculations of the interaction of molecuies and light
have been made with the so-called semiclassical method. The quantum
properties of the molecule are properly allowed for, while the radiation is
treated classically: the Maxwell field, with no quantum conditions im-
posed, is taken to be an external driving field that is not affected by the
system it acts upon. Its effect on the system is treated by perturbation
theory. On the other hand, the problem of intermolecular forces is usually
treated with no explicit reference at all to fields, although from a physical
point of view the electromagnetic field is the vehicle carrying the interac-
tion, and its recognition in the theory gives a better insight. That is even
more so in problems where both external and internal fields act, as in
circular dichroism induced in one molecule by its coupling to another. In a
range of such problems there is the need to include the effects of elec-
tromagnetic retardation, which are important at large separations.

We describe here the present status of the application of quantum
electrodynamics to such problems, which it unifies from the theoretical
point of view. In some cases quantum electrodynamics and semiclassical
theory give the same results. In others, such as spontaneous emission,
quantum electrodynamics gives the correct result where the semiclassical
method fails. In all cases quantum electrodynamics provides a better
physical picture and offers a convenient computational technique, aided
by a diagrammatic procedure for selecting and evaluating the matrix ele-
ments. In dealing with molecule-radiation interactions, quantum elec-
trodynamics is the most successful theory presently known. The quantita-
tive agreements are impressive; for example, the value calculated for the
Lamb shift for hydrogen differs from experiment by three parts in 105. In
this article we give only an outline of the basic theory and representative
applications. More detailed accounts of the methods of nonrelativistic
quantum electrodynamics are given by Power (1964) and Healy (1982).

The essential step in quantum electrodynamics is to apply quantum
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Fig. 1. Time-ordered graphs for real and virtual processes.

conditions to the variables of the radiation field. The particles associated
with the quantized field are photons, and the processes of interest are
conveniently described as interactions between photons and atoms or
molecules. There is a broad division into real and virtual processes. In real
processes one or more photons are lost or gained by the field, as in emis-
sion or absorption. In virtual processes photons participate in the forma-
tion and destruction of intermediate states, the final state of the elec-
tromagnetic field being the same as, or changed from the initial state. The
distinction is illustrated in the graphs of Fig. 1. The left-hand graph shows
a real process of absorption in which the ground state 0 of a molecule A is
excited to state n by absorption of a photon of frequency w, the photon
energy being equal to the energy gap between the states, iw = E, — E,.
The right-hand graph is representative of a number of graphs for the
dispersion interaction between molecules A and B. Virtual emission of a
photon from A leaves it in state r; absorption by B raises B to s. The
second virtual process returns both molecules to their ground states. The
photons have frequencies unrelated to the molecular excitation energies:
energies are conserved overall, but not for the virtual processes, which
are conceived as occupying a time so short that the energies of the virtual
states are within limits allowed by the uncertainty principle.

Use of quantized fields and photons allows the radiation and the mole-
cules to be treated as a single coupled dynamical system, each part affect-
ing the other. Energy is conserved overall. Moreover, use of the second
quantized representation, which does not require conservation in the total
number of particles, but allows the number of photons to change, leads to
a convenient formalism for (multiple) events of absorption and emission,
including the use of the diagrammatic technique already mentioned.
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II. The Quantized Radiation Field and Coupling
with Molecules

A. Maxwell’s Equations

Large-scale electrodynamic phenomena involving unquantized parti-
cle motions in electric and magnetic fields are in all known cases de-
scribed by Maxwell’s equations in the four macroscopic field vectors E,
B, D, and H, together with the Lorentz force

VD = ptrue (1)
V-B=0 @)
V x E= -9B/ot 3)
V x H=9D/dr + Jrue 4)

Maxwell’s equations relate the fundamental electric and magnetic field
strengths E and B and the auxiliary fields D and H with the charge density
of free (true) charges p'™¢ and the current density J*'. In older references
B is sometimes called the magnetic induction, H the magnetic field, and D
the electric displacement.

The motions of the charged particles in the electromagnetic field are
given by the solutions of Newton’s equations of motion with an added
force term

F=gE+vxB) %)

known as the Lorentz force; v is the velocity of the particle with charge g.
In a region that is charge free, the coupled equations (6) and (7),

V X E = —9B/dt (6)
V x B = (1/c?) E/dt @)

determine the divergence-free field vectors E and B.

The macroscopic Maxwell’s equations apply on the large scale, in
which the particle character of elementary charges is smoothed out. Thus
in

D(r) = €E(r) + P(r) (8)

where the polarization P is a continuous function of position; €, is the
vacuum permittivity. The electrical structure of matter on the micro-
scopic scale is too fine to be dealt with in this averaged way. The micro-
scopic field equations (Maxwell-Lorentz equations) are used instead. The
idea of a continuous distribution of charges is abandoned in favor of
individual treatment of each charge. A function representing a point-
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charge distribution must be zero everywhere except at the position of a
charge, and there it is infinite. With the use of the Dirac delta function the
density function is for a unit charge,

p) =8 - q 9
dr—q =0, r+q (10
f Sr-qdir=1 (11)

where q is the position of the charge. For a collection of charges the defi-
nitions of charge and current densities are given in Eqs. (12) and (13),

p) =3 ;80 — q) (12)
i

ir) = E e4; 5(r — q;) (13)

1

where ¢; is the velocity.
We now write field equations for the microscopic field in terms of
lower case vectors e, b, j, and p.

V-e=ple (14)
V:b=0 (15)
V x e = —db/ot (16)
Vxb=(1/c? de/dt + (1/e,c?)j 17

Inasmuch as each charge is considered individually, with no ‘‘back-
ground,’’ only the free-field vectors appear, though in applications to be
referred to later the microscopic auxiliary fields d and h are used. The
quantity u,, the vacuum magnetic permeability, is suppressed throughout
the present article in favor of €, and ¢ through e,uy = 1/c2.

B. Electromagnetic Potentials

The procedure for applying quantum conditions to the variables of the
electromagnetic field is through the vector potential a, related to the
magnetic field b by

b=Vxa (18)
and, using Eq. (16)
V X (e +0a/9t) =0 (19)
so that
e + 0a/dt = —V¢ 20)
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where ¢ is the scalar potential, here defined for convenience with a nega-
tive sign; a and ¢ together define the field variables e and b. The definition
is not unique, since the addition to a of the gradient of any scalar function
x(r, ) and the subtraction from ¢ of dx/8¢ leave the field vectors in-
variant. This gauge invariance enables a choice of a to be made adapted to
particular problems.

The gauge universally used in atomic and molecular problems is the
Coulomb gauge, defined by

Vea=0 (21)

in which the fields are separated into longitudinal and transverse, the
former being described by only the scalar potential and the latter by only
the vector potential. Equation (21) shows that the a field is pure trans-
verse, sothate = et = —Ja/dt. The b field is transverse in all gauges. The
scalar potential, describing the longitudinal field is (in Coulomb gauge) the
Coulombic potential. We thus have the convenient framework that the
atomic and molecular Hamiltonians are given as usual with Schrédinger
operators for particle coordinates and their canonical momenta as is famil-
iar in quantum chemistry. The Coulomb fields can be treated classically
and only the radiation field is quantized and is purely transverse. The
particles associated with the quantized field are transverse photons. In the
Coulomb gauge we can usefully begin with two limiting cases: one is the
free radiation field without sources, and the other is the system of charges
only, without the radiation field, as in elementary quantum mechanics. We
treat the latter as a solved problem, and discuss the free field and then the
interaction of the free field with atomic and molecular systems.

C. The Free Field
In Coulomb gauge, V - a = 0, the scalar potential is a constant which
may be taken to be zero. Then from Egs. (17) and (20) we have

V x (V x a) = —c2(02a/0t?) (22)
and, since V+.a = 0,
V?a — ¢ %(9%a/0t?) = 0 23)

Equation (23) is the equation of motion for a, and it is readily shown that
equations of motion identical in form hold for e and b. A class of solutions
to the analog of Eq. (23) for e,

Ve — c72(0%/012) = 0 (24)
is the plane wave
e = gyeitron (25)
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where k is the wave vector and k/27 the wave number or number of
wavelengths per unit distance along the direction of propagation k; k =
w/c where w is the angular frequency. The directions of the electric and
magnetic fields e,, by, and that of the wave vector k form a right-handed
triad.

Quantization of the radiation field is effected through the vector poten-
tial a, for which the wave vector in Eq. (26)

a = gge'®r (26)

may assume any of an infinite range of values. To get a convenient nor-
malization in the quantum theory it is convenient to normalize by contain-
ing the radiation field in a box of arbitrary finite volume V, usually chosen
to be a cube. The vector potential is required to obey periodic boundary
conditions, taking the same values at opposite sides of the cube. The
solutions are Jean’s normal modes and are discrete, infinite, and count-
able.

The condition that the solutions be equal at opposite ends of the cube
of volume V = L3 is met if the components k., k,, and &, are limited to
the values in Eq. (27)

k, = Qa/L)n;, i=x,v5,2 27

where the n; terms are integers including zero. Each solution is described
as a field mode, and the complete set of modes is a basis for a Fourier
expansion (mode expansion) for the vector potential at any point inside
the box. Thus for the vector potential

a(r,t) = 2 {a(t)e*r + a(r)e i} (28)

k

where a(r) are amplitude coefficients, the bar denoting the complex con-
jugate. The mode amplitudes are transverse to the direction of propaga-
tion and can be specified in terms of components along mutually ortho-
gonal directions specified by unit vectors eV(k), A = 1, 2; e and e® can
be real or complex, the latter choice being adapted to problems involving
circularly polarized light. Equation may be written

a(r, 1) = 2 {eM(K)aiPe*r + V(k)a Me kT } (29)

kA

There are similar mode expansions for e and b.

D. Quantization of the Free Field
As for particles, quantization is effected by expressing the Hamiltonian
in canonically conjugate variables and promoting the variables to quantum
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operators. The starting point is the Lagrangian density ¥, the Lagrangian
being this density integrated over the system space,

L= f £ dor (30)

The property required of the Lagrangian is that it should lead to the
correct equations of motion, which are here Maxwell’s equations. A suit-
able Lagrangian density is given in Eq. (31)

&£ = deo{a® — (cV X% a)?} 3D
= {eyg(€® — c?b?) (32)
The momentum density canonically conjugate to a is given by Eq. (33)
I(r) = 0£/08a = € (33)
and therefore the Hamiltonian density
H=MN-a—-%
= teo{(Il/€0)* + (cV x a)} (34)
= Jeo(€? + c?b?) (35)
also,
H = [3%dr (36)

By expressing # in terms of the mode expansion (29) for a, and the
analogous expansion for I, we find

H = 2Veyc? 2 k2a{Pad 37
kA

By introducing new variables gV, p{",
A = (Ve {a® +ap},  p = —ick(Ve)** {al® - a}  (38)
for which p» = ¢{», we find

H = 2 %{py\)z + w2q§()\)2} (39)
kA

The Hamiltonian for the electromagnetic field is thus decomposed into
a sum of harmonic oscillator Hamiltonians, one for each (k, A) mode, with
w = c|Kk|. The electromagnetic field may therefore be quantized in the
same way as a system of oscillators. Promoting the variables g{ and p{™
to operators, and using the second-quantized representation, we have



Radiation-Molecule Interactions 105

H=7% {a*™(K)a™ (k) + $thck (40)

oA
where a*®(k) and a™ are creation and annihilation operators for the mode
(k, A\) with commutation rules
[a®(k), a™®(Kk')] = S v
[a®(k), a*(k)] = [a'™(k), a™*k')] =0
The Bose particles introduced through the commutation properties of Eq.
(41) are the photons.
The state of the electromagnetic field is described by listing the occu-
pation numbers 7,V = a"M(k)a™(k) of all occupied modes,
|n1(k1’ )\1)9 nz(kZ’ A2)a LA > (42)

The kets of Eq. (42) are the number states.
The classical field variables e, b, a, and II now appear as operators,

(41)

e =i X () e mRaer - Bk ke <) (43

k. 2¢0

bE) =i (kﬁlc(-v)m{(f‘ x eM(k)a®(k)e’”
1]

kA

—(k x (K))a M(k)e ik} 44)
am) = (L) " (e 0aMmen + EV)a VKT (45)
&\ 2eqckV
Ir) = —i 3, ("%) e EaNm et — B DK} (46)
k.

Comparing these expressions with the classical mode expansion one sees
that the classical amplitudes a, and @, have been replaced by the operators
a®(k) and a™™(k); V is the volume of the quantization box, and the nor-

malization is chosen so that the energy of the state of occupation number
n{N is n{ hck.

E. Uncertainty Relations for the Radiation Field

One of the consequences of quantization of the radiation field is that
the operators for the fields and the Hamiltonian do not commute among
themselves. For example,

lei(r), by(x")] = (ifi/€o) € Vi (r — 1) (47)

[e(r), H] = iAc*(V X b) (48)
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The noncommutation of operators places restrictions on simultaneous
measurements of field strengths and energy. In quantum theory, if A and
B are two noncommuting operators representing observables, the uncer-
tainty relation is (see, for example, Merzbacher, 1970)

AA AB = 3[(C)| (49)

where C is the commutator of A and B; the angular brackets denote the
expectation value. There is, of course, no counterpart in classical theory
where the observables can all be measured as accurately as desired.
From Eq. (48) it follows that for number states, which are eigenstates of
the Hamiltonian, the electric field does not have a precise value but only
an average value about which it fluctuates. The fluctuations exist in the
vacuum state and they can perturb electron motions; these perturbations
manifest themselves in, for example, spontaneous emission of an excited
atom, Lamb’s shift, and intermolecular coupling.

In classical theory an important quantity characterizing a wave is the
phase ¢. The corresponding quantum mechanical operator for a single
mode is defined by Eq. (50) (Susskind and Glogower, 1964; Carruthers
and Nieto, 1968):

a=(n+ )", 4 =en+ 1)12 (50

where n is the number operator a’a. The operator ¢ is not Hermitian and
¢ is not unitary, however cos ¢ and sin ¢ are Hermitian and may be used
together as phase operators. It is easily shown that cos ¢ and sin ¢ do not
commute with the number operator n:

(n, cos ¢p] = —i sin ¢, [n, sin ] =i cos ¢ 1
The uncertainty relations follow from Eq. (49):
An A cos ¢ = 3| (sin ¢)|, An A sin ¢ = $|{cos )| (52)
For number states,
Acosp =Asing =1//2, n#0 (53)

implying that the phase angle ¢ can take random values between 0 and 2.
Thus, even in the large » limit number states do not tend to the classical
limit. The proper quantum mechanical states tending to the classical limit
for large expectation values of n are the coherent states (Glauber, 1963).
They are eigenstates of the annihilation operator a and given by

@) = exp(-Ha)3, cS5Eln) (54
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where a is a complex number. They have the properties (n) = |a|*> and An
= || and are not eigenstates of n. For large photon populations, i.e., large
mean values of n, we have || > 1 and

A cos ¢ = sin 6/2]a|, A sin ¢ = cos 8/2|q| (55)
where 6 is defined by a = |ale? so that
An A cosd =4 siné, An A sin ¢ =~ 4 cos @ (56)

Thus the coherent states are essentially minimum uncertainty states for
large n.

The question of phase is important in interpreting scattering experi-
ments. Although the number and phase variables cannot take precise
values simultaneously, it is possible to have a definite phase difference for
a wave scattered by two molecules for single photons or any definite
number.

F. Coupling of Electromagnetic Field to Molecules

The Lagrangian for the complete system must be chosen to satisfy the
condition that it leads to the correct equations of motion. These are here
Maxwell’s equations, with sources, for the field, and Newton’s equations
with the Lorentz force as an added term for the particles.

A Lagrangian obeying this condition may be written as a sum of terms
for the particles of the atoms or molecules separately, the radiation field,
and a coupling term between them,

L = Lpart + Lrad + Lint (57)
where
Lpart = %2 mqu?x - V(‘l) (58)
L = } & {8 =~ (cV x aP} d%r (59)
Lin = [ j0)-a@) d°r (60)

where a runs over the particles of the molecule and j+, the transverse cur-
rent can be related to the total current j(r),

i® =3 €.q,8(r — qu) (61)
through the transverse delta function,

Ji® = [ i) sy — ) dr’ (62)
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The passage to the Hamiltonian is effected with the help of the momenta
conjugate to the displacement variables q, and a for particles and field,
Pu = 0L/84, = mq. + e,a(q.) (63)
I(r) = 0L/0a = €ga = —eget (64)
Then,

H=Y p.*q, + f M-ader— L
=3 @m)Hp. — e.a@))? + V(g

+ .21[ {% + &(cV x a)z} dor (65)

It is possible to give a general prescription for introducing the coupling
between the particles and the radiation field. We first write down the
Hamiltonian assuming that there is no interaction between the particles
and the field. The coupling is introduced by the substitution p, — p, —
e.a(q,). This is often referred to as the principle of minimal electromagne-
tic interactions, or minimal coupling (Gell-Mann, 1956). Taking into ac-
count the structure of the matter present by grouping the particles into
molecules and treating the nuclei as at fixed positions, we write p,({) and
g.({) as momentum and position vectors of the electrons of the molecule ¢.
The Hamiltonian now is

H=3 {(55) 3 p + v} + 3] {E+ eev xar} an

-2 23 0 2@ + 2%2 S @@ ) + S VK, )
o a l<{'
(66)

where the potential V(q) has been split into intra- and intermolecular
parts,

V=3 V() + T V.1 67)
; =r
Thus,

H =7 Hpoll) + Hraa + X, {HR(D + HR(D} + Vin (68)
[3 4

in which the first and second terms stand for the leading terms and V;,,
stands for the final term of Eq. (66), and



Radiation-Molecule Interactions 109

HEQ) = —(e/mT pd) - aq.() (69)
Lo

HE(0) = (e2/2m) Y a%(q,(0) (70)
Lo

Quantization of the Hamiltonian is done according to the usual scheme of
promoting dynamical variables to operators. For the operators of the
radiation field, the commutation properties are those in Eq. (41), and for
the particles the usual

(@i )s P& = ik 8;5 845 8y n

G. The Minimal Coupling and Multipolar Hamiltonians

The minimal coupling Hamiltonian (66) contains molecular interac-
tions of both instantaneous and retarded types; H{{(¢) and HZ,({) given
in Eqgs. (69) and (70) are one-center in character. However, they can give
rise to intermolecular interactions by the emission and absorption of virtual
photons by different molecular centers. Virtual photon exchanges take
place with the speed of light and the interactions arising from them are
time delayed, or retarded. The other coupling term, V,,,, is instantaneous
in that at a given time it depends on the charge distribution at that time.

In problems such as absorption and emission and scattering in dilute
systems, the interactions between molecules may be neglected. The pro-
cess depends on the a field within the space of a single molecule, within
which retardation is of no significance. This is not the case in calculating
the forces between molecules where both the retarded and instantaneous
forces must be included. Even in the dipole approximation, to which our
discussion is limited, the treatment is then clumsy. It is better to make a
canonical transformation of the Hamiltonian to a form such as the mul-
tipolar Hamiltonian in which the interaction term H,,, is entirely retarded,
all interactions between molecules being mediated by transverse photons.

The transformation of the minimal-coupling Hamiltonian H,,;, to the
multipolar H,,,; is given by

Hpyy = e_iSHmineiS (72)

with § = (i/h) f p(r) - a(r) d°r as the generator; p(r) is the electric polariza-
tion field. Details of the transformation are given in the original papers by
Power and Zienau (1959), Woolley (1971), Babikeret al. (1974), Power and
Thirunamachandran (1978, 1980), and are not reproduced here. In the
electric dipole approximation, p(r) is

p(r) = 2{ p(r) = 2{: n( 3(r — R) (73)
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where u({) is the dipole moment operator. The transformed Hamiltonian
is found to be

H=3 {53 w® + v
4 a
+ —;f {%2 + ecHV X a)z} dor
+ éEz () -T(Ry) + 516—2 f |pA(r)|? dr (74)
L

An essential point is that the relationship of the field momentum Il(r)
to the transverse electric field el(r) is different for the minimal coupling
and multipolar Hamiltonians:

II(r) = —e€ei(r) (minimal coupling) 5%
II(r) = —€eel(r) — pi(r)  (multipolar) (76)
In terms of the auxiliary field
d(r) = ee(r) + p(r) an
Eq. (76) becomes
II(r) = —d4r) (multipolar) (78)

Thus in the multipolar Hamiltonian, the canonical field momentum is the
auxiliary field d*(r) (apart from sign) and not e'(r). In terms of di(r) and
b(r), the multipolar Hamiltonian may be written as

H= EC {ﬁz A0 + V(C)} +%f {de—:z + czeobz} o

1 (R + LS [ piopt a8
SPO R ECEE o8 NLSC (79

The final term in Eq. (79) is independent of the radiation field and can be
dropped except in self-energy problems such as the Lamb shift. The new
Hamiltonian can thus be written

H = Hmol + Hrad + Hint (80)

where

Hoo =3 {7 2 RO + V(D) ®1)
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Hepa = 2 f { 4, czeobz} & (82)
2 €9

Hy= = o3 w() - d:(R) (83)
4

It is recalled that the nuclei are fixed. In this Hamiltonian the electrostatic
interactions between molecules have been eliminated. The molecules are
coupled to each other only via the electromagnetic field.

The Hamiltonian (80) is in the dipole approximation, based on the
approximation that the vector potential a is uniform over each molecule,
its value being taken at the molecular center. When this is relaxed the
next terms in the Hamiltonian are those for the coupling of the electric
quadrupole and the magnetic dipole moments. The Hamiltonian then in-
cludes the new H,, given in Eq. (84), in place of the dipole form of Eq.
(83),

Hpo= = = 3 w0 -d:(R) = =3 0,(0) & df(R) = 3, m(D)-b(R)
07T 077 {

+ &3 {(adD) - R) X bR)}: (84)
4

The field-independent transverse-polarization term has been dropped, as
before. The Q;({) terms are the components of the quadrupole-moment
operator @({), and m({) is the magnetic dipole-moment operator.

H. The Calculation of Transition Rate. The Fermi Golden Rule

- In many of the applications of quantum electrodynamics, such as cal-
culating the rate of absorption or emission of photons, the time depen-
dence of the process is dealt with through the time-Schrodinger equation,

i#(0/ 00| Y(t)) = Hlp()) (85)

which describes the evolution of the system ¢(¢) in space and time. For a
conservative system, where the Hamiltonian is time independent, Eq. (85)
may be solved formally to give

(W) = U2, to)|(to)) (86)
where
U(t, t,) = exp[—iH(t — t)/h] 87)

and U(t, t,) is the time-evolution operator for the development of the state
of a system from an initial time ¢,. In cases of practical interest the wave
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equation (85) is not soluble exactly; time-dependent perturbation theory in
one of the familiar forms is used to obtain approximate solutions. Some
standard results are given to prepare for the treatment of applications in
following sections.

Typically, in the problems to be treated, the Hamiltonian is partitioned
into H = H, + V, where the unperturbed H, is the sum of Hamiltonians
for the free radiation field, and for an unperturbed atomic or molecular
system; V is their mutual interaction. More generally, H, is time indepen-
dent and defines a solved problem, with eigenvalues E, and corresponding
eigenstates |n ). The perturbation V is also time independent, after being
switched on at ¢,, and causes changes in the unperturbed system, namely,
transitions between the eigenstates of H,. Given that at ¢, the system is in
a state |y(t,)), which is one of the states |n ), we calculate the effect of V
on the time development of the system.

In the interaction representation we put

U(t, 1) = expl—iH,(t — to)/RJU(t, t) (88)
and find that (see, for example, Merzbacher, 1970)

ed 1 n ¢ 4H In1
Uit =1+ 3 () f dt, f dy - f Vi) - Vit (89)
n=1 o o o

where V|, the perturbation in interaction representation, is time depen-
dent,

Vi) = expliHy(t — t,)/h]V exp[—iHy(t — to)/h] (90)

and U, t,) represents the modification in the time evolution due to the
interaction V.

With the use of Eq. (89) the probability amplitude can be found for a
system which was in the initial state |i ) at 7y to develop into the final state
|f) att. The amplitude is

(flexpliHo(t — 15)/R1|W(D)) = (flexpliHy(t — to)/AIU(, t5)|W(to))

= (flude, to)|i) 91
The probability amplitude, correct to first order in V, is
—k = (fV]i ) {expliwat — 1)] — 1}/ wp (92)

where the characteristic frequency wy is given by wy = (E; — E;)/h. The
probability of finding the system in state |f) at ¢ is, in this order,

Pﬁ(t) - |<f[;;2|l>|z 4 sin® wﬂ(tz_ to)/z 93)

Wi
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The probability Pg(¢) depends on the squared modulus of the appropriate
matrix element of the perturbation V weighted by the trigonometric func-
tion 4{sin? 3w, (7 — 1,)}/w}, which has a sharp peak centered at w; = 0 with
half-width 27r/(¢ — t,). Thus, so long as (f|V]i) # 0 the transition probabil-
ity |f) < |i) is extremely small unless there is energy conservation within
an interval 27k /(t — t,).

If either or both of the initial and final states is part of a continuous-
energy spectrum, the probability P(7) is a sum over a range of states. We
find this case in light absorption given in Section III,A, where the incident
radiation has a continuous distribution over the modes, and there is ab-
sorption over a narrow range within this distribution. Supposing the final
state to be within a continuum, we have

Pa) = 3, By = 4 3 WIIE s odim /2 gy
! ! t

The summation in Eq. (94) is dealt with by introducing the energy density
of states py,

dn; = p; dE; = hipsdey 95)

giving the number of states in a small energy interval; p, is allowed to be a
function of wy, but it is taken to be slowly varying compared with the
trigonometric factor in Eq. (94). This applies also to |Vg4|?. Treating both as
constants with values at the peak w; = 0, we find the approximate expres-
sion (96), which is the well-known Fermi golden rule giving the transition
rate between states |i) and |f):

dP/dt = T = Qa /)| (FIV]i)]2p (96)

ITI. Interactions between Free Molecules and Radiation

A. One-Photon Absorption

Among the simplest processes of interaction between radiation and
matter is the absorption of a photon by an atom or molecule, to be calcu-
lated in the approximation where the wavelength is long compared with
the dimensions of the absorber (dipole approximation). This elementary
process is treated in quantum electrodynamics as follows.

For the interaction of a monochromatic beam of polarized light with an
assembly of molecules the Hamiltonian is

H = 24: Hmol(g) + Hrad + EL Him(C) (97)
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The first two terms are the H, of Section II,H, made up of the sum of
free-molecule Hamiltonians for the molecules ¢ and the free-field second-
quantized Hamiltonian given in Eq. (66). The final term is the perturba-
tion, namely, the coupling of molecule to the radiation field in dipole
approximation:

Hin(0) = —'p(Q) » &Ry (98)

where u({) is the electric dipole-moment operator. The molecules do not
interact with one another, and the Schriodinger equation for H,,, is as-
sumed solved, with known eigenvalues and eigenstates. In the initial state
all molecules are in the ground state, and the state of the monochromatic
beam is specified by an occupation number of n photons in the single mode
(k, A) with wave vector k and polarization A. The initial state is thus
represented by the product ket

iy = |n &, ) [T Eo@)) 99)
[3

The incident radiation satisfies energy conservation

Em - Eo = ﬁck (100)

where E,, is the energy of the final molecular state. In an assembly of N
noninteracting molecules (dilute gas), the photon may be absorbed by any
molecule, giving an Nfold degeneracy. A typical component of the degen-
erate set of final states is

l(n — D(k, M)EA@)) T] |EoC')) (101)

{#L

with loss of one photon from the incident beam and excitation of one
molecule. Taking |E,({)) to be nondegenerate, the matrix element for
excitation of molecule { is

M(D) = —(Ex(D|m(DIELL))* ((n = 1)(k, N)| d4R)/ €oln(k, X)) (102)

The first factor is the electric dipole transition moment abbreviated to
™). The second factor can be evaluated using the mode expansion of
dt, equal to that of —II in Section II,D:

Mg () = —i(nhck/2€,V)"?eM(K) « po(Q)e’* R (103)

where R ; is the position of molecule {. The total transition rate is found
from Fermi’s rule, by summing the rates for each of the N degenerate
components (101) and allowing for the spread of frequencies of the inci-
dent radiation through the energy density p,
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fck
r =50 (5y) S 10w - umor (104

In the dilute gas (and in solution) the molecules are randomly oriented,
and the last factor of Eq. (104) must be averaged over all molecular
orientations. The result

(wpopdo) = 48, pm? (105)
leads to the spatially averaged transition rate
= 2_71 nhck mo |2
@ = (35) o (25) Niw~ (106)

The density of field states p is related to the incident intensity %, the
energy density per unit frequency, by

p = SV 2nnhile (107)
giving for the spatially averaged transition rate:
(T') = (N/6h%eo)| p™|* ¥ = NBS (108)
where B is the Einstein B coefficient
B = (6h2¢,)™!| u™|? (109)

B. Spontaneous Emission

Spontaneous emission is a leading example of the differences between
quantum electrodynamics and the semiclassical theory of the interaction
of radiation and matter (Dirac, 1927). In the semiclassical method there is
no external field; an excited atomic or molecular state is not perturbed and
is a stationary state. The spontaneous emission cannot be accounted for
within the semiclassical framework. Interesting attempts, particularly by
Jaynes and co-workers (Jaynes and Cummings, 1963; Milonni, 1980),
have been made to study radiation processes from a classical point of
view.

In quantum electrodynamics the excited molecule is part of a system
including the radiation field and is perturbed by the field even where the
field is in its vacuum state with no photons present. The perturbation
causes radiative decay, in which the molecule drops back to its ground
state and a photon is added to the field with conservation of total energy.
The initial state is |0 )|E,), where |0 ) refers to the vacuum state of the
radiation field. The final state is [1(k, A)})|E,), where k is the resonant
photon mode, #fick = E, — E,. After summing over polarizations and
spatial averaging, a straightforward calculation gives for the total emis-
sion rate
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(T) = (@*/3meghc?)| pom|? (110)
=A (111)

where A is the Einstein A coefficient, related to B in Eq. (109) by
A = hw?/wc®)B = (87hv3/c®)B (112)

where v is the circular frequency for the transition.

C. Circular Dichroism

The calculation of the transition rate for electric dipole-allowed transi-
tions in Section III,A can be extended to the differential rate of absorption
for left- and right-circularly polarized light by chiral (optically active)
molecules (Power and Thirunamachandran, 1974). Selection rules for chi-
ral molecules allow transitions between at least some pairs of states to be
induced by both electric and magnetic dipole radiation. The transition
probability is made up of pure electric terms, as given in Section III,A, of
pure magnetic terms, closely analogous to them, and electric-magnetic
terms. The pure electric and pure magnetic parts are the same for the
circularly polarized components, but the crossterm involves interference
between the probability amplitudes for the electric and magnetic cou-
plings, and the absorption rates for left- and right-polarized light are
different. It was shown in Section III,A that the one-photon rate for an as-
sembly by molecules with random orientations is the sum of rates for indi-
vidual molecules; it is now sufficient to calculate the single-molecule rates.

The interaction part of the total Hamiltonian (80) must now include the
coupling of the molecular magnetic dipole moment m to the magnetic
vector of the radiation field, giving for the new H;,,

Hin = —(1/€)p(R) - ¢(R) — m(R) + b(R) (113)

for a molecule centered at R. Taking a transition |E,,) < |E,) caused by a
left-circular photon of mode (k, L), we have for initial and final states:

i) = |Eo)n(k, L)) (114)
| = |Ea)(n — 1)(k, L)) (115)

with a matrix element for absorption:
MP = —(En|lplEy )+ ((n — 1)(k, L) d{R)/ egln (k, L)) 116

—(En|m|Ey )+ ((n — 1)(k, L)|b(R)|n(k, L))
After expanding d* and b in modes according to Section II,D, we find
MP = —i(nhick/2€, V) 2eD(K) « {m™ — (i/c) m }e®R (117)
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differing from expression (103) only in the appearance of the complex
dipole moment [u™® — (i/c)m™] in place of the pure electric part, and in
the circular polarization unit vector e (k) = 2-V2(eW(k) + ie®(k)) in
place of linear polarization. However, use of Eq. (117) now gives the
golden rule absorption rate

2w\ ( nhek i
(LY — el mo _ - mo|2
) = (57) (55) plwm - (1) mm (118)
which is not the same as that for right-circular photons,
27 nhck i
(R)\ — - —_—— mi - mo|2
@) = (55) (55) elume + (L) me (119)
the difference being the differential rate
8wi nhck
Yy _ Ry — _—_ 28° phidtibd om o mo
(TW) — () <3,w) <2€oV) PR + m (120)

where use is made of the fact that u™® and m°™" are real and imaginary,
respectively, for real wave functions. With Eq. (107) for the density of
states,

2.9i 29
I‘(L) — r‘(R) = e M . M0 = mo
([2) = (™) 3hcce, I 3h2cey R (121)
where R™ is the optical rotatory strength
R™ = Im p°™ - m™® (122)

where u is polar and m is axial; R is pseudoscalar and takes opposite signs
for enantiomeric forms of a chiral molecule. It follows that the absorption
rate difference is of opposite sign for enantiomers. In most examples,
except where u™ happens to be very small, the dominant contribution to
the absorption rate is made by the electric moment and is the same for left
and right photons: the dichroism is a small modulation on this common
rate. Equation (121) has been adapted to the theory of vibrational circular
dichroism (Craig and Thirunamachandran, 1978). The theory of magnetic
circular dichroism, namely, circular dichroism induced by an external
magnetic field, has been studied by Healy (1976) using quantum elec-
trodynamics.

Although the coupling of the molecular quadrupole moment with the
gradient of the radiation electric field is of the same order as the magnetic
dipole coupling, the latter does in fact give the leading term in circular
dichroism. The reason is that the interference between the electric quad-
rupole and dipole amplitudes vanishes from the orientational average, as
may be demonstrated by arguments on the symmetry of the dipole-
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quadrupole tensor uf™Q%°, which is the analog of the rotatory tensor
uimmie.

D. Laser-Induced Circular Dichroism

An optically inactive (achiral) system in an ordinary circular dichroism
experiment gives a null result. If, however, the achiral substance is ir-
radiated by an auxiliary intense beam of circularly polarized light from a
laser, it becomes chiral and shows the typical chiroptical properties of
optical rotation, circular dichroism, and circular differential scattering.
Liao and Bjorklund (1976, 1977) have observed optical rotation by sodium
vapor in the presence of polarized laser light. Also, neon gas shows circu-
lar dichroism under laser irradiation (Delsart and Keller, 1978). The
theory to which we refer has been given by Thirunamachandran (1979).
We discuss only circular dichroism.

In the semiclassical picture the laser field would be seen as causing a
time-dependent circular polarization in the achiral absorber, thus giving it
chiral character. This chirality would then lead to circular dichroism. In
quantum electrodynamics the leading term comes from interference be-
tween three-photon and one-photon contributions to the transition matrix
element for the absorption rate. The typical graphs are shown in Fig. 2.
The right-hand three-photon graphs are representative of a total of six for
the various time sequences of the events.

Let the nonresonant laser beam be of mode (k, , L) and the probe beam
be of mode (k,, L/ R). The probe beam is assumed to be resonant with the
one-photon-allowed transition' m « 0; i.e., E,, = fick,. The initial and
final states of the system are |E,; n,(k,, L), ny(k,, L/R)) and |E; ny(k,,

kh.(L)
Em Em
Em 'I"'dl k.,o“"
Es £
L 1 r
-p-d -u-d kh'(u
Er
E
(L/R) E k0! :
k;,0 0 —p.-d"' ko et/R)
Ego Eo
kzy.(L/R)

Fig. 2. Left-hand graph: one-photon absorption. Right-hand graphs: one-photon absorp-
tion in the presence of an auxiliary chiral field.
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L), (n, — 1)(ky, L/R)); the state of the laser beam is not changed. With
no intense beam, the first-order element for the m <« 0 transition is (left-
hand graph)

noficks

LR — —;
My ’( 26,V

1/2
) e UR(k, )i (123)

When the coupling is taken into account, the leading new contribution
to the matrix element is of third order, given by

12
ppn = i (ZRS)" (2BG) e i) g (124)

where

gue =" [ P g + [ i
ok r (Egm — o (Ey, — fiws) (Eem + b )(E,, — haw,)

+ [ + ey uf®
(Egm + R (E,, + hw,) (Eem — ko )(E;y — hwy)

KT [ il ]
+ + 125
Ew(Era — fhaw,y) E(Eyo + hay) ( )

The tensor Bf¢ is not symmetric with respect to any pair of indices, in
contrast with the 8 tensor to be introduced for hyper-Rayleigh and
hyper-Raman scattering (Section III,H), which is symmetric in one pair.
The differential absorption rate is

it — TR = Qn/f) {|M} + MY — M + Mi®Rlp  (126)

The induced circular dichroism depends on interference between the
one- and three-photon terms. It is convenient to express it as a ratio
with the total absorption,

_TH =T (MYMY + MYMY — MIMTS — MRMY

®)
T T4 LR - <|MH2 + |M§t|2> (127)

A

Substituting Eqgs. (123) and (124) for M, and M, and performing a rota-
tional average, we get

4 oa sy #XBEL — B
A 460(: (kl k2) | umo’2 (128)
where I, is the irradiance of the laser beam. The differential ratio is

linearly proportional to the irradiance and the cosine of the angle between
the directions of propagation of the two beams. As expected, the ratio
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(128) tends to zero as I, tends to zero. Alternative methods of calculating
A are given in the reference cited above.

In natural circular dichroism, the differential absorption rate depends
on the pseudoscalar g - m and its sign is opposite for two enantiomers. In
laser-induced circular dichroism, the enantiomeric equivalents are the two
possible circular polarizations of the nonresonant laser beam of the
molecule-laser system. A change of helicity of the beam is the same as the
change of sign of k, in Eq. (128), leading to a change in sign of the
differential ratio.

E. Two-Photon Absorption
1. Two-Photon Absorption from a Single Beam

High-intensity coherent radiation from lasers can cause transitions be-
tween molecular states involving two or more photons. Typical simple
examples are multiphoton ionization processes and two-photon absorption
in the UV spectrum of hydrocarbons such as benzene, where the selection
rules, including g <— g, u < u, enable new insight into symmetry assign-
ments and cognate problems. There are also many more complex pro-
cesses known which involve multiple-photon events from two or more
different beams. Quantum electrodynamics allows compact descriptions
in which, as in earlier sections, changes in state of the radiation are fol-
lowed, along with those of the molecule, with improved physical insight
(Power and Thirunamachandran, 1975).

The description of two-photon absorption in this and the following
section calls for the mediation in the overall process of intermediate (vir-
tual) states. Absorption of one photon creates a virtual state of the mole-
cule and absorption of another completes the transition. The overall two-
photon process is energy conserving, but the energy of the virtual state is
not restricted and all molecular states can participate. For a two-photon
process the leading contribution to the matrix element is the second-order
term of U(t, t,), Eq. (89). The probability amplitude for |f) < |i ), assum-
ing that the frequency of the incident photons (from a single beam) is not
resonant with any one-photon molecular transition, is

1§ (FIVI)¢ i)ﬁ'exp[,-wﬂ(,l — )] dt, (129)

i g E;

where E;; = E; — E;. The summation is over a complete set of eigen-
states of H, = H,,, + H.,, that is complete with respect both to molecu-
lar and radiation field states. The usual argument leads to a transition
rate (96) by the Fermi golden rule with the matrix element

Mﬁ=21<f 1E>u< i) (130)
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As before, it is sufficient to calculate the rate for one molecule and
multiply by the number of molecules to obtain the total rate.

Let the single incident beam from which two photons are to be ab-
sorbed be monochromatic in the mode (k, A). The initial and final states
are

i) = |Ey)|n(k, M) (131)

|f) = |Ex)|(n = 2k, \)) (132)
oo (Ve f| = pedd) U] = p-dYi)

My = Z ) (fl—m Eill | — p-di (133)

In the intermediate state, one photon has been transferred from the radia-
tion field and a new molecular (virtual) state produced:

Iy = |E)(n — D)(k, M) (134)

the standard graphical representation of the process is shown in the time-
ordered diagram of Fig. 3.

As usual, the vertical solid line shows the changes in molecular state
produced by photons through interactions labeled at the vertices. It is
conventional not to show the state of the radiation field, but to show
changes in its state caused by incoming (absorbed) and outgoing (emitted)
photons. The initial state of the system is read off at line 1, with the
molecule in its ground state |[E,) and with two (k, A\) photons. The inter-
mediate state is at line 2 (|E,) and one photon less in the radiation field),
and the final state at line 3, with overall energy conservation E,, — E, =
2fick. The energy interval between initial and intermediate states is E;; =
E, — E, + #ick; excitation of the intermediate state is not energy conserv-

Fig. 3. Time-ordered graph for two-photon absorption from a single beam.
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ing so that E,, # fick. As in other applications of second-order and higher
order perturbations, the intermediate states are reached by virtual pro-
cesses, not by real ones. There is no violation of energy conservation; one
can say that the lifetime of the system in the intermediate state is so short
that the uncertainty in its energy allows any molecular level to be in-
volved.

