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ference between 1 and 2 is of course due to the fact that singlet
2 succeeds in stabilizing itself in a manner not available to the
tropyl radical, i.e., by valence tautomerism to cycloheptate-
traene (9).

A preliminary search of the triplet potential surface showed
that the conversion of 1 to 2 does not take place via triplet 10.
The transition state was not located precisely but its heat of
formation was found to be close to, and not less than, 120
kcal/mol, corresponding to an activation energy of 18.5
kcal/mol and a reverse (2 — 1) activation energy of 26.5
kcal/mol. Such reactions would again take place very rapidly
at 600 °C.

As noted above, 2, when generated directly from the sodium
salt of tropone tosylhydrazone (5), apparently fails3¢ to give
the ring-contracted isomers 3 and 4 under conditions where
these are formed?¢ by similar pyrolysis of the sodium salt of
benzaldehyde tosylhydrazone (12). Crow and Paddon-Row3¢

CH==NNNaS0,C.H: HC»
o
12 13

suggested that this difference might be due to the reactions
taking place on surfaces of different multiplicity. If, as has been
suggested,3® the conversion of 1 to 4 and 5 occurs via the
biradical intermediate 13, it is easily seen that this process
could be very much easier on the singlet manifold because the
difference in energy between the singlet and triplet forms of
14 must be quite small whereas that between singlet and triplet
1 is very large (33 kcal/mol according to MINDO/3). This
explanation, however, depends on the assumption that while
pyrolysis of 12 gives singlet 1, pyrolysis of 5 gives triplet 2. One
would also have to assume that intersystem crossing between

the singlet and triplet surfaces is slow on the time scale of a
flash vacuum pyrolysis. These postulates seem rather difficult
to justify.

Further work is clearly needed to clarify the reactions taking
place in this very interesting system and such studies are in
progress.
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Abstract: Spin-restricted and -unrestricted Xea calculations on copper porphine are performed and the resuits are compared
with other calculations (EH, PPP) and the available experimental information; the latter include the redox properties, elec-
tronic spectra of the neutral species, the anion, and the cation, and high-resolution crystal ESR data. The relation of X« eigen-
values to Hartree-Fock orbital energies is discussed. The ground state is formally Cu?* (d?), but formation of a d!® complex
by reduction or charge-transfer excitation is predicted to occur at low energy. Some experimental evidence supports this pre-
diction, although it is in disagreement with other calculations. Comparison of the charge distributions obtained by different
calculations shows general agreement though there are some important differences. The effect of spin polarization on the orbit-
al energies and coefficients is found to be small but not negligible. Perturbation theory is used to investigate the ESR spectrum.
The calculated g values and hyperfine tensors are found to be in good agreement with experiment; an exception is the Fermi
contact coupling, whose caiculated value is too small by 35%. The ligand field description of ESR data is analyzed and it is
shown that for copper porphyrin the conventional treatment yields qualitatively correct results but has quantitative deficien-
cies; the latter include neglect of charge-transfer excited states and the assumption of a single radial function for all copper 3d
orbitals.

(I} Introduction

Metalloporphyrins have been prepared with most of the
atoms of the first transition series.22 They have been intensively
studied, both for their intrinsic interest and because of their

biological importance. For the copper porphyrins, which cor-
respond to a (Cu?t, d°) configuration, detailed high-resolution
electron-spin resonance spectra are available.2b Additional data
are provided by studies of the optical? and photoelectron
spectra.® The interpretation of these results is simplified by the
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fact that copper forms square-planar complexes, so that copper
porphine (CuP) and the various porphyrins can to a good ap-
proximation be treated as systems with the full symmetry of
the D4, point group. The copper porphyrins, thus, are a set of
compounds ideally suited for theoretical investigation. It is the
object of the present paper to apply the Xa multiple scattering
approximation’~7 to copper porphine. The purpose of the study
is threefold; first, to test the adequacy of the Xa method for
large planar systems of this type; second, to obtain a more
detailed interpretation of the available data; and third, to
provide an essentially ab initio treatment on which simpler
semiempirical models for such organometallic systems can be
based.