With the mode expansion for d* the matrix element for the time-
ordered diagram in Fig. 3 is readily found:

K mr,, 10 mr,, ro

M, = (216‘;1;) {n(n — 1)}1/2e§}‘)(k)ej()‘)(k)%2r {El:;i ——I.”ﬁw + E':j—'u;,w}

(135)

a form that has been simplified by using the i, j symmetric property of the
polarization tensor e{M(k)e (k).
Defining the molecular second-rank tensor

mo _ mrud? I N }
af*(Fwr, *wp) Er {E,,, T b, | E, T hao, (136)

the Fermi golden rule absorption rate is

_(2@N 2. _ 1 (2aN\( hck\?
F‘( h-)'M"' ‘4( f»)(zeov)

X pn(n — DeP(k)eP(k)eM(K)eiMV(K) allw, w)af(w, ) (137)

where the frequency w = ck is that of the absorbed photons. Rotational
averaging (Andrews and Thirunamachandran, 1977) for molecules in
gases or liquids gives

(r)= (QZ—N)(%Y pn(n — 1)
x & [{2|e<“(k) MR — 1]atile, 0T, o)

- {lem(k) LMK — 3}a'm<w, ©) &, w>] (138)

Subscripts i, j, k, and !/ in Eq. (137) refer to the laboratory frame and A and
p in Eq. (138) to the molecular frame.

In one-photon absorption (Section II1,A), the photon polarization dis-
appeared from the transition rate on averaging over molecular orienta-
tions, so that the rate does not depend on the polarization of the incident
light. This is not true of two-photon absorption; inasmuch as e™(k) - eV (k)
is unity for linear polarization and zero for circular polarization, it is clear
that there is polarization dependence. For example, the atomic transition
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n'S < n8S is two-photon allowed for linear polarization but forbidden for
circular polarization, as is readily seen by angular momentum conserva-
tion. The polarization dependence of absorption rates may be exploited to
evaluate the molecular tensor products af¥(w, w)a™(w, ») and af(w,
w)aT(w, w). The a tensors are molecular properties characteristic of a
transition (here, m < 0) and functions of the beam frequency w. However,
as two-photon absorption is confined to a narrow frequency range, close
to one-half of the transition-frequency (E,, — E,)/2%, values of the tensor
products can only be found close to that frequency.

The two-photon transition rate can be given, analogously to that for
the one-photon rate [Eq. 108], in terms of field-dependent and molecular
factors,

(I') = NSIg®B® (139)

where N is the number of absorbers, .# the energy density per unit fre-
quency, I the energy flux per unit area (irradiance), g® the coherence
factor for two-photon correlation [Eq. 140], and B?, defined in Eq. (141),
the two-photon analog of the Einstein B coefficient,

g® = (n(n — 1))/ (n)? (140)

In the expression for g the average is over the state of the radiation field,
and n is the occupation number referring to the operator a‘a. Here, the
field is represented by number states and the average is g® = (n — 1)/n,
giving near to unity for large occupation number (very intense beam); B
is given for plane, circular, and unpolarized absorption in Eq. (141).

Bne = (240f2c€d) 7! {aV(w, w)alii(w, w)
+ 20w, w)a™(w, w)}
B&icuar = (2404%ced) 7! {— a0, w) @z, w)
+ 30w, w)at(w, w)}
B Rpotarizea = (960fi%c€d) ™ {al¥(w, w)aidw, »)

+ Taf(w, o)al(w, v)}

(141)

2. Two-Photon Absorption from Different Beams

Much more versatile two-photon experiments are possible when two
different monochromatic high-intensity beams are incident on a system in
modes (k;, A;) and (k;, A;). The absorbed photons can have different
frequencies and polarizations. The calculation of the matrix element for
the process is made with the help of the time-ordered diagrams in Fig. 4.
Two diagrams are now required, because two different sets of virtual
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Fig. 4. Absorption of two photons (k, , A, ) and (k,, A;) from two beams.

states occur, according to whether photon 1 is absorbed before or after
photon 2. The matrix element is

‘Mg = (ﬁc/2eoV)(klkznlnz)”ze?‘”(kl)e_(,"z)(kz)a{j"“(a)l , W2) (142)

Whereas o} in the single-beam case is a tensor symmetric in its indices,
that does not apply in Eq. (142) either to a or to the polarization tensor
e (ky)ef*?(kq). By choosing different polarizations for the two beams, it is
possible to characterize fully the two-photon transition. Frequency varia-
tions are also possible subject to #ick, + #ick, = E, + E,, and to the
condition that there are no resonances with molecular energy intervals E,
— E,. (Details are given in a review by McClain, 1974.)

The theory is easily adapted to the situation where the final state is an
ionized state. A comprehensive review of multiphoton ionization of atoms
has been given by Lambropoulos (1976). In a molecular example, mul-
tiphoton ionization techniques have been used to detect bound-bound
multiphoton transitions in benzene (Johnson, 1976).

A novel application of two-photon absorption is in Doppler-free
spectroscopy (Grynberg and Cagnac, 1977). By using split beams counter-
propagating through the absorption cell, it is possible to eliminate first-
order Doppler broadening and achieve high resolution. Suppose the
frequency of the atomic transition is 2w. If an atom interacts with counter-
propagating light beams with wave vectors k and —k (w = cl|k|), the
Doppler-shifted frequencies are w(1 + v/c¢) where v is the velocity compo-
nent in the direction of the observer. If the atom absorbs a photon from
each, we find that energy conservation E,,, = 2% w is satisfied irrespective
of thermal motions because of a cancellation of the velocity-dependent
terms. Such Doppler-free absorption was first observed in the 5§ « 3S
transition of atomic sodium (Biraben et al., 1974; Levenson and Bloem-
bergen, 1974).
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F. Raman Scattering

In quantum electrodynamics, Rayleigh scattering (elastic) and Raman
scattering (inelastic) are two-photon processes. In the latter, the final state
of the molecule is different from the initial state: the difference between
the frequencies of the incident and scattered photons is equal to a charac-
teristic frequency of the molecule, usually a rotational, vibrational, or, in
rather rare cases thus far, an electronic transition frequency.

Raman scattering, like two-photon absorption, is an incoherent pro-
cess, so that the total rate is found by calculating the scattering rate for a
single molecule and multiplying by the number of molecules. The leading
contribution to the scattering-matrix element is of second order and can be
found from the time-ordered diagrams in Fig. 5. The incident and scat-
tered photons are in states [n(k,A) ; 0(k’,A")) and |[(n — 1)(k,A); 1|/(K',A"))
and the initial and final molecular states |E,) and |E,, ). The expression for
the matrix element in the dipole approximation is

_( te N2z, { sl pel® }
<2€0V)(nkk) eies I {p + 2000 aey

The sum in Eq. (143) is the tensor af*(w, — w’) defined in Eq. (136). With
the Fermi rule we find for the scattering rate into the solid angle dQ}’

around k'
2w\ [ he \'nkk'*dQ'V _, m
dr = (%)(2&)CV> - (2Qm)3he gieseieraf agy (144

Expressing the rate in terms of the radiant density I(k’), namely, the
energy radiated along k' with polarization A’ per unit solid angle per unit
time,

, dar , NIk't _, _
IK') = aq fick’ = m éieseealfaly (145)

Em

m
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Fig. 5. Raman scattering.
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The molecular states |E,) and |E,) are thus far unspecified. Let us
adopt the Born—-Oppenheimer approximation and write for the excited
state,

|Em) = dm(q, Qxmo(Q) (146)

where ¢,(q, Q) is the electronic wave function with electronic coordi-
nates q for a particular set of values of nuclear normal coordinates Q
treated as parameters; x.,(Qy) is the vibrational wave function for the v th
level of an oscillator in the normal coordinate Q; . In vibrational Raman
scattering the molecule is in its electronic ground state in initial and final
states, but changes its vibrational state from v to v’. The molecular tensor
aff* in Eq. (144) now becomes

Ql? o = 2 { <Xov’| <¢Oll“i|¢r>|er”> (Xro" <¢rl:“’j|¢0>lxov>
Y E,, + ey — fick

r,o"

<Xov’| <¢ I/“ I(br )Ier” ) <er" <¢r|f" Id’ )lXov )
+ N e TRk } (147)

where E,, is the pure electronic energy separation and e, ,, the vibra-
tional energy difference. Conventional Raman experiments are done with
incident frequencies chosen to be far from any resonance, |E,, — fick| >
|€rov.v0/» and the quantities € in the denominators of Eq. (147) can be
dropped. For the same reason, k' may be approximated by k. Thus,

ovs00 — Kol 8" Xror ) Xrod 141°] Xon )
oy 2 { E,, — fick

Xov | 8 Xror ) Xrol %] Xov >}
+ E., + hck (148)

The Q dependence of the transition moments, though not explicit in Eq.
(148), is important.
With closure on the vibrational sum
Xov>
= <Xav’|aﬁ| Xov) (149)

D { [ A - }

~ (E,o — iick  E,, + hck

where oy is the usual frequency-dependent polarizability except for any
consequences of the Q dependence already mentioned. Equation (149) has
acquired i, j symmetry through neglect of the vibrational energies. In
resonance Raman scattering where the incident radiation is close to one of
the molecular energy intervals, the vibrational energy intervals cannot be
dropped; closure of the vibrational sum is then not possible, and the

r,v”

a%v Lov — <Xav’
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tensor has ani,j antisymmetric part which causes relaxation of the usual
Raman selection rules.
For the Raman intensity for a system in random orientation we need
the rotational average of the molecular part of Eq. (145), giving
N, Ik'*
30(4mrey

where the polarization-dependent coefficients A and B are given by
A=4le & —le-e2 -1, B= -2le&>+3le-e|2+3 (151)

I(k) = [A %" TR + Baaz"°"aa'z:-°”] (150)

and N, is the number of molecules in the initial vibrational state v. For a
given polarization of the scattered radiation, A and B are the same for left-
and right-circularly polarized incident light. Thus in electric dipole ap-
proximation the scattered intensity is independent of the handedness of
the incident radiation. However, higher multipole coupling terms can lead
to intensities dependent on the helicity of the incident photon and can be
invoked to account for the phenomenon of circular differential Raman
scattering, as described later.

In terms of the irreducible parts of «,, , the intensity expression (150)
becomes

NIk'*

I(k') = W[GA + B)a%\',ov(o)aﬂﬂ,ov(o)

+ 3Ba¢}r\z'.ov(2)alit’>t'.0ﬂ2)i| (152)

where o} and o, transform as a scalar (weight 0) and a symmetric trace-
less second-rank tensor (weight 2), respectively. Expressions for reversal
and depolarization ratios follow directly.

G. Circular Differential Raman Scattering

Efforts have been made for a long time to measure differential Raman
scattering of left- and right-circularly polarized light by optically active
molecules. The early work was unsuccessful (Bhagavantam and Ven-
kateswaran, 1930; Kastler, 1930), but lasers and improved detection
methods have made observation possible (Barron et al., 1973).

Extension of the discussion given in the previous section leads to an
understanding of this property (Barron and Buckingham, 1971; Andrews,
1980). As for circular dichroism it is necessary to go beyond the electric
dipole approximation and to include the coupling associated with the spa-
tial variation of the vector potential. In the multipolar formalism, the
leading terms from the variation are the magnetic dipole and electric
quadrupole interactions. The appropriate interaction energy operator is
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Hiy = —€ 'm+dt — ¢'Q:Vd:t —m-b (153)

The time-ordered graphs have the same structure as those for the conven-
tional Raman effect (Section III,F) but are now supplemented to include
all possible combinations of vertex interactions of the three terms of H,,,
in Eq. (153). We have seen in the previous section that if both vertices are
of the electric dipole type, there is no discrimination in the scattered
intensity. However, matrix elements from graphs with one electric dipole
vertex and one magnetic dipole or electric quadrupole vertex can give
contributions that depend on the handedness of the incident beam. Pro-
ceeding as before, the electric dipole-magnetic dipole contribution to the
transition matrix element is found to be

MA(G) = —(ik/2€,V)n'2GE o {(e{(k x e); — ek’ x e');} (154)
where
G%v’.ov = <Xov’|GU|Xov) (155)

and x,, is the vth quantum state of a normal vibration in the ground
electronic state and Gy is the electric-magnetic analog of the electric
dipole polarizability tensor ay;,

S [t mpar
Gy =2, {E “hek T E, + hck} (156)

There is an analogous expression for the combination of electric dipole
and electric quadrupole interactions

ihck
Ma(4) = - (325 magin{eief - ki) (157)
where
gﬁc o = <Xov’|AUk|Xov) (158)
and Ay, is the electric dipole—quadrupole polarizability tensor
— MR opy®
Auk 2 {E,,, - hck + E,, + ﬁck} (159)

r

The scattering rate is proportional to the squared modulus of the contri-
butions to the matrix element and is given by

I' = Qu/h)|Ma(a) + Ms(G) + Mg(A)|%
~ Qu/E{|Ma()|?* + Ma(a)Ma(G) + Mg(a)Mu(G)
+ Mu()Mu(A) + Mp(a)Ma(A)}p (160)
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where Mg(a) is the electric dipole-dipole matrix element already given for
the conventional Raman effect in Eq. (143). Thus we see that in Eq. (160),
the first term is the pure electric dipole contribution, and following terms
contain the leading interferences between the different transition ampli-
tudes. The pure magnetic dipole and pure electric quadrupole terms are of
higher order and have been omitted. Following the procedure of Section
II1,F, including use of the radiant density / and taking the random orienta-
tional average, we find from Eq. (160) that the scattered intensity may be
partitioned into a pure electric part (first term, independent of handedness)
and two terms which change sign between left- and right-handed light:

[ = Kaa) + [aG) + KaA) (161)
where
_ ANkt e
I(aG) - C(47TE())2 eiel{ek(k X e)l
. , , (162)
— e(k' X &)} (aff "Gy
2'N1k,5—/ = = rfr ’ ov ' ov
I(aA) = (—’41:70); elefeitikn — exelky) (0 "ARm)  (163)

In experiments on differential scattering, observations are usually
made for the case where the polarization of the scattered photon e’ is
either in the kk’ plane or normal to it. We denote the former by e' and the
latter by eL. The three unit vectors é', e+, and k’ form a right-handed triad.
The differential scattering intensity,

AJ(0) = IR = p) = Ip(L = p) (164)

is linearly dependent on the intensity of the incident radiation. I,(L/R —
w) denotes the intensity of light with polarization u scattered from a
left/ right-hand incident beam; 6 is cos~!(~k - k’). The experimental re-
sults are commonly given as the ratio of the circular intensity differential
(165), independent of incident intensity,

8,0) = [Io(R = p) — Io(L — w)]/[Io(R — p) + I(L — p)] (165)

In terms of the parallel and perpendicular photon polarizations the differ-
ential ratios are

a +pBcosh + ycos?td
& + ecos?b ’

a+vy+ Bcosé
5+ e

A,0) = A@0) = (166)

where

a = (4/30)9aRGE — waRAR)
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B = (2/3c)(—10aRG % + 150262 + 3waAR
y = (2/3c0)(10aRGY + 302G + 3wdRAR

5 = 6aBa, €= K10aBa® + ool

with A,, = €,0ldpon and G,, = Im G,,. From a knowledge of these
constants it is possible to evaluate the molecular tensor products
oQGY, a2G2, and a2A®, which may also be calculated theoreti-
cally, as for example, using an atom—dipole interaction mode! (Prasad and
Burow, 1979a,b).

H. Hyper-Raman Scattering

The usual Rayleigh (elastic) and Raman (inelastic) scattering from
molecules are two-photon processes, the latter of which has been dis-
cussed in Section III,F. When the incident beam is sufficiently intense, as
in a coherent laser beam, there are in addition higher order nonlinear
processes. The best known is second-harmonic generation in a noncen-
trosymmetric system, in which light of an incident frequency w causes
some light emission at 2w in a three-photon process, two @ photons being
absorbed and one 2w photon emitted in the forward direction.

A related nonlinear effect is hyper-Raman scattering where the scat-
tered photon has frequency ', approximately twice the incident fre-
quency . The mismatch |2w — «’| equals a vibrational or rotational
transition frequency of the molecule or a lattice vibrational frequency in a
crystal. Such a nonlinear scattering process was first considered by De-
cius and Rauch (1959) and the first experimental observations made by
Terhune et al. (1965). For a beam of intensity 10*®* Wm™2 the ratio of
hyper-Raman to Raman intensity is in the order of 1078, and pulsed lasers
have made observations of hyper-Raman scattering feasible. Also, mul-
tichannel spectrometers have much reduced the time required to record a
hyper-Raman spectrum. Molecules that have been studied include
methane, ethane, and ethylene (Verdieck et al., 1970), carbon tetra-
chloride, chloroform and water (French and Long, 1975), and tetra-
chloroethylene (Schmid and Schrotter, 1977). Hyper-Raman spectros-
copy can be a source of molecular information not normally available
from IR or Raman studies, by exploiting different selection rules, gov-
erned by the symmetry properties of the hyperpolarizability tensor.
Hyper-Raman scattering in quantum electrodynamics is a three-photon
process, the leading contribution to the transition matrix element being of
third order in the interaction (Andrews and Thirunamachandran, 1978c).
The time-ordered graphs in Fig. 6 show the absorption of two identical
photons (k, A) and the emission of one photon (k’, A'), where w = fick and
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Fig. 6. Hyper-Raman scattering.

o' = hck’'. As for the Raman effect, we use the Born—-Oppenheimer ap-
proximation for the molecular states. In the initial and final states |0, v )
and |0, v'), the molecule is in its ground electronic state and has v and v’
quanta of a particular vibrational mode. The populations of all other
modes are unchanged. The radiation field states are |n(k, A); O(k’, \'))
and |(n — 2)(k, A\); 1(k’, \")), with energy conservation:

Epw — €n = 20 — w')
The matrix element in the electric dipole approximation is

[ #30?e’n(n — 1)]¥2 _,
Mﬂ =-1 I:_@_%Gg%—l] €; €€y

X {< ov’ i” tS)(cs ! rR)( rR ’y"o w>
TR (Ego + €55,00 — 2h0)(Ero + Erp o0 — fiw)

8,5

+ < ov’ as>< 8S| :' rR)< TR ’1;0 ou)
(Ew + €45,000 + ﬁw)(Ero + €rpov — fiw)

+ < oy’ :S)< 35 f‘r m)( rR {0 ov)}
(Em + €500 T hw)(Ero + €porr + 2hw)

If none of the denominators is small compared with a vibrational spacing,
we can simplify the expression as in the theory of the ordinary Raman effect
(Section III,F) by neglecting the vibrational intervals €. Closure on the
vibrational levels in the sums over intermediate states gives for the
matrix element

(167)

. [ #20?w'n(n — 1)]12 _,
Mﬂ =i [ 8€3V3 ] €1€4€x <XW’|:BiJk|Xov> (168)
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where

B = 12 [ pep + Qi
2 e (Eyo — 2hw)(E,, — fiw) (Eyo + tw)(E,, — hw)
+ PP uy° + AT
(Ego + hw)(E,, + 2hw) (Eyo — 2hw)(E,, — fiw)

My A ]
t Ew ¥ h)Ey — Fw) T Bu ¥ ha)E, + 25wy 169

With the form chosen for the hyperpolarizability tensor 8;; the matrix
element as a whole is symmetric to interchange of the indices j, k. It is
now readily found that the scattered radiant intensity, calculated from
the Fermi rule and the matrix element (168) is

2 N,k I4I'zg(2)
105¢  (4wep)?®

x{[30(' * e)(e: e’ )& &) — 12(&' + e)(e’ * &

—12(e- )& - &) — 10(e e} — (& €) + 8]B\nuBuw
+[—12(& +e)(e- e} e+ € + 16(& + e)e * &)

+2(e-e)e <€) + 4e-e)e-e) — 6]BnuBun

+[—10@& - e)e-e')e € + 4@ - e)e' *®)

+ 4e-e)E &) + 8e-e)E- &) — SBauBrw

+[8(€' = e)(es e')e-&) — 6(& - e)e * &)

—6(e-e')e € — Se-e)e-e) + 11]8\uBru

+[—12(€" - eXe-e')e-€) + 2(e' - e)e - &

+16(e- €)@ - &) + 4(e - e)@- &) — 6]BruBunt (170)

where g® is the second-degree coherence (140) and I the mean irradiance
of the incident beam. The superscripts of the molecule tensors have been
suppressed:

I1k')=

Brww = (Xov'lBMwI Xov) a7

Selection rules for activity in the hyper-Raman effect of vibrations of the
various symmetry species can be found from the transformation proper-
ties of the tensor 8,.,. A general tensor of rank 3 has 27 independent
components, which are reduced to 18 by w, v symmetry. Reduction to
irreducible components, according to their weights (orders of the covering
associated Legendre polynomials in a spherical system), gives two terms
of weight 1, one of weight 2, and one of weight 3, with six, five, and seven
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irreducible components, respectively. Explicit expressions for these com-
ponents may be found in the reference cited above. The irreducible rep-
resentations spanned by these components for molecules of point group
symmetry Dy, Dy, Dya, Deas On, In, and Dy are listed in Table 1. For
comparison, the irreducible representations of the electric dipole moment
and polarizability are also listed in Table 1. The corresponding representa-
tions for point groups of lower symmetry are easily obtained from correla-
tion tables (Wilson et al., 1955). Thus, for example, in group D,, which
applies to the common hydrocarbons naphthalene, anthracene, and tet-
racene, the components of weight 1 are 2B,, + 2B,, + 2B, those of
weight 2 are 2A,, + B,, + B,, + B;,, and those of weight 3 are A, + 2B,,
+ 2B,, + 2B,,. Some interesting points emerge: all IR active modes are
also hyper-Raman active because the weight-1 components of the 3-tensor
transform like the electric dipole moment; for centrosymmetric mole-
cules, hyper-Raman active modes are of ungerade symmetry and are
therefore Raman inactive. For noncentrosymmetric molecules, vibra-
tional modes with the same symmetry as a weight-2 component of the
B-tensor can be Raman active. This is a necessary requirement, but is not
sufficient because the weight-2 components of the Raman and hyper-
Raman tensors, in general, transform differently under reflection. For ex-
ample, the symmetry properties of the weight-2 components for a mole-
cule belonging to D,y show that only E, is both Raman and hyper-Raman
active. However in pure rotation (chiral) groups hyper-Raman active
modes with weight-2 symmetry are also Raman active. Hyper-Raman
active modes may be classified into six types, and by measuring the
hyper-Raman spectra for five specified configurations, it is possible to
assign an active mode to one of the six classes. (Details may be found in
the paper cited earlier.)

The possibility that chiral molecules may exhibit a circular differential
effect in hyper-Raman scattering has been discussed by Andrews and
Thirunamachandran (1979). The theory follows the same lines as that for
circular differential Raman scattering and uses Eq. (153) for the interac-
tion term in the calculation of the circular intensity differential ratios.

IV. Interactions between Molecules

A unifying feature of quantum electrodynamics is its power to deal
with the interactions between atoms and molecules in the same theoretical
framework as for interactions between radiation and matter. We saw ear-
lier that in the multipolar framework two molecules A and B interact only
via the exchange between them of transverse photons real or virtual and
that this process is on exactly the same theoretical footing as the interac-



TABLE 1

SELECTION RULES FOR INFRARED, RAMAN, AND HYPER-RAMAN ACTIVITY?

Raman Hyper-Raman

Infrared, o
Group u (weight 1) (weight 0) a (weight 2) B (weight 1) B (weight 2) B (weight 3)
Dy, A; + E; A} Al + E; + E; 2A; + 2E; Al + E + E; A+ E +E +E;
Den Ay, + Eyy Ay A + Egg + Epy 2A,, + 2E;, A+ Ey + Eny Agy + By + By + Eyy + Epy
Dy B, + E, A, A+ E +E 2B, + 2E, B, +E +E B, + E +E, + E;
Deq B, + E,; A, A+ E + E 2B, + 2E, B, + E, + E, B, + E +E + E,
0, Tiu A E; + Ty 2Ty, T,y + E, Ay + Ty + Ty
I, Th Ay H, 2Ty, H, Tou + Gy
D, S+ 10, po3s S+, + A, 23 + 211, S;+I,+4, SE+II,+ A, + Dy

¢ The irreducible representations of the dipole moment g, the polarizability «, and hyperpolarizability 8, are listed in key symmetry
groups (Andrews and Thirunamachandran, 1978¢).
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tion between a molecule and a radiation field, as in a real emission or
absorption. Thus if we write for the Hamiltonian of molecules A and B
coupled to a radiation field in dipole approximation (Section II,G),

H = Hyaq + Hy + Hy — €'pu(A)- dR,) — €'u(B)- ¢(Ry)

we find that the energy calculated for a state contains a term for the
coupling of A to B that is not from a direct coupling operator in the
Hamiltonian but appears in second order as a consequence of their being
individually coupled to common modes of the electromagnetic field. Such
interactions do not involve an overall change in the state of the radiation,
but there are other processes where there is a net change, such as induced
circular dichroism, in which circular dichroism appears in one molecule as
the result of its interactions with a second molecule, and radiation-
induced contributions to the intermolecular energy; both types are con-
sidered later.

Intermolecular forces such as the dispersion interaction were first
found by perturbation theory in the electrostatic limit (molecular separa-
tion much less than a characteristic molecular transition wavelength). The
importance of electromagnetic interactions (those mediated by the elec-
tromagnetic field propagated with the speed of light) was by the calcula-
tion of long-range dispersion interactions by Casimir and Polder (1948)
which gave the remarkable result that, for distances beyond that of a
characteristic wavelength, the short-range behavior according to RS,
where R is the molecular separation, was replaced at long range by R~7.
The change is associated with retardation, namely, the delay by time R/c
between the emission and absorption of the transverse photons ‘‘convey-
ing”’ the interactions. Earlier, experimenters (see Vervey, 1947) had sug-
gested the need for a shorter range force to explain observations in colloid
science; and after Casimir and Polder’s work the correctness of the R~7
law was confirmed (Tabor and Winterton, 1969). The dispersion interac-
tion result and its experimental confirmation give the most direct evidence
for the reality of retardation effects, which are illustrated first in the
simplest case, that of resonance coupling.

A. Resonance Coupling in Dipole Approximation

Two identical molecules, one in an excited state, are coupled together
by the exchange of the single excitation. One cannot say which molecule
is excited; there is an excited molecule pair which may exist in two dis-
tinct states. In some cases the states have different symmetry properties,
and it may be that only one of the two can be directly produced by photon
absorption. The transfer of excitation is often given a formalism that is
analogous to that for the motion of particles and is described as the motion
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of an exciton. It has a particular practical importance in the excited states
of molecular crystals, the exciton being delocalized over a large number of
identical molecules with quantization governed by a wave vector and
described by Bloch waves.

The simple system of two identical atoms also has practical impor-
tance; for example, in work on superradiance (Dicke, 1954). In some
applications the two-body system appears in absorption, i.e., where a
photon is absorbed by the pair and one wants to know the nature of the
final state with one quantum of excitation. In other applications the prob-
lem (e.g., superradiance) is the emission from a pair which has been
excited at some earlier time. Here we shall not consider the absorption
process, but assume that the pair already has one unit of excitation, calcu-
late the matrix element for excitation transfer, and so find the energy shift.

To illustrate one aspect, the effect of retardation, we at first suppress
the quantum aspects and use a classical argument. If the excitation energy
of each coupled system is Aw = fick, the classical analog is an oscillating
electric dipole of frequency w. We now calculate the interaction energy of
excited system A with the unexcited system B, which has the same
characteristic frequency . First making the calculation without allowing
retardation, i.e., infinitely fast propagation of electric influences, we find
for the electric field at B produced by the oscillating dipole at A,

EP = —(4me)) uy(A)Sy — 3R,R))/R? (172)

The time dependence ¢'“! is not included; R is the A-B distance; and u(A)
is the polarization for excited A.
The energy of coupling of this field to the system B is

AE = (4me€)) R 3u;(A)u;(B)Sy — 3RR)) (173)

which has the same form as the familiar dipole—dipole coupling of perma-
nent moments.

Retardation is allowed for by calculating in place of the static field
(172) the full Maxwell field at B caused by the classical oscillating charge
at A. Then

E® = (4meo) s (A)e* R{(k%/R)(8y — RiRJ)
+ [(ik/R?) — R=%)(84 — 3RR)} (174)
The retarded interaction with system B is

k? kR 5 5
AEc = —(4meo)  pi(A)py(B) {_c;)es_ 8y — RiRy)

cos kR k sin kR PN
‘( ;3 + sglz )(au— 3R1R1)} 175)
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This result is the same as that obtained properly through quantum elec-
trodynamics, as shall be seen. For small kR (the ‘‘near zone’’), AE,,, is
indistinguishable from the static AE. For large kR (the ‘‘wave zone’’), the
only first term remains, giving a coupling that falls off as R~*. From the
angular dependence it is seen that only the components of moments trans-
verse to the join R contribute; the electric field in Eq. (175) is pure trans-
verse at large enough distances from A, being the pure radiation field of
classical electromagnetism. Clasically one can speak of a change of phase
proportional to the distance between the field of the emitter and the re-
sponse it causes in the absorber, and there is sometimes an attempt to
explain the effects of retardation as coming from ‘‘dephasing.”” In quan-
tum theory, however, the (absolute) phase and the number of photons in a
mode are noncommuting variables and care is required. In this particular
case only the phase difference between two systems is at issue, and there
is no difficulty.

To deal with resonance coupling in quantum electrodynamics, we sup-
pose A and B to be identical molecules,with nondegenerate ground and
excited states |E,) and |E,) connected by an electric dipole transition with
moment u°*. The states |[E2, E§) and |E§, EE) of the molecular pair are
degenerate, the rate of excitation transfer between the two states, from a
time-dependence point of view, and the energy shift, from a stationary
state point of view, both depend on the matrix element

M = (E}, E§|H\w(E — Ho)*Hi|E#, E}) (176)
where
Hi, = —€'n(A)-d,(R,) — €' n(B)- d-(Rg) 177

The frequency () of excitation exchange is |M|/# ; where () is less than the
frequencies of other processes in the two molecules, such as intra- or
intermolecular vibrations, or the emission rate, the role of H;, as a time-
dependent perturbation is important. Where 17! is short compared with
these processes, or with the resolving time of an experiment, H;,, is a
stationary perturbation. In this case the excitation is delocalized over the
coupled molecules, and the states are given in the linear combinations

©. = 27VH{|E} EF) + |E, ERD)} (178)
To find the matrix element M the usual procedure is followed, using
the graphs in Fig. 7. From the left-hand graph,

> (2Z) er@er @ur@me®) < )
P 2€oV 4 : 4 Eno - pr
where R = R, — Rg is the intermolecular separation. The sum over the
photon wave vectors p is converted to an integral,
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Fig. 7. Resonance coupling.

1 1
= — —— | d% (180)
|
and the A sum (polarization sum) is
Z eP(p)eN(p) = 8y — pib; (181)

so that the contribution (178) to the matrix element becomes

wMA)p1(B) f
250

ipR ds

5y 4B
PGy — Biby) 3= > ) (182)
where k = E,o/hc. For the right-hand graph the denominator is
—(E,o + #icp), and the total matrix element is

_ u™A)uB) f P ( ™ e""’"‘) d’p
M 250 P(Su pipl) k — p k + p (2‘”)3 (183)

ipR

Integration leads to
M = pu™Apj*B)Vy(k, R) (184)

in which V4(k, R) is the tensor potential for the retarted interaction
(McLone and Power, 1964),

Viy(k, R) = (4re,R?)1[(5y — 3R,R;)(cos kR + kR sin kR)
— (8y — R;R)k*R? cos kR] (185)

The stationary states (178) apply when other internal processes, such
as molecular vibrations, are slow compared with the excitation transfer
rate. Likewise, if the system is probed by a pulse of picosecond width,
the response will be approximately that of localized systems for transfer
rates less than 10!2 sec™! and of pair stationary states for higher transfer
rates.
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Where transfer is fast compared with the spontaneous emission rate of
the free molecule, and no other processes intervene, the emitting species
are the stationary states (178). If the symmetry allows emission only from
one such state, the line strength is twice that of the free molecule, and the
natural lifetime is reduced to one-half, the pair being superradiant
(Stephen, 1964; Power, 1967b).

An interesting feature of Eq. (185) for the resonance coupling energy is
that as either the separation distance R or the wave number & or both
decrease, so that kR < I, we have

lim Vy(k, R) = (4mesR*) 7@y — 3RR)

which is the near-zone interaction. For k = 0 the transition moments go
over into permanent moments and Eq. (185), as Vy(0, R), is the well-
known static coupling of permanent dipoles. The result can be found
directly, without recourse to a limit argument, from the graphs of Fig. 7
after replacing the state |E,) by the ground state |E,). The calculation is a
striking reminder that in the multipolar framework all intermolecular in-
teractions are via transverse photons (here virtual), which include interac-
tions between permanent moments.
In the far zone, kR > 1, the potential is given by

k2
4ireR

in which the distance dependence is as R™! with a modulation of period
2 /k.

Vyk, R) = — Oy — RiR,) cos kR (187)

B. The Dispersion Interaction

In resonance coupling (Section IV,A) the effect of retardation on the
range of the interaction is to add terms in R~2 and R, the latter becoming
dominant at long distance. Thus the range becomes longer, mirroring the
increasing importance in the emitting molecule’s Maxwell field of the
transverse component (~R ™). In the dispersion interaction, however, at
long distance an R~7 dependence on distance replaces the R~¢ dependence
characteristic of the contribution by static dipolar coupling.

The attraction between molecules in their ground state was discussed
by London (1930) in terms of virtual molecular transitions. A spontaneous
dipolar fluctuation in molecule A induced a dipole moment in B, which in
turn acted back on A with an overall distance dependence of R~S.

From the quantum electrodynamical viewpoint the dispersion interac-
tion arises from two-photon exchange. The energy shift is fourth order in
H,, and is given by
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E=— ’ <0|Himun><IH|H1nt|H><II|HintlI> <IlHi‘n_tlo_>
LIL I (Ei — E)Ey — Eo)J(Ey — Ey)

+ S SOl I0) (L J0) OLE 1) 1,00 (188

(EI - Eo)z(En - Eo)

LH

the second term arising from wave-function renormalization. For nonpolar
molecules this term does not contribute to intermolecular coupling and
attention is confined to the first term. The ket vector |0) is the unper-
turbed ground state of the system where both molecules are in their
ground states and the radiation field is in the vacuum state. The interme-
diate states I, I, and III are of four types: (1) both molecules excited and
no photons present, (2) one molecule excited with one virtual photon
present, (3) both molecules in the ground state with two virtual photons
present, and (4) both molecules excited with two virtual photons present.
The graphs in Fig. 8 contribute to the fourth-order interaction energy.
From graph (i) the contribution to the energy shift is

- hcp SO0 7 A" o (N (A (Y4701 7045 08, 30
2 (2%‘,) (585) e @2 @) el @et @t utiut

ei(p+p')~R
X
(Ego + hep)(ficp + ficp NE, + ficp’)

where the molecule labels are implicit: r is associated with molecule A and
s with B. There are similar expressions for the contributions from the
other graphs; the associated energy denominators are listed in Table II.
For the coupling of ground-state molecules the intermediate states are
higher than the ground state. All denominators are positive and the in-
teraction is attractive. For excited molecules the interaction may be at-
tractive or repulsive.

In the classical description, charge fluctuations in one molecule pro-
vided an excitation field for the second molecule. In Q.E.D. the corre-
sponding description is that of virtual molecular transitions the energy for
which is ‘‘borrowed’’ from (or ‘‘lent’’ to) the vacuum radiation field for
periods short enough to be allowed within the uncertainty principle limit
AE At = 4.

In Eq. (189), the sum over polarizations may be carried out with Eq.
(181) to give

L 2. D AroAy r
- 2 < cp) <2€ V) O — PiPx) By — pjpl)ﬂ'? wioufiut®

(189)

e'®PR/ D, (190)
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Fig. 8. The dispersion interaction. There are six additional graphs numbered (vii)—(xii)
obtained from (i)—-(vi) by interchange of A and B.

where D; is the energy denominator for graph (i). The contributions
from other graphs are added, giving the total

fic fhcp' o o
- 2 ( p) ( 4 ) B — PiPr)On — Dy P MU 1t
p.p

250V 2€oV

xii

x PR Y Dl (191)
a=i ~ ¢

TABLE 11

ENERGY DENOMINATORS D,

() (Egp + ficp)(ficp + hcp WE,, + ficp') | (viD) (E,, + ficp)hep + hicp ') E,, + ficp’)
(i) (E, + hep'Mhep + hep'WEy, + Hcp’) | (viil) (E,, + ficp)ficp + hep'NE,, + hep)

(i) (E, + hicpNEro + EQNEy, + hcp') (ix) (Ero + Acp)Ey, + Ep)(Ey + ficp’)

(iv) (E, + AcpHE,, + ENE, + ficp’) (x) (Ero + Acp)Epy + Eg)(Ey, + ficp’)

(V) (Eg +hep'WEp + E,p + ficp + hcp’) (xi) (E,, + ficp)(E, + E,, + ficp + hcp’)
X (Eps + ficp') X (Eyp + ficp)

(Vi) (Eyp + ticp'WE,, + Ey + hcp + ficp’) | (Xii) (E,o + hcD)NEy + Ey + hep + hep'’)
X (Eg + hcp) X (En + hep')
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where the fact is used that the preexponential factor is unchanged by the
substitution p — —p and/or p’ — —p’, so that the exponential factor can
always be written as e ®*?R_ The wave-vector sums in Eq. (191) may be
converted to integrals using Eq. (180), and after integration we get the
complete Casimir-Polder result (1948; see also Power, 1967a). In the fol-
lowing sections the limiting cases of the potentials in the wave zone and
the near zone are discussed.

1. The Wave-Zone Limit: Casimir—Polder Potential

At distances longer than any molecular transition wavelength the vir-
tual field of one molecule at the position of the other is purely transverse,
and the retardation (R/c at distance R) causes phase changes varying with
the frequencies of the virtual field components. The complex interferences
leave a residual interaction with distance dependence R~7, falling off more
quickly than the static (R~%) term that it has replaced. It is not difficult to
see that the reason is that the virtual fields, which convey the interaction,
have R™! dependence and therefore are very long range in nature; the
interferences cause the much faster rate of change in the mutual coupling.

Within the methods of the last section we can calculate the short- and
long-range potentials by appealing to a physical argument to limit the
number of graphs to be included in each case. In the uncertainty relation
AE > #/ At let us equate the time uncertainty to twice the retardation R/c,
the time required for photon transit and return between molecules. The
energy uncertainty AE, the energy ‘‘borrowed’ for virtual excitation,
cannot be less than #/At. Thus for molecules close together the high-
energy virtual photons must be responsible and low-energy photon con-
tributions may be ignored. In the near zone, inspection of the de-
nominators then shows that D;;, D,,, D, and D, are smaller than the
others, and the corresponding graphs dominate in the near zone (see the
following section). In the wave zone, for molecules separated by distances
large compared with a wavelength, the energy uncertainty can be very
small, and very low-frequency photons p and p’ contribute. The dominat-
ing graphs are (i), (ii), (vii), and (viii), for which the denominators in the
limit are smaller than any others, and may each be approximated by
E.E.(hcp + ficp'). The expression for the energy shift, from these four
graphs only, and with freely rotating molecules, is

92 (22) (3&) 1+ G- o1

IE"’HB”P el PR
EEn  (hep +hep)) e
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Converting the p and p’ sums to integrals and using
=25 P _28 lmP
a(A) = 3 2 . B =3 2 Ey (193)

for the isotropic polarizabilities we get

hca(A)a(B) . pprei(l)ﬂ")'n d3p dapl

[ e o B B as
The nature of the R dependence is easily deduced from dimensional argu-
ments. The coefficient of the integral has dimensions (energy) X (length)?,
and the integral must therefore have dimensions (length)~?. Since R is the
only parameter in the integral it follows that the integral on evaluation
must give R~7, apart from a numerical factor which is found by integra-
tion. Integration of Eq. (194) gives

23%ic a(A)a(B)
64m3€? R7

which is the Casimir—Polder potential for large intermolecular separations
(Casimir, 1948; Casimir and Polder, 1948).

Other approaches also lead to the wave-zone limit (195). For example,
a second canonical transformation gives an alternative form of the Hamil-
tonian (Craig and Power, 1969).

H = H.g + Hy + Hy — (2€§)7'ay(A) dH(Ry) dH(R,)
~ (2€8)ay(B) dH(Rp) df(Rp) (196)

where ay;(A) is the static polarizability tensor for molecule A. The calcula-
tion, now in the second instead of the fourth order of perturbation theory,
gives Eq. (195) based on graphs with two-photon vertices (Fig. 9). An-
other viewpoint, due to Power (1972), is to treat the final terms in the
Hamiltonian (196) as perturbing the ground state of the radiation field, so
that the distance-dependent potential energy appears as a change in the
field parts of the total energy.

AFE = —

AE = —

(195)

2. Near-Zone Limit: the London Potential

The work of the previous section indicated that for the near zone the
graphs corresponding to the denominators D;;;, D;,, D;y, and D, are dom-
inant. The energy denominators may each be approximated by
(hcp)hep') (E,, + E,,). The energy shift is then given by

_ o ur!!'ru 08, 80 R i ) s
AE = — (37! 2 #E,:m _:LZ-::I (Bu — Pibr)e™ (2 ) f (s — PiPI)
X eip"R _P__

€ E 197
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Fig. 9. Far-zone dispersion coupling. Vertices are two-photon effective interactions.

which after p and p’ integration gives the familiar London result,

or ro 80 A A A A
PUTRERE o — 3RR)G - 3RR) (198)

- _ 1 p
AE = = Gra PR & Bt E

as conventionally obtained using second-order perturbation theory with
the dipolar interaction operator,

Vn = B2 200D) G5 = SRR (199)

For freely rotating molecules, the energy shift (198) becomes

30|2

AE = ey omz E,,, + E,

(200)

A commonly used alternative to (Eq. 200) for the energy shift is in
terms of dynamic polarizabilities over imaginary frequencies (see
Margenau and Kestner, 1969). By using the identity

—-—1——-—— = l N EroEs
E., +E, f » (E3, + u®)(E3 + u?) du 2oy
Eq. (200) can be transformed to
__ 3 . 5
AE = —53mgRe f_,, a(u)a™(u) du (202)

where u = ihw. A knowledge of the polarizabilities as analytic functions
of u will then enable us to calculate the dispersion energy exactly.
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C. Intermolecular Contributions to Dynamic Stark Shifts

The energy levels of an atom or molecule acted on by a radiation field
undergo a shift, known as the dynamic Stark shift. The radiation perturbs
the levels through its coupling to the electrons; the dominant contribution
to the shift can be found by second-order perturbation theory. For mono-
chromatic radiation in mode (k, \) and molecular state |m ), the graphs are
given to the left of Fig. 10. The energy shift AF is given by

_ _ (nhck 1 % i }
AE = <2€V)e”2{ - +E,,m+hck

1 _
= - (R) eieja{}"”(k) (203)

where aff™(k) is the dynamic polarizability and / the irradiance. As in
earlier examples (see Section 1V,B), the result may alternatively be re-
covered as a first-order perturbation with an effective interaction (204),
which can be found by a canonical transformation of the usual Hamil-
tonian

HEly = —(2€)'aff™(k) di(k) d(k) (204)

The corresponding graph is shown in Fig. 10.

If the system acted on by the radiation is made up of two (or more)
molecules the energy shift is changed by their mutual interaction. The
shift becomes that for radiation acting on the coupled pair. In the semi-
classical picture one would say that the dipole moments induced in two
nonpolar molecules with fixed orientations interact through the instan-
taneous dipole—dipole coupling, giving an energy shift that is proportional
to R73. Such a result could hold only at distances short compared with the
incident wavelength; at longer range there is a change due to retardation.

-

(k, )}

ﬁ Pk} dtdT

(k,\)

Fig. 10. Left-hand graphs: dynamic molecular Stark shift with one-photon vertex in-
teractions (1/€,)u « d*. Right-hand graph: with two-photon effective interaction.
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Fig. 11. Intermolecular contribution to dynamic Stark shift (plus graphs with A and B
interchanged).

Applying quantum electrodynamics to find the intermolecular con-
tribution to the ground-state energy shift we seek an expression correct
for all separation distances (Thirunamachandran, 1980). The coupling is
now described by one-photon exchange. After canonical transformation
of the Hamiltonian we find an effective two-photon interaction operator

HE(Q) = —ep? oy (k) diH(K) dH(p) (205)

where p is the wave vector of the virtual photon coupling the two mole-
cules, and k that of the single-mode incident on the system; { designates
the pair of molecules A and B. There is no factor 1/2 in Eq. (205), in
contrast to Eq. (204), because k and p appearing in the creation and
annihilation are different. The appropriate graphs are given in Fig. 11.
The energy shift after summation over the polarization of the virtual
photon, isotropic polarizabilities being assumed for simplicity, is

nhck

AE = (2€0V

) és}\)(k)eg)\)(k)aA(k)aB(k)(eik-R + e—ik-R)

1 — pp) P eir P ’p
Xzfo f(su pml){k_pepk k+Pe pR} (2 )3 (206)

After integration over p,
= (I/2c€p)2M(K)eSP (K)ar(k)aB(k)Vy(k, R)
X (€*R 4 ¢~kR) 207)
where Vy;(k, R) is the retarded dipole—dipole interaction tensor (185).
The expression holds for the complete range of R up to distances of
molecular overlap. It has a particularly useful application to the radiation-

induced shift in an oriented crystal where pairwise summation can be
expected to extend into regions of R where retardation can be important.
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In the near zone (kR < 1), V;;(k, R) tends to the static dipole-dipole
interaction tensor (186), and Eq. (207) becomes

AE = (I/2c€)zP(K)e P K)ark)aP(k)2me, R?) (85 — 3RR;) (208)

Comparing Eq. (208) with Eq. (203) for the energy shift for a single mole-
cule we see that the structures are the same if we introduce an effective
polarizability for the coupled pair:

af(k) = —(2meoR?) By~ 3R R )ar(k)aB(k) (209)

Although the individual molecular polarizabilities are isotropic by as-
sumption, the pair polarizability is anisotropic because the direction of the
intermolecular join R is kept fixed relative to the direction of propagation
of the incident radiation. It is evident from Eq. (209) that the isotropic part
of the pair polarizability is zero and the energy shift is zero if the molecu-
lar pair is allowed to tumble with respect to the direction of propagation of
light.

In the general expression (207), averaging over all directions R with
respect to the propagation direction k of the incident beam, we find for the
shift,

AE = - ( L )("‘A(k)"‘B("))(kR sin 2kR + 2 cos 2kR

8mced R3
S sin2kR 6 cos 2kR , 3 sin 2kR
TR kR* T kR ) (210)
If this expression is approximated for small kR we find
_ 111 kzaA(k)aB(k)>
AE = (607rceﬁ)< R (211)

The energy shift (211) approaches zero as kR — 0 in agreement with the
behavior of the Coulombic expression (208) found by taking the kR = 0
limit of the potential before averaging over orientations. This interaction,
because of its R~! dependence, is effective out to large distances. Thus in
an assembly of molecules the total energy shift has contributions from a
large number of pairs. Also, when the incident frequency is close to a
molecular transition frequency, so that there is a near resonance, there is
an ‘‘amplification’’ effect as the dynamic polarizability in Eq. (211) in-
creases sharply. In practical cases the dynamic polarizability could be
three orders of magnitude larger than the static polarizability.

The radiation-induced energy shift (210) involves a single-photon in-
terchange between the coupled systems, as does the resonance interaction
(real one-photon exchange) in Section IV,A. Both fall off with distance in
the same way as the Maxwell field (R~1). The contrast with the wave-zone
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dispersion interaction is striking: there are in that case two virtual photons
which interfere, leaving an R~7 dependence in the leading term. Other
properties such as ‘‘collision-induced’’ multipole moments can be calcu-
lated in a similar manner (Craig and Thirunamachandran, 1981).

D. Interactions of Functional Groups in a Single Molecule

The theory of coupling of molecules by exchange of virtual photons,
discussed in the previous sections, is applicable to large molecules with
several functional groups. The groups are assumed to be independent in
the first instance, and electron exchange between groups is neglected. The
molecular skeleton, which keeps the relative orientations of the chromo-
phores fixed, does not interact with the radiation field, but the functional
groups couple by exchange of virtual photons just as if they were separate
molecular systems.

Such a many-group model is well suited to studying the optical activity
of large molecules where the variation of electromagnetic fields over the
entire molecule must be taken into account because the overall molecular
size may be comparable to the wavelength of the incident radiation. The
functional group sizes are small, however, compared with the wavelength,
and a local point-dipole approximation at the various chromophore
centres may be used. The model has been used to study optical rotation
(Atkins and Woolley, 1970), two-photon circular dichroism (Andrews,
1976), and circular differential Rayleigh and Raman scattering (Andrews
and Thirunamachandran, 1978a,b).

E. Chiral Discrimination

The account of molecular interactions given in Sections IV,A and IV,B
is easily extended to deal separately with left- and right-handed forms of
chiral systems. The dominant contributions are governed by electric di-
pole forces and are nondiscriminating; but there are extra terms, albeit
small, which are not the same for left-hand-left-hand as for left-hand-
right-hand pairs. Theoretical and experimental aspects of such discrimina-
tory interactions have been recently reviewed by Craig and Mellor (1976).
The discriminating terms are from electric dipole-magnetic dipole cou-
pling; H,, must now include coupling with both electric and magnetic
fields. For a pair of chiral molecules A and B located at R, and Ry,

Hyy = — €5 p(A) » d4(R,) — €'p(B) - d4(Rp)
- m(A) - b(R,) — m(B) - b(Rg)

In the following sections we describe chiral discrimination in resonance
and dispersion interactions.
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1. Discrimination in the Resonance Interaction

Let A and B be the enantiomers of a neutral, chiral molecule. The
calculation of the discriminating term differs from Section IV,A in that one
of the vertices in the time-ordered graphs is the magnetic interaction. The
matrix element, after summation over the virtual photon polarizations, is

M = (2€00) e ni"(A)ym7°(B) + m"(A)ul(B)}

eiP'R B e~i"RY d3p
xfp"{k—p k+p} (2m)3 212)

where € is the alternating tensor and k = E,,/#c. On integration we find
(Craig et al., 1971)

M = Im{pf"(A)m}°(B) + my"(A)ui*(B)}Uy(k, R) (213)

where U,;(k, R) is the retarded electric dipole-magnetic dipole interaction
tensor,

Uy, R) = €(Ry/4meocR3){kR cos kR + k*R? sinkR} (214)

Comparing Eqgs. (213) and (184), the electric dipole—electric dipole coun-
terpart, we see that instead of the electric moment appearing quadrat-
ically, Eq. (213) is bilinear in the electric and magnetic moments. The
resonance discrimination is about five orders of magnitude smaller than
the electric dipole—electric dipole interaction. Even in the near zone, the
discrimination is k dependent:

Uyk, R) = ey (kRy/4megcR?), kR < 1 (215)

In the pure electric resonance case, V;;(k, R) is £ independent in the near
Zone.

2. Discriminating Dispersion Interactions in the Wave Zone

In Section IV,B we gave the theory of dispersion interactions within
the electric dipole approximation, finding that in the wave-zone limit the
dispersion energy has R~7 dependence on distance R. For chiral systems
this term still is the most important, but there are corrections arising from
the inclusion of magnetic dipole coupling. The leading correction has
opposite signs for d(A) — d(B) and d(A) — I(B) pairs. The calculation of
the chiral discrimination energy is essentially similar to the calculation of
the Casimir-Polder potential in Section IV,B. Graphs with the structure of
(i) and (ii), and their reflections, of Fig. 8 contribute, with the difference
that for each center one of the vertices is replaced by a magnetic dipole
interaction. Thus each one of the four wave-zone graphs branches into
four others for the four different orderings of the electric and magnetic
vertices.
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The fourth-order contribution to the energy shift from the graphs de-
rived from (i) of Fig. 8 is

1 , P P
- maguimiufmf®| pp {(8uc — Pib)(85 — PsPI)
4hc €o

+ (85 = PiPi) 8y = PsP) — €um€xm(PmbPn + PmbPn)}
eilp+p)R d3p ds
(k +p' Nk + p)(p + p') 2m)® 2w)®

where k. = E,,/hc and k, = E,,/fic. In obtaining Eq. (216) we have used
the fact that wimje = “mprul and uPmp = —mPuf’. Similar expres-
sions hold for the contributions from the graphs obtained from (ii), (vii),
and (viii), giving a total discrimination energy

(216)

1
AE = m:u'i "mi°ufmf f{(sﬂ PiP)(8y — Pip))

+ (SU - pipk)(sjl s pJpl) - eilmekin(Pmpn + pmpn)}

pp'(p — p')e’®* PR d’p_dp’ 5y
“ &+ 2k * D)ks + Pk + PKs + p) 2)° 270)°

In the wave zone, as we have already seen, p and p’ are much smaller than
k, and k, and may be neglected in the denominator. For freely rotating
molecules, a rotational average of the molecular part of Eq. (217) gives

(uf'miougmpe) = $8y5u(no MY (po m*) = ~45,8uR"R*  (218)

where R°" and R are the rotatory strengths. Using Eq. (218) in Eq. (217)
and completing the p and p’ integrals we obtain

3 or

AE 31TI:G:R ® 2 5 (219)
It is evident that Eq. (219) changes sign when one of the molecules is re-
placed by its enantiomer. Thus chemically identical molecules with the
same handedness repel and with opposite handedness attract. When A
and B are chemically different it is not possible to assign an absolute sign
to the energy because the rotatory strengths can be either positive or
negative.

3. Discriminating Dispersion Energies in the Near Zone

Follwing Section IV,B it is easily seen that the interaction in the
near zone can be calculated using second-order perturbation theory with
H;, = Hg + H,, where
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A B 5 B

HE —_ ii l (3 )(8U - 3R1Rj) (220)
my( A)my( B 5 B

HM = 41'( Gzcz(Ra) (SU - 3R1RJ) (221)

There is no dipolar coupling between an electric and magnetic moment in
the near zone because the limit of Uy(k, R) is k dependent. The dispersion
energy is

_2 (E®, E{|Hg + Hy|E}, ER)(EE, E}Hg + HyE$, E)
Ero + E-’o

(222)

The electric—magnetic cross term of Eq. (220) is discriminating as seen by
replacing the molecule B by its chiral enantiomer generated by inversion
at the origin; the electric dipole changes sign but not the magnetic dipole,
and the energy changes sign between d — d and d — [ interactions. In
terms of optical rotatory strength tensors, the discriminating energy is

AE 4ic = (87€fc?R®) (8 — 3RR)( o — 3RJR1)

1‘ 08

x 2 E, + Eso (223)

which, for freely rotating molecules, becomes (Mavroyannis and Stephen,
1962; Craig et al., 1971)

1 ROTR 08

AE 5. =
4 = 1272€3c’R® 4t Ey, + Eoo

(224)

Again, as in the wave zone, chemically identical molecules of the same
chiral form repel and those of opposite form attract. If A and B are
nonidentical chemically no general statement can be made. It should be
remembered that in all cases the dominating electric—electric dispersion
gives attraction, which is slightly increased or decreased by the dis-
criminating terms. The magnitudes are several orders of magnitude down,
and experimental checks have not yet been reported.

F. Molecule-Induced Circular Dichroism

Circular dichroism (CD) (Section III,C) is a property of free chiral
molecules, but may appear in achiral molecules acted upon by an intense
circularly polarized laser beam (Section III,D). Also, achiral molecules in
the field of one or more chiral molecules, either present together in an
achiral solvent, or dissolved in a chiral solvent, may develop optical activ-
ity, including CD. The effect is thus intermolecular in character. The
typical experiment is to detect and measure circular dichroism at a transi-
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tion frequency characteristic of the achiral molecule, the chiral molecule
being transparent at that frequency. For example, CD can be made to
appear in n—xg* transitions in achiral aromatic ketones, nitro, and azo
compounds by dissolving them in one enantiomeric form of pinene as
solvent (see, for example, Bosnich, 1967; Hayward and Totty, 1971). We
give a brief account of the theory of dynamical contributions to induced
CD due to Craig et al. (1976) using quantum electrodynamics. There are
also static contributions to induced CD which can in principle be treated
by quantum electrodynamics, but in practice have been calculated by
other means.

Let us suppose that the incident beam for the detection of induced CD
is of mode (k, L/R), with frequency matching a dipole-allowed transition of
the achiral molecule A, #ick = E,, — E,. The levels of the molecule C
causing the induction are {|E,)}, and since C is chiral some of the transi-
tions r < 0 are allowed to both electric and magnetic dipole radiation. To
quantify the induced CD we need the difference in absorption rates of left-
and right-circularly polarized light for the transition |Ej ; E§) < |E§; ES)
in the A—C molecule pair. The overall process is a change of state only of
A, but there are intermediate states involving virtual transitions of C.
However, the leading contribution to the matrix element for the pair trans-
ition is of the first order, since the transition in A is electric dipole al-
lowed. The corresponding graph is (a) of Fig. 12. There is no participation
by C, and the contribution to the matrix element is

M%IXL/R) = _l'(n‘ﬁck/zeoV)llZengR)(k)“qmoeik-R,\ (225)

There being no coupling between the achiral and chiral molecules, the
transition rate based on the matrix element (225) is independent of the
helicity of the incident radiation. We need to include higher order terms to
take into account the coupling between A and C. The leading correction
term is of third order. The relevant time-ordered graphs are (b)—(g) of Fig.
12. The third-order terms involve virtual excitation of the chiral molecule,
the interaction between A and C being mediated by a virtual photon. In
the final state of the system, C is in its ground state and A is excited to
|E4). The total contribution from a graph is obtained by summing over the
virtual states |ES), and virtual photon modes (p, ), the sum of the con-
tributions from graphs (b)-(d) being

i hk \~V2 . .
1<828CV> e%UR)(k)M']’gm f-——-—-—k I_) p[(ﬁ,k - pjpk)(caij F lGji)

dazp
(2m)3

+ €y P1Gyle PR (226)
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Fig. 12. Induced circular dichroism.

where the upper and lower signs refer to L and R, respectively; the
tensors « and G for the chiral molecule are given as before by

_ [ [T
=3 {E,o ek TE, + hck} (227)

- u?rmjro mjoru{o }
Gy=2 {E —hek T E,, + hck

In Eq. (226), R = R; — R,. Similarly, the sum of the contributions from
graphs (e)—(g) is

. hk 1/2 . o
1(8:8CV> e%“R’(k)l‘v’c""f —kp_——p [(8x — PiPr)cay F iGy)

(228)

dip
(2m)8

The forms of Egs. (226) and (229) suggest that the two one-photon
vertices of C in the graphs may be ‘‘collapsed’’ to an effective two-photon

(229)

+ €upGiyle’™ PR
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c A

Fig. 13. Induced circular dichroism with an effective two-photon vertex.

vertex leading to graphs of the type shown in Fig. 13. As shown by Craig
et al. (1976), the change corresponds to a canonical transformation; there
is the advantage that with the effective two-photon vertex for C, the
leading term containing the intermolecular coupling may be calculated by
second-order perturbation theory.

The sum of Eqgs. (226) and (229) after integration over p is given by

MPUP = i(ifick/2e,V )V 2L (K)upoeiR
X {lay F (i/c)GulVp + iGyUp} (230

where Vj, and Uy, are the retarded intermolecular tensors (185) and (214)
encountered earlier. The total matrix element correct to third order for
absorption of a photon of mode (k, L/R) from the incident beam is the sum
of Eqgs. (225) and (230). The difference in absorption rate between left- and
right-circularly polarized light is then found from the Fermi golden rule,

I"(L) — I‘(R) = (2,”/ﬁ){|M;!l)(L) + M}%})(L)P — |Mg)(R) + M;%{XR)|2}p (231)

The leading contribution to the differential absorption rate comes from the
first-order—third-order interference term:

T® — T® = (i/2h* €O )ufui (@ — kik)GuVi(e*® + %)
+ Ceirsks(ayVi + IGUp)(e™R — e7*R)] (232)

which applies to an A-C pair for which R is fixed relative to k and with
orientations of A and C fixed relative to R.

An application of Eq. (232) is to pairs of molecules on known sites and
known relative orientations in a crystal. To deal with induced CD in
solution we need the average with respect to the orientation of the join R
of the molecules to the probe beam k and also with respect to the angular
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orientation of C relative to A at fixed R. The first average, the ‘‘tumbling’’
average (all orientations equally probable), is given by
<I‘(L)> —_ <I‘(R)>

i o o sin kR P
= (—ﬁzeoc) m’c’“’ul""[{(&r — RRy) = 5= + (8 = 3RR,)

cos kR _ sin kR GV — iceR (cos kR sinkR)
KR® ~ kR® ) [UuVE T CGnTU\ TR T RRE

X (auij + iGquk)] (233)
which in the kR < 1 limit tends to
<1"(L)> — <I‘(R)>
g mo ;no n
= —<l2wﬁze§c> B (3 — 3R,RY
X (CkairsRaaU = 2i8;:Gy) (234)

The average over relative angles must allow for the potential V,.
opposing relative motion and must include a Boltzmann factor as in
Eq. (235)

<[W — ®3x
f f dQ dQ' (T — T®) exp{—V,(R, Q, Q')/kT}

f j dQ dQ' exp{-V.d(R, Q, Q')/kT}

(235)

where V,.(R, Q, Q') is a function of the separation R and of sets of
Eulerian angles ) and ()'. The potential V.. is the complete potential
function for the coupling of A and C. In the high-temperature limit, as-
sumed here, the leading term of Eq. (235) is simply the unweighted aver-
age over all orientations. Under these conditions the average of Eq.
(233) is

(#/127h2e§c)| wm|*{Im G}R™° [cos 2kR (4 B If?)

. 6 3
+ sin 2kR(2kR - ﬁ + k"_R">] (236)

which for small kR gives

(FK* [ 157h2edc)| p™ )P (Im G,)R™? (237)
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as the leading contribution. It may be noted that replacement of C by its
enantiomer changes the sign of G, and the induced CD takes the opposite
sign.

One can visualize the differential absorption result (234) in the near
zone in a simple manner (Craig et al., 1974). The interaction between A
and C is Coulombic, and the perturbed energy levels may be calculated
according to stationary-state perturbation theory. The perturbed wave
functions are obtained by the mixing of excited-state wave functions
|E§; ES) and |E; E§) and of the doubly-excited-state wave functions
|E4; ES) with the ground state |E§; E§) according to

Al C
|E3: ES) = |E&; ES) - 2<E”E°'f'§ E6) |Es Gy (238)
ro mo

(ES; EA|VIES; E§)
E;ES) = |E§ ES) — = . E5; ES 239
| 0 0> | [} 0) 2 Era +Emo | m r> ( )

which in the electric dipole approximation become

, — 3R,R
1E83 E§)' = |E3s B5) — Qi Spil S MOUE kg E6) - 2a0)

' (5U - 3R1RJ) [Tk i
A FCY' ~ |FA- FCYy — C
IEo JES) |E0 s ES) Ame,R® E E.+ Emo |E JESY (241)

where the primes denote the perturbed wave functions. The transition
rate for the absorption of circularly polarized light by the perturbed
system is

6ﬁ2 |<E0 9E#l|"’l + "‘2 * (l/C)(m1 + “‘2)‘E Eg>,|2 (242)

where # is the energy density per unit frequency. The upper and lower
signs apply to absorption of left- and right-circularly polarized photons,
respectively. The origin-dependent nature of the magnetic dipole
operator m must be borne in mind: with moments referred to the local
molecular centers, the differential absorption rate is

250
3ﬁ2€oc
« (E§; Eplmy — (e/2m)R x po|EGS E§ )’ (243)
Using Eqs. (240) and (241) and retaining the leading terms, we recover the
near-zone result (234).

A model closely related to the graphs in Fig. 12 is that the circular
dichroism induced in A is the result of the interference between the di-

(TW — T®Y) = — ( ) (E§; Eflpy + mo|ES ES)'
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rectly absorbed wave [graph (a)] and the wave scattered by the chiral
molecule, the interference being constructive or destructive depending on
the helicity of the incident photons. In this model the moments induced in
C by the incident wave act as sources of an auxiliary field at A. The
induced electric moment through the G term provides the discriminatory
component of the electric field at A.

V. Conclusion

In this review we have shown how a wide range of phenomena involv-
ing interactions between molecules and radiation, or interactions between
molecules themselves, may be viewed in a unified way within the frame-
work of quantum electrodynamics. The primary interaction between an
atom or molecule and the quantized radiation field is the absorption or
emission of real or virtual photons. Coupling between molecules is treated
as the result of the coupling of each molecule to the radiation field, which
mediates the interaction. It is then possible to understand a variety of
complex processes and calculate observables such as transition rates,
scattering probabilities, level shifts, and intermolecular energy shifts. We
have attempted to be representative rather than exhaustive in the cover-
age of applications. Others are described in the original papers and in the
case of multiphoton processes there is a compilation by Eberly and
Karczewski (1977) together with the annual supplements.

The examples chosen to illustrate the methods of quantum elec-
trodynamics are from chemical physics and quantum chemistry. They
refer to bound electrons of low binding energy where relativistic effects
can be neglected. It is interesting, however, to note that early relativistic
calculations such as electron—electron scattering due to the exchange of a
virtual photon (Coulomb scattering) and photon—electron scattering
(Compton scattering) showed remarkable agreement with experiment, but
higher order corrections led to divergences and infinities. These difficul-
ties stimulated the major advances made in the late 1940s that led to a
covariant formulation of quantum electrodynamics and the development
of renormalization techniques [see Schwinger (1958) for a collection of
classic papers on the subject]. In the renormalization program, the infin-
ities are identified in a systematic way and incorporated in the redefined
physical constants of the electron, namely, the observed charge and mass.
With this procedure it has been possible to calculate radiative corrections
to high precision.

Despite these successes the impression should not be left that the
methods are without problems. It is not obvious whether renormalization
is a fundamental requirement of theory or whether it is simply a mathe-
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matical artifice concealing deeper defects in the foundations. There is also
the question of reliance throughout on perturbation techniques, no non-
perturbation techniques having been developed. In the problems treated
in this review perturbation methods are applicable so long as the radiation
field strengths are much smaller than the Coulomb fields within a mole-
cule. Except for very intense fields this requirement is satisfied: the field
of a 1 W cm™2 continuous laser is about 102 V. m™1; for a pulsed laser of 10¢
W cm™2 the field is about 108 V m™, These fields can be compared with the
field ~10'* V m™! acting on a ground-state electron in atomic hydrogen.
Thus as long as the laser power per unit area is well below 10 W ¢cm™2
(field strength 10'* V m™?!), pertubation methods in molecular quantum
electrodynamics are satisfactory. Such considerations inspire confidence
that whatever refinements or modifications to the theory may be required
the practical value of the methods for making calculations yielding agree-
ment with experiment to very high precision is unlikely to be affected. In
this sense, the theory as known at present can be said to have a lasting
value,
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liquids are described in terms of radiationless transition (RLT) theory. The
RLT theory in its modern form has been developed by Huang and Rhys
(1950), Lax (1952), Krivoglaz (1953), Pekar (1954), Kubo and Toyozawa
(1955) for electronic transitions in solids. Since then the RLT theory has
been often used for description of relaxation processes and elementary
chemical steps in the condensed phase. The concepts of RLT theory are
close to those of the theory of nonadiabatic processes in the gas phase
(Nikitin and Umanskii, 1979; Child, 1974). Both theories are based on the
Franck-Condon (FC) principle for electronic transition. The RLT theory
first derived for a harmonic system is now generalized for much more
complicated nonlinear systems and processes.

The present article deals with the above new problems of RLT theory
and their relation to the semiclassical methods (Miller, 1974, 1975a), with
a number of chemical processes considered from a unique point of view
and with some unsolved problems. Further progress in this field will need
considerable efforts, first of all in the quantum chemical calculations of
fundamental energetic parameters of the processes and of the potential
energy surfaces (PES) in molecular systems. In particular, the region of
PES far from the equilibrium configuration might appear to be most im-
portant for the RLT rate. Therefore this article also tries to draw the
attention of quantum chemists to the necessity of calculating the PES of
excited states, intermolecular potentials for close collisions, and the struc-
ture of fluid adjacent to the reactant.

We hope that the discussion of partly known and partly new methods
and applications of the RLT theory in chemistry from a unique point of
view will be a useful addition to a number of recently published excellent
reviews on the specific problems of the RLT theory. These are the reviews
by Schlag et al. (1971), Freed (1976, 1980), and Lin (1980), which are
devoted to relaxation of electronic excitation in large molecules; the re-
views by Heller (1969), Rice (1975), and Plotnikov and Ovchinnikov
(1978) on photochemical processes; and the reviews by Diestler (1976,
1980), Oxtoby (1979), Brus and Bondybey (1980), and Lin (1980), which
treat a vibrational relaxation of the impurity molecules in the condensed
phase. Note also the reviews by Marcus (1964), Levich (1970}, Dogonadze
(1971), Dogonadze and Kuznetsov (1975, 1978), Bockris and Khan (1979),
Ulstrup (1979), and Benderski and Ovchinnikov (1980) on the theory of
electron transfer reactions in polar liquids, whereas a wider discussion of
mechanisms of such reactions can be found in the monographs by
Reynolds and Lumry (1966) and Bassolo and Pearson (1967). The review
by Goldansky (1977) deals with low-temperature reactions; the tunnel and
isotope effects in chemical reactions are discussed by Bell (1973); and the
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model studies of tunnel-reaction dynamics are reviewed by Ovchinnikova
(1982).

The simultaneous discussion of many types of relaxation processes
and reactions presented below permits revealing the general features as
well as the specificity of each process. The present review is concerned
mainly with the slow (in molecular time scale) processes due either to the
high transition energy or requiring a large rearrangement of the molecular
environment (high reaction barriers). The small probability of these pro-
cesses may be connected with the fact that the energy exchange between
vibrations and translation or the transformation of great electronic energy
into many vibrational and rotational quanta of a molecular system is
classically forbidden. All these tunnel processes in fact involve many de-
grees of freedom. Joint use of the familiar RLT theory together with the
semiclassical methods of studying multidimensional tunnel dynamics pro-
vides new possibilities for generalization of the RLT theory to the non-
linear or anharmonic systems. Such an approach connects the RLT prob-
ability with the optimal tunnel trajectory of the process and often permits
discovery of the most probable distribution of converted energy between
different degrees of freedom.

Three classes of problems are considered in which nonlinearity is of
great importance, and the familiar RLT theory of harmonic models fails.

The first class involves almost local relaxation in which a large portion
of electronic energy transforms into a relatively small number of modes or
local bonds. For instance, dissipation of the impurity molecule vibrational
energy in a solid matrix where the interaction is of a local nature since
only close pair collisions are important here and only adjacent intermolec-
ular ‘‘bonds”’ are the initial acceptors of energy. Very exact calculations
of anharmonic dynamics (both classical and tunnel) are needed. A discus-
sion of such a process is given in Section III, together with a brief review
of the theory of electronic transitions in large molecules.

The second class involves charge transfer processes in polar liquids
where the reorientation of molecular dipoles is the most essential motion
of fluid particles and can by no means be reduced to harmonic dynamics.
Nevertheless, under certain conditions the RLT theory can also be ex-
tended to this case, due to its cooperative statistical character. Namely,
these transitions are accompanied by rearrangement of a large number of
molecules, i.e., of a large solvent region, so that a large interaction energy
is imparted by small interactions with each molecule. This permits using
as first approximation the continuum model and the linear dielectric me-
dium response to the electric field. These processes are discussed in
Section IV.
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The third class of problem is concerned with low-temperature reac-
tions. A semiclassical formulation of the tunnel RLT, together with the
quantum transition-state method (Miller, 1975b), provides a unified ap-
proach both to first-order nonadiabatic processes and to the adiabatic
tunnel chemical reactions. Roughly speaking, the reaction rate is deter-
mined in this approach by optimal FC overlap of the product and reactant
wave functions connected with the optimal ‘‘tunnel classical” trajectory
of the system. These problems are discussed briefly in Sections II,E-II,G.

Section II outlines the main concepts and characteristic features of
various types of radiationless processes. Part of the results presented
there are well known and have been derived independently by many au-
thors. Therefore only certain relevant references are given there. We hope
to compensate for this in Sections III and IV with the discussion of
specific problems. A number of related problems are not considered here,
such as electronic relaxation in small molecules, the irreversibility prob-
lem, vibrational dephasing. These are discussed in reviews which will be
quoted in corresponding sections. We try to avoid wherever possible
mathematical treatments that are too complicated. Thus many variants of
the RLT theory without simple physical interpretation are not reflected
here. Partly they can be found in reviews by Freed (1976, 1980), Diestler
(1976, 1980), and Lin (1980).

Something must be said about the transition-state theory (TST) and
the RLT theory in general. It is known that in chemical kinetics the TST
becomes inaccurate when the dynamic behavior is essential. But the
greatest inadequacy occurs when the dynamics are essentially quantal, in
particular if the chemical process represents quantum mechanical tunnel
transfer of the electron or of light hydrogen or proton particles. The quan-
tal effects may be important for heavy reactants also if the temperature is
sufficiently low. In all these cases the formal transmission coefficient can
differ by a few orders of magnitude, so that there is no sense in introducing
it. The general criterion of the TST validity can be expressed by in-
equalities kTr;/h > 1 where 7; are characteristic motion times of the reac-
tant particles.

Another limitation of the TST application appears in the case of fast
chemical reactions or slow relaxation to equilibrium parameters between
the elementary step. For example, in fast gas-phase reactions the
nonequilibrium vibrational or rotational distributions are possible. In sol-
ids the fast reactions lead to accumulation of lattice deffects and to in-
teresting macroscopic effects. However, in this review we deal only with
the first type of deviation from the simple TST.

To conclude this section we note that the use of simplified physical
models for many complex chemical processes is not unjustified here as
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long as it is considered only as a first step and not as a universal theory.
For even a simple reaction, quantum chemical calculations are needed in
order to overcome the semiempirical character of the theory, and new
possibilities of the nonlinear RLT theory from using such quantum chemi-
cal information are discussed here.

I1. Physical Principles and Methods of the Radiationless
Processes Theory

A. Original Formulation of the Radiationless Transition Problem
In each electronic state (1 or 2) involved in RLT, the nuclear motion of
a molecular system is described by its own Hamiltonian

Hyo) =T + Uya(R) + &y )

where T is the kinetic energy of atoms U, + %, k = 1, 2, are the electronic
terms of system at fixed nuclear coordinates R with their minimal values
&, for states 1 and 2, respectively. The PESs, U,,,(R) and the correspond-
ing electronic functions Y5, (R, r) can be calculated taking account of the
whole electronic interaction (adiabatic terms) or neglecting some part V.
of this interaction (diabatic terms). In each case the specific perturbation
V causes transition. This interaction may be either a nonadiabacity
operator

(Viohz = (¥ Vays) M Vi — (Y§ VM~ Vriss) (2)

i.e., the operator of nuclear kinetic energy applied to electronic functions,
or a matrix element of the neglected interaction V,,

Vi = ((l/‘fV‘etllE) + (VNo)u 3)

For example, V, is the spin—orbit (SO) coupling for the triplet-singlet
(T — ) transition in molecules, or V. is due to the overlap of the elec-
tronic functions localized on different centers for charge transfer transi-
tion. In all cases the Born-Oppenheimer separation of the electronic
and nuclear motions is assumed: The eigenfunctions of Hamiltonians
(H — Vyo) or (H— Vyo — V.) are presented in the form W¥,,,(rR) =
Vo (PR, (R) where iy, (R) are the nuclear wave functions in cor-
responding electronic states.

In the first-order perturbation theory (with respect to the interaction
V.. causing transition), the RLT probability per unit time is given by the
well-known Golden-rule expression

W=2m/k % | ((R)Viadhar (R) )2 =581 8(E, — Ey) @
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here 8 = 1/kT is the inverse temperature. This is roughly the density of
final states with the energy E, = E,; of initial state weighted with the FC
factors and averaged over the Gibbs distribution of initial states. The
replacing of the delta function in Eq. (4) by its Fourier transform reduces
the probability W to a known expression via the generating function G(¢)
(Kubo and Toyozawa, 1955)

W= f-2 fw G dt (5)

G(t) = Z7! Sp{exp[—iH,(t — iB")/K]V expliH,t/h]V} (6)

Here 8’ = &8 = #/kT, Z = Sp(e~*H) is the partition function, and Sp
denotes the integration over all nuclear coordinates. A similar expression

1) = Z1 J' ¥ emtmivt §pfo—HIG— BN piHIANLY (7)

—c0

replacing V by the dipole moment operator describes the contour /(v) of
the emission or absorption accompanying radiative transition.

The RLT between the nondegenerate electronic states with an energy
gap A€ = ¥, — &, can occur only if the PESs U,, U, depend on the
electronic state (1 or 2) (electron-nuclear or vibronic coupling) or if the
perturbation V, depends essentially on the nuclear coordinates. Conver-
sion of the electronic energy to the nuclear motion energy would be im-
possible without such couplings.

Equations (4)-(7) are valid for a system described by arbitrary the
Hamiltonian operators H, , H,. The aim here is to outline the main princi-
ples and features of different types of relaxation processes and reactions.
Historically, the initial advances in RLT theory were related to electronic
transitions in ionic crystals where the harmonic models are adequate.
These models describe the transition from one stable electronic state to
another with little change in the equilibrium nuclear configuration and
without a considerable change of the PESs form; they are discussed in
next section.

B. RLT in Harmonic Systems
The vibrational Hamiltonians are such a system described by the
coordinate vector R are

H, = (RMR)/2 + (R — RYMZQMY2(R — Rf)/2, =12 @®

where the mass and frequency matrixes are denoted by M and €2 and the
vectors of equilibrium positions in each electronic state (1 or 2) by R{,.
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An analytical expression for the generating function [Eq. (6)] of this sys-
tem was obtained by Kubo and Toyozawa (1955). In a simple case of
displaced but undistorted (£}, = (},) oscillators and constant interaction
V = V,,, the RLT rate is

W=hVE [T GO d, Gl = expl®®)] )
D) =-iA&t/h + Dy, A =% - & (10)

The matrix expression obtained by Kubo and Toyozawa for ¢, is equiva-
lent to summing over all normal modes

_ cosh it + B'/2) — cosh wxB'/2
Do = D, 5 sinh B'wy /2 (n

k

Here s, is due to the change 8¢, of the equilibrium value of a normal-mode
coordinate g; in the transition

Sk = muw,(8qi)?/2 (12)

where m;, and w; are the reduced mass and the frequency of this mode.
Another very important quantity, the reorganization energy Eg, must be
introduced

ER = ; h(l)ksk (13)

Consider now the dependence of RLT probability on the temperature,
energy gap A%, average vibrational quantum # &, and the vibronic coupl-
ing parameter E;. The corresponding dimensionless parameters are

kT/he, N = Aé/h®, § = Ep/h® (14)

where N is the order of the multiphonon process. With this aim consider
the oversimplified one-frequency model in which the vibrational spectrum
of the molecular system is replaced by one characteristic frequency @ with
the average coupling parameters 5. Then the probability [Eq. (9)] is

W =2nV2/kS exp[NB'@/2 — § tanh™ B'@/2]
X I,(5 sinh™ B'®/2) (A€ — nh@) (15)

Leaving aside here the problem of discreteness of the vibrational spec-
trum of such a one-frequency model, we replace the sum in Eq. (15) by an
integral (or the & function by its mean value 1/£®) and consider according
to Kubo and Toyozawa the limits of Eq. (15), which can be readily inter-
preted.
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Fig. 1. Electronic terms for a harmonic model with the coordinate x, and potential U, of
the crossing point and turning points x,, x. (a) Strong vibronic coupling limit. The dotted
lines show the activation and tunnel paths of transitions for high and low temperatures. (b)
The weak coupling limit with large A&.

1. The Strong Coupling Limit, Egp > #i®

It is observed for a wide class of charge transfer reactions in polar
media and corresponds to the effective oscillator diagram (a) in Fig. 1 for
the case Ex > A®. At high temperatures kT > #i@/2, the RLT rate [Eq.
(15)] becomes

-1y m__\'? _ M] = 9 p kT
=3V (kTER) e"p[ AEAT | = 2at¢ (16)

The transition is seen to occur classically with an activation energy E,
equal to the potential at the crossing point of two electronic terms. The
preexponential factor in Eq. (16) is equal to the mean frequency @/2 of
attaining the crossing point multiplied by the transmission coefficient P.
The latter is the Landau-Zener transition probability averaged over the
Maxwellian velocity distribution above the crossing point

P = 47£(v), £(v) = V2/(hv AF) a7n

where ¢ is the corresponding Massey parameter and AF is the difference
between the potential slopes at the crossing point. Equation (16) has the
form typical for the transition-state theory, and it can immediately be
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generalized for the adiabatic case of large interaction V = V,, by replacing
the transmission coefficient by 1 and the activation energy E, by the bar-
rier height U# of the adiabatic surface.

At low temperatures, kT < #é&/2, the RLT rate becomes

27 A€ . Ege E
= pBAE = V2 == ~ZRE =R
Wine = ePrEW,_,, he V exp[ﬁa In X3 ﬁw] (18)
This result corresponds to quantum tunneling of the system from the zero
vibrational level of the initial electronic state to the potential well of the
final state. Indeed, this expression coincides with
P, ex {_Z[ ]} (19)
2w TP T R
Pio(x) = 2m[E — U, (0]

with accuracy to the factor ~1. Here the exponent defines the barrier
penetrability of the particle with massm and energy E = &, + £&/2 and P,
is the tunnel transmission coefficient

@
= +

Wi = f palx) dx
x

0o

f:o pa(x) dx

1

Py = wV?/(h AFve) = mé(vy),  vo = (2Ea/m)'?