At present, our knowledge of the quantitative molecular
orbital structure of organometallic compounds is limited. Al-
though a few ab initio studies exist, most of the work has been
done with semiempirical models. The principal difficulty with
the models has been to obtain parameters that are valid si-
multaneously for both first- and third-row atoms, especially
since the latter may occur with a variety of formal charges. It
is our hope that the Xa method, which was developed from the
beginning with transition metals in mind, can help to clarify
the situation. Of particular importance for the hyperfine in-
teractions is the possibility of including spin polarization in a
straightforward manner.

Section 11 outlines the method of calculation and contrasts
certain of its attributes with the semiempirical approaches
(extended Hiickel, extended PPP) that have been used to study
metalloporphyrins. In section III we examine the redox prop-
erties of the copper complexes with the goal of describing the
nature of the orbitals involved. The Xa method seems partic-
ularly well-suited for this type of problem because of its inde-
pendence of basis set limitations and the availability of
“transition state” procedures to partially account for electronic
relaxation effects. The relevant experiments include not only
spectroscopic studies of the cation and anion, but also of the
excited states of the neutral species resulting from charge
transfer between the metal and the ligand. We shall see that
in several instances the results of the present calculation are
in better agreement with experiment than previous work.

The most detailed experimental comparisons involve the
interpretation of ESR parameters, considered in section 1V,
The essentially ab initio X« results are in excellent agreement
with experiment. The use of a spin-unrestricted (UHF) for-
malism generally supports the standard molecular orbital
scheme, although quantitative comparisons show significant
deviations and suggest that caution is necessary in its appli-
cation, particularly to systems with several unpaired elec-
trons.

In spite of numerous applications of the Xa multiple scat-
tering model to inorganic complexes,®7 the only reported ap-
plications to organometallic compounds have been to ferro-
cene® and Zeise’s anion,® where a detailed test of the results
is limited by the lack of data. The present study demonstrates
that the characteristic interactions between metal d orbitals
and ligand 7 orbitals can be represented successfully by an Xa
calculation. Analogous applications to related systems, such
as the iron porphyrins of biological importance, will be pre-
sented in subsequent publications.

(II) Method

In this section we briefly summarize the Xa method with
emphasis on the points that are important for the present cal-
culation. The difference in physical significance between
certain of the Xa parameters and those of ordinary molecular
orbital procedures is indicated.

(A) The X Multiple Scattering Method. The X« scattered
wave method has been the subject of a number of recent re-
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views.>~7 The molecular spin-orbitals obtained in an X« cal-
culation are solutions of the one-electron differential equation
(in atomic units) written for a spin (+5) electron (})

[=hV12+ V(1) + Vxar(DIuit (1) = e(Xa)itu (1) (1)

where V. is the classic Coulomb potential (nuclear attraction
plus electron repulsion) and Vx,+ is the local statistical ex-
change interaction between the electron in spin-orbital u;+ and
the other electrons; it approximates the nonlocal exchange term
of the Hartree-Fock equation. The dependence of ¥'x,t on the
charge density of spin-up electrons is

3 1/3
Vxat = =3a <—p¢> (2)
4

with o an adjustable parameter taken from atomic calculations
(see below). A spin-restricted calculation makes the assump-
tion that the spin-up and spin-down densities are the same.
Since both the Coulomb and statistical exchange potentials
depend upon the charge density, the set of eq 1 must be solved
iteratively to self-consistency as in a conventional Hartree-
Fock calculation.