This expression is valid for weak interaction V (¢ < 1). The general ex-
pression for P, has been obtained by Ovchinnikova (1965). In particular,
for strong interaction P, — 1 and the tunnel penetrability factor is to be
simultaneously calculated for the exact adiabatic barrier instead of the
diabatic one. At intermediate temperatures the activation energy varies
from E, to zero as T — 0, and a relatively simple expression for RLT can
be obtained.

Note that both the classical [Eq. (16)] and the quantum [Eq. (19)] RLT
rates have a maximum at A€ = Ei when the potential surface U, inter-
sects U, in the region of the U, equilibrium configuration.

2. Weak Coupling Limit

Another physically important case of the tunnel process is the relaxa-
tion of large electronic energy (N = A€/fhiw > 1) for small and moderate
coupling (5 =< 1). Such a situation corresponding to Fig. 1b is typical for
relaxation of electronically excited molecules. Previously, for the
above-mentioned strong coupling limit at low temperatures, the system
undergoes tunneling motion between two configurational regions sepa-
rated by the barrier. Unlike this in the weak coupling limit E < A%, the
classically allowed regions in each electronic state overlap and the tunnel
character of the process is connected with the large difference between the
momenta p, and p, in the overlap region. The corresponding asymptotics
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of the exact result [Eq. (15)] in the one-frequency model give the following
expression for the RLT rate at zero temperature.

_ 2w [ 2w \'* A% AE] _w

W=3% (Agﬁm) exp[ ST ha has] T an b€ (20)
where ® is the difference between classical action integrals up to the
crossing point x, on each term with energy E = &, + fa&/2

]/h (21)

The definition of x;, x, is shown in Fig. 1b. A generalization of tunnel
transmission coefficient P, for strong interaction V is known from the
solution of the tunnel transition problem in the system of two linear cros-
sing terms (Bykhovskier al., 1964). The tunnel assymptotics {Eq. (20)] can
be written immediately using the semiclassical procedure for the matrix-
element estimation (Landau and Lifshitz, 1974).

The main feature of relaxation is the rapid exponential decrease in the
RLT rate with increasing energy gap A%. Note that for a harmonic model,
transition is allowed only in the Nth order in vibronic coupling parameter s
(W ~ sV) where N is the multiphonon-process order. This is due to the
fact that the action ® ~ N In(N/s) tends to infinity as s — 0. For an
anharmonic system it will be shown further that the transition is already
allowed in the first order in s, though the exponential dependence of
W(A &) is retained.

The simple-model results in this section confirm the important general
FC principle of conservation of nuclear momenta and coordinates in tran-
sitions: The potential crossing region (or the points of the potential sin-
gularities) might appear to be the one most important for the transition,
and the RLT is controlled by the probability of classical or quantum
fluctuation of the system to this region. The same principles are the basis
of the nonadiabatic transition theory in inelastic atomic collisions (Nikitin
and Umanski, 1979). A specific requirement of the large molecular sys-
tems discussed below is the necessity of choosing the optimal fluctuation
from among those occuring in multidimensional systems. Some solutions
of this problem in a harmonic system are described in the next section.

=2 HL: p1(x) dx

[ palo) dx

C. Steepest Descent Method in the RLT Theory. Weak Coupling Limit
Note that asymptotic results [Egs. (16), (18), and (20)] can be obtained
without using the exact result [Eq. (15)] valid for the one-frequency model
only. It is sufficient for this purpose to apply the steepest descent method
(SDM) (or the stationary-phase method) directly to calculation of the
integral [Eq. (9)]. The application of this very important method to RLT
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seems to have been first suggested by Holstein (1953). It appears to be
decisive for the study of relaxation and reactions in multidimensional,
multifrequency systems at large energy gap A% > #iw or at large reorgani-
zation energy Ey > fiw. We consider first the harmonic systems.

The condition ®'(¢,) = 0 for determination of the saddle point ¢, = ity of
the integrand in Eq. (9) with the derivative of action function (11) has the
form

_ = _ sinh w(8'/2 — 74)
AE = ; E, = Ek: sehoy — = o T2 (22)

and the RLT rate according to the steepest descent estimation of the
integral of Eq. (9) is

W = [Qm)V2/h]V2|d2®/dr?| =2 exp[ D(t,)] (23)

Moreover, this method gives additional information about the most prob-
able distribution of the electronic energy over various vibrational degrees
of freedom A€ — X E, according to Eq. (22) and the dispersion of this
distribution on the modes g, for final vibrational energy

cosh w,(B8'/2 — 1)

sinh @, 8'/2
Here, the averaging is performed over all possible final channels with a
fixed total energy E; = E, and over Gibbs distribution of initial energies.

The physical meaning of the result of Eq. (23) and the ranges of its
validity can be readily demonstrated for weak and strong coupling. In this
section the case of weak coupling (Er < fiw), large energy gap (A€ > fiw),
and low temperature is considered. It is typical for electronic relaxation in
large molecules. The RLT theory was first applied to this problem by Lin
(1966), Siebrand (1966, 1967a,b), Lin and Bersohn (1968), and Bixon and
Jortner (1968). The SDM was first used for such transitions by Ovchin-
nikova (1968) and Fisher (1970).

According to Eq. (23), the RLT rate is determined by the action func-
tion ®(¢,) at the saddle point

D(ty = iy) = —A&y/h + 2 (S + q/2e29V]
k

(Ex — Ep)?) = (hay) sy

(24)
D(ty) = Y, (Skwhe™’ + 2wae?)
k
where ¢"” is the second derivative of action and
Sk = sp(l — e~ BRop)=1 G = ap(l — e~28ha)—1

= (wlk - wzk)2 25)

o = | —E—=£

W t Wy
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Different from Eq. (11), Eq. (24) accounts for the small frequency change
(ax < 1) of normal modes without their mixing. The saddle point 7, = iy
is determined by equation

ﬁ(pl(t()) = —A% + 2 (§ke"’k” + &kez“‘k”)hwk =0 (26)
k

Freed (1976) gave a very clear derivation and a physical interpretation of
this result for undistorted transition (a; = 0) at zero temperature. For
such a case, FC factors ({0},/{nx},) needed are known and the RLT rate

[Eq. ()] is
_ __Vz 2 H e ~*ks k—S(z nihowy — A%)

A search for the optimal distribution »nj} providing the maximum contri-
bution to the rate with fixed-energy constraint leads to the equations (if
e > Dni = n(y) = explw,y) and Zps.n,.(y) = A%, which are identical to
Eq. (26), determining the saddie point 7, = iy.

Thus for a multidimensional system and for nonzero temperature the
SDM gives the possibility of finding the optimal initial and final states and
of estimating the RLT rate from the width of the FC factors distribution
close to the optimal state nj. The formal conditions of SDM validity for a
harmonic system are

AE > A1) M2 ~ (ABRw)VE > fe

This means that the region of final states close to the optimal state nj with
significant contribution of the RLT rate must include many states. At the
same time, the energy width of this region must be less than A €. Further,
as seen for an anharmonic system the FC factors behave in such a way
that SDM might be inapplicable.

The most general method for investigation of the system with separa-
ble variables (either harmonic or anharmonic) is the factorization-variable
method. It can be illustrated by a simple system with two independent
groups of variables ¢ and # and with V = V,, = const. Assume that for

each of the subsystems a or b the dependences of the FC-weighted state
density are known and are

Ia(ga) = ZZ‘ 2 exP(_BE‘llm)l <‘1‘l11mw‘gn>|2 8(Elm — E%, — "‘a) 27)

and the same expression holds for 7,(%,) (Z is a partition function here).
Then the electronic transition probability with the transition energy
(energy gap) A% is
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WAE) = VI, A%), I = jF(sga)dsg,,
F(%a) = Ia(ga)lb(A% - %a)

This feature of the mode factorization permits extension of RLT theory to
systems where some degree of freedom either sharply changes the charac-
ter of the motion or has an essentially anharmonic character. Such a
program was first suggested by Gelbart er al. (1970) to account for the role
of torsial vibrations in molecules undergoing cis—trans isomerization dur-
ing transitions.

The relation (28) permits studying the distribution of electronic energy
over two or more subsystems. Two different types of energy distribution
are possible and can be illustrated by a simple system with two identical
degrees of freedom ¢ and b. In the harmonic case the use of Eq. (18) for
calculation of both functions 7,(%,) and I, (A € — &,) in the integral of Eq.
(28) yields the maximum in the integrand F( %, , A%) for the optimal equi-
probable (in this case) distribution €7 = &€} of the transition energy A€ =
&5 + & . This is seen from Fig. 2a. It can be verified that F(€*)/F(0) = 2V,
where N = A €/fw is the order of the multiphonon process, and that only

(28)

0 0
A B
B A §
| —~
; Wl
| S
I T—
|
|
,i —
0 AG/? &a 0 86 €a
(a) (b)

Fig. 2. The logarithms of the FC weighted-state density I,( &,), I,(A% — &,) (curves A
and B) and of their product F(&,) = [,(€),(A€ — €,) defining the distribution of energy
between two equivalent degrees of freedom: for harmonic potentials (a) and for anharmonic
Morse potentials with small displacement (b). The regions of most probable distribution are
shown on the energy axis.
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the small region A /N around the optimal value &€} contributes to the
RLT rate [Eq. (28)]. An essentially different situation takes place for two
anharmonic oscillators with small vibronic coupling parameters s, = s, <
1. Then the rate of the 0, 0 — n,, n, transition is nonzero, even in the first
order with respect to the parameter s (see Section III,B)

K&n) = 8,0 + sI(&n)) + O(s?)

where the functions I,(€,) and I,(%,) behave as shown in Fig. 2b (the
second derivative of In I( &) is negative, different from the harmonic case).
This leads to a more probable localization of the total energy of only one
of the anharmonic oscilators but not on both as for the harmonic case. It is
seen from Fig. 2b that the SDM is invalid for the anharmonic case and the
saddle point ¥ corresponds to the minimum in the integrand in Eq. (28).

The mode-factorization method was of great help in studying the rela-
tive rates of decay from single vibronic levels (Heller et al., 1972; Prais et
al., 1974; Kiihnet al., 1977; Freed, 1976). Indeed, such a decay rate W(n,,
A &) of the vibrational state of n, of the mode a can be written as (the
assumption V = const is retained)

Win,, A%) = 2 ‘(nal'mn)'zwb(Ag — hwe(ng — mg)) (29)

where the subscript » denotes the remaining modes of the molecule. Use
of the exponential dependence W, (&,) (calculated or empirical) permits us
to obtain the simple relation for the single-vibronic-level decay rates
W(n,)/W(0). The detailed theory and its applications are reviewed by
Freed (1976).

The following general conclusions about the relaxation of large elec-
tronic energy in complex molecular systems are now reiterated:

(1) The RLT rate, as for the one-frequency model, is exponentially
decreasing with increasing energy gap

W ~ exp[—A&f(A¥)] 30)

(2) The high-frequency modes appear to be more effective acceptors
of the electronic energy compared to the low-frequency ones, and the role
of the former becomes more important for large values of A €. The aver-
age final quantum number nj of the given mode exponentially increases
with the mode frequency [see Eq. (26)]. Taking account of anharmonicity
the best acceptors might appear to be the most anharmonic bonds, as
shown below (Section I1I,B).

(3) The RLT rate increases with temperature according to Egs.
(23)-(25).
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D. Dependence of the RLT Rate on Temperature and Transition Energy

A €. Strong Coupling Limit

This limit corresponds to a large reorganization energy Ey > fiw. His-
torically, such processes in ionic crystals stimulated the development of
the RLT theory. These processes are also related to the hopping mecha-
nism of the mobility of the small-size polarons (Holstein, 1953). An exam-
ple of strong coupling transitions in chemical processes is given by the
wide and very important class of reactions with charge transfer in polar
media. An essential feature of such transitions is their statistical or
cooperative character: These processes are accompanied by the rear-
rangement of a large number K of degrees of freedom so that the strong
overall interaction of electronic state with medium

Er/hw = (2 skwk)/w > 1
P

is provided by a large number of sufficiently weak interactions with a
single mode or a single degree of freedom (s, =< 1). Therefore, as before
the coordinates of the medium particles undergo small fluctuations or
rearrangement near their equilibrium positions. This often provides a
basis for describing such a transition either in the harmonic approximation
or using a more general linear response theory.

Consider now the characteristic RLT rate dependence on the elec-
tronic transition energy (or the reaction heat) for the harmonic model.
This dependence W(A %) may be quite measurable. For example, the
probability of radiative transition is defined by Eq. (7) which is an analog
of the RLT rate W(A &) with A € replaced by A€ — hv, (Where v is the
radiation frequency. Other examples of a similar measurable dependence
W(A €) are provided by electrochemical reactions in which a change of the
electrode potential causes variations in the reaction energetics. The de-
pendence W(A &) can also be studied in a series of reactions of the same
type with a small variation of their energetics.

As shown by the one-frequency model, the RLT rate (Eq. (16) or (18)],
both in classical and quantum cases, has a maximal value when the PES of
the final state intersects the initial PES in the region of its equilibrium
configuration. This maximal quantity W,,,, may be very close to the max-
imal frequency of the system W, .. ~ 1014108 sec™! if transition is not
forbidden. For both sides around A &,,.., the RLT probability decreases
by the exponential law which is in general determined by the frequency
properties of the system and can be studied by SDM. There is a wide
variety of possible situations, and for harmonic models a detailed
classification has been done by Dogonadze and Kuznetsov (1975) and
Ulstrup (1979). We consider here only two cases: a nearly thermoneutral
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reaction and a reaction in the region A € ~ Ej close to the maximal RLT
rate.

In the first case A€ < Eg, Eq. (21) gives the value ¢, = iTy = iB/4 for
the saddle point and the RLT rate [Eq. (22)] is

WAZ=0=A exp[ —2 tanh(Bﬁmk/Z)] 31
k

It is seen that the RLT rate temperature dependence is determined only by
“‘classical’’ low-frequency degrees of freedom k < k, for which hw, <
4kT. At the same time the ‘‘quantum’’ high-frequency modes k > k, (hwy
> 4kT) give only the tunnel factor in W but not the contribution to the
activation energy of the RLT rate

W~ VAEhoo ™ exp(~ T s) exp(-BE) 32

k>ko

When A € < Ej; the activation energy depends on the classical mode reor-
ganization only

E,=(E§ — A®)Y/4EY, Ef =3 sdioy (33)

k<ko

This important classification of all modes as quantum or classical was
proposed by Dogonadze and Kuznetsov.

In the region |A € — Eg| < Ej close to the maximal value of the RLT
rate, the SDM, just as the method of semi-invariants (Kubo and Toyo-
zawa, 1955) give the Gaussian dependence

W(AE) = W, exp[~(A€ — Ep)?/oy(T)] (34)

Here the preexponential factor is almost independent of temperature and
of A&, and the width of the maximum of the function [Eq. (34)] is deter-
mined by the quantity

oo(T) = 2 E se(fiwy)? tanh™ Bhwy/2 = a + bkT (35
k
where the constants ¢ and b are contributed only by quantum or classical
degrees of freedom, respectively,

a=2 2 sk(ﬁwk)2, b= 4E(r2{1 (36)

k>ko

If the system has low-frequency modes only, then in the entire range
of A€ the RLT rate is described by the Arrhenius-type dependence
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[Eq. (32)] with the activation energy [Eq. (33)] quadric in A€ and con-
trolled by the parameter Egx = E¢ only, but not influenced by the fre-
quency characteristics of the system. For the strong coupling transitions
discussed [ExkT > (hw)?, Ex/h@ > 1], the SDM is always valid.

For the description of the absorption and emission line shape in radia-
tive transitions with strong vibronic coupling, a similar treatment also
gives the Gaussian curves

I(v) ~ exp[—(hv — A€ F Ep)?/o,] 37

for which the difference of the absorption and the emission maxima is 2Eg
and at high temperatures the linewidth shows a typical dependence o} =
(4ExkT)V2. However, Eq. (37) cannot describe one important feature of
experimental spectra in such a classical system as F centers in ionic crys-
tals: the strong temperature dependence of hv,,., . The large value of the
temperature shift d(hv,.)/d(kT) ~ 15 has been interpreted by the
changes not accounted for in the phonon frequencies of the excited states
(Huang and Rhys, 1950). This shift is much greater than expected for one
mode. Therefore, it means that the transition is accompanied by rear-
rangement of a very large number of modes.

E. Semiclassical Approach in RLT Theory for Anharmonic Systems

The classical or semiclassical interpretation of the exact harmonic
model results [Eqs. (14)—(17)] demonstrate the possibility of a similar
description of essentially anharmonic systems. Such a treatment is based
on the known relation between the quantum process amplitudes and the
characteristics of specific classical trajectory of the system under semi-
classical conditions (Feynman and Hibbs, 1965). For quantum effects in
the atom-molecule scattering, such a description [the classical S-matrix
method (CSMM)] has been developed by Miller, Marcus, and others (see
reviews by Miller, 1974, 1975a,b). A similar approach to transitions be-
tween the electronic states with arbitrary PES is given below. It permits
application of the classical trajectory method to essentially quantum re-
laxation processes and to low-temperature tunnel reactions.

Turning again to the basic expression [Eqs. (5) and (6)] for the RLT
rate, we use the well-known semiclassical representation of the prop-
ogator
1/2

Det expl[iS(x'xt)] (38)

(x'|e™#x) = 2m)~™*

0%S II
ox dx’

where S is the action integral along the classical trajectory x(¢') of the
system with the boundary values x and x’ of the coordinate vectors at
time moments ' = 0 and ¢’ = ¢. Then for an n-dimensional system with
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arbitrary PES U,(x), U,(x), and for the interaction of a sufficiently general
form

Vie = V(x) = Vye™ = (39)

the RLT rate [Eq. (5)] becomes
W=2mZ" j j f dt dx dx'V(x")V(x)A explé(xx'1)] (40)
¢ =iS,(x'x, t;, —t)) + iSs(xx’, t;, —1,) (41)
ty=@—-ip)/2, t=-t/2 (42)

Here S, and S, correspond to U, and U, , A is expressed via the matrices
of the action second derivatives, and x, x' are the boundary values of
trajectories x,(¢'), x,(t') at the ends of time intervals (—¢,, t,), (—1,, t;). For
convenience, the points ¢’ = 0 are chosen in the middle of intervals. The
SDM estimation of integrals [Eq. (40)] over all integration variables yields
equations for the boundary coordinates x, x’ and for the time value ¢ = 27,
= 2t, — if3 of the optimal trajectory determining the directions of maximal
overlap of the initial and final states in the multidimensional space. These
equations are

x'=x(t) = x(—t), pi(ty) = po—ta) + ia/h
x = x(—t)) = x5(ta), pi(—t) = po(ty) — ia/hi (43)
E, = E,, Hh+t,=—ip/2

Here E,, E, are the energies of two trajectories; p,, p, are the momenta
related to action derivatives with respect to x, x’; and « is the vector
defining the interaction dependence [Eq. (39)] on the coordinate. The
trajectories x,(¢'), x,(t') are seen to be symmetric with respect to the
turning point ¢t = 0,

Xi(t) = xya(—0), x=x', %(0) = x,(0) = 0 (44)

Thus the RLT probability is controlled by the contribution of the optimal
trajectory

W = VX#*Z)7'A’ exp[P(xx'r)] (45)

where A’ depends on the second derivatives of S,, S, , ® overx,x’,t and ®
is the action [Eq. (41)] along this trajectory x,(¢'), x,(¢').

For constant interaction V [if « = 0 in Eq. (39)], Egs. (43) simulta-
neously require an equality of the boundary coordinates and momenta of
the two parts of the trajectory on both surfaces U, and U, . This can be
fulfilled only if x(=x') is the crossing point of PES. Thus two parts x,(t')
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and x,(¢') of the optimal trajectory form a unique continuous periodic
trajectory with period T = —if. Half of this trajectory connects the turn-
ing points x,; and x,, on both surfaces. Moreover, the substitution of the
pure imaginary quantities [t — —ir, p(t) — iw(z)] for time and momenta
transforms the complex-valued trajectory to the real-valued classical
trajectory z(7), w(r) in reversed PES (U — —U, E — —E). Then the RLT
rate is

W ~ exp(-BE - 2 f " r ()i @) d-rl) (46)

[

where the real-valued trajectory z () connects the turning points on both
reversed potential surfaces in the whole time 7, + 7, = B8/2. The energy
E = E(B) of the optimal trajectory coincides with the activation energy
E,=dIn W/dp.

The optimal tunnel trajectories have various forms for the two differ-
ent types (a) or (b) of the tunnel processes corresponding to schemes (a)
and (b) in Fig. 1. At Ex < A€ or Ey > AE, the equilibrium configurations
Xe1 » Xez Of electronic states 1 and 2 lie on the same or on different sides of
the terms crossing surface. Consequently, for case (a) the time increment
has the same sign in two parts of the trajectory and the corresponding
contributions to the total action integral add

Tyt T = |71| + 172' = B/2, ¢ = _(|Sl' + ISZD 47)
At the same time for case (b) we have
T1 + To = |TI| - ITz, = B/Z, ‘I’ = _(lsll - 'Sgl) (48)

For multidimensional harmonic models the tunnel trajectory method
(TTM) readily gives the same results as those of the SDM application to
the generating-function expression [Eq. (5)]. However, the interesting ap-
plications of TTM are expected for the anharmonic system for which there
is no similar analytical expression. The example of such an application to
the anharmonic vibrational relaxation is discussed in Section I1I,C.

F. Classical S-Matrix Method and Quantum Transition-State Method for

Chemical Tunnel Reactions

The previous discussion is concerned solely with nonadiabatic reac-
tions, i.e., transitions between different electronic states. We consider
here an adiabatic reaction which occurs on the unique adiabatic PES of
the system. For high temperatures the transition-state theory (TST) gives
the reaction rate as a flow in phase space through the critical surface
dividing the product and reactant channels, assuming an equilibrium dis-
tribution of the systems in the transition state. For low temperatures an
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essential quantum correction and a study of the multidimensional tunnel
dynamics are needed. In this connection two semiclassical methods are
important: the quantum transition-state theory (QSTS) for calculating the
equilibrium rate constant, and the classical S-matrix method (CSMM) (or
the complex-valued trajectory method) for calculating the partial state-
to-state reaction rates. These methods have been proposed by George and
Miller (1972) and Miller (1974, 1975a,b).

To illustrate the ideas of these methods we consider a simple one-
dimensional barrier. When the energy E is lower than the barrier height,
the barrier penetrability for a particle with mass m is known to be

P(E) = exp[~ $(E)] (49)
$(E) = @/h) [ 2mlUR) — ERV2 dx (50)

where x,, x, are the turning points. The quantity 4® is none other than the
imaginary part of the action along the trajectory from one channel to
another satisfying the classical motion equations in the potential U(x) with
energy E and an imaginary time increment

Im(t, — t;) =70 = f " d2[U(x) — E]/m}~v2 (51

Using Eq. (50) the thermally average reaction rate can be expressed as

P(T) =g J'°° e~BE-¥E) JF =~ (;r/ D")M2Be~BE"~HE" (52)
0

where E* = E*(T) corresponds to the maximum of the integrand. This
optimal energy of tunneling at a given temperature 47 = 8! is found from

the condition ®'(E) = —B which connects the time of tunnel motion
through the barrier with the inverse temperature
Im(z, — t,) = 7(E*) = #/2kT (53)

The value E*(T) coincides with the activation energy E, = d In P(T)/dg at
a given temperature.

In a similar way the average probability of a tunnel hydrogen atom
transfer reaction of the type

AH+ B— A + HB (54)

from the initial state n, of the reactant to the product state n, is expressed,
according to CSMM, via the characteristics of classical complex-valued
trajectory with specific boundary conditions: with the given value n, and
n, of vibration and rotation actions corresponding to quantum numbers of
the reactions and products. Therefore the reaction rate is
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Pp,noT) ~ A expl-2 Im S(nyn,) — BE] (35)

where E and S(n;n,) are the energy and the action integral along the
desired trajectory with condition (53). Such a formulation was first pro-
posed and applied to a collinear model of the H, + H reaction by George
and Miller (1972). They succeeded in overcoming the difficulties con-
nected with double boundary conditions for the complex-valued trajec-
tory and with the proper choice of the integration contour in the complex
plane of time. This rather complicated method is needed to obtain the
partial state-to-state rate [Eq. (55)] of a tunnel reaction.

However, the problem is simplified if the average rate constant of a
reaction at an initial equilibrium reactant distribution to all final product
states is of interest. The QTST proposed by Miller (1975b) is quite appro-
priate for obtaining such a tunnel reaction rate. It can be explained in the
following way.

Assuming that the reaction barrier is sufficient high, the whole space
can be divided by critical surface into two regions: the reactant A and the
product B. The initial equilibrium density matrix of reactants is

pO) = px'x0) = Z*(x'e™®x), x',xEA (56)

where Z, is the partitition function of the reactant, the Hamiltonian H is
discribed by adiabatic PES, and the coordinates x’, x belong to reactant
region A. The reaction rate K(T) may be found from the probability N(¢) of
the system to be in the product channel B at a sufficiently long time ¢,

K(T) = im N@0/t, N = f

v

p(y'yt) = (y'le #p(0)ei#|y) (58)

where y belongs to channel B. Miller used a somewhat different but equiv-
alent definition of the reaction rate. In both ways the use of the semiclassi-
cal representation [Eq. (38)] for the propagators gives the reaction rate
expression through the characteristics of the periodic classical tunnel
trajectory with period T, = —if (see Appendix 1). Namely, in time
t = —iB3/2 a half of this trajectory will connect two turning points x, and
¥ in the reactant and product channels. (The concepts ‘‘classical’’ and
“tunnel’ trajectories exclude each other for a real-valued one, but are
compatible with the complex-valued trajectory. ) For the optimal periodic
trajectory discussed, the replacement t — ir, x, > —ix, make it a real-
valued classical trajectory in the reversed potential.

Thus for an adiabatic reaction, the boundary conditions of the optimal
trajectory appear to be the same as for a nonadiabatic one, but the preex-
ponential factor depends on the trajectory characteristics only. The rate

s p(yy?) dy (57)
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constant derived by Miller is
K = (dE/dB)"*A, exp(®) (59)

Here @ is the total action integral along the needed periodic trajectory

®=2ImS = —BE — 2[ f " p(8)i(r) dt (60)

The value E = E(B) is the energy of this trajectory with the period —ig,
and the preexponential factor A, is expressed via the second derivatives of
the action over x4, yo, or via the stability parameters responsible for
evolution of transverse perturbation around the periodic trajectory (Mil-
ler, 1975b). An elegant interpretation holds for this result: The exponent in
Eq. (59) characterizes the factor of tunneling under multidimensional bar-
rier, and the preexponent is defined by the width of a bundle of significant
tunnel trajectories around the optimal one and characterizes the partition
function of the quantum °‘‘transition state’’ for the system with nonsepa-
rable variables. The integration of the tunnel trajectory from points x,, yo
to classically allowed regions A , B with real-time increments might help to
obtain additional information about the optimal distribution of the reaction
heat over various degrees of freedom or about the efficiency of some sort
of initial excitation in accelerating the reaction, if such experimental in-
formation is available.

G. Tunnel Dynamics of Low-Temperature Reactions

The low-temperature chemical reactions reviewed by Goldanski (1977)
and Le Roy e al. (1980) involve both those with sufficiently complicated
mechanisms (not discussed here) and simple ones such as H abstraction
from hydrocarbon molecules by hydrogen atoms or by methyl radicals

RH + H— R + H,, RH + CH, — R + CH, 61

At temperatures less than 70 K, the experiments show small activation
energies compared to values 610 kcal/mol for high temperatures, a large
isotope effect (up to 10%), and the existence of a constant limit on the
reaction rate at T — 0.

The result of a model theoretical study of elementary steps of tunnel
reactions reviewed in detail by Ovchinnikova (1982) is discussed here in
brief.

The first steps in interpreting the non-Arrhenius temperature depen-
dence of reaction rate and large isotope effects were done by Bell (1933,
1959), Christov (1958), and Goldanski (1959a,b) in terms of the tunnel
penetrability of one-dimensional potential barriers. They derived a cri-
terion of a dominant contribution of the tunnel pathway of reaction
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h€y/2wkT > 1 for the frequency of inverted barrier. (For H transfer
reactions, the tunneling greatly contributes to the rate constant at temper-
atures less than 300 K). However, the concept of a static one-dimensional
barrier is questionable, since the barrier for H motion depends on the
distance R between the reactants (it disappears if the reactants approach
the saddle point of PES). A treatment of multidimensional tunnel dynam-
ics as first pointed out by Johnston and Rapp (1961) is needed here. The
multidimensional harmonic models of reactions (see Ulstrup, 1979, and
the references therein) seems to be too crude for a quantitative study. But
even the three-atomic collinear model with realistic PES permits revealing
the main coordinates requiring the dynamic description and realizing that
the essential feature of tunnel reactions the competing of the small proba-
bility for close approach of the reactant with the tunnel factor exp[ — S(R)],
for H transfer, sharply decreases with distance R between the reactants.

First of all note that even for a collinear model, direct quantum calcu-
lations of tunnel reactions down to probability values of about 1071¢ have
been carried out by now for the reaction H, + H only. These calculations
show that the CSMM proposed by George and Miller (1972) is sufficiently
accurate. This method was later applied by Ovchinnikova (1977, 1979) in a
model study of tunnel reactions [Eq. (61)]. It was shown that collinear
models with realistic PES actually permit to obtain an agreement about
the great height of the reaction barrier (=10 kcal/mol) following from high-
temperature data and the small activation energy (<1 kcal/mol) at T <
70 K. Moreover, the saddle point potential U* in collinear models appears
to be essentially higher than the barrier height in a one-dimensional descrip-
tion of the same effects. The calculated isotope effects are also close to the
experimental values for the reactions RD + H, RH + D, and RD + CH;.

Besides direct applications of CSMM to model reaction calculations,
this method is also useful for checking our simple notion about tunnel
dynamics and estimating the accuracy of some approximate approach in
its description.

First of all a comparison of the tunnel reaction probability by CSMM
with the penetrability of a vibrationally adiabatic barrier along the reaction
path for the RH + H reactions shows that if energy decreases down to 8
kcal/mol below the barrier height (~ 12 kcal/mol), the difference becomes
greater than 103, the overall probability being 10~?. (Note that the dis-
crepancies are much more for H transfer between heavy reactants). The
difference is due to the fact that the tunnel trajectories ‘‘cut off”” an angle
of the reaction path near the saddle point of PES. In this connection
Marcus and Cotrin (1977) have proposed a recipe for finding the H, + H
reaction probability as the penetrability of the barrier along the path dis-
placed relative to the reaction path by a zero vibration amplitude. A more
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exact dynamic approach dealing with real-valued trajectories (instead of
complex-valued ones in CSMM) has been proposed by Altkorn and
Schatz (1980).

A quite simple approach has been derived for H transfer between
heavy reactants (Ovchinnikova, 1979). It takes into account the compet-
ing of small probability for the tunnel or classical approach of the reac-
tants up to a distance R with the small tunnel H-transfer factor
exp[— S(R)] sharply decreasing with R. This factor can be calculated using
the PES cross-section profile at a fixed distance R. Thus it is possible to
reproduce accurately not only the CSMM reaction probability, but also to
predict the optimal distance R(T) of the H transfer at the given tempera-
ture. Both the approximate and the CSMM calculations show that the
optimal distance R(T) is still close to the saddle point R* of PES even if
the temperature decreases to zero: The value R(T = 0) — R* is about
0.2-0.3 A for reactions [Eq. (61)] compared to R, — R* ~ 0.9 A, where R,
is the equilibrium van der Waals distance between the reactants. In this
connection the analytical result for the tunnel reaction rate derived by
Klochikhin ez al. (1979) and Trakhtenberg et al. (1980), in terms of har-
monic reactant vibrations with linear expansion of the action S(R) = S(R,)
+ S'(R}R — R.) in the tunnel H-transfer factor exp(—S), needs further
comparison with realistic models (in particular, S(R*) > 0 in this approxi-
mation). A more reasonable behavior of the S(R) is given by the two-
dimensional harmonic model involving the distance between the reactant
and the coordinate of the transfered atom valence vibration. This model
has been used by Ovchinnikov and Benderski (1978, 1979) for interpreta-
tion of the low-temperature reaction R + Cl, — RCl + Cl.

One common conclusion follows from both harmonic models and from
the approximate dynamic approach: The temperature dependence of the
tunnel reaction rate at 7 — 0 is controlled by the equilibrium distance R,
and the frequency of intermolecular vibrations of reactants. This permits
use of the harmonic model analytical results with empirical parameters to
describe the temperature dependence of the set of low-temperature reac-
tions. Now, the question arises of the matrix influence (Ovchinnikov and
Benderski, 1979).

Many other problems must also be solved to make the tunnel reaction
modeling more reasonable and predictive, such as independently obtain-
ing PES parameters; clearing up the meaning of the collinear model PES
in the presence of other degrees of freedom [for example, the bending
vibrations of CH, in reaction (61)]; the role of the resonance of quantum
hydrogen levels in reactant and product channels for exothermic reac-
tions, discussed by Pshenichnov and Sokolov (1967).



Nonlinear Radiationless Processes in Chemistry 185

III. Mechanisms of Electronic and Vibrational
Energy Relaxation

A. Relaxation of Electronic Excitation in Large Molecules

Photoprocesses and radiationless processes in large molecules have
been the object of many reviews (Schlag et al., 1971; Nurmukhamedov,
1971; Birks, 1973, 1975; Lin, 1976; Plotnikov, 1980). A variety of the
experimental methods (classical decay-rate studies, single-vibronic-level
excitation, double-resonance technique, polarization luminescent studies,
nanosecond and picosecond spectroscopy) provide detailed information
about excited states of molecules and their decay mechanisms. The aim of
this section is to summarize briefly the basic conclusions for the RLT
theory applications to electronic relaxation in large molecules.

Typical classes of molecules studied are aromatic hydrocarbons, their
carbonyl derivatives, nitrogen heterocyclic compounds, etc. The photo-
processes involve states of different types: S+, Trm s Sumes Somr» €1C., IN
accordance with the multiplet and orbital nature of the excited states (o,
m, or n orbitals). A more detailed assignment and the systematics of
molecules and their spectral properties are discussed by Birks (1973),
Plotnikov (1980).

For the RLT theory the decay processes of lowest excited states are of
interest (internal conversion §; — §, and intersystem crossing S, — T, or
T, — §,) in view of the very rapid (10~ sec) radiationless conversion
between the higher excited states (Kasha law). Characteristic radiative
decay times of the singlet states are about 1076102 or 1078-10~% sec for
m—* or for n—* transitions, respectively. The lifetime of the lowest T, -
or T . are about 0.1-30 or 1072-10"3 sec. Radiationless decays of the
lowest excited states successfully compete with radiative channels and
their rate depends on the orbital nature of the transition, the energy gap,
and on other factors such as temperature and environment.

For the large molecules discussed with the great transition energy A &
> fiw, the density of final excited vibrational states is so high and their
broadening due to anharmonicity so large that the RLT rate will appear to
be independent of intermolecular relaxation processes. This will occur
even if the intramolecular vibrational relaxation dephasing provides for
the irreversible behavior during the times sufficient for interfering with the
external effect. This situation corresponds to the statistical limit when the
RLT rate is determined only by intramolecular characteristics such as the
shapes of PES U,, U,; the energy gap A &; the electronic coupling; and
the temperature. The interpretation of RLT in molecules as an intramo-
lecular process has been since the early works by Hunt and McCoy (1962)
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and Robinson and Frosh (1963a,b). The foundation of the statistical limit
as well as of the opposite limit of isolated molecules (when the external
level broadening or the vibrational relaxation rate are significant) has been
discussed, for example, by Medvedev and Osherov (1968), Jortner et al.
(1969), Konoplev et al. (1974), and Freed (1976, 1980), and will not be
considered here.

Although the complete PES of the excited states are unknown, some
data concerning the relative arrangement of their equilibrium configura-
tions and frequencies [the parameters «; and s; of vibronic coupling in Eq.
(25)] can be obtained from the vibronic structure of absorption and lumi-
nescent spectra. The corresponding parameters depend on the orbital na-
ture of transition. In 7—* spectra the skeleton C—C vibrations of the
aromatic rings are active so that for two characteristic groups of the C—C
and C—H stretching vibrations with frequencies w¢c = 900-1500 cm™!
and w¢y = 3000 cm™, the characteristic values of vibronic parameters are
scc ~ 1-1.5 and scy ~ 0.03 with A€ ~ (1.5 — 2.8) - 10¢ cm™! for S, — S,
and T, — §, transitions (for S, — T, the s; values are lower). For 7* — n
transitions with their localized character, the most active vibrations in the
spectra are the stretching vibrations of the C=O group for carbonyls (w ~
1800 cm™! for S, and ~1200 for n7* states, s ~ 1 — 1.5), or C=S vibra-
tions for tiocarbonyl compounds (w ~ 1200, s ~ 1), or bending vibrations
of the CNS group in azoaromatic compounds, etc. (Plotnikov et al., 1977,
and references therein). A discussion of various types of electronic coupl-
ing and detailed references may be found in reviews by Schlag et al.
(1971), Freed (1976), and Plotnikov (1980). Note only that the electronic
coupling is usually estimated for equilibrium molecular configuration, but
here it is needed for distorted configuration corresponding to the
crossing-terms region. This may result in another value as well as in other
selection rules for electronic coupling. The equilibrium characteristic val-
ues of spin—-orbit coupling are V < 0.3 cm™* or V ~ 10 cm™ for the
singlet—triplet #* — 7 and n — #* transition in the absence of heavy
atoms.

It is seen from the characteristic vibronic parameter values that RLT in
molecules belongs to the case of weak coupling and of high transition
energy Er ~ shw ~ iim < A %. The general conclusion of the RLT theory
for such transition concerning the exponential dependence of the RLT rate
on the A% (energy-gap law) is experimentally confirmed. For example,
strict verification of the energy-gap law has been obtained for 7, — S,
transition in aromatic molecules (Siebrand, 1967b), or for S, — S, relaxa-
tion in azulene derivatives (Murata et al., 1972a,b), or for internal conver-
sion §; — S, of aromatic molecules (Huang and Lim, 1975). First, the
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energy-gap law was established empirically, in particular a more accurate
linear correlation

log WA%) = —k'(A& — Eg)Ny/(Ny + N¢)

has been proposed for aromatic molecules, where N. and Ny are the
number of C and H atoms in a molecule (Henry and Siebrand, 1973). The
exponential law was then interpreted by Siebrand as a sequence of the
exponential decrease of the average FC factor F with the use of the
factorized Golden-rule expression (the so-called density-of-state model)

W = Qu/h)V2Fpey (62)

where p.q is the effective density of the final states. However, the value
pess can not be identified with the total density of final states since only a
small number of modes can represent efficient acceptors of the electronic
energy. The use of SDM for electronic transitions in molecules proposed
by Ovchinnikova (1968), Fisher (1970), and Englman and Jortner (1970)
permits revealing the meaning of p.;.! The SDM results [Eqgs. (23) and
(24)] can be presented in the form of Eq. (62) if F is equal to the optimal
FC factor F(n*) and p.4 is evaluated as

—1/2
Pett = [2 Sk(ﬁwk)ze‘""”] . (hes A&

k

The SDM approach is usually called a dynamic one. It gives the possibility
of estimating not only the absolute rate constant but also the different
mode efficiencies in accepting the electronic energy. Classification of mo-
lecular modes as accepting or promoting modes was first proposed by Lin
(1966) (see also Lin and Bersohn, 1968). (The promoting mode allows for-
bidden transition in accordance with nonadiabatic or vibronic couplings
and simultaneously leads to a decrease by the value of its quantum
the electronic energy which transforms into the main accepting modes.)
According to Egs. (23)-(26), the highest frequency modes are the best
acceptors. The RLT rate calculations with different model parameters
(often unsufficiently realistic) demonstrate the important role of both the
C—C and C—H stretching vibrations. The role of the latter and the rela-
tive part €./ A € of energy transformed into the C—H modes increases
with the energy gap (Ovchinnikova, 1968; Fisher, 1970). However, for the
CH modes the harmonic approximation is insufficient, as shown by Fisher

1 The validity of the first saddle-point approximation, called here SDM, and its extension
has been discussed, for example, by Nitzan and Jortner (1973) and Medvedev et al. (1977).
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(1971b). Definitive conclusions would require a more rigorous treatment
of anharmonic dynamics (see the next section). The account for the high-
frequency C—H modes often permits obtaining an agreement of calcu-
lated and experimental decay rates, but gives isotope effects too strong for
deuterated molecules compared to the observed one.

In agreement with RLT theory, the strong increase in RLT rate with
excess excitation energy has been found by Schlag and Weysenhoff (1969)
and Ware er al. (1970). This effect has been interpreted in terms of the
one-frequency model {Eq. (62)] by Siebrand (1971) or as the result of the
increase in the effective vibrational temperature of the excited state
(communicating system model with fast rearrangement of the excess
energy proposed by Fisher et al., 1971) where the number of modes in-
volved in energy exchange appeared to be significantly less than the total
number of molecular modes.

The most informative and promising methods in RLT studies are
laser-induced single vibronic excitation ones (see Guttman and Rice, 1974;
Freed, 1976, and references therein) in combination with the theory of
lifetimes of the single vibronic levels. Among the various versions of the
theory (Heller et al., 1972; Prais et al., 1974; Pagitsas and Freed, 1977;
Kiihn et al., 1977) the most readily interpreted is based on the mode-
factorization rule [Eq. (29)]. The calculations of relative efficiency of
S; — T, transitions from the single vibronic level in benzene and its
derivatives and comparison with experiment have been discussed in
detail by Freed (1976).

Some conclusions can be made from the results obtained by applying
the RLT theory to the absolute decay rate. The theory permits prediction
to an order of magnitude of the observed RLT rates with reasonable
values of the vibronic coupling parameters. This concerns especially the
T.rr — S, transitions characterized by a relatively simple vibrational
structure of phosphorescence spectra. For example, in benzophenone the
experimental decay time 5 X 102 sec of the T, state is satisfactorily
described by V ~ 10 cm™! and coupling with one stretching mode w = 1800
cm™! of the C=0O group with parameter s = 1.5 found from the phos-
phorescence spectra. The model results for the 7, — §, transition in
naphthalene and anthracene molecules also do not contradict experi-
ment, assuming that the main coupling is with C—C stretching modes
(Ovchinnikova, 1968).

For many compounds the interconversion §; — 1; rate of the =*7 and
nm* molecule states has been studied theoretically by Plotnikov et al.
(1977), Plotnikov and Dolgikh (1978), Dolgikh and Plotnikov (1978), and
Plotnikov (1979). The luminescent structure of #*—m and n—z* transitions
in aromatic molecules and their derivatives containing groups with n elec-
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trons permits working out characteristic models for vibronic coupling
involving high-frequency C—C vibrations for §..:~T,,- and additional vi-
brations of characteristic groups for S,,- = Ty, (OF Sy« — T,.+) transi-
tions. An account for different SO and vibronic couplings leads to the
ration 1072-10"* for the rates of these types of transitions. The influence
of level positions, the conjugation length, the vibronic coupling with
higher excited states, and the heteroatom effect on the decay rate have
been studied. A similar estimate of the T,-S, conversion rate has been
carried out by Dolgikh and Plotnikov (1979) for many compounds. The
rate expression used by Plotnikov is proportional to the factor (I'/(A?
+ I'?/4)) ~ 0.4/T, depending on the parameter I' ~ 1 cm! of the vibra-
tional relaxation rate and exceeding by 1-2 orders of magnitude a similar
factor in the SDM result.

At the same time, the benzene molecule most often used in theoretical
tests appeared to be the one most difficult to describe. Along with the
relative rate calculations of single-vibronic-level decays (Freed, 1976;
Kiihn et al., 1977), the absolute rates of the T,(B,,) — S,(A), $;(*B;,) —
T,, and §; — S, transitions are considered in many papers using various
versions of SDM or the mode-factorization method (Nitzan and Jortner,
1973; Fisher and Schneider, 1971; Medvedev er al., 1977), as well as a
direct calculation of the state density weighted with FC factors (Metz,
1976; Kithn and Metz, 1978). {In the latter case an additional empirical
parameter A ~ 20-200 cm™ of the vibrational level width is introduced,
and the study of the rate dependence on A and on the line shape permits
obtaining more explicit conditions of the statistical limit validity. For
small A an essentially nonmonotonic dependence W(A¥) has been found].
Nevertheless, for benzene molecules and at least for T; — S, and S; — S,
transitions, there is no unique point of view about either the electronic or
the vibronic coupling mechanisms (Metz, 1976; Siebrand and Zgierski,
1975). Attempts to describe the rate of these transitions with account
taken for only two totally symmetric vibrations v, = 992 and », = 3070
cm™! with s¢c ~ 1.03 and scy ~ 0.035 for T, — S, were not successful
(these parameters s, were found by Burland and Robinson, 1969 on the
basis of phosphorescence analysis). The theory gives an RLT rate lower
than the experimental one by many orders of magnitude. An account
taken for anharmonicity of the local CH mode or an assumption about the
large sy parameter increases the decay rate but still insufficiently (Kithn
et al., 1977). Moreover, it leads to an isotope effect much greater than that
observed for deutero derivatives (Martin and Kalantar, 1969). Note also
that the model of vibronic coupling with two modes », and v, only cannot
also describe the integral intensity of the phosphorescence spectra in the
long-wave range. To cope with these contradictions an effect of strong



190 A. A. Ovchinnikov and M. Ya. Ovchinnikova

linear vibronic mixing of close electronic states 3B,, and 3E,, by the e,
vibrations (v¢ and vg) has been assumed (de Groot and van der Waals,
1963; Ovchinnikova, 1968; Scharf, 1979). This assumption was confirmed
by the experimental structure of phorescence spectra (Burland et al.,
1970). At the present time only rough estimates of the effect of e,, vibra-
tion frequency changes on the T, — §, transition rate have been made by
Ovchinnikova (1968) and Scharf (1979), and the experimental lifetimes
might be interpreted in this way. For nitrogen heterocyclic and aromatic
carbonyl compounds, the effect of a similar strong distortion of PES due
to vibronic mixing of close-lying nr* and #w#* states (in particular, by the
out-of-plane C—H vibrations) is known and has been widely studied
(Lim, 1977). It is called the ‘‘proximity effect’’ and results in increasing
the RLT rate if the levels are approaching each other. A further study of
vibronic coupling between the excited states is needed. Some theoretical
models have been proposed in this connection (see Siebrand and Zgierski,
1980, and references therein).

Incomplete knowledge of the excitation decay mechanisms is clear
from the absence of full interpretation of the strong temperature and sol-
vent dependences of the decay rate at low temperatures (Birks, 1973). For
the S, — T, transition such temperature dependences are often connected
uniquely with a parallel channel—the thermally activated transition S, —
T, to higher triplet states. However, it is difficult to interpret it for the T,
— §, transition. Some theoretical hypotheses which connect this tempera-
ture effect with intramolecular factors have been proposed by Fisher
(1971a) and Makshantsev (1980), but these are still questionable. More
detailed studies of this temperature dependence are needed, since it might
be due to the release of some hindered diffusion processes in solids. For
example, the sharp quenching of the aromatic molecule phosphorescence
in the paraffin matrix at 7 ~ 100 K was found to be due to the diffusion of
oxygen molecules in the matrix (Grebenshchikov and Personov, 1969).

The problem of the interference of excited molecular states leading to
nonexponential decays or to their dependence on the excitation conditions
is not discussed here. The rotational effect in RLT recently discovered will
only be briefly mentioned here (see reviews by Howard and Schlag, 1980;
and Novak et al., 1980). Two mechanisms of the rotation effect on the
RLT rate of isolated molecules have been proposed. The first involves a
nonequilibrium rotational distribution of the excited molecule and its
change with exciting radiation frequency, together with nonmonotonic
behavior of FC factors, and results in a lifetime dependence on radiation
frequency in the range of the rotational center of single vibronic line
(Howard and Schlag, 1980). The other mechanism is connected with the
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direct influence of molecular rotation on electronic coupling via the
Coriolis or spin-rotation interaction and was discussed by Novak et al.
(1980).

B. Role of Local Bond Anharmonicity in RLT and Overtone Spectra

The important role of the anharmonicity in RLT has often been em-
phasized (Henry and Siebrand 1973, 1975; Fisher, 1976; Lawetz et al.,
1972; Kithn et al., 1977), and the FC factors for Morse oscillators used for
interpretation of RLT. We consider briefly the validity conditions of the
harmonic approximation. According to Eq. (20) the rate of the transforma-
tion of high electronic energy into vibrations is determined by minimal
tunnel action [Eq. (21)] up to the crossing region of two PES. For a
harmonic one-dimensional model, Fig. 1b, the crossing point is

|xo| = ao AE[(25)*h&] ! > |xo| = ao(AE/h@) 2

where g, is the zero vibrational amplitude. This means that the harmonic
approach is valid if the PES are harmonic over a wide region of tunnel
motion (not only in classically allowed regions) up to energies U(x,) =
A&?/(45hwm) > AE, significantly higher than the dissociation energy D.
Therefore, a study of the FC factors for anharmonic potentials is needed.

The analytical expressions for FC factors for Morse potentials were
obtained by Makshantsev and Perstnev (1971a,b), Makshantsev (1972),
Lawetz et al. (1972), Ovchinnikov and Ploutnikov (1977), and Plotnikov
and Dolgikh (1977). These studies led to an important conclusion: The
maximal overlap integral appears to be that for the most anharmonic
potentials which take place at the maximal localization of energy A € on
one of the local bonds rather than on the normal mode (Lawetz ef al.,
1972; Kiihn et al., 1977). This property of the Morse potential

Uu(x) = D(e— — 1)2 (63)

is illustrated here. For two displaced Morse potentials the FC factor
(04|v; ) of multiphonon transition (v, > 1) is nonzero even in the small
first-order displacement Ax, of equilibrium coordinates, and for large A €
it is v

[{04|v2(AE))? = (a Ax.)?A exp[—dm(AB)]

T (hw)? 1—u

Here the tunnel action ¢, may be calculated (and has a finite value) for

4 = SmD? [ u(u — 1/2)]2’ u=(1— Ag/Dye (64)
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undisplaced and undistorted potentials U, = U, + A&,

dm= lim 2| [ pr 0 dx - [ Vpir a8 | = 85y (5)
p(x, E) = 2m)"*(Un(x) — E)'*, o = (2Da?/m)'* (65)
P(k) = 2/k[In 4/ — 2(1 — k)2 arc cos(1/x)V?] (66)

This situation essentially differs from the harmonic expression [Eq. (20)]
where the transition 0 — N is allowed only in the Nth order in the param-
eters: (A € = Nhw) ~ sV. It is seen from Eqs. (64) and (65) that the action
&, in Eq. (64) decreases with increasing anharmonicity, i.e., with de-
creasing dissociation energy or increasing of parameter o of the Morse
potential. More general but elaborate analytical dependences of anhar-
monic FC factors were derived by Makshantsev (1972), and the general
semiclassical calculations were worked out by Medvedev (1982).

The qualitative difference in the weighted state density Iy(A &) at small
Ax, and that for the harmonic case consists in the opposite signs of the
second derivatives (d*Iy(E)/dE? > 0). According to the arguments in Sec-
tion II,C (see Fig. 2b), this means that for a few equivalent independent
accepting bonds the localization of energy on one bond is most probable,
i.e., the limiting step of RLT is the transfer of electronic energy to one
local bond vibration. According to Plotnikov and Dolgikh (1977), internal
conversion occurs as the transformation of the electronic energy into one
C—H bond vibration due to the nonadiabacity operator. However, further
accurate analyses of the excited-state PES and of electronic coupling for
large molecule distortion are needed to draw the final conclusion about the
relative role of C—H and skeletal C—C vibrations in §, — Soand 7, — S,
transitions. Though the simple one-dimensional anharmonic models (the
effective C—C oscillator assumed by Makshantsev, 1980, or the C—H
oscillator) can be chosen so as to reproduce the experimental lifetime, the
real RLT mechanism often remains unclear.

The important role of the local-mode anharmonicity in the RLT is
directly connected with the local-mode concept in overtone spectroscopy
(Henry, 1974, 1976). Over the past years the development of very sensi-
tive thermal-lensing spectroscopy (Albrecht, 1978) and the intracavity
CW dye-laser technique (Reddy et al. 1978) have permitted measuring
highly forbidden transitions, particularly the high overtones of C—H,
N-——H, O—H vibrations in molecules containing few identical bonds. The
dominant absorption was found to correspond to transitions into the ex-
cited state only with localization of energy on one local bond (and not on a
few bonds simultaneously). This hypothesis and the local mode represen-
tation were first proposed by Henry and Siebrand (1968) for the interpreta-
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tion of the overtone spectrum in benzene. Ovchinnikov and Erikhman
(1973a,b) independently predicted the effect of an anomalously large
lifetime of the bond-localized highly excited vibrational states in mole-
cules like H,O and H,S. Earlier similar effects—the existence of long-
lived highly excited localized vibrational states in molecular crystals
(CH,, N,, etc.) at low temperatures have been discussed by Ovchinnikov
and Erikhman (1971, 1972a,b).

The physical reason for the long lifetime of such states can be readily
seen. Due to the strong bond anharmonicity, the energy E(v,0,0, . . .) of
the vibrational state with excitation localized on one bond appears to be
less than the energy E(v — 1, 1, 0, . . .) of the closest combination state
with transfer of one quantum to the identical local bond. For example, the
energy levels corresponding to v-quantum excitation of a H,O molecule
with quantum distribution (v,, v, = v — v,) over two bonds are

E(vy, v — vy) — E(0,0) = iwg — wexo(VZE — 200, + 20%) = SE,(v,)/2 (67)

where w, and wex, are the frequency and anharmonicity parameters of the
local bond, and the splitting § E of symmetric and antisymmetric states |v,,
v — vy) * |v — vy, vy) sharply decreases with v, — 0,

2(v = v1)2woXo ( B
v, 1[(v — 20, — 1) 1P\ 2wex,

where g8 is the normal-mode splitting for the one-quantum excitation (Ov-
chinnikov and Erikhman, 1973a,b). Therefore, the time 1/8E of energy
transfer from one bond to another would be very long for small v,. The
values of such splitting for totally localized states |0, v) = {v, 0) of a H,O
molecule are given as an example in Table I. Simultaneously, the intensity
of the radiative transition to a state with a given number of quanta v = v,
+ v, sharply increases with the degree of energy localization on one of the
bonds. For example, the relative intensities I(v,, v,) of the fifth overtone of
H,0 are

11, 4)/10, 5 = 2.5 x 1072, K2, 3)/I(0, 5) = 1 x 10~2

8Ey(vy) = (=1)"*"!

v—201
) , vy < v/2 (68)

(Ovchinnikov and Erikhman, 1981). Similar intensity relations for ben-
zene have been obtained experimentally by Bray and Berry (1979) and
theoretically by Burberry and Albrecht (1979) [for example, K0, 7)/1(6, 1)
= 50]. Thus the main observed patterns of overtone spectra of such
polyatomic molecules with identical bonds are the most intensive lines for
absorption into localized states. These lines have a very simple structure

v(v) = Av + Bov? (69)
which coincides with Eq. (67) for v, = 0, v, = v, 8E = 0.
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TABLE 1

THE LOCALIZED-STATE SPLITTINGS OF H,O

S8EH(0) (cm™)
\%4 Eq. (68)¢ Wallace (1975)
2 11 18
3 1 2
4 -0.45 0
5 2 x 1078

@ The calculation with the use of Eq. (68):
wg = 3300 cm™, x, = 0.025.

® The numerical results of Wallace (1975)
with a slightly different set of parameters.

Much experimental evidence for the local-mode concept has been ob-
tained by Henry and Siebrand (1968), Bray and Berry (1979), Swofford et
al. (1977), Henry and Hung (1978), and Fang and Swofford (1980a,b). (For
more detailed referencing, see the above papers and the reviews by Al-
brecht, 1978 and Reddy er al., 1978). This evidence includes the simple
structure [Eq. (69)] of overtone spectrum, the latter independence of the
substitution of the adjacent identical bonds, the agreement of the calcula-
tion and observed intensities, etc. Thus a very important phenomenon is
proved, namely the excitation of states with the most nonequilibrium
distribution of vibrational energy. Such a distribution essentially differs
from the statistical distribution usually discussed in unimolecular reac-
tions. This attracts attention to such states and to the attempts to get some
information about their lifetimes (or about the duration of the intramolecu-
lar vibrational energy exchange) from the observed forms of the overtone
lines in the gas phase (Bray and Berry, 1979). For many small molecules
(NH;, CH,, and others), the sharp rotational structure of the overtone
lines is in agreement with the conclusion about the long lifetime of such
states. For benzene molecules Bray and Berry have given the estimate 0.6
x 10713 sec for the lifetime of such a state with v = 5-8. In this connection
with the interpretation of overtone spectra many new problems arise
about classical and quantal dynamics of such highly excited anharmonic
vibrational states (see for example, Ovchinnikov, 1972; Sage, 1979; Fang
and Swofford, 1980a,b).

From the point of view of the RLT theory this strongly forbidden
absorption is interesting because its intensity, like that of the RLT rate, is
determined by the matrix element (0|d|v) of the FC type but is weighted
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with the dipole moment function and corresponds to one (ground) elec-
tronic state. In this connection it would be of great interest to further
investigate not only the separate C—H overtone lines, but also the con-
tinuous background of absorption observed for benzene by Bray and
Berry (1979) and Albrecht (1978). If the transition to C—C skeletal vibra-
tional states could be assigned as responsible for this absorption, then it
would be important to realize the principal factor allowing the transition
with such a large change of the vibrational number (~18-20).

The problem about rearrangement of electronic energy among vibra-
tional modes or local bonds is important for the study of photo- and
radiation stability of the molecules, in particular relative to H abstraction,
the most widespread photochemical reaction of hydrogen-containing mol-
ecules. The probability of H abstraction as a result of direct electronic—
vibrational energy transfer to one of the C—H bonds has been obtained by
Ovchinnikov and Plotnikov (1977) and Makshantsev and Fleurov (1980).
The comparison with other mechanisms of photoabstraction (such as elec-
tronic relaxation followed by redistribution of vibrational energy and uni-
molecular decay, or the predissociation mechanism due to crossing of
attractive and repulsive triplet states) shows that direct dissociation of the
C—H bond is dominant only for molecules with weak C—H bonds (D¢cy <
2 eV) such as the radical cations (Plotnikov and Ovchinnikov, 1978).

Now for the photodissociation of relatively small molecules (H,CO,
XCN, HCCX, X = Br, Cl, I, etc.) the detailed information about the
vibrational and rotational distribution of products is available and is inter-
preted in terms of excited-state PES and the fragmentation dynamic mod-
els reviewed by Freed and Band (1977) and Gelbart er al. (1980).

C. Role of Anharmonic Dynamics and Pair Interactions in Vibrational

Relaxation of Impurity Molecules in Solids

The process of vibrational energy relaxation (VER) of the impurity
molecules in a solid matrix has many features in common with electronic
energy relaxation and its treatment widely uses the RLT theory.

The characteristic times of VER of small-impurity molecules vary
over a large range: from 1072 to 107!° sec (as for wcy in CH3Cl, CH;1, and
for other molecular liquids) up to tens of seconds for diatomic molecules
in the noble-gas matrix (Diestler, 1976, 1980). The experimental methods
for VER study (direct spectroscopic and time-resolved measurements,
transient picosecond and active spectroscopy of Raman scattering, etc.)
have been reviewed by Brus and Bondebey (1980), Laubereau and Kaiser
(1978), and Pogorelov et al. (1979). These methods provide the possibility
of measuring both the VER and the rate of vibrational dephasing. The
relation of the observed characteristics with the correlation properties of
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molecular motion and dephasing have been described by Oxtoby (1979)
and are not considered here. As to VER, the general situation is very
complicated. Even in four- and five-atom molecules the lifetimes of vibra-
tional levels are influenced by many factors: the resonance energy trans-
fer, the Coriolis and rotational couplings, the Fermi resonance, the inter-
mode anharmonicity, etc., and the mechanisms of relaxation appear to be
very specific for various levels and for different molecules (see, for exam-
ple, Laubereau et al., 1978; Velsko and Oxtoby, 1980). A more simple
situation takes place for diatomic molecules in simple monoatomic mat-
rices, and it can be hoped that for such molecules it will be possible to
reveal some general mechanisms of relaxation and to verify its agreement
with theoretical models (Diestler, 1976, 1980; Lin, 1980). When the vibra-
tional relaxation is not enhanced by the step-ladder vibronic transitions
between different electronic states as in some electronically excited mole-
cules (Brus and Bondebey, 1980), then the VER of impurity diatomics is a
very slow process. This is connected with conversion of the large intramo-
lecular vibrational quantum # @ to a large number N = fiw /% £ of intermo-
lecular vibrational quanta or to rotation of impurity molecules. The main
theoretical models of VER of diatomics, their accuracy, the role of
anharmonic dynamics of system, and pair interactions in VER are dis-
cussed here (a more complete description of all reported VER theories
can be found in the review by Diestler, 1980).

1. The Multiphonon and Pair-Collision Mechanisms

Two approaches have been suggested for calculation of the VER rate
of impurity diatomics. One describes VER as a multiphon process with
the use of the RLT theory and harmonic approximation for the lattice
phonons. In the framework of this approach two variants of such RLT
mechanisms have been proposed. In the first one (entirely similar to elec-
tronic transition), the VER is caused by changing &g, of the equilibrium
coordinates of the phonon oscillators when the vibrational state of a
diatomic molecule changes from |v) to |[v — 1) (Fong et al. 1972; Diestler,
1974). Such a mechanism is probably adequate for the step-ladder VER
via internal conversion (Brus and Bondebey, 1980). However, for purely
vibrational transitions in one electronic state the s, parameters estimated
from pair atom-atom potentials appeared to be too small and could not
explain the observed VER rates. In this connection Nitzan and Jortner
(1973) (see also Nitzan et al., 1974, 1975; Lin, 1974, 1976; Ovchinnikov
and Erikhman, 1975; Sakun, 1976) have proposed another mechanism for
the multiphonon process caused by essentially anharmonic interaction V
of the molecule X,, with the adjacent lattice atoms X;. If expanded in an
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intramolecular coordinate y the interaction causing relaxation has the
form

V = yVO eXp[—alXj - XM'] = yVO exp[ - 2 aqu] (70)

k

where g, are the normal-mode coordinates of the lattice. In this case a
closed analytical expression was obtained for the probability W,,_, =
vW,, of the impurity molecule transition v = v — 1. It gives the charac-
teristic exponential energy-gap dependence

= 8#V§§v’f(§7z_ i {_..“i [____me - —Bh(l]}
Wio = o 4 Qw) eXp) — 5 In h‘dze(l e ) 71

This equation is similar to the probability [Eq. (20)] for the displaced PES
except that the parameter s is replaced by s, = fa?/(2m Q). Equation (71)
is given for one mean matrix frequency Q and parameter a(=ay), though
the rate expression has been obtained for arbitrary phonon spectra (Nitzan
et al., 1974, 1975; Lin, 1974, 1976). This result means that the local impur-
ity vibrational modes with a relatively high frequency ), and a large-
parameter a;, play a very important role in VER and that the VER rate has
a strong temperature dependence. The similarities and differences in the
VER temperature dependence for the displaced PES or anharmonic
mechanisms are discussed by Lin ez al. (1979).

Note that the anharmonic interaction {Eq. (70)] is the first-order term
in the expansion of the real anharmonic pair interaction potential Uy (X, —
Xu — y) between the matrix and molecule atoms in the intramolecular
vibration coordinate y. Nevertheless, in the derivation of Eq. (71) the
dynamics of these atoms (i.e., of the same coordinates X;, X)) are as-
sumed to be harmonic, i.e., the surface 2, UpdX; — X,) (the zero term of
expansion in y) is assumed to be quadric. It will be shown that such an
approximation can give errors of several orders of magnitude in the VER
rate due to its high sensitivity to delicate details of the dynamics. Similar
difficulties also arise in the classical treatment of VER in liquids and in
solid matrices where the VER rate is defined by the Fourier transform F,,
of the force acting on the oscillator. However, there is no reliable method
so far for estimating F, at high frequencies (Oxtoby and Rice, 1976;
Metieu et al. 1977).

A different approach to VER is based, as in the gas phase, on the
concept of individual pair collisions of an impurity molecule with fluid
atoms. It uses the realistic anharmonic pair potentials (Madigosky and
Litovitz, 1961; Sun and Rice, 1965; Davis and Oppenheim, 1972). This
model has been criticized in terms of statistical arguments in connection
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with the unclear definition of the effective collision energy, particularly at
low temperatures when essentially quantum considerations are needed.
The calculation of the frequency of close collisions needed for VER and
the relative velocity distribution have been carried out by Sun and Rice
(1965) with use of the harmonic Slater model. But questions remain about
the choice of the core radius for a close collision.

2. Tunnel-Trajectory Method in Generalized Langevin Equations

For an estimation of the accuracy of both approaches one needs to use
a method which would reflect the anharmonic dynamics of the adjacent
atoms as well as the specific interaction with the other lattice atoms. For
the VER of the classical oscillator the progress of the theory is connected
with the generalized Langevin equations (GLE) approach developed by
Adelman and Doll (1976; see also Adelman, 1980) and with the stochastic
classical trajectory approach (SCTA) (Shugard et al., 1978). Both take into
account the exact classical dynamics of the closest adjacent atoms and the
damping and fluctuating forces due to other lattice atoms. However, this
method is adequate only for high temperatures (classical system), and it
requires considerable computational efforts, mainly for two reasons.
First, the SCTA uses equations involving the fluctuating force F(¢) which
represents a stochastic process and needs to be averaged over the realiza-
tions of this process. Second, the VER time (and, consequently, the com-
putational time) increases exponentially with increasing N = o/ (). NiKitin
and Ovchinnikova (1980) have proposed a tunnel-trajectory method of
treating both the classical and quantal VER with account for exact
anharmonic dynamics of adjacent atoms and for the phonon frequency
properties of a solid matrix. The method consists of a search for the
optimal tunnel classical trajectories of the system which control the rate of
the quantal relaxation process according to Eq. (45). There are significant
advantages of the tunnel-trajectory method compared to SCTA. First,
only one tunnel trajectory corresponding to the unique (optimal for VER)
realization of the stochastic force is needed. Second, the integration-time
interval is on the order of 1/Q and does not increase with N = w/(}, and
as before the possibility of dealing with the real-valued tunnel trajectory
remains. Finally, the method can be applied to classical as well as to
quantal low-temperature relaxation. For the harmonic lattice and the in-
teraction [Eq. (70)], such trajectories have been found explicitly and give
the known result [Eq. (71)].

For a simple estimation of the anharmonicity effect, consider the rate
of vibration—-translation energy transfer for the complex of atom C and
molecule AB interacting through the Morse potential Uy(Xs — X¢) and
having a reduced mass m = (mzL + mg?)~1. Just this problem arises in
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calculating the vibrational predissociation (VP) rate of the linear van der
Waals molecules which have been widely studied (see review by Le Roy
and Scott Carley, 1980, and references therein). The VP rate as a function
of the relative AB—C energy has been investigated using an exact matrix
element with the wave functions of the Morse oscillator (Allen and Feuer,
1964; Child, 1976; Beswick and Jortner, 1977). The semiclassical trajec-
tory method for the VP rate calculation is illustrated here for a linear van
der Waals molecule AB-C and will be further used for the multidimen-
sional problem of VER in solids.
Thus the relaxation rate of the vibrational AB excitation

AB(v = 1)—C— AB(v = 0) + C 72

with dissociation of the van der Waals collinear complex AB-C is of
interest. A typical relation w = w5 > } = 2Da?/m) V2 for the frequencies
is valid here. The transition is caused by perturbation of the first order in

Vie = 2a(1}y|0)(e 22X — ¢~ X) (73)

in which the main contribution to the transition probability is given by the
first repulsive term. According to Eq. (45), the thermally averaged proba-
bility of the quantal process [Eq. (72)] is determined by the action integral
along two parts X, (7), X, (r) of the optimal classical trajectory with bound-
ary conditions [Eq. (43)], energies E, = E, + fiw, and imaginary times of
the tunnel motion 2r,, 2r, = 27, + #B. For the Morse potential the
analytical expression for the VER rate W(T) as a function of temperature
has been derived by Nikitin and Ovchinnikova (1980). It varies from the
typical Landau-Teller dependence ~exp(aTV?) at high temperatures to a
constant value if T — 0. The probability depends on the following dimen-
sionless parameters: b = ND/kT, k = fiw/D. and N = o/Q. At zero
temperature it is

Wb — =, k) = (ma/mapP(om/du)2m N3/ k®)V2 exp[-N(k)] (74)

where m g and u are the total and reduced masses of molecule AB. Here
the function ¢(«) is given by Eq. (66) for x < 1 and

Pix) = (2/6)In(4/ k) — 2(1 — k)2 arc cos(1/ k)''2] 5

for k > 1. It can be readily verified that if N = 5, the probability [Eq. (74)]
is many orders of magnitude higher than that obtained by replacing the
intermolecular Morse potential by a harmonic one with the same fre-
quency () and the same anharmonic interaction V,, causing relaxation.
A similar study of the quantal VER probability of the impurity mole-
cule in solids requires obtaining the optimal multidimensional tunnel
trajectories, and it has been done by Nikitin and Ovchinnikova (1980).
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Fig. 3. The VER rate dependences on inverse temperature for a Cl,-type molecule in the
Ar matrix with N = 0/Q; = 5, 10, 15 (curves A, B, C, respectively). Unbroken curves refer
to tunnel dynamic calculations for an anharmonic five-particle model; dashed curve refers to
the result for the same harmonic model; dash—dot curves refer to pair-collision quantum
approximation (Nikitin and Ovchinnikova, 1980).

The model is described by Morse potentials with adjacent lattice atoms
and harmonic interactions with other lattice atoms characterized by the
parameters describing the phonon spectrum of the solid matrix ac-
cording to the method of Shugard er al. (1977). It has been verified that at
high temperatures when the lattice motion is classical, the tunnel-
trajectory method gives a result very close to that of SCTA. The VER rate
results are presented in Fig. 3 for a five-particle linear model imitating
relaxation of the Cl,-type molecule with frequencies w = 5Q;, 10Q;,, 15Q,
in an argon matrix where (), denotes the Debye frequency of the lattice.
The full curves correspond to the tunnel dynamic approach, the dashed
ones to relaxation in a harmonic system with the same force matrix near
the equilibrium configuration and with the same anharmonic perturbation
causing transition. Finally, the VER results for the pair-collision approx-
imation are also presented. The pair-collision approximation is seen to be
much more adequate for the exact dynamic result than the harmonic
phonon approximation. The reason for this is as follows. The VER in
solids (like the gas-phase VER) is controlled by close collisions, where the
exponential repulsive pair potential dominates. In classical mechanics the
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trajectories of the system at low temperatures correspond on the average
to harmonic motion; nevertheless, the high-frequency component F, of
the force (acting on the oscillator and defining the VER) is contributed by
rare close collisions, and the contributions from different collisions are
additive (Oxtoby, 1977). The binary nature of VER in liquids is proved by
the successful description of the pressure and temperature dependence of
VER in liquid hydrogen (Delalande and Gale, 1979). At low temperatures
the VER rate is limited by tunnel motion with minimal reduced mass to
the region of sharpest increase in potential, and this determines the almost
binary character of the quantal process as well. It would be interesting to
describe the pressure and temperature VER effects in liquid hydrogen
(Chateau et al., 1979) as quantal processes.

The tunnel-trajectory method (as well as the SDM in harmonic models)
also provides information about the most probable distribution of vibra-
tional energy fw over various local or lattice modes. The dynamic results,
as well as the pair-collision results, correspond to a more gentle tempera-
ture dependence than that for the harmonic phonon approximation.

Experimental observation of the discussed multiphonon VER mecha-
nism (different from the rotational or stepladder vibronic mechanisms) is
often complicated, due to the energy-exchange processes and to radiative
transitions (Dubost and Charneau, 1978). Nevertheless, such a mecha-
nism has been associated by Rossetti and Brus (1979) and Brus and Bon-
debey (1980) with the observed VER of the O,, NO, C; molecules in Ar,
Kr, Xe matrices for which a strong temperature dependence of the VER
rate was found. The authors have discussed the most probable distribu-
tion of vibrational energy over the local or lattice mode. Note that the
tunnel-trajectory method predicts initial localization of this energy on one
of the atom-molecule bonds (i.e., for a certain combination of the modes)
and the same isotope effect of the VER rate as in quantal pair collision
model.

3. The Rotational Mechanism of VER

This mechanism involves vibrational energy transfer to the rotation of
the impurity molecule. In the gas phase it is dominant for asymmetric
diatomics with a small moment of inertia (Nikitin, 1974). Experiments by
Bondebey and Brus (1975) and Wiesenfeld and Moore (1976) have shown
that the multiphonon energy-gap law of the VER is strongly violated for
diatomic hybrids NH, OH, HCI, etc., and it has been suggested that VER
occurs by the rotational mechanism. For these molecules a simple empiri-
cal dependence W ~ exp(—cJ) of the VER rate on the final rotational
quantum number was found by Legay (1978). This dependence was de-
rived theoretically by Freed and Metiu (1977), Berkowitz and Gerber
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(1977, 1979), Diestler et al. (1978), and Lin et al. (1979). This derivation is
illustrated here for a hydride molecule HX.

At fixed position R; of the matrix atoms, the characteristic depen-
dence of the potential energy on the molecular axis orientation n can be
described by the sum of pair interactions with adjacent atoms. The re-
pulsive part of these interactions most important for VER has the form

Udn, y) = 2 U(R)) exp[—y(re + y) cos ¢;],  cos ¢, = ;,R/R; (76)

where r, is the equilibrium distance and y is the intramolecular vibrational
coordinate. (For simplicity, the mass center of HX is associated with the
position of X.) At low temperatures the rate of VER due to rotational
transition is defined by the expression

WAT =0) =20 (v =1,J" =0Udv =0, )QAE;) (77

where J ~ (hAw/B.)V? is the final rotational quantum number, B, is the
rotational constant of HX, and f describes the anharmonic relaxation of
remaining energy AE = fiw — B.J(J + 1) to the local mode or to the
phonon. If the molecule rotation in the matrix is assumed to be free, then
the rate W, in the first order in y contains the following matrix element
between the free rotational function yi; -y = ¢,(6)/(2m)'2,

d
Mo.r'—'g,;lo.r, IO.I:f

ks

©o(8) exp(n cos 6)p,(0) db (78)

where n = yr. is connected with the potential parameters in Eq. (76).
Exact calculation of the integral [Eq. (78)] carried out by Berkowitch and
Gerber (1977) and Lin er al. (1979), or a simple semiclassical estimation
(Appendix II), leads to an exponential VER dependence on the final

W ~ J exp[—2J In(2J/eyr.)] 79

Using the pair-potential parameters, Berkowitz and Gerber (1979) have
calculated the VER rate of an NH molecule in an Ar matrix and obtained
good agreement with the observed rate.

Other VER calculations for a number of systems (NH, ND, HCl, DCIl,
CO in an Ar matrix; OH, OD in a Ne matrix) have been carried out by
Diestler et al. (1978), who had taken into account the hindered character
of the low rotational states. They have obtained reasonable agreement
between calculated and observed isotope effects, though the absolute rate
value appeared to be greater by an order of magnitude than observed one.
One of the reasons for this difference might be the high sensitivity of the
result to the potential used. In particular, in accordance with the assumed
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symmetry of the environment, the approximation U ~ exp(a cos 4¢) has
been used instead of the more reliable one, U ~ Z)., expla’ cos(p —
2k/4)].

Accounting for hindered rotation is very important in solving the ques-
tion about the completion of the local mode (L) with the molecule rotation
(R). If these modes are assumed to be independent acceptors of the vibra-
tional energy iw = Ep + E_, the factorization rule, together with the
specific dependences of the rates in Eqgs. (74) and (79) on E; and Ep ~ B,J*
respectively show preferential localization of the transfered energy on one
of these modes (R or L) according to Fig. 2b. However, such an indepen-
dence disappears if the hindered character of the rotation is taken into
account because the anisotropy parameters U, (R)/B. of the potential
U = 3,U.(R)P,, (cos 6) increases with decreasing R. Therefore the role
of the pair collision can appear to be important even for rotational VER.
Further, dynamic treatment and efforts to obtain reliable potentials are
needed to turn from the empirical to a predictive theory and to get infor-
mation from abundant experimental data (see, for example, Bondebey
and English, 1980).

In connection with the very high sensitivity of the VER rate to poten-
tial and dynamic approximations, one incorrect method of obtaining the
observed rate values should be mentioned. It uses the far tail of broadened
Lorentz lines, which is equivalent to a one-phonon process with a very
high frequency. However, all the experience of the RLT theory shows that
the high-frequency component of fluid motion decreases exponentially
with frequency, but not like a slow Lorentz-type function.

IV. Charge-Transfer Reactions in Polar Liquids

A. Introduction

There is a wide and important class of chemical processes that can be
considered as RLT with strong coupling or with large solvent reorganiza-
tion in transition. This class comprises the oxidation-reduction reactions
in polar liquids involving electron transfer (ET) (Reynolds and Lumry,
1966; Bassolo and Pearson, 1967). Many important aspects of the elemen-
tary steps of these reactions are now understood because of the pioneer-
ing treatments by Gurney, Libby, Zwolinski, R. J. Marcus, Eyring, Weiss,
Laidler, R. A. Marcus, Hush, Halpern and Orgel, Platzman, Frank,
Levich, Dogonadze, McConnel, Conway, Bockris, Christov, and others.
A most detailed and critical description of all the theories and references
has been given by Bockris and Khan (1979; see also reviews by Marcus,
1964; Levich, 1970; Dogonadze and Kuznetsov 1975, 1978; Ulstrup,
1979).
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The aim of this section is to connect this specific problem with RLT
theory and to illuminate the less known and new problems and models of
the charge-transfer processes in polar liquids. A review of the known ET
models by Marcus, Hush, Levich, Dogonadze is given in Sections IV,B
and IV,C. The theory of the charge-transfer radiationless processes in
polar liquids proposed by Ovchinnikov and Ovchinnikova (1969a,b) is
then considered, which takes into account the spectral dielectric proper-
ties of the solvent and the fact that the reorientation dynamics of the
solvent molecules does not reduce to the harmonic ones used in the famil-
iar RLT theory. Some general conclusions following from reported com-
parisons (Bockris et al., 1974) of theory and experiment are discussed
in Section IV,D. Finally, a new derivation of both the Kirkwood
temperature-dependent expression for a dielectric constant and the
Marcus-type ET rate is given (Ovchinnikov, 1981). It demonstrates the
limitation on the continuum macroscopic model of structured liquids. This
model is insufficient for the quantitative description of the absolute rate of
the ET reactions, so a calculation of the structure of the liquid near the
reactant is needed. However, it is possible to explain the behavior of the
reaction rates as a function of temperature and reaction heat.

The ET reactions in polar media are characterized by a very strong
solvent influence on the energetics as well as on the kinetics of the pro-
cesses. Due to the polar solvent, there exist multicharged ions stabilized
mainly by strong interaction with the ligands, the closest molecules of the
first-coordination shell constituting the ion complex. The contribution
from the long-range ion—dipole electrostatic interaction with external sol-
vent molecules is usually estimated using the Born expression for solva-
tion energy in which the dielectric continuum model is assumed for the
solvent outside the ion complex.

The observed ET reactions vary over a large range of rates (twelve
orders of magnitude) and over a wide variety of mechanisms (Bassolo and
Pearson, 1967). There are intrasphere ET reactions in which two ions
taking part in ET have a common ligand, and the ET is accompanied by
changes in the first-coordination sphere. In this case the rate depends on
the substitutional lability of the ligands and the properties of the bridge
groups (Halpern and Orgel, 1960). Another outersphere mechanism takes
place for the ET reactions without alteration of the complex structure.
The rate of these reactions are greatly increased by ions of the opposite
sign. But even in noncatalyzed, slow reactions the ET is possible either at
a van der Waals contact of the ion complexes or if these complexes are
hydrogen bonded. Often the ET is indistinguishable from a proton trans-
fer. Therefore before theoretical interpretation and description of the out-
ersphere reaction models, some warning is needed: The role of many
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chemical factors not discussed here (the bridge groups, symmetry and
energetics of electronic states, substitutional lability of ligands, the sol-
vent structure, etc.) may appear to be dominant, and the simple physical
models considered below would be inapplicable to certain reactions. Nev-
ertheless, many concepts of modern ET theory remain general for all
mechanisms, for example, the FC concept about the necessity of prelimi-
nary rearrangement of the solvent molecules and the tunnel character of
electron motion.

B. Classical Theory of Adiabatic Reactions

Only the slow outersphere reactions for which the ET step (but not the
reactant diffusion) is rate determining will be considered here. The ET
reaction of type

A% + B% — A% + B% (80)

where z,, z,, z,, z are the charges of ion complexes, is induced by the
interaction V = V,, due to overlap the reactant electronic orbitals and the
ET rate sharply decreases with increasing distance R between the reac-
tants. Therefore the bimolecular rate constant is defined by the product

K(T) = W(Ro)vo exp[_Fz(Ro)/kT]’ Fz = zazb/esRO (81)

where W is the ET probability at the fixed minimal distance R, between
reactants, v, = 4w R3 AR, is the characteristic reaction volume, and F,(R,)
is the free-energy change as a result of approaching of reactants with
Coulomb interaction in a medium with dielectric constant ¢,.

The ET transition 1 — 2 from the initial to the final electronic states in
reaction (80) is governed by the FC principle (this was first realized by
Libby, 1952). Therefore the transition rate W(R) is limited by the small
probability of such fluctuations of the ion complex coordinates and of the
solvent polarization which provide the intersection of electronic terms 1
and 2. Let the ion complexes in reaction (80) be characterized by a set of
vibrational coordinates Q = (Q,, Q) and the external solvent be consid-
ered as a continuum dielectric medium described by the polarization vec-
tor P(r). Then if the Q vibrations and polarization fluctuations are assumed
to be independent, the terms of each electronic state are

Ui = Ui(Q) + Ule + Ji» (82)

where indices ¢ and d refer to ion complexes and the external dielectric
solvent, respectively, and the values J,,, are the minimal potentials of
each electronic state.