In the muffin-tin approach, eq 1 are solved approximately
by replacing the potentials with their spherical averages inside
spheres surrounding each nucleus. The radial Schroedinger
equation is numerically integrated inside each sphere and the
solutions matched at the boundaries to solutions in the inter-
sphere region, where a constant potential is assumed. The
boundary conditions at infinity are met by surrounding the
entire molecule with an “outer sphere” and its spherically
averaged potential, integrating inward from large distances,
and again matching wave functions at the boundary. The
matching conditions are expressed as an energy-dependent
secular determinant, whose form has been given in detail by
Johnson.® The resulting solution can be viewed as a special case
of multipole analysis in a cellular method, as described by
Williams. !0

Once the molecular orbitals u;t,u;; have been determined,
expectation values of one-electron operators can be obtained
by a method developed recently.'! In this approach, the in-
tersphere charge is apportioned among the atoms and repre-
sented by extending the radial wave functions a’short distance
beyond the atomic spheres. The overlaps of these orbitals are
ignored, so that the calculation corresponds to that of the zero
differential overlap approximation, with the exception that the
*“atomic orbitals” do not extend to infinity but only part-way
to the nearest neighbor. This renormalization means that some
care has to be used in comparing parameters, such as (r=¥) 34,
which appears in the semiempirical evaluation of the hyperfine
tensor. Due to renormalization, they will usually have a larger
value in the scattered-wave model than in calculations
employing a basis set of atomic orbitals, though the situation
is more complicated if neighboring atom contributions are
included; this point is considered in section 1V with reference
to the interpretation of ESR data.

The one-electron eigenvalues of eq 1 differ from their
Hartree-Fock counterparts by not obeying Koopman's theo-
rem. They are derivatives of the total energy with respect to
occupation number,’ that is,

e(Xa)i = a(EXu)/ani (3)

If the total energy is approximated by a quadratic function of
the orbital occupation number, the ionization potential of
electron { may be calculated as the one-electron eigenvalue in
a “transition state’” model with half an electron in the orbital.
We have

I = (Excln; = 0)) = (Exoaln; = 1)) = —e(Xa)i(n; = )
4)
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Figure 1. Geometry of copper porphine. Bond lengths in 4ngstroms and
bond angles in degrees are shown for the assumed geometry (upper half
of figure) and for crystals of «,8,7,5-tetraphenylporphinecopper(l1) (lower
half). The experimental results are from ref 16; values given are averages
of lengths and angles that are equivalent in D4;, symmetry.

Since such a calculation includes to some extent the relaxation
of the core upon loss of the electron, the method has proved
quite successful in the interpretation of the photoelectron
spectra of a wide range of compounds.®-7 Electronic excitations
can be treated in a similar manner by using a transition state
with one-half electron in each of the spin orbitals involved in
the transition. In this way, the state energy can be approxi-
mated by the one-electron eigenvalue difference.’ The resulting
value for the excitation energy accounts for two contributions
not included in the Hartree-Fock orbital energy difference.
The first of these is due to the change in Coulomb and ex-
change interactions on excitation. If these are obtained from
the occupied and virtual orbitals of the ground state, they
correspond to the second derivatives of the total Xa energy
with respect to occupation number, calculated without allowing
the orbitals to change.5!2 The second effect is due to orbital
relaxation, which generally reduces the unrelaxed corrections.’
Both of these contributions are automatically included in the
transition state procedure.

The above considerations must be kept in mind when com-
paring X« eigenvalues with orbital energies from other one-
electron theories. In particular, the Xa eigenvalues for the
neutral molecule are always smaller in absolute magnitude
than the corresponding ionization potentials. By contrast, the
Hartree-Fock orbital energies are larger in magnitude than
the ionization potentials, with the most important corrections
to Koopman’s theorem leading to smaller values.'? Hence we
expect the Xa and Hartree-Fock one-electron eigenvalues to
bracket the experimental ionization potentials with the Xa
values less negative than their Hartree-Fock counterparts. In
spite of these differences, the two sets of level orderings and
relative spacings can be quite similar. An analogous relation
holds for the virtual orbital eigenvalues and molecular electron
affinities. Again we expect the Xa and Hartree-Fock results
to bracket the experimental number, with the X« value this
time more negative and the Hartree-Fock value more positive
than the corresponding electron affinity.