Consider now the derivation of Marcus and Hush for the adiabatic ET
reaction rate in a classical medium (Marcus, 1956, 1957; Hush, 1961).
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According to the transition-state theory the reaction probability is
W = A exp(—F*/kT) (83)

where A is the frequency factor, estimated by Marcus as kT/# (see the
discussion in Sections IV,C and IV,D), and F* is the free energy of the
transition state referred to the free energy of equilibrium state 1. Here
the transition state corresponds to the fluctuation Q*, P*(r) of vibrational
coordinates and the solvent polarization with minimal free energy

Ft = F(Q*, P") = min[F{(Q) + F{(P)] (84)

chosen out of the possible fluctuations 0, P providing the resonance of the
electronic levels

U, — Uy = AUAQ) + AUP) + AT =0 (85)

The potentials U, are usually assumed to be quadric in Q. Their param-
eters can be found from electrostatic models of ion complexes describing
these complexes in terms of ion—dipole, repulsive and ligand field forces,
and reproducing the observed equilibrium distances in complexes before
and after transition (Bassolo and Pearson, 1966; Hush, 1961). The fre-
quencies and the equilibrium distances can also be obtained from spec-
troscopic and structural data for such ion complexes in crystals (Kestner
et al., 1974).

Thus it remains for us to find the free-energy F{(P) and the potential
energy difference U, for the dielectric medium with nonequilibrium
polarization P(r). This has been done by Marcus (1954, 1956) who devel-
oped a quantitative theory of nonequilibrium dielectrics (see also Pekar,
1954). Following this theory, divide the solvent polarization P(r) into two
parts P = P, + P, in accordance with the time scales 107® and 107!3-10"11
sec of electronic and nuclear (vibrational and orientational) motion. The
first electronic part of polarization P, always follows the electric field E
variation in the medium: P, = «.E with a, = (€, — 1)/47 defined by the
optical dielectric constant. The nuclear polarization P, followed by the
slow component 8P, = (1/€,, — 1)P, of the electric polarization consti-
tutes, together with 8P, the inertial polarization P,(r) = P,/ ¢,, defined by
Pekar (1954). Owing to the thermal motion of solvent molecules, the iner-
tial polarization P;,(r) fluctuates about its equilibrium value P{i(r). The
free-energy F4(P) of the nonequilibrium state of dielectric medium has
been calculated by Marcus as being equal to the work needed for creating
this state. It is

Fi(Pu) — F{(PE®) = 2m/co [ [Pinlr) — PP dv

(86)
Pii(r) = (co/4m)Dy(r)
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Here D, denotes the dielectric displacement vector (the field of the first
state charge p, in vacuum), and the constant

co = (1/€p = 1/€) (87

is defined by optical and static dielectric constants. At the same time, the
difference AU, = U¢ — U$ between the potential energies in two states
with the same fixed-solvent-molecule coordinates is equal only to that
between electrostatic interaction energies of charges p, (or p,) with iner-
tial polarization

8Ug = ~[ [Dy@) ~ Dy@)]Pur) do (88)

The minimization of the free energy [Eq. (84)] under the additional
condition of Eq. (85) gives the known Marcus expression for the transition
probability

W = A exp[—(AJ + ER)*/4EgkT], Er=FE.+ E;4 89

where the ion complexes and dielectric contributions to the reorganization
energy Eg are

E. =S me} AQ}/2 (90)
k

Eq = co/87 j [D,(r) — Dy(r)I? dv 91

Here the inner shell contribution (90) is due only to changes in bond
lengths and angles but not in frequencies (a more general expression was
used by Hush, 1961). The difference AJ between the electronic terms
minima can be expressed in terms of the observed quantity AF, [change of
the free energy during the overall reaction (80)] and of the Born solvation
energy

AJ = AFy + (2425 — 2425)/(€5R) 92)

where R is the distance between the ions. For a simple spherical model of
two ions with radii ¢ and b (radius of an ion plus the inner coordination
shell), the parameter E, of the continuum theory is

Eq = colzq = 24)[2a)™! + (20)7' = R7]

It can be verified that the ratio of the total rates of the direct and inverse
reactions (80) is equal to the equilibrium constant K = exp(—AFy/kT).
Note that Hush has obtained the result (89) in a way that contradicts
the Born-Oppenheimer principle. He assumed that the reaction involves a
stage with partial charge transfer. But for linear dielectrics and for a linear
dependence of inner shell properties on A Az (the part of transferred
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charge), the minimization of the free energy over A gives the same result
as does the Marcus theory. At the same time, Hush was the first to take
into account both the inner shell and the dielectric continuum and to
perform the absolute rate calculations (see below).

Many correlations between the rate constants of various reactions
(including electrochemical ones) have been predicted by Marcus. These
correlations were verified by Ford-Smith and Sutin (1961), Candlin e? al.
(1964), Endicott and Taube (1964), and others and summarized by Marcus
(1964) and Albery (1980). These correlations were based on the fact that
the contributions from the rearrangement of each reactant environment
are almost additive. For many series of similar reactions the quadric cor-
relation of In k(T) and AF, has been demonstrated for a normal reaction
regime AF, < Ex (for example, Suga ef al. 1973); the best correlation was
for an empirical value E . The absolute rate calculations and a comparison
with experiment are discussed below (Section IV).

C. Quantum Mechanical Theory of Nonadiabatic

Electron-Transfer Reactions

A further essential progress with a new point of view on the ET was
achieved by Levich and Dogonadze (1959, 1960) and Dogonadze and
Kuznetsov (1973) who formulated the problem in terms of the RLT and
polaron theories. It permitted extension of the theory to nonadiabatic
reactions (small V;,) and to description of quantum (instead of classical
activation) mechanism with respect to polarization modes of dielec-
tric continuum when its characteristic frequencies are greater than 2kT/%.
Consider briefly only the idea of the Levich-Dogonadze theory. More
detailed presentations are given in the reviews by Levich (1970),
Dogonadze and Kuznetsov (1973, 1978), Bockris and Khan (1979), and
Ulstrup (1979).

Let the dielectric medium be modeled by a set of oscillators x; =
P;(Av,)Y? with one frequency w where P; = P(r;) is the mean polarization of
a small macrovolume Av;. If free energy (87) is identified with the poten-
tial energy of the polarization modes, the force constant K; of these
oscillators and the ‘‘vibronic coupling’’ parameter Axf® (i.e., the shift in
equilibrium positions of the modes) must be taken as K; = 47/c, and
Ax$t = ¢o[Dy(r;) — Da(r)X(Avy) V2 according to Eq. (88). The ‘‘momen-
tum’’ corresponding to the coordinate x; and the kinetic energy operator
K;x?/2w? are defined uniquely by the force constant K; and the frequency

2z The force constant 4r/c, really characterizes only the longitudinal component of the
polarization. But the result of such primitive local treatment appears to be correct since only
this component interacts with the charges p,,. The original Levich-Dogonadze treatment
using the spacial Fourier components of polarization is more rigorous.
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.2 In terms of such a model the quantal transition probability in the first-
order perturbation theory in V = V,, has been found. It is given by Eq.
(15) in which s = E4/hw, A€ = AJ and the parameters E4 and AJ are the
same as in the Marcus theory and defined by Egs. (91) and (92). The high-
and low-temperature approximations (16) and (18) for fw < 24T or fiw >
2kT correspond to classical or quantum limits. In the first case the ex-
ponent in the transition probability W(R) exactly coincides with the
Marcus expression (89). The preexponential factor A in Eq. (89) for the
nonadiabatic limit.

& = 2aV?/[hw(EskT)V?] < 1

or adiabatic limit ¢ > 1 in these models becomes
Ana = wV2/[R(EkT) Y], A, = 0/27 (93a,b)

Note that the interaction 2V represents small splitting of electronic levels
@i, * s in the resonance situation U;(QP) — Uy(QP) = 0 due to the over-
lap of initial and final orbitals of the transferred electron. It may be ob-
tained by quantum chemical calculations or semiclassical evaluation of
the under-barrier tunnel penetrability widely discussed in earlier papers
(for example, Zwolinski ez al., 1955; Sacher and Laidler, 1964). A crude
estimate gives V ~ fiw, exp(— aR) where w, ~ 105 sec™! is the character-
istic electronic frequency and o = (2m.l.)V2/k depends on the depth I.
of the electronic level relative to the conduction zone in liquid (m, is the
electron mass). For a system like Fe?* —Fe3* in water, a simple estimation
withR=7A,a = 1.4-2 A1 gives V = 1-0.03cm™, A = 0.5 10°-1.6
108 sec™ (¢ = 107*-1078). It means that in the usual representation of the
rate as W = (kT/#) exp(—F/kT), the free-energy F = F* + Fy,, thus de-
fined is contributed by the ‘‘tunnel free energy’’ Fiyn = —TSwn = —k7T
In(A#%/kT). This has been studied for various distances R by Sacher and
Laidler (1964; see also Kestner et al., 1974).

One remark about the electron tunneling must be made. For the reac-
tion (80) the typical distance R is about 7 A and the tunneling time 7. is
much shorter than the characteristic solvent times 1/w. Therefore the
potential barrier for the electron must be calculated with fixed molecular
coordinates and cannot contain the static dielectric constant ¢,. However,
for long-range tunneling of electrons in a solid matrix, the value wr, may
be about 1 and then the barrier as such becomes dependent on the initial
and final molecular states. An elegant theory of such nonadiabatic tunnel-
ing has been worked out by Ivanov and Kozhushner (1978).

Thus, the Levich er al. approach in terms of the RLT theory
takes into account both the FC principle and the tunnel character of
electron motion, which have been considered separately in earlier
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theories. This approach makes it possible to account for the quantum
effects.

A number of more complicated multifrequency solvent models for ET
reactions have been worked out by Dogonadze and Kuznetsov (1973,
1975, 1978, and references therein). The main results of these studies-are
important rules for dividing of all degrees of freedom into slow (classical)
and fast (quantum), which can or cannot contribute to the activation
energy and the general oscillator modeling and classification of various ET
regimes such as normal (|AJ| < Eg) or abnormal, activationless (AJ ~ Eg)
or barrierless (AJ ~ —Ep), characterized by different values of ‘‘transfer
coefficient”’ & = d In W(AJ)/d AJ. A similar quantum mechanical descrip-
tion of the ET reaction with account for quantal effects in the inner shell
vibrations and polarization modes was considered by many authors (Ov-
chinnikov and Ovchinnikova, 1969a; Schmidt 1973, 1974; Schmickler
1973, 1976; Efrima and Bixon, 1974; Kestner et al., 1974; Van Duyne and
Fisher 1974, 1977; Ulstrup and Jortner, 1975). Before discussing the inner
shell contribution, the more realistic theory of dielectric media is consid-
ered.

D. Influence of the Dielectric Absorption Spectrum on Electron Transfer
The spectra of dielectric absorption in real liquids are continuous. In
such a situation the determination of the contribution from different
modes to the dielectric reorganization is rather uncertain. Moreover, the
reorientational dynamics of the molecular dipoles in liquid can never be
reduced to the harmonic ones used in the familiar RLT theory. Neverthe-
less, the theory of ET transition in polar liquids with account for the real
dielectric absorption spectrum has been worked out by Ovchinnikov and
Ovchinnikova (1969a,b). It is constructed in a form close to the RLT
theory but without the harmonic dynamics approximation, using the
linearity of an unsaturated dielectric medium only. This is possible be-
cause of the statistical character of transition. Namely, the strong elec-
trostatic interaction U of charges z,, z; with the solvent outside the inner
shell is contributed from interaction with a very large number N of molec-
ular dipoles. But for each dipole the interaction appears to be weak
(~U/N) compared to the intermolecular forces defining the molecular
dynamics and the short-range dipole correlations. Moreover, since the
interaction U is long-range relative to the molecular size, the time correla-
tions of macroscopic polarization will determine the ET rate. But the
same correlations determine the linear response of the dielectric con-
tinuum to the electric field, described in terms of the macroscopic dielec-
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tric susceptibility e(r, w). A simplified derivation of the transition rate is
presented here.

Similar to the above considerations the inner shell vibrations and
polarization fluctuations are assumed to be independent. Then, for a
nonadiabatic reaction with the use of the Golden-rule expression (4) and
the mode-factorization rule (28), the whole problem can be reduced to
solving two independent problems: the RLT with taking into account
inner shell reorganization only, and the RLT with taking into account
dielectric-medium rearrangement only. This means that the total generat-
ing function G(¢) in the Golden-rule expression (5) is a product of the fol-
lowing independent factors:

G(1) = Vg()gqlt) exp(i AJY) %4)

Here g. = G.(t)/|V|? is the known generating function of the inner shell
complex in the harmonic approximation [see Egs. (9)-(11)]. Therefore it
remains to investigate the function

g4(t) = (exp(—iH{t/h) exp(iH$t/h)), 95

referred to external dielectrics with Hamiltonians H,, in each electronic
state. The averaging in (95) is accomplished over the equilibrium solvent
state on the first electronic term. The function (95) can be rewritten as

ga(t) = (T exp[—i [* AH) dt]), 96)
0

Here (T, .. .), is the averaged time-ordered exponent and H(¢) is the
difference AH = H, — H, in the Heisenberg representation. But for a polar
medium, H coincides with the difference between the electrostatic poten-
tial energies (88), so that

AH(0) = ~ [ D@) — Dy@IP(ro) dv = T AH,(7) 97
J

where P(r?) is the polarization operator in the same representation and D, ,
D, are dielectric displacements. The long-range character of the interac-
tion permits AH, to be represented as the sum of contributions AH, from a
large number of small macrovolumes Ay; and to assume that the polariza-
tion fluctuations of different volumes are independent. Then, at the
time scale ¢4 of the generating function g4(¢) (when (AH%t%) ~ 1, but
(AH?#t%) < 1), the average exponent in (96) can be approximated by the
exponent from averaged quantities for each volume v;:

g4(0) = exp{ —i (AHg)t — fo Lar fo‘ dt”; (T AH/t") AH,(t”)>1} (98)
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But the averages P¢(r) = (P(r;)) and the correlation functions M(t' — ¢")
= (T 8P(r't') 5P(r"t")) needed here can be connected with observed prop-
erties of the medium. Indeed, the linear response of the dielectric medium
to the external periodic field can be expressed on the one hand through the
Fourier transform of a similar retarded correlation function Mg(t’' — ¢")
(Kubo, 1957), and on the other hand through the complex-valued dielec-
tric susceptibility e(r, @) of the fluid. Using further the fluctuation-
dissipation theorem (Kubo, 1957) for relating M (w) with Mg(w) =
=8(r' — r"[1 — 1/e(r, w)], we obtain the final result for the transition
probability

W= [VEKAD/R, = f dt exp[—i AJt + @) + Du()] (99)

where @, refers to ion complexes and is described by Eq. (11), and the
function @, is?

_ 1 2 do €'(r, ») chliot — B'w/2) — chB'w/2
éalt) = 87 f dv AD¥(r) w? |e(r, w)|? shB'w/2

(100)

Here 8’ = #8,AD = D, — D,, and €"(r, w) = Im €(r, ) is the imaginary
part of the dielectric susceptibility defining the dielectric absorption at
frequency w.

The obtained result for charge-transfer RLT in an arbitrary linear polar
quantal medium connects the ET probability with parameters §Q , w; of
ion-complex reorganization and with the spectrum €”(r, w) of the dielectric
absorption of the medium. This result was first derived (in a more rigorous
manner) by Ovchinnikov and Ovchinnikova (1969a,b), and was later re-
peated by Dogonadze et al. (1969), Dogonadze and Kuznetsov (1971), and
Dogonadze and Kornyshev (1972), and more recently has readily been
repeated once more by Kuznetsov (1981).

We now summarize the main properties of ET probability W, with
taking into account dielectrics, but without the ion-complex reorganiza-
tion [this quantity can be directly used for the overall rate calculation
using Eq. (28)].

At very high temperatures when all dielectric absorption frequencies in
Eq. (100) satisfy the condition w < 2kT/#h, the activation energy and
entropy are independent of the spectrum form and of the nature (vibra-
tional or orientational) of dielectric absorption but depend on the param-
eter c, only according to the dispersion relation (see footnote 3):

Co=1/€, — 1/€; = f ” dwe'(@)/[w|e@)|?] (101)
0

3 Since the correlations of the inertial polarization P,, only are of interest for ET, the
contribution of the optical absorption must be omited in the integral (100). Accordingly, the
dispersion relation (101) for 1/e(w) involves the value 1/e,, instead of unity as is usval.
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In this case the ET probability coincides with Marcus expressions (89) and
(91) except in the preexponential factor defined by Eq. (93a).

The role of quantum effects in the dielectric reorganization with ac-
count for the complete absorption spectrum was investigated by Ovchin-
nikov and Ovchinnikova (1969a) for the ET reaction in water. The dielec-
tric properties of water are well known (Saxton, 1952). There are two
broad absorption bands in liquid water: the Debye dispersion region (7, ~
0.85 x 107! sec) and the resonance absorption (r, ~ 3.8 X 1074 sec),
corresponding to reorientations and vibrations of water molecules, re-
spectively. In the first region the dielectric constant €¢'(w) = Re e(w) drops
from the static value ¢, = 78 to an intermediate one, €;, = 4.9, and in the
second from 4.9 to €,, = 1.8. The reorientational and vibrational motions
have been shown from (100) to make similar contributions to the dielectric
reorganization energy E,. Choosing convenient analytical expressions for
1/ e(w) in water and using the stationary-phase method, one can obtain the
probability for a small value of AJ/E; < 1 at 300 K,

W, ~ exp{—[0.81E% — 2 AJE, + AJ?/0.85 + O(AJ®)]/AE.KT} (102)

It is close to the Marcus-type probability with replacing E; by about
0.8E,; i.e., the quantum corrections to the continuum reorganization
energy in water are about 20%.

Attempts have been made to find the effective frequency ws defining
the preexponential factor A; = w.¢/27 of an adiabatic ET reaction in a
dielectric medium (Kuznetsov, 1971; Zusman, 1975, 1980; Aleksandrov,
1980; Burshtein and Kofman, 1979; Yakobson and Burshtein, 1980). For a
classical medium (kT > %/ r,) with the simple Debye spectrum e(w) = €, +
(s — €,p)/(1 + iwTp), in the absence of the ion complex reorganization it
becomes possible to match the nonadiabatic and adiabatic limits in the
following way (Zusman, 1980; Aleksandrov, 1980). For such a system
the difference X(r) = AU4(P(r, 1)) between electronic terms 1 and 2 is a
stochastic quantity with simple correlation properties

(XOX(' )y = X5 P + 2kTEge™'t01", T = Tp€ep/ €5 (103)

But the problem about transitions between the levels with a fluctuating
energy difference X(¢) possessing such properties is equivalent to the
nonadiabatic transition problem in a system with two parabolic ‘‘terms’’
Usl, = (X — X$3,?/(4Ey) in the course of diffusion over X with the ‘*dif-
fusion coefficient’” D = 2kTE,/7. Thus in the adiabatic case V2/(kTEg) >
fi/7, the reaction rate is limited by a stationary diffusion flow to the cross-
ing point rather than by the transition rate at this point. As a result the
preexponential factor for the adiabatic limit is proportional to the Debye
frequency 75'. This would mean an additional activation energy in the rate
constant due to the activation dependence of r5'. However, in the real
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situation when the reorganization of ion complexes essentially contributes
to the total Ey, such aregime with W ~ 75! exp(— F*/kT) becomes improb-
able (Ovchinnikova, 1981).

The theory discussed can be applied both to the RLT and to the broad
absorption spectrum for the radiative charge-transfer transitions in a polar
medium. The application of Eqgs. (99) and (100) to the calculation of the
absorption spectrum of solvated electrons in water and ammonia (Ov-
chinnikova and Ovchinnikov, 1970) shows good agreement of the
linewidth, asymmetry, and their temperature dependences with experi-
mental quantities, but the calculated temperature shift of the absorption
maximum appears to be smaller by an order of magnitude than that ob-
served. The same is valid for the absorption spectra of anions (Br-, I,
etc.) and some cations (Kestner, 1976). This might mean that the con-
tinuum model is inadequate. It is not clear at present whether these effects
can be understood in terms of the nonlinear continuum or whether taking
into account the discrete structures of liquids is needed. In any case, the
discrete structure-model treatment of hydrated electron spectra gives
good results (Byakov et al., 1973, 1974). The interpretation of the temper-
ature spectral shift in terms of the temperature dependence of the cavity
radius (Jortner, 1959; Kestner, 1976) can also be understood only as an
entropy effect, i.e., as the result of radius averaging over many structures
of liquids. (For detailed theories and references on solvated electron stud-
ies see reviews by Kestner, 1976; Bockris and Khan, 1979; Brodsky and
Tsarevsky, 1980).

E. Comparison with Experiment. Relative Ion Complexes and

Continuum Contributions

The quantum corrections to outer dielectric contributions were shown
to be relatively small at 300 K, but such corrections to ion complexes are
essential. The specific models of the reorganization of ion complexes with
quantum corrections were considered by Ovchinnikov and Ovchinnikova
(1969a), Kestner et al. (1974), and Van Duyne and Fisher (1974, 1977)
(General RLT quantum expressions are presented in reviews by
Dogonadze et al., 1972; and Ulstrup, 1979). For example, the isotope-
exchange reactions with the one-frequency (w.) ion-complex model are
characterized by the free and activation energies:

E, B'w E,4 E s Bw. . Eq
I — c ond — Cec 2 Ld
F Ao, tanh ) + s E, 2 ch ) + 2 (104)
where 8’ = fi/kT. These expressions and a more general result for AF, # 0
can be obtained from Egs. (11), (99), (100) with use of the stationary-
phase method for the integral in Eq. (99).
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For complexes like Fe3*(H,0), the characteristic frequencies of totally
symmetric ligand vibrations are about Aw, ~ 400 cm=! and AR ~ 0.16 A.
This gives the value E, ~ 30 kcal/mol. The available data for a number of
ions have been presented by Kestner et al. (1969). But the absolute value
E. = 5.36 kcal/mol given for Fe2+(H,0)s + Fe**(H,0)s must be multiplied
by a factor of 6 according to the coordination number of these complexes.
At 300 K the ion-complex contribution to the activation energy is about
70% of its classical value E./4.

With taking into account the quantal character of the ion-complex vi-
brations, the dependence F*(AJ) loses its quadric form (89). It becomes
strongly asymmetric and almost linear for AF, > Eg, i.e., in the so-called
abnormal regime (Dogonadze et al. 1972; Van Duyne and Fisher, 1974;
Efrima and Bixon, 1974; Ulstrup and Jortner, 1975). The conveniently de-
rived expressions for the reaction rate have been applied by Van Duyne
and Fisher (1977) to the ET reactions, including aromatic anions. How-
ever, in reality, even with the inclusion of the quantum effects, the calcu-
lations do not explain the observed, almost diffusion-controlled rate values
in the abnormal regime AF, > Ey and compel the assumption of the partici-
pation of an electronically excited product in a charge-transfer reaction.

For homogeneous oxidation-reduction reactions the first classical cal-
culations of complete absolute rate have been carried out by Hush (1961).
Hush has found good agreement between theoretical and experimental
activation energies for some reactions, but he has used an incorrect ex-
pression for entropy (a value higher than the correct one by the factor €, ~
80). Correct calculations show that the adiabatic theory gives a much
higher reaction rate than experiment.

The most systematic calculations of the homogeneous reaction param-
eters have been carried out by Bockris ef al. (1974, see also Bockris and
Khan, 1979). According to their conclusions, the ion-complex reorganiza-
tion energy is from one-half to two-thirds of the total E;. The calculated
total free energy F* = (E. + E4 + AFy)?/4(E. + E,) actually coincides with
the activation energy E, (with an accuracy to quantum corrections of
about 0.3E.). However, Bockris et al. compared this value with the free-
energy reaction defined as Fi,, = kT In(Wo(T)kT/h) = H* — TS* rather
than the enthalpy of reaction H,, = E, — 0.6 kcal/mol and found that
agreement was good. But according to Bassolo and Pearson (1967), the
characteristic values of free energy and enthalpy fall to essentially differ-
ent regions (Fi,, = 12-23 kcal/mol and H},, = 7-14 kcal/mol). This means
that complete consideration of ion-complex and dielectric reorganization
gives too high an activation energy, and at the same time the adiabatic
theory does not predict the observed large negative entropy S* = 10—
40 e.u.

Detailed calculations of certain ET reactions (Berdnikov, 1977;
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Dogonadze and Berdnikov, 1977) show good agreement with experiment.
It would be desirable to extend these calculations to a large number of
systems with detailed analysis of their accuracy.

At the present stage the absolute reaction-rate predictions cannot yet
be expected to be very accurate. The theory does not consider the liquid
structure around the ions and the change in orientation of the inner
shell molecules. In particular, the observed change of ion-complex radius
in the transition might be accompanied by the rotation of inner shell
molecules rather than their displacement relative to the ion. Then, be-
cause of the quantum character of ligand librations (0 ~ 800 cm™ for
H,0), their contribution to the activation energy might be small and that to
the entropy, great. Therefore comparative calculations of the structure
and vibrational spectra of ion complexes, together with information ob-
tained by ESR and X-ray structural analysis would be very important.

As to the external molecule contribution, its quantitative description is
impossible without calculation of the hydrogen bonds of molecules in the
first and second coordination shells. Though the continuum dielectric ap-
proach is too crude, nevertheless, the very important conclusion about the
large contribution of the second and third coordination-shell molecules to
ET activation remains to be seen.

It would be expedient to discuss this question in connection with the
fluctuation theory proposed by Brockris and Sen (1973). In this theory the
probability of the electrostatic energy fluctuation of the continuum ap-
pears to be too small, contrary to the Marcus result. Some critical notes
concerning this theory have been made by Schmickler (1976), but there
also remains an importarit question about the applicability of the Gaussian
expression to the fluctuation probability. In this relation a new derivation
of the Marcus result for a simple dielectric model consisting of classical
rigid molecular dipoles w, with density 1/v, (vy is a molecular volume)
shall be given here (Ovchinnikov, 1981). This treatment is of interest
because it permits simultaneous derivation of the Kirkwood result for a
dielectric constant €, and reveals the limitation of the macroscopic con-
tinuum description for this model.

We divide the solvent into small macroscopic volumes containing large
numbers N,, = Av,/v, of dipoles, but such that Av,, < I3, where [ is the
scale of the average electric field variation in solvent. Then the mean
long-range polarization P(r) may be introduced so that the vector

Nm
P = Plrm) Avp = pik (105)
k=1

is the total dipole moment of the volume Av,. Owing to the thermal
reorientation of molecular dipoles u,, the vector P, fluctuates and is
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governed by unknown short-range forces. However, since N, > 1 one can
assume the fluctuation distribution to be Gaussian,

f®Pp) = (0Nn/7)™¥2 exp(—PL/oNw) (106)

The constant o can be obtained by comparing the dispersion N,o =
{((Pn)2) found from Eq. (105) and that from Eq. (106). This gives
Nm

o = Nit ¥ ():(u)s = w1 + n cosy)/3 (107)

kk'=1

where n is the number of the adjacent molecules around the preset one
and Tosy is the average angle between adjacent dipoles, which is nonzero
for structured liquids (Kirkwood, 1939). The correlation u,u, is assumed
to be retained only for adjacent dipoles. Then the properties of long-range
polarization fluctuations may be obtained using the distribution (106) and
the total electrostatic interactions of charges with molecular dipoles and
that between the dipoles:

U = - f DOP(r) dv + 2 f f div P(r’) div P(r)|r — r'|"' dv’ dv (108)

Using Eqs. (106) and (108) and neglecting the boundary effects in Eq.
(108), the total distribution function for the long-range fluctuations of
polarization can be written as follows:

o(P) = f(P)Ae—*Ve = A exp{—,e [27rc f P(r) dv — f D(r)P(r) dv]} (109)
c =1+ kT/Qmouv,)

If one requires the mean polarization (P(r)) = ¢D(r)/4 = found from (109)
to be equal to its expression (P) = D(e; — 1)/4me, following from macro-
scopic electrostatics, then the expression for the static dielectric constant
€, will be

€= 1+ 47u3(1 + n cosy)/3kT (110)

It coincides with the result derived by Kirkwood (1939) with an accuracy
to the previously obtained factor 3¢;/(2€, + 1) in the second term, which
must be reinvestigated.

On the other hand, it can be readily verified that the distribution (109)
of nonequilibrium states characterized by the long-range fluctuation P(r)
exactly coincides with the distribution

@(P(r)) ~ exp[—F(P)/kT] (111)

defined by the Marcus free-energy expression (86) for our model with
€,, = 1 and €, defined by Eq. (110).
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Now, using (109) one can derive the distribution functions ¢,{(U,),
¢2(Us), and ¢4,(AU) for electrostatic energies in each electronic state and
for its difference AU = U, — U,. All these functions are different. The
function ¢;,(AU) is Gaussian for all values of AU, just as ¢,(U,) for |U, —
Ey < Ey:

o) ~ expl—(x — %))/ owl, o1 = 4E.T, oy ~ 4E4
But ¢,(U,) is non-Gaussian for all value U, :
ei(Uy) ~ exp{—U,/kT[1 + O(1/ )]}

so that the probability ¢,(Uf) of fluctuation of electrostatic energy U, up
to the value U§ appears to be much greater than that predicted by Bockris
and Sen using the Gaussian distribution with the same second moment.
This removes the argument of Bockris and Sen against the Marcus treat-
ment. [The different character of distribution functions ¢,(U,), ¢,(U,), and
¢12(AU) can be readily seen for a simple oscillator model.]

This treatment reveals that the continuum solvent model with the mac-
roscopic dielectric constant is correct when the scale [ of the average
electric field variation exceeds the length of correlation of molecular di-
poles in liquid (for water it is about two to three diameters of the mole-
cule). At the same time for a typical ion-complex radius R; ~ 3-4 A, only
the second- and third-coordination shells make significant contributions to
outer solvent reorganization. The phenomenological approach to consider
the solvent structure has been proposed by Dogonadze and Kornyshev
(1972) in terms of the spatial dispersion of the dielectric constant with
unknown empirical parameters. However, the interactions with ligands of
a nonelectric nature (hydrogen bonds for example) may be significant for
second and third coordination shells.

It can be expected that calculations of discrete structure models of ET
transition state will soon become available since such hydration-energy
calculations are now being carried out (see Richards, 1979). Note that due
to the slowness of the orientational relaxation in liquids, the ET rate
calculations will require knowledge of only the static distributions (AU,
U,) over all quasi-equilibrium structures of liquids, but not of their time
correlations (the latter is important for vibrational but not for orientational
motion).

An important special case of ET includes the electrochemical reac-
tions in which the electron is transported through the boundary of two
phases: from metal to liquid. For these reactions there is a specific possi-
bility of large-scale change of the energetics of elementary reaction steps
by changing the electrode potential. Theoretical treatment of these reac-
tions has a long history which has been reviewed in detail by Marcus
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(1964), Dogonadze and Kuznetsov (1978), and Bockris and Khan (1979),
and therefore it is not discussed here. Only the reaction of electrochemical
hydrogen evolution on metals with high overvoltage (Hg, Pb, Cd, etc.) is
mentioned here. The rate-determining stage of the whole electrochemical
process in this case is the hydrogen ion discharge

HyO + eme = H;O + Hags

The measured electrochemical hydrogen evolution current (and therefore
the rate of reaction) was found to depend on the electrode potential ac-
cording to the known Tafel law j ~ exple/(@ + bT)], and this law is
fulfilled at a very large range of current variation: over 10-12 orders of
magnitude (Nurnburg, 1967; Conway et al. 1970; Babenko et al., 1978;
Ovchinnikov and Bendersky, 1979; Benderski ez al., 1980). This surprising
fact contradicts the classic Marcus-type quadric dependence of In j on the
overpotential. This contradiction has been removed in a recent treatment
by Benderski ez al. (1980). For these reactions, besides the usual FC factor
due to solvent reorganization, there is an additional FC factor for the
reaction coordinate (the distance between H,O and H*) with a signifi-
cantly repulsive final term (unstable H;O radical). Besides, the ET proba-
bility must be averaged over the Fermi distribution of electrons in metal.
Taking into account both these factors permits a description of the Tafel
law with sufficient accuracy; a detailed treatment can be found in a review
by Benderski and Ovchinnikov (1980).

More detailed discussion of the specific applications of the RLT theory
is not possible here. However, even the present rather general review
article demonstrates the necessity of using more realistic models for the
description of PES and the dynamics of processes or more reliable dis-
tribution functions over reactant states. Quantum chemical calculations of
molecular systems will be of great importance to progress in this field.

Appendix 1. Tunnel Trajectory in QTST
Making use of the semiclassical propagator, the quantity (58) is

N(t) = [ dx j dyC expliSy(x, y, t — iB/2) + iSy(y, x, —t — iB/2)} (AL1)

where x and y belong to the reactant and product regions, respectively; S,
and S, are the actions along the trajectories z,("), z,(¢t') with the boundary
conditions (x, y) and (y, x) in the time intervals (0, r — i8/2), (t — iB/2,
—iB). The stationary-phase condition with respect to variables x and y in
Eq. (Al.1) requires an equality of momenta of two trajectories at points
x and y. This means that these trajectories form a unique periodic trajectory
z(r) with the period —iB. For t = 0 and sufficiently low temperatures,
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one-half of this sought-after tunnel trajectory z,(f) connects two turning
points x, and y, in both channels. But at ¢ # 0, the periodic trajectory is
constructed from zy(r) by continuation of it into each channel with the
real-time increment beginning at points x,, y,. The properties of the pe-
riodic trajectories and the possibility of displacement of time t — ¢t + Ar
result in N(f) = Kr, and K is given by Eq. (59), derived by Miller (1975b).

Appendix 2. Semiclassical Estimation of the
Rotational Transition Matrix Elements

For the momentum J > 1 and J6, J|m — 6| > 1, the semiclassical
function of free rotation with m = J, = 0 is (Landau and Lifshitz, 1974)

¢; = (2/wJ)? sin[(J + PO + dw]/(sin 6)'2

It may be divided into two components: ¢ ‘= ¢ + ¢® so that each of
them exponentially decreases if they are analytically continued to the
upper or lower parts of the # complex plane, respectively. Then the integ-
ralsly; = I, + I, = 2Rel, in Eq. (78) can be calculated along the deformed
contour (0, it, it + 7, 7) instead of the real interval (0, 7) for I,. More-
over, the contributions from the vertical lines (0, i7) and (it + =, w) are
purely imaginary so that

I, = 2mJ) 12 Re{ j " da exply cosh(r — ia) — J(r — ia)]}
0

The last integral can be readily estimated by the stationary-phase method
if the contour is made to pass just through the stationary-phase point

ity = i arcsinh(J/%n) = i In(2J/7)
This gives
Iy = (V)™ expl-J In(2J/ne)] (A2.1)

In a similar way a more general integral I, atJ, J',|AJ| > 1 can be found
QaJs=J'" -1,

Ly = 2/ 2[4 AJ])¥2]! exp[—|AJ] In2|AJl/ne)]  (A2.2)

The comparison of Eqs. (A2.1) and (A2.2) permits us to conclude that
these expressions are accurate (to a factor of about 1.25) for all J and J' if
|AJ] = 1.
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running through much recent literature is the view that calculations at this
level are impractically difficult. Inspite of this, many workers apparently
wish to consider valence-bond wave functions for the insight they provide
into chemical phenomena. This has produced efforts to transform molecu-
lar orbital treatments into valence-bond form (Hiberty, 1981; Hiberty
and Leforestier, 1978), and for some small systems this may be done
exactly. However, in most cases this transformation can be done only
approximately, and no way is available at this time to test the accuracy of
the approximation. The only alternative is to calculate the valence-bond
wave functions directly at the desired level of accuracy. For a number of
years we have used the procedures discussed in this article and have
treated problems involving a number of systems to the level of accuracy
expected with other computational methods and with no greater level of
difficulty (Gallup, 1977a,b; Gallup and Macek, 1977; Gallup and Norbeck,
1973a,b,c, 1974, 1975; Sramek, 1980; Sramek et al., 1980a,b; Vance and
Gallup, 1978, 1980). We suggest that using these procedures, valence-
bond calculations are not too difficult to be practical.

The term valence bond has been used to describe a number of different
types of approaches, so for clarity we must define our usage. All practical
methods of calculating electronic structure and energies as a function of
geometry involve some configuration interaction (CI) at least implicitly,
and the interacting configurations are constructed from selected sets of
single-particle orbitals. In this article, a valence-bond treatment is defined
as a CI which allows complete flexibility for the overlaps between single-
particle orbitals and, in particular, one in which there are no constraints
that all or selected pairs of orbitals must be orthogonal. In some cases the
phrase multiconfiguration valence bond (MCVB) is useful because of the
extra descriptiveness, but we use the shorter term ‘‘valence bond’’ in this
article. The name ‘‘multistructure valence bond’’ has also been used
(Balint-Kurti and Karplus, 1968).

Although early valence-bond discussions tended to emphasize
m-electron systems, and these still occupy the attention of many workers
using semiempirical techniques, the flexibility allowed in our definition
means that there is a much wider range of application than this. Since
there are no restrictions on the orbitals, we are free to use our ingenuity to
its fullest in tailoring a wave function to treat the problem of interest, and
at the same time remain securely within a linear variation framework.
This characteristic is particularly useful in discussing associating or dis-
sociating systems, but has many other applications.

B. The Traditional Approach
Traditionally, valence-bond calculations have been done with an elec-
tron pair bond basis which is a generalization of the Heitler—London calcu-
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lation of the H, molecule (Heitler and London, 1927). We will call these
Heitler-London-Slater—Pauling (HL.SP) functions (Slater, 1931). Consid-
erable effort has been expended over the years to analyze the algebraic
properties of this formulation, and many rules are known for the evalua-
tion of matrix elements (Pauling, 1933; Cooper and McWeeny, 1966;
Shull, 1969). However, when the orbitals are not orthonormal many of
these methods are exceedingly difficult to apply. Matrix elements of the
Hamiltonian for an N-electron system may always be written as a sum
over N! permutations. The labor in using such a sum for numerical work
grows at an alarming rate with increasing N and these formulas cannot be
considered practical. Probably the most efficient formulation for HLSP
functions consists of writing them as a sum of 2¥/2-5 Slater determinants,
where S is the total spin quantum number. These may then be dealt with
using the cofactor methods of Lowdin (1955). But the labor here still
grows at an exponential rate with NV, and only relatively small systems can
be treated. So far as we know this is the best that one can expect to do
when dealing with the HLSP basis directly.

Simonetta et al. (1968) and Raimondi et al. (1972, 1973, 1975) have
systematized this procedure, have applied it to a number of molecules,
and have clearly provided a useable method for obtaining valence-bond
results.

Balint-Kurti and Karplus (1968, 1974; see also Van Lenthe and
Balint-Kurti, 1980) have implemented an alternative method using HLSP
functions which gives a large-scale systematization of an early suggestion
of Moffitt (1953). In this procedure, the Slater determinants, in terms of
which the HLSP functions are written, are transformed to a new set over
orthogonal orbitals. The new Slater determinants provide much simpler
algorithms for the determination of the matrix elements. The wave func-
tions and matrix elements in terms of the HLSP basis are then obtained by
using the inverse of the original transformation.

More recently, Pyper and Gerratt (1977) and Wilson and Gerratt (1975)
have developed a spin-coupled valence-bond procedure in which Slater
determinants are used to reproduce the geneological spin functions. It
requires (y,4'¢) Slater determinants to write all of these spin functions.
Although this is larger than the 2¥/2-§ for HLSP functions, the total labor
tends toward the same value for large N and small S.

The approach we describe here uses a different basis of what we call
tableau functions. The bases of tableau functions and HLSP functions,
each generated from the same configurations, are always exactly equiva-
lent, and a transformation between the two may always be made. A tab-
leau function can be written as a sum of {N/2 — S + 1) [or4(N/2 — S +
2), whichever is an integer] determinantal functions and provides a clear
computational advantage over the HLSP basis. At the present stage of
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development it appears that tableau functions provide the most efficient
way to calculate matrix elements for the Hamiltonian between configura-
tions of nonorthogonal orbitals. The transformation of the final wave func-
tion to an HLSP basis, if so desired, is a relatively trivial problem. In
Section IT we give an outline of the complete method for evaluating matrix
elements.

The book on spin eigenfunctions by Pauncz (1979) provides a complete
discussion of the relationships between various methods for dealing with
spin. However, the reader will observe that in Section II we use argu-
ments based upon symmetric group theory and spin-free quantum chemis-
try (Matsen, 1964; Goddard, 1967; Gallup, 1968, 1969) to discuss the
tableau functions. At the moment this appears necessary since no one has
arrived directly at these results from a more familiar starting point such as
a spin-projected Slater determinant.

Another feature of our calculations which can provide enormous sav-
ings of time is a core-valence separation. This is discussed in Section III,
along with the construction of independent configurations and transforma-
tions to HLSP functions.

Section IV consists of some reasonably brief comments about the
nonorthogonal eigenvalue problem with emphasis on methods for dealing
with large matrices. Section IV also contains a discussion of the weights of
structures or components in a wave function.

Section V contains applications of the procedures described. Many
specific calculations could be used to illustrate characteristics of the
valence-bond approach, but we have chosen only two to give in this
article. The first of these is a 7r-only (frozen o core) calculation of planar
butadiene. We describe the minimal basis calculation and show how a
double-zeta treatment may be used to obtain better energies without re-
linquishing the easy interpretability of the simple wave function. The
second system we treat consists of an ethylene molecule and a methylene
radical. We consider some pathways for the insertion of methylene into
C,H, to form cyclopropane, with particular emphasis on the symmetries
of the interacting states and the single—triplet crossing point(s) in the
process.

II. The Evaluation of Matrix Elements

The majority of problems in chemistry which require the solution of
Schrodinger’s equation

Hy = Ey (1)

are based on a spin-free Born—-Oppenheimer Hamiltonian
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s 1 S Z
a=S(-1w- —“) + 2
IICELEMEIEM TR
where r,; is the distance between electroni and nucleus «; Z, is the charge
on nucleus «; and R, is the distance between a and 8. Because of the
absence of any terms which depend explicitly on spin, the Hamiltonian in
Eq. (2) commutes with the total spin operator S2 and its z component S..
As a result, each state of the system can be an eigenfunction of the
operators H, 82, and §, simultaneously. Therefore, in addition to requiring
that ¢ be antisymmetric (Pauli principle),

Ty = (=) (3a)

where 7 is a permutation of electron coordinates and o, is the parity, we
also require that s be an eigenfunction of the spin

S2y =SS+ Dy, S.9=My (3b)

Pauncz (1979) has reviewed the many methods developed for con-
structing wave functions which satisfy the above requirements. However,
all the various approaches may be classified into two basic categories,
depending upon which of the above conditions the wave function is re-
quired to satisfy first during the construction procedure.

Methods which are based upon Slater determinants can be viewed as
first requiring that the wave function satisfy the antisymmetry condition
(3a). Since, in general, Slater determinants are not eigenfunctions of Sz,
linear combinations must be formed in order to satisfy the spin elgenfunc-
tion requirement (Eyring et al., 1944).

The other approach involves first imposing the spin requirement on the
wavefunction followed by application of the antisymmetry principle. This
point of view requires consideration of the effect of permutations on spin
eigenfunctions and leads quite naturally to the theory of the symmetric
group. This approach has not enjoyed the same level of popularity as that
of the former. However, there have been numerous discussions and appli-
cations given by various workers (Van Vleck, 1934; Serber, 1934a,b;
Yamanouchi, 1937; Pauncz, 1979).

A. Eigenfunctions of the Spin

We follow the second approach and show that the most general func-
tion which satisfies the spin eigenfunction and antisymmetry requirements
is of the form

]
¥ = E O%u i Prs “)
k=1
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where the 64, are eigenfunctions of $2 and S, and the @, are functions
of the spatial coordinates (Wigner, 1959; Messiah, 1967). Our symbol N is
the number of electrons and & labels the various functions which span the
‘‘spin-degeneracy’’ space for N and S. In addition, we will show that for
spin-free Hamiltonians such as Eq. (2) the expectation value of the energy
is dependent only on the spatial function ®,¢

E = (YlH|Y)/ WYlg) = (Dy5|H|Dys )/ (Dys|Dys ) (&)

We assume that we have a complete orthonormal set of spin eigenfunc-
tions O%y.. such that

820%s = S(S + DO¥se, k=1,2,..., % (6a)
8$,0%x = MOY% k=1,2,..., /% (6b)
where
(1]
S=%N,%N—1,...,{ , M=S, §—-1, ..., =-§S+1, -§
1/2

=025+ HNIEN + S + DIEN - 5)!

(Pauncz, 1979) where N is the number of electrons and § is the spin state.
Since $% and §, are observables and their spectra are discrete, we may
form the resolution of the identity

2 |O§M;k><9§M:k =1 (7
SMk
Considering the subspace S'M’, we form the projection operator
S’M’ - 2 leS’M’k><6S’M'kI ®)
which has the properties
(@) S2PYy = S'(S' + )PV, (c) 8,PY, = MPY, ©)
(b) $2PYu = PYaS?, (d) S3.P¥y = PiuS,
Applying Eqgs. (9b) and (9d) to {5y, gives
[$2P¥n: — PYaeS?Wpsy = O (10a)
[S.P¥u — P¥arS.Wpsu = 0 (10b)

Operating on 5, in Eqs. (10a) and (10b) by the terms in square brackets
gives

[S'(S" + 1) — S(S + 1)P¥ypsar = 0 (11a)
M' — M1PYyhon = 0 (11b)
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Therefore, from Eqs. (11a) and (11b) we have the result that for §’ # §
and M' + M,

Pg'u'lllsu =0 (12)

Since XgyuPY¥y = I (resolution of the identity), we have Y5 =
ZsuP Yy sy, but from Eq. (12) all the terms in the above sum are zero
except for the case S’ = S and M’ = M, therefore

Usu = Plartbsu (13)
Substituting Eqs. (8) into (13) gives
Ysy = 2 | O¥ik ) (OFpere| Wsne) (14)

where (O%¥y.x|¥sy) is an integral over spin coordinates only and, there-
fore, a function of the spatial coordinates. Therefore, we have for the
most general wave function

M = 2 O Prs (15

where &, is the spatial wave function given by ®,5(7, %, 73, . . . ,
Ta) = <9gu;k|¢szu>-

It should be noted that as our notation implies &, does not depend on
the quantum number M. This can be shown b): considen'r}g the spin-raising
and spin-lowering operators (Messiah, 1967) §* = §, = §,. Applying $* to
Ysy and Ofy ;. gives

S=Pou = [(S * M)(S £ M + D)]"*Puss
S‘:eg‘,M;k = [(S + M)(S * M + l)lmdngtl;k
We now form the following matrix element, (%1 |Wsus1), Which can
be rewritten by making use of the spin-raising operator

Sty
(5= MS + M+ 1)]”2> (16)

By making use of the turnover, rule (16) can be rewritten as

Ysu >
(S — M)(S + M + ]2

<egM+l;k

<§‘egu+1;k

or

(eSM+1 k|¢SM+1 > - <OSM klwsM)
Thus, &, is independent of the spin quantum number M.
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Now that our function is an eigenfunction of §2 and §,, it must be
made antisymmetric [Eq. (3a)],

TPy = O, T Ppsm Ol = (—1) sy a7
%

Here we have written the permutation 7 in terms of an operator acting
on the spatial coordinates #" and an operator acting on the spin coordi-
nates 7°. The functions O%y,., form a basis for the symmetric group
of order N (Wigner, 1959), Sy, we have

Ok = 2 eSM k'Dm(’lT)k'k (18)

where the D™ (7r) form an irreducible representation of Sy and [A] refers
to the partition [N/2 + S, N/2 — 8} (Rutherford, 1948). Recalling
Eq. (15), Eq. (17) can be rewritten as

2 OV~ 1)o7 Dps = Y Oy Y, 7" ® s DN (T ) e (19)

k' k
which after multiplication on both sides by ©%,,., and integration over
spin coordinates gives
(= 1)@y = E Wrd)ksD[}:](ﬂ’)k"k (20)
k

where we have made use of the orthonormqlity of the spin eigenfunctions.
Multiplying both sides of Eq. (20) by D™ (7)), and summing over k"
gives

S (=)D DR () = >, 2 77D DN () e

g W
or (21)
T @ys = 3 (=17 DN (m)en Ppeis
e

where the following gelation has been used: 2, D" () D" (1)gn = 84 -
Noting that (—1)°~D™ () = D™(7r), we have

T ps = > DN )enPros 22

k'

Therefore, the @, form a representation of Sy with partition [2¥/2-5, 125]
which is conjugate to the partition [N/2 + §, N/2 — §]. It should be
mentioned that the above treatment depends upon the representation of Sy
being real unitary.

Using the definition of the Frobenius operator (Littlewood, 1950), e},
= (fY/N D2 .DN(7), o and Eq. (22) gives
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N
e s = ]{fs—'z 2 D™N (@) D™ (7)o @pms = SenePiers
o

T

Specifically, we have the symmetry requirement [which is equivalent
to the two requirements embodied in Egs. (3a and 3b)]

Dy = e;c);g’q)k’s (23)

and since &, is independent of k', we choose k' = 1, which gives for
the total wave function

sy = zk: esc)\lltblsegM;k (24)

We are now in a position to consider the matrix element of the spin-
free Hamiltonian given in Eq. (2)
(Wsul Hl s ) = 2} ; (eS| @yslHle D1 ) (O, Oy )

or (25)
‘l’sM|H|‘lfsu> = z <q>1s|f1|q>1s>

k

where, in addition to Eq. (23), we have made use of the following prop-
erties

A —_ [A __
(0% O%sk ) = Osc ePely = dyell, (e = el

The sum in Eq. (25) contains ¥ terms, therefore, the Hamiltonian
matrix element is just

(sl Hlwsn) = F3(@1| H| P15 (26)
Similarly, we have for the overlap matrix element
(Usulsu) = fE(D@ys5|Pys) (27)
The expectation value of the Hamiltonian can now be written as
E = (Qy5|H|Py5)/ (P15 P1s) (28)

with the requirement that ®,; = e{})®,s which is equivalent for spin-free
operators to the combined antisymmetry condition and the condition that
Yoy be an eigenfunction of spin.

B. 9 NPN Tableau Functions

In the last section we arrived at the important formula (28) giving the
energy of the spin-free Hamiltonian in terms of only one component of the
spatial part of the wave function. The constraint which our spatial func-
tion must satisfy,
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O 5 = eV Py (29
is, because of the idempotency of e{}J, most easily guaranteed by having
O = eYP (30)

where @ is a function of more general symmetry. For our valence-bond
method we are. particularly interested in forms for ® which are linear
combinations of products of N orbitals. As a first step we consider the
case when ® is just one orbital product,

¢) = ul(l)’ u2(2)9 L ] uN(N) (31)

where we require only that the orbitals be normalized. In particular, they
are neither orthogonal nor necessarily distinct.

In the foregoing we have emphasized the importance of using an idem-
potent ¢!, which allows efficient algorithms for the evaluation of matrix
elements. An examination of this problem convinces one that antisym-
metry in an operator can lead to rapid algorithms for dealing with it. Thus,
since el\! is not a unique algebraic quantity and may be displayed in an
infinity of forms depending upon unitary transformations of representa-
tions, we may choose the ¢}\] by criteria based upon efficiency as well as
any other property. We thus expect that an e}%!, which is as close as
possible to a single antisymmetrizer, is likely to allow the most efficient
algorithms for its evaluation.

Following this line of reasoning, one of us proposed (Gallup, 1968) that

e = 6NPN (32)
should provide the optimum form for calculational purposes. This form of

the operator is based upon a Young tableau for the partition [A] = [2¥2-F,
128]’

1 N2 +§5+1

N/2 -8 N

N/2 + 8§

and N is the product of the separate antisymmetrizers for the numbers in
the two columns of the tableau,

-

N=da(l,...,N/2+ 8)dN/2+S8S+1,...,N) (33)
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This gives the form we want; P is the symmetrizer on numbers in the same
row of the tableau,

P=[I+0,N2+S8+ DI+ @2, N/2+S5+2)]
X..-[I +(N/2 -8,N)] (34)
where the symbol (i, j) represents the binary interchange betweeni and .
The constant § must have a value such that the coefficient of the identity /
is f¥/N! where f¥ is given in Eq. (6).
Because of Eq. (33) we expect that the function ¥,
¥ = gNPN® (39

is likely to resemble a determinant and may be easily expressed as a sum
of only a few determinants. We now indicate how these expectations are

borne out.
We consider any N X N matrix A and partition it into four blocks:

N/2+S'N/2-5§

where the numbers of rows and columns in each block are shown. We
now define the new matrix A(g), a function of the real variable g, as

Alg) = [A“ N ] (37

Ay qAy,
A = A1) (38)

We are interested in the determinant of A(g),
D4(q) = |A(q)| (39

which is a polynomial in g of degree <N/2 — §.
We now specifically consider the matrix of functions which is asso-
ciated with the product function &,

() w1 - (D]
® - uIFZ) usz) uN.(Z) 40)
W) wN) )

and the corresponding Dg(q),
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Da(q) = | ®(q)| (41)
It is possible to show that the tableau function i is given by
fg kmax
¥ =N kZ Ci(N, )| ®(gx(N, S))| 42)

where C(N, S) and g,(N, S) are sets of numbers dependent upon N and
S. The number of terms in Eq. (42) also depend upon N and § so that

kmax = kmax(N, S) = [N — 25 + (2 or 4)]/4 (43)

whichever is an integer. In order to determine C; and g, we need the
roots and derivatives of the Jacobi polynomials (Abramowitz and Stegun,
1965),

Gm(p, q, x) = (_l)m I(’n—+£2_ xl—q(l —_ x)q—ﬁ

I'2m + p)
x % [xetm-1(] — y)p-atm] (44)
We need the roots of the equation
Grpan(28 + 1,28 + 1, 1) = 0, k=1,2,..., knpax (45)
from which we get
ax(N, ) = — /(1 — 1) (46)

Ci(N, S) = (=DV*5(N/2 + § + DI — t)V27571/1i]]

WUmax + 28 -2
x ( ) G (25 + 1,25 + 1, 1) @7

max

where the prime in G, represents the derivative, and () indicates the
ordinary binomial coefficient. These relations are most easily derived
(Gallup, 1972) using a method which parallels the determination of op-
timal quadrature formulas (Krylov, 1962), although alternative paths are
possible. Table I gives values of Ci(N, S) and ¢, for 2 = N = 10 and
0=S=5/2

As we have pointed out some of the orbitals in & may be repeated
(doubly occupied). Under these circumstances an important simplifica-
tion of our expression for s is possible. Assume that we have p pairs of
orbitals in ® and that they are arranged in ® so that columns 1,2, ... ,p
are identical with columns N/2 + S+ I,N/2+ S +2,...,N/2+ S +
p. We now partition ®(q) even farther and write



TABLE 1

VALUES OF g, AND C;, DEFINED IN Eqs. (46) AND (47) FOR THE LINEAR COMBINATIONS
THAT GIVE TABLEAU FUNCTIONS

N § k=1 k=2 k=3
2 0 (/7% -1
Ci -1
1 gk i
C: 1
312 g -2
Cx -12
32 g 1
Ce 1
4 0 g -2 - V3) -2+ V3)
Cx @2+ V3)4 @2 - V34
1 g -3
Cs -1
2 g 1
Ce 1
5 12 g -3 - V6 -3 + V6)
C (3 + V6)/18 3 - V6)18
32 g -4
Ce —-1/4
6 0 g -2~ V3 -2+ V3
Ce -9 + 5V3)/18 -9 - 5V3)18
1 gk -4 - V10) -@ + V10)
Ci 4 + V10)/48 4 - V10)/48
2 g -5
Ce ~1/5
7 12 g -3 - V6) -3 + V6)
C: —(18 + 7V6)/144 —(18 — 7V6)/144
32 g —(5 - V15) —(5 + V15)
Ce ¢ + V15100 ¢ - VI5/100

8 0 g —0.12701 66537 92583  —1.00000 00000 00000  —7.87298 33462 07418
Ci 0.86088 70384 67491 0.13888 88888 88889 0.00022 40726 43620

1 g -4 - V10) -4 + V10)
Cx —(10 + 3V10)/200 ~(10 — 3V10)/200

2 g -6 — V21) —(6 + V2I)
Cx 6 + V21)/180 6 - V21)180

9 12 g —0.26958 41903 10437 —1.44220 00577 89383  —10.28821 57519 00192
o 0.16126 06798 68883  0.03866 50697 02502 0.00007 42504 28615
32 g —(5 -~ V15) —(5 + VI5)
Cr  —(45 + 11VI5)/1800  —(45 — 11V15)/1800
10 0 g —0.12701 66537 92583  —1.00000 00000 00000  —7.87298 33462 07418
Cr  —0.91663 63626 34544  —0.08333 33333 33333 —0.00003 03040 32122
1 g, —0.41843 52700 93916 —1.88181 31036 92589 —12.69975 16262 13472
o 0.05179 25118 40754  0.01484 29282 79300 0.00003 12265 46595
2 —(6 — V21) -6+ V2I)
Cr  —(63 + 13V21)/4410  —(63 — 13V21)/4410
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D, P Py @,
(48)

Dy B gDy gD

where ®,, is (N/2 + S) X p, @5 is (N/2 + §) X (N/2 + § — p), and Dyq is
(N/2 — S) x p. The remainder of the blocks have sizes to match the full
N X N size of (g). Because of our assumption concerning paired orbitals,
we have ®@,, = ®,; and ®,;, = ®,;. When we form the determinant of
dq), the equalities allow subtractions of selected columns to get

P, @, O D,
0 Dy Dy gy,

<I>(q)=[

| ®(q)| = [ ](q -2, g#1 (49)

the (g — 1)? may be combined with the C, coefficients where now we get

Y (N2+S+1)

‘M(N/2+s—p+1)k§=:lc"(N—2p’s)

% [‘Du ®, 0 P, ] (50)
0 Dy, Dy G P

where kpayx = kmax(N — 2p, S) and g, = qu{N — 2p, §). Thus, with the
modified determinant the sum giving ¥ is shortened as if the electrons in
doubly occupied orbitals were not there; ¥ is still an N-electron function,
of course.

Equation (50) gives ¥ in the form we need, and in the following discus-
sions we assume the reductions possible when p > 0 are always made. It
will be observed that the form of Eq. (50) passes smoothly into that of Eq.
(42) when p = 0.

The pattern of zeros and functions in the determinant in Eq. (50) is
clearly very critical. We wish to make our notation more explicit and
introduce the notion of a masking matrix w. This matrix has elements 1, 0,
or g, in the pattern.

piN2+S-pip | N2-S5S-p
' | 1
Wy Wi 10 Wy, N/2+ S
W(g) = [-=mrdrmmm e s RECE (51
0 Wag § Wos | Wy N/2-S§

where the wy; are rectangular matrices as shown by the numbers of rows
and columns in the partitioned form. Each of the elements of wy, is the
variable ¢, and each of the other w, is the constant matrix consisting of
all 1’s. Writing a single element of the entire w(g) matrix as wy, we may
give a slightly different form for our functional determinant,
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Qll 012 0 q)ll :| (52)

0 D, Dy gD

and the simplifications possible because of orbital pairing are explicitly
present in the masking matrix w. The determinant defined by Eq. (52) has
a central role in our considerations. We name it a masked-orbital de-
terminant. Rewriting Eq. (50) now gives

kmax
=R s t5 D Gl =20, 9Dl ()

k=1

Do(q) = |wyus(i)| = [

and we are able to represent ¥ by a linear combination of masked orbital
determinants.

Although there are few occasions when one wants the value for a
particular set of coordinates of an N-electron function like ¥, a little
reflection shows that the labor of this evaluation is a good measure of the
ease of using ¥ in general. It is well known that a determinant may be
evaluated in ‘‘polynomial time’’; specifically, the labor is proportional to
N3, Since for small p and S, the number of terms in ¥ ~ N/4, our al-
gorithm for ¥ can be carried out in polynomial time, specifically N4/4.
This situation is to be contrasted with the standard procedure for writing
HLSP valence-bond functions as a sum of 2¥/2-5-7 Slater determinants,
which thus have ‘‘exponential-time’’ algorithms, ~N32¥2_ For sufficiently
large N, using tableau functions will certainly be faster.

C. Matrix Elements of Two Tableau Functions

The results of the last section are easily applied to the problem of
calculating matrix elements between two tableau functions. We now as-
sume that we have two-orbital product functions and their corresponding
tableau function

®, = uy(1) - - - upN), D, = 0v,(1) - - - v(N) 58
v, = gNPND,, v, = gNPN O,

where the set {¥} may or may not be different from the set {v}. We shall
also assume that the number of paired orbitals in v is no less than the
number in u. We interchange the roles of ¥ and v if necessary to accom-
plish this. The matrix elements to be evaluated are

Suv = <\pu|‘yv> = <q)u|\pv>
F,, = <‘PuIFI\Pu> = <¢u|ﬂ‘yv> (53)
Gy = <‘I’M|G|‘I'u> = (‘DuIGN’v)
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where the rightmost equality is possible because § NPN is idempotent,
Hermitian, and commutes with the other operators. We also have

F=Eif;, G=i§<;gu, H=F+G (56)

as the standard one- and two-particle operator expressions used when
dealing with the Hamiltonian.

The values of all three integrals (55) depend upon the matrix Q,, de-
fined by

(Quly = <ui|vj> (57

which will occupy a central position in our considerations. This matrix
contains overlaps between the two orbital sets and has equalities reflect-
ing the pairing in ¥ and v.

With these abbreviations we obtain, using Egs. (52) and (53),

A O(N2+S+1) ™
Sy = TVL' Nt S—p+TD 2 C(N = 2p, S$)Do(qr) (58)

k=1

where k.., gk » and p refer to the statistics of the v set of orbitals. This is
the result of the form we use with §NPN applied to the ket function in the
integral. It must be emphasized that the masking matrix w(g) is deter-
mined by the v set also. We have, therefore,

Do(q) = |wy(g)(uilvp) (59)

to get the appropriate determinantal form of the Q matrix.

We see from Eq. (58) that S,, is zero if the rank of the ‘‘masked’”
matrix in Eq. (57) [Eq. (59)] is <N for all values of g, . This will certainly
be the case if one of the v orbitals is orthogonal to all of the u’s or one of
the u orbitals is orthogonal to all of the v’s, but this is not a necessary
condition.

Loéwdin (1955) shows how matrix elements of the one- and two-particle
operators depend on determinantal cofactors for Slater determinants. This
treatment can be carried over to our masked-orbital determinant functions
and we obtain

(lhu|F|(D,,) = 2 (ui‘f‘vj YAy (60)

7]

WGl ) = { (undglogoy )Bue,n — (st glopw; ) Cux, 2} (61)
i<k
i<t

where
Ay =K CulN — 2p, S)W;(qn) D¥(an) (62)
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B,y = K 2 Cn(N - 2p, S)Wij(Qm)Wkl(Qm)Dg:’”(qrn) (63)
Cio,n =K 2 Cn(N - 2p, S)Wil(Qm)wkj(Qm)Dgul(‘Im) (64)

K=—f§- (N2+S+1)
NI(N2+S—-p+1)

The quantities D¥ and D% are, respectively, first- and second-order
cofactors (signed minors) of the Dy determinant. We discuss algorithms
for the calculation of these cofactors in Section II,D.

Equations (58)-(64) contain all of the results we need to solve the
algebraic problem of converting overlap, one-electron, and two-electron
integrals for nonorthogonal orbitals into matrix elements between tableau
functions, and hence to generate matrices of the spin-free Hamiltonian
having a given spin state and satisfying the Pauli principle.

D. Calculation of Cofactors

The expressions for matrix elements given in Section II,C are rela-
tively useless unless efficient methods of evaluating cofactors are avail-
able. As Lowdin pointed out in his original treatment, the cofactors are
easily obtained from the inverse for nonsingular matrices. However, we
must frequently deal efficiently with singular matrices also. King et al.
(1967) discussed the problem of obtaining cofactors of singular matrices
by a method, one step of which involves matrix diagonalization. Voter and
Goddard (1981) have criticized cofactor methods as tedious and recom-
mended the diagonalization procedure followed by a transformation of the
one- and two-electron integrals to a new basis to utilize the biorthogonali-
zation of the overlaps. Prosser and Hagstrom (1968) have given a proce-
dure depending upon a purely algebraic biorthogonalization of the matrix.
The process of evaluating cofactors, although long and laborious if done
directly, is nevertheless of a finite algebraic nature and does not involve
any limiting processes. We therefore prefer a finite numerical scheme if
possible such as that of Prosser and Hagstrom. We successfully use still
another procedure, which is a finite algebraic algorithm, but which re-
quires a simple limiting process in its derivation. This process does not
require a four-index transformation of integrals as does the Voter-
Goddard proposal.

The concept of the rank of a matrix plays a key role in the cofactor
problem. If an N X N matrix is nonsingular, its rank is said to be N. This
means the determinant of the full matrix is nonzero. In case the matrix is
singular, then a smaller determinant may be nonzero. If the largest non-
zero determinant which can be assembled by striking out rows and col-
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umns of the matrix is » X r, the number r is defined to be the rank of the
matrix.

The first-order cofactors in Eq. (62) are, of course, (N — 1) X (N — 1)
determinants which are necessarily zero if the rank of the masked Q(g)
matrix is less than (N — 1) (for all the ¢’s). The determinant, D (g), is also
necessarily zero under these circumstances. The second-order cofactors
in Egs. (63) and (64) are (N — 2) X (N — 2) determinants and are zero if the
rank of Q < N — 2. We, therefore, have to consider only three cases,
when the rank of Qis N, (N — 1), or (N — 2).

Case a. Rank of Qis N. This is the simplest case since the cofactors
can be obtained easily from the inverse. We let Q be a general, nonsingu-
lar square matrix, Dy is its determinant, and Q™! is its inverse. The general
expressions for the first- and second-order cofactors are

D§ = Do(Q M)y (63)
D§* = Dol(QMs(Q Vi — (QHu(Q D] (66)

and these give all the quantities we need for evaluating Eqgs. (58) and
(62)—(64) for this case.

We use a somewhat specialized method to obtain Q™! for these formu-
las. It is designed to give Do, Q? or test its rank so that this procedure can
itself decide which of the cases we have.

A standard procedure for evaluation of Q! is Gaussian elimination.
Among the various options which may be used in the algorithm is full
pivoting. This consists of searching for the element of largest magnitude
through all remaining unreduced rows and columns of the matrix, and
then rearranging so that it is in the target position. In this way it is possible
by Gaussian elimination to find a decomposition of Q,

Q = RQP 67

where P is a permutation matrix (one and only one ‘‘one’’ in each row or
column), R is nonsingular, and Q has a partitioned form

— I. b
Q= [ ] (68)
0 oN—r

the structure of which depends upon the rank r of Q; I, is the r X r identity
and Oy_, the (N —r) X (N —r) null matrix; b is, in general, not zero. If
the rank of Q is N then Q = I and

Q! = PR (69)

which is, of course, a very simple product since P is simply a permutation
of the rows of R.
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When r < N we define the matrix Q(z), a function of the variable z,
such that

Qz) = RQ)P, QO =0Q (70)
where
Q) = [I' P ] (71)
0 zI,.,

We never actually need Q(z) explicitly and use only the indirect definition
of Eq. (71). Clearly, Q(z) is nonsingular except at z = 0, and we have

Q@) [I’ _z_lb]n )

z)71 =P
0 z7,.,

We may partition R to match the structure of Q(z)!, and we obtain

R, R
Q(Z)“=P6(2)“[ ) ]

21 R22

R,; — z7'bR Ry — z7'bR
[ 1 21 12 22] —u+zly (T3)

Z -1 Rzl Zz -1 Rzg
R R
. P[ 11 12] (74)
0 0
_bRy, -bR
v= P[ # ”] 75)
R21 R22

During the course of determining P, Q(z), and R, the algorithm may be
easily arranged to give the determinant | Q(z)|, also. This is closely related
to the determinants of P and R, and we have

|Q(z)| = z¥~7/|PR| (76)

where we see the |Q(0)| is zero when r < N. Using Eqs. (74)~(76), we may
now give simple expressions for the cofactors of Q.

Case b. Rank of Qis N — I. As was emphasized for Case a, the cofac-
tors for a nonsingular matrix are easily determined from the inverse. This
situation certainly pertains for Q(z), z # 0, and we have, using Egs. (73)
and (76),

DY, = [z)y + (v)4)/|PR| an

The cofactors we want are obtained for z = 0, and we obtain
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DY = (v),/|PR] (78)

A similar treatment gives us the second-order cofactors for this case.
First, writing the expression for Q(z), z # 0, we have

D&ZJ)I = {z [(x@)y — @y)y]
+ (Wi + (Vp@p — @y — (V) (@)l
+ 27Wa Wy — Wu(Vx]}/| PR (79

The appearance of the z 7! term in Eq. (79) need cause no alarm since it is
actually identically zero, because whenr = N — 1, the rank of vis 0 or 1.
We may thus again obtain our result by letting z = 0, and we have

D"(‘,"f’ = [ + @@y — @u (W) — (Vy)y]/|PR| (80)

These expressions provide the cofactors we need forr = N — 1. Of
course, Dy itself is zero for this case.

Case c. Rankof Qis N —2. Whenr = N — 2, Dy and DY are all zero
and we need only the second-order cofactors. An analysis parallel to that
we carried out for r = N — 1 may be done and the final result is

D" = [(MaWn — (Vu(Wxl/ |PR| @1

The technique we have described here may be used to obtain cofactors
of other orders, but since these are not needed for evaluation of our matrix
elements, we shall not discuss such extensions here. The method de-
scribed here is based on a considerably improved upon method originally
given by Gallup and Norbeck (1973e).

E. Summary

In Section II, we have described the construction of tableau functions,
which include the effects of the Pauli exclusion principle and specific total
spin values, and we have given mathematical apparatus for evaluating
matrix elements between two tableau functions for one- and two-particle
operators and the Hamiltonian. Computer programs which implement
these methods are relatively simple and do not require complicated logic
decisions.

It is fairly simple to analyze these algorithms to see that each matrix
element may be obtained in polynomial time. The matrices P and R or u
and v are obtained in N3 time, and, therefore, the assembly of the
second-order cofactors of which there are ~N*/4 is overriding. Since the
number of masked-orbital determinants in a tableau function ~N/2, we
see that each matrix element may be calculated in (1/8)N3 time. This is
actually a very conservative estimate since many opportunities to save
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time are available in these algorithms when a zero is encountered. We
discuss methods for further reducing this time in Section III.

III. Arrangement of Bases

A. Sets of Linearly Independent Tableau Functions

A practical calculation of molecular structure and energies requires a
configuration interaction (CI) basis which will include tableau functions
generated from a number of different orbital sets. In the normal situation
the chemical problem under consideration will determine a set of
“‘atomic’’ orbitals we must consider,

{X} = {xlv Xoy o o« ’xM} (82)

The configurations are obtained by selecting N orbitals from this set, no
orbital chosen more than twice. We specify each configuration by an
M-component vector

?i=[a1,a2,..:,aM] (83)

where each q; is one of the three numbers 0, 1, or 2, and gives the number
of times x; is chosen in the configuration. Since we have N electrons,
clearly,

Z o =N (84)

The actual number of configurations which can be generated from the set
{x} for a given N is a number of some importance in the theory. We denote
this by C(M, N). It is rather surprising, but it appears no very simple
formula for C(M, N) is available. A simple combinatorial argument gives a
generating polynomial for C(M, N),

2M

(1 +t+ % = C(M, N)t¥ (85)
N=0
where the coefficient of ¢V gives the number. An infinite series generating
function is also available for the number of configurations,

@
ZNIZ

C(M, N)z¥ = 2(N+l)(l — z))v+1(4 - 32) 1/2

X {[(4 — 3z)V2 + zNH
+ (—1)¥(4 ~ 32)¥2 — NH1]} (86)

where the series converges for |z| < 1, and the lowest value of M is N/2 or
(N + 1)/2, whichever is an integer. For small values of M and N, C(M, N)
is most easily obtained from the recursion relation

M=[NI2]
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CM+1,N)=CM,N) + C(M,N—-1)+CM,N-2) (87

The set of atomic orbitals {x} must be linearly independent to serve
our purposes, and we assume this is always true. Under these circum-
stances, any two product functions

¢u = ul(l)’ L uN(N) (88)
¢v 01(1)3 st s vN(N) (89)

are linearly independent if the «’s are a selection from {x} specified by &
and the v’s are specified by &', with@ # @’'. Again, if @ # a’, the corre-
sponding tableau functions

Y, = §NPN¢, (90)
¥, = 6NPN, C1))

are linearly independent. Therefore, in a full CI based upon the set {x} we
must include functions corresponding to all of the possible a’s.

We now consider the number of linearly independent tableau functions
which arise from a single &. We let p be the number of 2’s among the
components of @, i.e., p is the number of selected orbitals which are
paired. There are, therefore, N!/2? different ways that the N electrons can
be assigned to the orbitals in a product function. All N1/2? of these prod-
uct functions are linearly independent, but in this case, not all of the
corresponding tableau functions for a given spin, S, are linearly indepen-
dent. There is no unique linearly independent set, but any such set spans
the subspace, and one way of obtaining one uses the concept of standard
tableau invented by Young (Rutherford, 1948).

In order to apply this idea we must order the orbital symbols selected
by @. Since tableau functions belonging to different @’s are automatically
independent, there is no necessary connection between the orderings for
these, and each @ is considered independently.

For definiteness, we assume that uy, u,, . . ., 4, are the paired orbitals
from @ and w4y, Upss, . . . , Uy_, are the singly occupied ones. (We
emphasize that these orbitals may have different subscripts in the ordering
for different o’s.) We may place the numbers 1, 1,2,2,. . .,p,p,p + 1,
p+2, ..., N—pinto a Young tableau shape [defined in Section
IIB]N!/27 ways. We use the two-column tableaux corresponding to the
O0NPN and S under consideration.

Among all the tableaux the standard tableaux are a subset which sat-
isfy the two conditions: (1) The numbers are nondecreasing from left to
right in the rows, and (2) The numbers are definitely increasing downward
in each column. For the case N =9, § = 1/2, p = 2, we have
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1 1 1 1 11 11 11
2 2 2 2 22 2 2 2 2
3 4 3 4 35 35 3 6
56 5 7 4 6 4 17 5 7
7 6 7 6 5

and no more satisfying the two conditions. These five standard tableaux
tell us that there are five linearly independent tableau functions in this case,
and they are

Y1 = O NPN(uyupityiesierit ity tslig), Yy = BNPN(uquztisi gty tstisiiz)
lllz = 0NPN(ulu2u3u5usu1u2u4u7), (’l.r, = 0NPN(H1u2”3u4u5ulu2”GU1)

Yy = 61\7}31\7(“1”2"3”4“1”1“2”5“6) 92)

where the electrons are numbered in order, i.e., down the first column and
then down the second. There are N!/2? = 90,720 different ways of as-
sociating two paired and five unpaired orbitals with the numbers 1,2,. . .,
9, and hence 90,720 different product functions. Young’s result tells that
when 6NPN is applied to these product functions, only five are linearly
independent (in the doublet spin state) and the standard tableaux give a
way of choosing them (Littlewood, 1950).

It is interesting that the total number D(M, N, §) of linearly indepen-
dent tableau functions which can be constructed from all &@’s for M orbit-
als, N electrons, and spin S is given by the fairly simple Weyl dimension
formula (Weyl, 1956).

DO N $) 2s+1( M+ 1 )(M+l> -
B M+1\Np2+S+1/\N2-35

where we have used the standard symbol for binomial coefficients. This,
then, is the size of a full CI based upon these orbitals, when no account is
taken of possible spatial symmetry.

B. ‘“Core-Valence’’ Separation

Many chemical problems can be well described by CI wave functions
in which one particular subset of the orbitals is doubly occupied in all
configurations. Typical examples include inner shells of atoms and orbit-
als describing o electrons in 7r-only calculations of planar conjugated
organic systems. For convenience we designate the orbitals doubly oc-
cupied in all configurations as the core orbitals and the remainder the
valence orbitals. We use this terminology regardless of the actual physical
or chemical situation, and in some cases we may conveniently have
valence-like behavior represented by the core orbitals or vice versa.
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The presence of a set of core orbitals of this type allows a frequently
significant decrease in the labor of doing a CI calculation. This process
was first described by McWeeny (1954; see also McWeeny and Ohno,
1960) in connection with an orthogonalized valence-bond approach. The
separation is actually of great generality and we give a derivation here
using tableau functions.

For the purposes of the discussion in this section we change our orbital
notation slightly and use ¢y, ¢;, . . ., ¢, for the core-orbitals and v, , v,,

. , Uy—zp for the valence orbitals. There may be more paired orbitals in
a configuration than those represented by the core, but there is no loss of
generality if we ignore the simplifications allowed by these. Under these
restrictions all of the masked orbital determinants have the form

Da) = [@,, ., 0 @, ]
0 @y &y qd,
where @,, and ®,; have p columns of the core orbitals. Because of the
properties of determinants, we may subtract multiples of one column
from any other, and this allows a transformation of all of the valence
orbitals from their original form—without changing the value of D(q).
The transformation we use is generated by the operator which projects
onto the orthogonal complement of the subspace spanned by ¢, - -+ ¢, . In
other terms we wish to orthogonalize all of the v’s to the ¢’s. Letting

Q= |: (edder)  A(eles) - <6‘1|Cp):|
(coler) e c {eplep)

Pcc = iEJ 'Q)(Qc—l)u<c}|

the orthogonal complement operator is 1 — P,, and the transformed
orbitals are

lo/) = (1 = Poolv) = o) — ,Ek e Qe )l exlvr) (96)

(94)

(95)

The core orbitals must be linearly independent, so that Q! always exists
and we may always accomplish this transformation. We recall that we
have always assumed that our orbitals are normalized. Therefore, these
transformed orbitals v; are not normalized. In fact, it is important that we
do not renormalize the valence orbitals after their orthogonalization. To
do so would change the value of Dg(g), an outcome we wish to avoid. We

may now write
®, @ 0 %] o)

Dy(q) = [
0 @, by qP
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where the primes indicate we use valence orbitals orthogonalized to the
core.
When we consider the masked Q matrix, we now find it has the form

Q 0 0 0

[wy(Qyl = 0 @& 0 O (98)
0 0 Q 0
0 Q3 0 ngz
D(@) = Q¢ [Q"" Q"’z] (99)
Q3 Qng

Thus, every D,, term factors in the same way with |Q°* common to all
matrix elements between any two functions in the CIL.
When we consider the matrix elements we obtain

N/2+85+1
= c|2 —_ =
w |Q | KZ Ck(N 2P, S)DQv(qk)a K N/2 + S — 2p + 1

(100)

where we have to deal only with the determinant D,, (q,,) in the sum. We
have written the overlap matrix element Syy and emphasnze that only
the valence orbitals may differ between the bra and ket functions.

The expression for the one-particle operator assumes a simplified
form also:

Fyw = SywF° + 2 (vf|f |w))AG (101)
[Y

where v/ is one of the V set of orthogonalized valence orbitals and w
is one of the W set. In Eq. (101) we also have

Fe =2 2 (ei| fle) QY (102)
ij
Af = |Qc|2K§ C(N — 2p, S)wylaw) Di.(qx) (103)

where we see that we need to determine the cofactors of only the Q°
part of the determinant.

The two-particle operator splits into core—core, core—valence, and
valence-valence terms, and we have

Gyw = SywG* + E (vi|g°|w) YA}
i

+ ‘Zk [(vivklg|wiw/! )Bheq — (vivilglwiw])Ch z] (104
<,
>
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where

Ge =2 ;‘ [2{cicklgleser) — (ciclgleics Y Qe ) (Qe s

>l

(vilgwi) = 2; [{cxvilglewws) — (crvilglwic) QT
1

and B} ; and C}, , are given by expressions such as Egs. (63) and (64) with
the factor |Q°|> and only the Dy.(q)*-# cofactors needed.

A careful examination of these results shows that we may make a
transformation of the valence orbitals, modify the one-particle integrals
and thereafter treat the core orbitals and the 2p electrons in them as if they
were not present at all in determining matrix elements. The transformation
of the orbitals is given by Eq. (96), the transformed valence-valence over-
laps are

Q) = (vilwi) (105)
the new ‘‘one-particle’’ integrals are
(Wilf'lwi) = (vilf + g°lwy) (106)
and we must transform all
(vivjglvevr) — (vivflglvio) (107)

We obtain our final result by calculating the matrix elements of the
valence part of the configuration with transformed orbitals and integrals as
if the core electrons and orbitals were absent, adding Sy (F¢ + G*°), and
multiplying the whole result by | Q|2

It cannot be emphasized too strongly that this core—valence separation
is an artifice to aid in the evaluation of matrix elements. The orthogonali-
zation of the valence orbitals to the core is allowed simply as a conse-
quence of the Pauli principle and does not in any way represent a ‘‘con-
tamination’’ of any valence orbitals by core orbitals. The overlap and
Hamiltonian matrix elements, and hence the coefficients in CI eigenfunc-
tions, are the same as we would obtain if the entire product function for
the configuration were used directly with untransformed orbitals and
orbital matrix elements. Thus the relatations given by Eqs. (96) and
(105)-(107) can all be internal to the calculation and need not be visible
‘‘on the outside.”’

Nevertheless, the savings of time can be enormous. We have seen in
Section II,C that the calculation of a matrix element is done in a time
~(1/8)N5, where N is the number of electrons. Thus if one-half of the
electrons in a system may be described adequately as being in a ‘‘core,”’
the matrix will be calculated in only 1/32 the time required for a direct
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‘‘all-electron’’ procedure. One admittedly extreme case we have calcu-
lated involves BaZ*, where all but two electrons were in a core which
consisted of the Ba atoms inner shells. In this case the core-valence
separation yields a rate of matrix element calculation ~8 X 10¢ times that
involving all electrons. The transformations in the core-valence separa-
tion involved 54 core and 18 valence atomic orbitals and were not at all
prohibitive.

C. Transformation to HLSP Functions

The procedures we have been discussing will, of course, give the
energies and wave functions according to the valence-bond prescription,
but not in terms of the traditional HLSP basis. If we establish a conven-
tion for the arrangement of orbitals in tableau and HLSP functions, then
the coefficients of the transformations need to be determined only once.
The transformation is a purely symmetric group theoretic problem and
can always be done exactly as long as every standard tableau of the
configurations used are included.

Klein et al. (1971; see also Roel, 1976) have shown that if, instead of
the operator 9NPN, we use the operator (f¥/N!)NP, we obtain sets of
functions equivalent to the HLSP basis. Our problem, then, is to deter-
mine the transformation between the two sets of functions. This may be
stated precisely as

¥ oaxs ~ A B A% ~
L NP, = ONPN S, ayip (108)
: H

where p,(p, = I) is the permutation giving the /th Rumer diagram from the
first; 7,(7, = I) is the permutation giving the ith standard tableau from the
first; ¢, is a product function arranged so that the functions in the same
row of the first standard tableau are bonded together in the first Rumer
diagram. As an example, consider the five orbitals, a, b, ¢, d, e. In order
to satisfy this condition, we must have

éu = a(1) c(2) e(3) b(4) d(5) (109)

if the first standard tableau is
ab

cd

and the first Rumer diagram is
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Once this convention is established we may determine the elements of the
transformation matrix A given in Eq. (108). This has been done for n = 3,
4,5,6, 7, 8, and nontrivial cases of 0 = § < 3/2. We give the values of A
and A™! between Rumer and tableau functions for these cases in the
Appendix. Cantu (1970) has given the relationship between a single spin-
projected Slater determinantal function and HLSP functions in singlet and
doublet cases up to N = 8.

One cautionary statement about these considerations should be em-
phasized. Our prescription, in terms of the spatial part of the wave func-
tion (30), will not include any =+ 1 phase factors for the spin eigenfunctions.
This phase factor will need to be accounted for when making comparisons
between wave functions computed this way and methods using Slater
determinants. In practice this means that the signs of the coefficients in
the final wave function may differ between treatments, although energies
and actual wave functions are the same. The difference is in the basis.

D. Summary

In Section III we have outlined the methods of arranging the basis so
that a full CI may be done. In addition, we have outlined a core-valence
separation technique which can provide enormous savings of labor in
cases where a less than full CI is appropriate with some always doubly
occupied orbitals.

We may effect savings of labor under some circumstances by making
suitable modifications of the orbital basis. However, most of these vary
considerably with specific physical situations and are difficult to describe
in general terms. We shall illustrate two useful orbital modifications in the
applications given in Section V.

IV. Eigenvalues and Eigenvectors

A. Nonorthogonal Eigenvalue Problem
Once the Hamiltonian and overlap matrices are determined, we must
obtain the eigenvalues and eigenvectors of the system,

H - ES)C, =0, CiSC, = 1 (110)

For relatively small calculations, this is most easily accomplished by a
Gram-Schmidt orthogonalization followed by a diagonalization of the
transformed Hamiltonian. In matrix language, we find an upper triangular
N such that

N*+SN = I (111)
H = N*HN (112)
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and then find x,, .
Hx, = ExXx (113)

Cr = Nx, (114)

With the help of the Givens—Householder method for eigenvalues and
eigenvectors, this sequence of procedures is easily used to obtain a few
eigenvalues for matrices up to about 200 rows and columns.

For larger matrix systems, a scheme similar to the method of optimal
relaxation (Shavitt et al., 1973) has been found to be very useful. These
procedures are based upon a method for taking an approximate eigenvec-
tor of the matrix system with its approximate eigenvalue

H-AS)C' =0 (115)

and calculating a correction vector 8 such that C’ + a8 is an improved
eigenvector. This process may then be continued iteratively until a suit-
able convergence criterion is satisfied. For valence-bond matrices, we have
found the expression,

6 =(S'H - NC (116)

to provide a usefully rapid convergence rate. We have tested a number of
possibilities, and among these Eq. (116) is the only one to do so. It will be
observed that the matrix product S~'H need not be formed, but that cal-
culating HC' and then ST'HC' gives a much faster scheme. In practice, the
new eigenvector C”

C'=aC' + B8 (117)

is obtained by solving a small eigenvalue problem in the subspace of the
previous approximation and correction vectors. This is done using the
scheme outlined in Eqs. (111)-(114). The size of the subspace is allowed
to grow to 10-15 as successive & vectors are obtained and then collapsed
back to a small number. This whole procedure may be implemented to
obtain the lowest few eigenvalues of the large system sequentially by
choosing the first, second, etc., eigenvalues from the small problem.
These procedures are well known in the literature (Davidson, 1975), and
are independent of the fact that in our case § # 1.

Equation (116) requires that we know S~*. This fact provides the prin-
cipal drawback to this procedure, but routines for inverting large, sym-
metric matrices are fairly simple (Gallup, 1982). Once the inversion is
done, obtaining a few eigenvalues and eigenvectors is reasonably easy.
We have used this procedure successfully on a few 922 x 922 matrix
systems, and see no reason larger problems could not be handled should
the occasion arise.
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B. Inverse Overlap Weights

Chemists have always wanted to exploit the superposition principle of
quantum mechanics by interpreting the structure of a molecular system as
a composite of simple structures in the way that the actual wave function
is a sum of the simpler basis functions. The appeal of the valence-bond
approach arises from the closeness of the simple-structure interpretation
of the basis functions to traditional chemical thinking. Quantum
mechanics also allows a quantitative solution to the problem, since in a CI
wave function,

v, = 2 Crar (118)
k

for the state A, the magnitude of the coefficient C,, in some sense mea-
sures the weight in the composite of the simple structure represented by
Y -

If the basis used is orthonormal then numerical weights assigned as
|Cral? constitute a useful and rational solution. If, however, the y, are not
orthonormal, this choice is inappropriate. We may describe the difficulty
in vectorial language.

The tableau function s, ,

(Urlgn) = 1 (119)

has only a portion which is unique to it, since, in general, it is overlapped
by other functions used (Gallup and Norbeck, 1973d). The ‘‘length’’ of ¢,
is 1 by Eq. (119), but we may show that the ‘‘length’’ of the unique portion
of ¢, is only [(S71),,.]~¥2, which depends upon the diagonal element of the
S$—! matrix. This provides a way of modifying the |C),|? in an appropriate
way to give useful weights in the nonorthogonal case. Letting w; denote
the desired weight, we set

o = K|Cial?/(8 Ve (120)

where K is adjusted to make the weights add to 1. This result reduces to
the simpler one when the basis is orthonormal.

The inverse overlap weights are easily calculated, since the (S7!),, are
readily available from either of the eigenvalue schemes given in Section
IV,A. We cither obtain S~! directly or we can obtain it from Eq. (111)

St =NN, (M = g (Nl (121)

and then w; is easily determined.
We illustrate the use of the inverse overlap weights in Section V.
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V. Applications

The procedures we have described provide a flexible approach to in-
vestigating chemical problems connected with electronic structure of
atoms and molecules. Many systems could illustrate the kinds of informa-
tion we can obtain, but we give just two examples emphasizing the meth-
ods of applying these algorithms and the times required to carry out -
various operations.

A. Butadiene

The spectrum of butadiene has been the subject of many experimental
(Hudson and Kohler, 1974; Doering, 1979; McDiarmid and Doering, 1980)
and theoretical studies (Buenker and Whitten, 1968; Hau et al., 1972).
This interest is motivated to a considerable extent because butadiene
occupies a unique position in being the first member of the polyene
homologous series. A principal question concerns the relative positions of
the lowest !B, and first-excited A, (framework constrained to be C,;)
energy states. The valence-bond method in this case provides no new
answers concerning the energies of these states, but we do obtain new
quantitative information about the wave functions for the first three states
of butadiene and we show how extended bases are easily used in 7-only
calculations in the valence-bond method.

For our calculation we used a 3G-STO basis with the standard (Hehre
et al., 1969) { values for carbon and hydrogen to obtain the conventional,
closed-shell SCF orbitals and wave functions for the molecule. For the 26
o electrons this provides 13 o orbitals which we use as a ‘‘core’’ in our
core—valence separation, and the four p, orbitals on the carbons then
become the valence set. As we pointed out above, this procedure is
exactly equivalent to one including all 30 electrons explicitly, but keeping
the 13 o orbitals doubly occupied in all configurations. With the separa-
tion, we have only a four-electron problem, and it is particularly simple in
this case since these p, orbitals are all already exactly orthogonal to the ¢
core in planar geometries.

We have done several sets of calculations. The simplest consists of a
full valence-bond CI consisting of the 20 possible structures consistent
with four electrons in four orbitals. For this minimal full calculation we
optimized the { value of the four p, orbitals (with respect to a minimum in
the ground state) and found a value 0.91 of the standard value. (This was
done without changing the { values for the carbon p orbitals in the o core.)

Previous calculations have shown (Buenker and Whitten, 1968; Hau ez
al., 1972) that diffuse orbitals are necessary to treat the butadiene n sys-
tem correctly. We have therefore performed two sets of calculations in
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Fig. 1. Energies for the 7-only calculation of the first two 1A, states and the first !B, state
of 1,3-butadiene. The variation of the energy with different numbers of basis functions is
shown.

which a double-{ set of p, orbitals were used. In the first set { = 0.85 times
the standard was used and in the second, { = 0.5 times the standard. In all
cases the more diffuse p, orbital was orthogonalized to the more concen-
trated one at the same center, so that we have essentially a 2p, and a 3p,
(with an extra radial mode) at each center. We have obtained the energies
and wave functions for the system in a basis consisting of the 20 minimal
configurations plus those with all possible occupations involving three 2p,
and one 3p, orbitals (M + 1), and in a basis consisting of all these config-
urations plus those with all possible occupations involving two 2p, and
two 3p, orbitals (M + 1 + 2). We performed this same series of calcula-
tions for both { values of the diffuse orbital and for both the experimental
geometry and a hypothetical distorted geometry with a double-bond
length in the center and single-bond lengths at the ends of the molecule.
The a-core SCF orbitals were determined for the distorted geometry so
that total energies were more reliable. Shih ef al. have compared these
geometries also. We show the results for our energy calculations in Fig. 1,
and the times for significant parts of the calculation in Table II.
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TABLE 11

TIMES FOR CALCULATING CORE—VALENCE SEPARATIONS AND VALENCE-BOND
MATRICES OF VARIOUS CASES FOR BUTADIENE®

Minimal basis Double-{ basis

(sec) (sec)

Core—valence separation 86 246
Valence-bond matrices (M) 1A, 12° 3
1B, 8 2

M+ 1) 1A, 52 33

1B, 48 31

M+ 2) A, 122 164

1B, 110 145

2 IBM 370/158.
5 This column contains the dimensions of the Hamiltonian and overlap matrices for

the basis and symmetry.

The most notable point about these results is the great preference for
the more diffuse 3p, orbital and the fact that the (M + 1) energies are
lowered very little by the addition of the double-substitution configura-
tions.

We also see that the ground state prefers the normal (N) geometry,
while the two excited states prefer the distorted (D). We note, however,
that the 2 A, state prefers (D) overwhelmingly while the !B, state shows a
relatively smaller effect. This behavior has been noted before, but we can
illuminate it in a different way if we examine the wave functions for these
states.

Let p,, p2, Ps, and p, denote the carbon p, orbitals in the system. We
symbolize by ¢, and ¢, the two tableau functions

P | Pz P | P
L = ) t, = (122)

Ps | Ps Pz | Ps

and by h, and h, the two HLSP functions

hy=PoP gyl B (123)
Ps—P3 P+ Ps
The transformation between these two sets of functions is given in Table

I1. The functions ¢, and ¢, constitute the principal configurations in the first
two 'A, states, and the relative amounts of each determine the nature of
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the spin couplings in the state. In the ground state the ratio of the coeffi-
cients ¢ty + ¢ty are ¢,/c, = —2.72. We note from Table II that if ¢,/c, =
—2 exactly, the ground A, state would contain the k#, HLSP function,
which corresponds to the standard chemical covalent structure of
butadiene:

The discrepancy is a measure of the amount the other covalent structure
contributes:

C

/CQC/

C

For the first-excited ' A, state the ratio ¢, /¢, = —0.153. This ratio does
not correspond closely to a single HLSP function but rather corresponds
approximately to the tableau function ¢, alone. The function ¢, represents
an excited triplet system at each end of the molecule, coupled together to
form the overall singlet. This type of structure was considered by Nas-
cimento and Goddard (1979), and following them, we draw this:

c2C~c=C

with wavy lines to indicate the triplet couplings. We now see that the
behavior of the energy of these two states as the molecule is distorted
follows very logically from the nature of the wave functions: The ground
state definitely wants a double bond at each end of the molecule, and the
first-excited ! A, wants the end bonds lengthened to relax the less desirable
triplet couplings. The two center carbons in the triplet—triplet function are
not singlet coupled in an exact sense, but attract each other to some
extent.

The situation with the !B, state is quire different. The covalent func-
tions ¢, and ¢, (or k, and h,) are of pure 'A, symmetry and do not contribute
at all in this case. Ionic states of the type

+ _ + _
g/c\cgc , E/‘C\C§C , C;C\g/c , Céc\g/c

are the principal configurations and linear combinations of these are best
described as antiresonance between the two chemical structures

C,/f‘c\c?C o C7C\C.{'C

where the dotted line indicates an excited singlet coupling. In molecular
orbital (MO) terms, the dotted line means a singlet bonding-antibonding
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electron pair associated with the two carbons. On the average we still
have approximately 1/2 a = bond at each end, but there is some tendency
for the structures

+
cC>c-C and O
- +

to enter, which contributes to shortening the central bond.

These descriptions of the first three states of butadiene have been
based upon the minimal calculation, but the weights of the 2p, configura-
tions are not changed significantly by the addition of the diffuse functions.
We thus come to the same qualitative conclusions concerning the nature
of these states when we analyze the more extended calculations.

This short description of our butadiene results adequately shows the
ability of the valence-bond method in handling 7r-only calculations at the
ab initio level. In addition, our ab initio core-valence separation, unlike a
m-only semiempirical method, allows us to test the effects on energy of
geometry distortions since the core energy is included completely. There
are many other interesting points in these results, but we leave their
description to a more detailed article on butadiene alone.

B. Methylene and Ethylene

Carbene chemistry has been the subject of intense interest by organic
chemists because of the many useful synthetic techniques it provides
(Moss and Jones, 1978). Many properties of methylene, the simplest of the
carbenes, have attracted theoretical interest, and a problem of enduring
interest concerns the details of the mechanism whereby singlet or triplet
CH, inserts into a bond.

We have used the valence-bond procedures described earlier to calcu-
late portions of the lower singlet and triplet energy surfaces of CH, +
C,H, to investigate the formation of cyclopropane or the triplet
trimethylene radical. This study uses an arrangement of the orbital basis
we called targeted correlation (Vance and Gallup, 1981), which allows us
to treat the C—H bonds in the methylenes more approximately than the
C—C bonds. With this orbital basis, cyclopropane effectively becomes a
triatomic system.

An SCF calculation of 3B, CH, yields three doubly occupied MOs, ac
nonbonding orbital, and a 7 orbital, each singly occupied. We may assem-
ble wave functions for three methylenes in which the three doubly oc-
cupied MOs of each are included in a nine-orbital ‘‘core’’ and the two
singly occupied MOs of each give the six-orbital ‘‘valence’ set. We may



264

G. A. Gallup et al.

QT j
L
o ?
]
! 38,
= '.
1}
= ! Ly
W K
» ¥ H
8 i
g £
w ' AN D
N7 S 'a
*s, | o< '
- 7 ed \\
II ~
<) o 3B,
IAI\ N
1 L " Al " " N 4 PR
T 100 80 60 4.0 6.0 8.0 10.0
8 (Degrees) R (Bohr)

Fig. 2. Several slices through the energy surfaces for the interaction of an ethylene
molecule with methylene. To the right of the solid vertical line the energies are presented as a
function of the distance between the ethylene and the methylene: (—) curves for the C,,
(isoceles triangle) arrangement; (———) curves showing the energies for the C, (right-angled)
arrangement. To the left of solid vertical line the energies are given as a function of the
central angle in an isoceles triangle, ring-opened arrangement. These are in a C,, configura-

tion also, and are represented by the (---) curve.

then distribute six electrons throughout the valence set to construct the
valence-bond CI, and we reproduce afull CI for the C—C bonds, while we
use what is effectively a single configuration for the C—H bonds.

We have made a number of calculations of this system using 3G-STO
orbitals in C,, and C, geometries, with the hydrogen atoms always held
symmetrically above and below the plane of symmetry. When using an
IBM 370/158 this arrangements requires 65 sec for the core-valence sep-
aration and 460 sec to generate the matrices for 159 configurations. These
times are typical for geometries in which the three methylenes are all
interacting strongly. When distances within the system are large (~ 1000
a.u.), the times can be reduced by factors of 2 or 3 because of the in-
creased sparcity of the basic orbital-overlap matrix.

Figure 2 shows the energy of the lowest triplet and lowest singlet states
of C,H, and CH, for three different sections through the surfaces. The first
of these corresponds to a C,, interaction of C,H, + CH,
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He_ _H
S
B H

which is plotted as a function of the distance between the carbon and the
center of the C=C double bond. The second section shows a similar
energy curve for a distorted case where the C=C—C angle is held to
be 90°.

Heo ﬁH
H

] C"iH
The energy is again plotted as a function of the ethylene-methylene dis-
tance. In both of these cases, the C=C distance has been relaxed to give
an energy minimum. The third section shows the opening of cyclopropane
to trimethylene in both the singlet and triplet cases as a function of an
internal C—C—C angle.

Our results predict that the insertion of singlet methylene into the
double bond of ethylene is an exoergic process with a small barrier of
~0.8 V. This calculation does not yield the singlet-triplet separation of
methylene correctly since the 3G-STOs we used have no diffuse orbitals.
If they were added, we would expect the asymptotic ' A,-*B, separation to
be considerably smaller. We also expect the diffuse orbitals to be less
important in molecular geometries, and their introduction should increase
the barrier somewhat. The barrier is still present in the C; geometries and
appears not to be an artifact of the restriction to C,, geometries. In C;, the
3B, state is repulsive at all distances, but the repulsion is decreased con-
siderably in the C; arrangements we show. For the C,, case the singlet and
triplet states cross at approximately 4 Bohr.

When we examine the opening of the cyclopropane ring we see that
there is no barrier in the singlet curve, but there is a very small barrier
when there is a change in multiplicity. These results predict that if triplet
trimethylene were formed in the course of a reaction, a rapid internal
conversion to the singlet manifold should be possible since any crossings
of various vibrational states should occur. In our calculations we have not
considered the rotation of CH, planes and do not know the effect on triplet
versus singlet energies.

We feel that this calculation shows the great flexibility which the
valence-bond method allows one to use in devising orbitals sets and wave
functions which are particularly designed to address specific chemical
questions. We leave other details of the C;Hg system to a future publi-
cation.
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Appendix. Transformation Matrices between Tableau
Functions and HLSP Function for a Few Cases!

N=4,5=0:CD?*forA=3;CDforA' =2

ab ac

A cd bd A? HLSP
e

a-b 4 -2 & 1 -1

- [

d-c g 1 -2

ab| -2 -2 x

(I

dc

N=4,5=1:CDforA=4,CDforA =3

ab ac ad
c b b
A d d c At HLSP
=~
a-b ¢ 6 -3 3 :5_‘ 1 -2 -1
o
* %d E -1 =2 1
a b-c -3 -3 0 1 2 3
!
* ok
ab c 0 33
[
* %

! Rather than repeat the tableaux and the Rumer diagrams of the A matrices for the
A~! matrices, we indicate the correct set for the row or column labels and assume that the
functions are in the order indicated for the A matrix.

2 CD, common denominator for each of the elements of each matrix.
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N=558=3/22CDforA=5,CDforA =4

a ac ad ae
c b b b
d d c c
A e e e d At HLSP
a-b ¢ d 8 -4 4 -4 ", 1 -3 -2 -1
(=N
* & %—e § -1 -2 2 1
»
ab-cd| -4 -4 0 0 12 3 -1
I -1 -2 -3 -4
* ¥ K—g
ab c-d 0 4 4 0
|1
* ¥ k—p
abcd 0 0 -4 -4
LT
* %k ok ¢
N=6,5=0.CDforA=2;CDforA'=3
(N = 5,8 = 1/2: For this case, eliminate the last letter of the N = 6 case)
ab ab ac ac ad
cd ce bd be be
A efdfefdfctf ATt HLSP
a-b c 4 -2 -2 1 -3 g 2 1 1 11
| 3
foe d g 0 -1 1 -1 1
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(Continued from p. 269)
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Adiabatic reactions, electron transfer, 205—
208
Allergy, metals, 2-3
Amino acid-metal complexes
binding energies, 11-15
bond polarity, 32-33
calculations, 9-11
charge distribution, 2231
effect of d orbitals on sulfur, 33-34
effect of d orbitals on transition metals,
34-36
electron affinities, 15-17
metal bridge effect on energy gap, 20-22
model system, 4-9
orbital energies, 17-20
summary and conclusions, 36-40
Amino acids, skin, 3
Anharmonic potentials, 191-192
Anharmonic system, radiationless transi-
tion theory, 177-179
Aromatic hydrocarbons, electronic relax-
ation, 185-191
Ascorbic acid, 6

B

BE, see Binding energy
Beryllium, in biology, 7-11, 36-39
binding energy, 12-15
bond polarity, 32-33
charge distribution, 23-31
electron affinities, 16
energy gap, 20-21
orbital energies, 17-18
Binding energy (BE), metals in biology, 7-
8, 11,37
Binding properties, metals in biology, 2-3
Biology, metals in, see Metals, in biology
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Bispyridyl, 6

Bond polarity, metals in biology, 32-33, 39

Butadiene, valence-bond calculations,
259-263

C

Carbene, valence-bond calculations, 263-
265
Carbonic anhydrase, 1, 34
Carboxy porphyrins, geometrical structure,
84-91
Casimir—Polder potential, in dispersion in-
teractions, 142-143
Catalase, 48, 52, 54
Catecholic structures, 6
Cement exzema, 3
Charge distribution, metals in biology, 22~
31, 38
Charge transfer processes, in polar liquids,
162-163, 203-219
Chelate, amino acid-metal reaction, 4-5, 8
Chemical tunnel reactions, 179182
Chiral molecule, 116—118, 148—151
circular dichroism, 151152
Chromium, in biology, 2, 7, 36, 39
allergy, 2-3
charge distribution, 23
d orbitals, 35-36
CI calculations, see configuration interac-
tion calculations
Circular dichroism, 116-118
laser-induced, 118-120
molecule-induced, 151-157
Circular differential Raman scattering,
127-130, 148
Classical s-matrix method (CSMM)
quantum effects in atom-molecule scat-
tering, 177
tunnel reactions, 179-184



274

Cobalt, in biology
allergy, 2-3
d orbitals, 34-36
Cobaltomyoglobin, 61
Cobalt porphyrins, 48, 52
electron-density distribution, 77-79
energy levels and ionization potentials,
73-74, 76-77
geometrical structure, 81, 85, 87-89
ground-state assignments, 57-58, 60-61,
64, 66-67
Condensed phase, relaxation processes in,
162
Configuration interaction (CI) calculations
metalloporphyrin studies, 45, 57, 64—65,
68
valence-bond calculations, 230, 249—
254, 256, 259, 264
Contact exzema, metal allergy, 3
Copper, in biology, 7, 9, 36-37, 39
binding energy, 12-15
charge distribution, 23-26
d orbitals, 34-36
frog hemoglobin, 1
orbital energies, 17-18
proteins, 6
toxicity, 2

Core orbital, in valence~bond calculations,

251-255
Coulomb gauge, 102
CSMM, see Classical s-matrix method
Cyclopropane, formation, 263-265

D

Dehydrogenase, 1
Deoxyheme, 48, 50-52, 68—69
geometrical structure, 82
Deoxyhemoglobin, 55-56, 82
Mossbauer spectra, 68
Deoxymyoglobin, Mossbauer spectra, 68
Deoxy porphyrins
geometrical structure, 80-84
ground-state assignments, 55-59
Dielectric absorption spectrum, 210-214
Differential Raman scattering, 127-130,
148
Dimer, in biology
binding energies, 12-15
electron affinities, 15-17
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energy gap, 20-21
orbital energies, 17-20
Dimethylglyoxime, 6
Dioxygen complexes of metalloporphyrins,
48-49, 51-52, 54-55, 59-67, 79-80,
82, 84-87, 89
Dispersion interaction
between molecules, 99, 135, 139-144
chiral discrimination, 149-150
near-zone limit, 143—-144
wave-zone limit, 142143
Dithioglyoxal, 11
Doppler-free spectroscopy, two-photon
absorption, 124
d orbitals
effect on sulfur ligand, 33-34, 39
effect on transition metals, 34-36, 39
Dynamic Stark shifts, intermolecular con-
tributions to, 145-148

E

EA, see Electron affinity
Electromagnetic field, 98-99, 137
coupling to molecules, 107-109
quantized, 104
Electromagnetic interactions, 135
Electromagnetic potential, in radiation—
molecule interactions, 101-102
Electron affinity (EA), metals in biology,
15-17, 37
Electron-density distributions, metallopor-
phyrins, 45, 77-78
Electronic energy relaxation, radiationless
processes, 161-162, 185-203
in large molecules, 185-191
Electronic transition, radiationless pro-
cesses, 162-163, 175-177
Electron transfer (ET), in polar liquids,
162, 203-219
adiabatic reactions, 205-208
dielectric absorption spectrum, 210-214
nonadiabatic reactions, 208-210
relative ion complexes and continuum
contributions, 214-219
Energy gap, 186187
metals in biology, 20-22, 37
Energy levels, metalloporphyrins, 71-75
Enzyme, metals, 1-2
Epinephrine, 6
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ET, see Electron transfer

Ethylene, valence-bond calculations, 263~
265

Etioporphyrin, 46

Excited state, resonance coupling of two
molecules, 135-136

Exciton, 136

Extra net population, metals in biology, 22

F

FC principle, see Franck—Condon prin-
ciple
Fermi golden rule, 111-113, 120, 122
Ferredoxin, 6
Five-coordinate porphyrins, 48, 50-52, 54
geometrical structure, 82-84
ground-state assignments, 55-68
population analysis, 79
quadrupole splitting, 69
Formamide, 7
Four-coordinate porphyrins, 48, 50-52, 54
geometrical structure, 81-84
ground-state assignments, 56-58, 68
population analysis, 79
Franck-Condon (FC) principle, for elec-
tronic transition, 162, 170, 172-173
anharmonic potentials, 191-192
electron transfer in porous media, 205,
209, 219
Free molecule-radiation interactions, see
Radiation—molecule interactions

G

Generalized Langevin equations (GLE),
vibrational energy relaxation, 198-201

Glucose tolerance factor, chromium, 2

Glyoxal, 10

Gross charge, metals in biology, 22

H

Hard metal, 3

Harmonic system, radiationless transition
theory, 162, 166—170

Heitler-London-Slater—Pauling (HL.SP)
functions, 231-232, 243, 255, 266-270

Heme, 45

Hemoglobin, 1; see also Deoxyhemoglo-
bin; Oxyhemoglobin

HLSP, see Heiter-London-Slater—Pauling
functions

Hyper-Raman scattering, 119, 130-134

Hyper-Rayleigh scattering, 119

I

Imidazole (Im), 59, 61, 70
Impurity molecule, vibrational relaxation,
162-163, 195-203
Instantaneous intermolecular interactions,
109
Intermediate metal, 3
Intermolecular interactions, 106, 109, 133—
157
chiral discrimination, 148—151
circular dichroism, 151-157
dispersion interaction, 139-144
dynamic Stark shifts, 145-148
functional groups in single molecule, 148
resonance coupling in dipole approxima-
tion, 135-139
Ionization potential
bioligands, 17
metalloporphyrins, 75-77
transition metals, 35
Iron, in biology, 39; see also Iron porphy-
rins
d orbitals, 35-36
hemoglobin, 1
toxicity, 2
Iron-dioxygen unit, in oxyheme models,
44, 51
Iron porphyrins, 46-54
energy levels, 71-74
geometrical structure, 81-85, 87-91
ground-state assignments, 55-68
ionization potentials, 76-77
population analysis, 79-80
quadrupole splitting, 68-71
Iron—sulfur proteins, 6
Isodensity map, 22

K

Koopmans’ theorem, 8, 12, 15-16
ionization potentials of metalloporphy-
rins, 75-77
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Lamb shift, 98, 106
Landau—-Zener transition probability, 168
Laser-induced circular dichroism, 118-120
Ligands, metals in biology, 4-5, 7-8, 37-
39
binding energies, 11-15
bond polarity, 32-33
charge distribution, 22-31
effect of d orbitals on sulfur, 33-34
electron affinities, 15-17
energy gap, 20-21
geometry, 10~11
orbital energies, 17-20
Lithivm, in biology, 7, 9, 36
Local bond anharmonicity, in radiationless
transition theory, 191-195
London potential, in dispersion interac-
tions, 143-144
Low-temperature reactions, radiationless
processes, 164
tunnel dynamics, 182-184

M

Magnesium, in biology, 7, 9, 36-38
binding energy, 12-15
charge distribution, 23-26, 29
d orbitals, 34
electron affinities, 16
energy gap, 20-21
Magnetic circular dichroism, 117
Manganese, in biology, 39; see also Man-
ganese porphyrins
d orbitals, 35-36
Manganese porphyrins, 47-49, 51-54
energy levels, 73-74
geometrical structure, 83-86, 88, 90
ground-state assignments, 57-58, 60-64,
6668
ionization potentials, 76—77
population analysis, 79-80
Maxwell field, 98
Maxwell-Lorentz equations, 100
Maxwell’s equations, 100-101
MCYVB, see Multiconfiguration valence
bond
Metal bridge effect, 20-22, 37
Metal-free porphin, 81
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Metalloporphyrins, ab initio calculations
of, 43-95
electron-density distributions, 77-78
energy levels, 71-75
geometrical structure, 80-91
ground-state assignments, 55-68
ionization potentials, 75-77
model systems, 45-48
population analysis and charge transfer,
78-80
quadrupole splitting, 68-71
self-consistent field calculations, 49-55
Metals, in biology, 1-41
binding energies, 11-15
bond polarity, 32-33
calculations, methods and details of, 9-
11
charge distribution, 22-31
effect of d orbitals on sulfur, 33-34
effect of d orbitals on transition metals,
34-36
electron affinities, 15-17
metal bridge effect on energy gap, 20-22
metalloporphyrins, 43-95
model system, 4-9
orbital energies, 17-20
summary and conclusions, 36-40
Methylene, valence—bond calculations,
263-265
Methylglyoxal, 6
Minimal electromagnetic interactions
(minimal coupling), 108-111
Molecule-radiation interactions, see Radi-
ation—molecule interactions
Molybdenum-sulfur proteins, 6
Morse potentials, 191-192, 198-200
Maossbauer spectroscopy, metalloporphy-
rins, 45, 53, 56, 68-70
Mulliken population analysis, 22, 25, 38
Multiconfiguration valence bond (MCVB),
230
Multiphonon process, vibrational energy
relaxation, 196—-197, 201
Mpyoglobin, see Deoxymyoglobin; Oxy-
myoglobin

N

Net charge, metals in biology, 22
Nickel, in biology, 9, 36-39
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allergy, 2-3
binding energy, 12-15
bond polarity, 32-33
charge distribution, 23-29
d orbitals, 34-36
electron affinities, 16
energy gap, 20-21
orbital energies, 17-20
Nitrogenase, 7
Nitrogen ligand, in biology, 5, 7, 10, 37-38
binding energies, 13
charge distribution, 22-24
electron affinities, 16-17
energy gap, 21
Nonadiabatic processes
in gas phase, 162
in inelastic collisions, 170
quantum mechanical theory of electron
transfer reactions, 208-210

o

Octaethylporphyrin (OEP), 46, 50, 56, 61—
62, 81
geometrical structure, 89
One-photon absorption, 113-115, 118, 122
Optical rotation, 148
laser-induced, 118
Orbital energy, metals in biology, 17-20,
37-38
Overtone spectroscopy, local-mode con-
cept, 192-195
Oxidation states, metals in biology, 3
Oxyerythrocruorin, 61
geometrical structure, 84
Oxygen ligand, in biology, 5, 8, 38
binding energies, 13-14
bond polarity, 32-33
charge distribution, 22-31
dioxygen complexes of metalloporphy-
rins, 48-49, 51-52, 54-55, 59-67,
79-80, 82, 84-87, 89
electron affinities, 16—-17
energy gap, 21
Oxyheme, 44, 48, 50-51
Oxyhemoglobin, 51
Oxymyoglobin, 51, 61
geometrical structure, 84, 89
Oxy porphyrins, 59-68
geometrical structure, 84-91

P

Pair-collision mechanisms, vibrational
energy relaxation, 197-198, 200
Peptides, 6, 9
Peroxotitaniumoctaethylporphyrin, 59
Perturbation theory, 98, 106, 115, 135
chiral discriminating dispersion interac-
tion, 150
dynamic Stark shift, 145-148
radiationless transition processes, 165
time-dependent, 112-113, 137
PES, see Potential energy surface
Photon absorption, 99, 109, 111
one-photon absorption, 113-115, 118, 122
two-photon absorption, 120-124
Photon emission, 99, 109, 111
Picket-fence porphyrin, 60-61, 66
‘geometrical structure, 82-84, 87, 89
Polarity, bond, see Bond polarity
Polar liquids, charge transfer processes in,
162-163, 203-219
Population analysis, metalloporphyrins,
78-80
Porphin ligand, 46-47, 50
Potential energy surface (PES), radiation-
less transition theory, 162, 165-166,
175, 177-179, 191
electronic relaxation in large molecules,
185-186
tunnel dynamics of low-temperature
reactions, 183-184

Q

QTST, see Quantum transition-state theory
Quantum electrodynamics, 98—99
atom-molecule interactions, 133
calculation of transition rate, 111-113,
116
dispersion interaction, 139-144
dynamic Stark shift, 146—148
hyper-Raman scattering, 130133
molecule-induced circular dichroism,
152-157
one-photon absorption, 113-115
Rayleigh scattering and Raman scatter-
ing, 125
resonance coupling, 137-139
spontaneous emission, 115
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Quantum transition-state theory (QTST),
chemical tunnel reactions, 179-182,
219-220

R

Radiation field, quantized, 100-113
electromagnetic potential, 101-102
free field, 102-105
Maxwell’s equations, 100101
uncertainty relations, 105-107
Radiationless processes, 161227
charge-transfer reactions in polar liquids,
203-219
electronic and vibrational energy relaxa-
tion, 185-203
physical principles and methods, 165—
184
Radiationless transition (RLT) theory,
162-165
dependence on temperature and transi-
tion energy, 175-177
electronic relaxation in large molecules,
185-191
electron transfer in polar media, 204,
209-214
in harmonic systems, 166—170
local bond anharmonicity, 191-195
original formulation of problem, 165-166
semiclassical approach for anharmonic
systems, 177-179
steepest descent method, 170-174
Radiation-molecule interactions, 97-160
free molecules and radiation, interac-
tions between, 113-133
circular dichroism, 116-118
circular differential Raman scattering,
127-130
hyper-Raman scattering, 130-133
laser-induced circular dichroism, 118-
120
one-photon absorption, 113-115
Raman scattering, 125-127
spontaneous emission, 115-116
two-photon absorption, 120124
molecules, interactions between, 133
157
chiral discrimination, 148-151
circular dichroism, 151-157
dispersion interaction, 139-144

Index

dynamic Stark shifts, 145-148
functional groups in single molecule,
148
resonance coupling in dipole approx-
imation, 135-139
quantized radiation field and coupling
with molecules, 100-113
calculation of transition rate, 111-113
coupling of electromagnetic field to
molecules, 107-109
electromagnetic potentials, 101-102
free field, 102-103
Maxwell’s equations, 100-101
minimal coupling and multipolar
Hamiltonians, 109-111
quantization of the free field, 103-105
uncertainty relations for the radiation
field, 105-107
Radiative decay, 115
Raman scattering, 119, 125-127, 134
circular differential scattering, 127-130,
148
hyper-Raman scattering, 130-134
Rayleigh scattering, 119, 130, 148
Real processes, in radiation-molecule in-
teractions, 99
Relaxation processes, radiationless transi-
tion theory, 162-163, 185-203
Resonance coupling in dipole approxima-
tion, 135-139
Resonance interaction, chiral discrimina-
tion, 149
Resonance Raman scattering, 126
Retarded intermolecular interactions, 109,
135-137
RLT theory, see Radiationless transition
theory
Rotational mechanism, of vibrational en-
ergy relaxation, 201-203, 220
Rubredoxin, 6

Saturated chelate, 8
Scandium, in biology, 7, 36, 39
d orbitals, 35-36
SCF calculations, see Self-consistent field
calculations
SCTA, see Stochastic classical trajectory
approach



Index 279

SDM, see Steepest descent method
Self-consistent field (SCF) calculations
metalloporphyrin studies, 45, 47, 49-55
ASCF method, 75-77
Skin, 3-4
Slater determinants, in valence-bond cal-
culations, 231, 233, 243
Soft metal, 3
Solids
electronic transitions in, 162
vibrational relaxation of impurity mole-
cules, 195-203
Spin eigenfunctions, in valence-bond cal-
culations, 232-237
Spontaneous emission, 98, 106, 115-116
Steepest descent method (SDM), in
radiationless transition theory, 170—
178, 187
Stochastic classical trajectory approach
(SCTA), vibrational energy relaxation,
198, 200
Sulfur ligand, in biology, 5-6, 8, 37-39
binding energies, 13-14
bond polarity, 32-33
charge distribution, 22-31
effect of d orbitals on, 33-34
electron affinities, 16-17
energy gap, 21
orbital energies, 17
Superradiance, 136
Symmetry, metals in biosystems, 5-6, 35,
38
charge distribution, 25-31

T

Tableau functions, in valence—bond cal-
culations, 231-232, 237-245, 249-251,
266-270

Tetraphenylporphinatoiron, 56-57

Tetraphenylporphyrin (TPP), 46, 50, 55~
57, 61, 68-69, 77-79

geometrical structure, 81, 83, 91

Tetrapivalamidophenylporphyrin (TpivPP),
55, 60-61

Time-Schrédinger equation, 111

Titanium, in biology, 7, 36, 39; see also
Titanium porphyrins

d orbitals, 35-36

Titanium porphyrins, 48-52
geometrical structure, 85-90
ground-state assignments, 61-62, 64, 66—
67
Toxic metals, 2
TpivPP, see Tetrapivalamidophenylpor-
phyrin
TPP, see Tetraphenylporphyrin
Transition metals, in biology, 1-2, 7, 9,
38-39
charge distribution, 23-25
porphyrins, 46-48; see also specific
transition metal porphyrins
effect of d orbitals on, 34-36
Transition-state theory (TST), 164, 168,
179
electron transfer in polar media, 206
TTM, see Tunnel trajectory method
Tunnel effect, radiationless processes,
162-164, 169-170, 179, 191
low-temperature reactions, 182—-184
nondiabatic electron transfer reactions,
208-210
Tunnel trajectory method (TTM), 179
quantum transition-state theory, 219-220
vibrational energy relaxation, 198-201
Two-photon absorption
from different beams, 123-124
from single beam, 120-123

U

Ultratrace element, 2
Unsaturated chelate, 8

v

Valence-bond calculations, 229-272
applications, 259-265
bases, arrangement of, 249-256
eigenvalues and eigenvectors, 256-258
matrix elements, evaluation of, 232-249
Valence orbital, in valence-bond calcula-
tions, 251-255
van der Walls molecule, vibrational predis-
sociation, 199
VER, see Vibrational energy relaxation
Vibrational circular dichroism, 117
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Vibrational energy relaxation (VER), in X
radiationless processes, 161-162, 185-
203 Xanthine oxidase, 6-7

impurity molecules in solids, 195-203 X-ray diffraction, electron-density distribu-

multiphonon and pair-collision mecha-
nisms, 196198

rotational mechanism, 201-203

tunnel-trajectory method, 198-201
Vibrational predissociation (VP), 199
Vibrational Raman scattering, 126
Virtual processes, in radiation-molecule

interaction, 99, 109

VP, see Vibrational predissociation

w

Wave, phase, 106-107

tion in metalloporphyrins, 77

z

Zinc, in biology, 1, 7-9, 36-37, 39
binding energy, 12-15
charge distribution, 23-26
d orbitals, 34-36
effect of d orbitals on sulfur, 34
electron affinities, 16
energy gap, 20-21
orbital energies, 17-18