For delocalized = orbitals, the corrections estimated from
the difference between e(Xa);(n; = 1) and e(Xa);(n; = 1) are
usually less than 0.1 eV. Thus, ionization potentials and
transition energies can be estimated from the ground-state
orbital diagram alone. For processes involving localized copper
orbitals, however, it is essential to include the relaxation effects
(see section IIIB).

Table I. Coordinates of the Unique Atoms?

Atom X y
Cu 0.0 0.0
N 0.0 3.741
Cu 2.077 5.331
Cs 1.276 7.941
Cn 4.601 4,601
Hy 2.492 9.581
Hn 6.045 6.045

“ All atoms are in the xy plane; values are in au.

(B) Details of the Calculation. The results presented below
were obtained with programs prepared by Johnson and Smith
and kindly made available to us by Professor Johnson; for the
one-electron property calculation an additional program de-
scribed recently'! was employed. Each iteration of the spin-
restricted calculation required about 2 min of CPU time on an
IBM 370/168. About 25 iterations were needed to converge
the potential to a relative accuracy of 5 X 1073 and the one-
electron eigenvalues to an accuracy of 0.01 eV. Subsequent
calculations for spin-unrestricted wave functions or for tran-
sition states generally converged more rapidly (in 5-10 itera-
tions).

The geometry used has D4, symmetry, corresponding to the
unsubstituted copper porphine. The explicit effect of substit-
uents was not included but is expected to be relatively small
for most of the properties considered. The geometry closely
mimics the crystal structure of bis(piperidine)-tetraphenyl-
porphinatoiron(1I), whose crystals exhibit only very small
deviations from planarity in the porphine core.'* The metal-
nitrogen distance in this compound is 2.01 A, typical of iron
complexes.'S To obtain a metal-nitrogen distance of 1.98 A,
equal to that found in copper tetraphenylporphine,'® the four
pyrrole groups were rigidly displaced toward the center of the
system by 0.03 A, Coordinates of the unique atoms are given
in Table I, and Figure 1 compares the bond lengths and angles
used with the average values found in crystals of copper te-
traphenylporphine.

Values of a, the parameter in eq 2, were taken from atomic
calculations:!”'# Cu=0.706 97, C = 0.753 31,N = 0.751 97,
and H = 0.777 25. The « value for the inter-sphere and out-
ersphere regions was set equal to that of carbon, which repre-
sents an intermediate value for the atoms of the molecule.

The partial wave expansions were truncated at / = 4 for the
outer sphere, / = 2 for the copper sphere, / = 1 for those of
carbon and nitrogen, and / = O for that of hydrogen. Hence the
angular flexibility corresponds to a minimum basis set, though
the radial flexibility, due to the numerical integration proce-
dure used, is considerably greater. The radii of the regions
around each nucleus were chosen so that the spheres overlap.
This modification to the muffin-tin method was first intro-
duced to provide a better description of organic molecules such
as ethylene and benzene.!? The nature of the approximations
involved has been discussed by Herman, Williams, and John-
son,20 and a number of studies of the effect of changing sphere
radii have appeared.2'~23 Of particular interest is the work of
Herman and co-workers on the TCNQ molecule,2%-2! which
like porphine is a large planar =-bonded organic molecule.
Herman et al. tried a number of different sets of sphere radii
and found one (model 1V) that gave the best agreement with
experiment. Since the porphine ring system is nearly twice as
large as TCNQ, it is expensive to go through a corresponding
study of the variation of sphere radii. The radii used in the
present calculation were chasen as follows: the values for
carbon and nitrogen (both 1.60a¢) and for hydrogen (0.95a0)
were taken from calculations on the single-ring heterocycles
pyridine and pyrrole, which will be discussed elsewhere.24 The
model 1V values of Herman et al.2% for TCNQ were C =
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1.63ag (average), N = 1.50ag, and H = 1.01aq. The two sets
of radii are thus very similar; the main difference is in the ni-
trogen, which in TCNQ is in a triple bonded cyano group and
so would be expected to have a smaller orbital radius than the
aromatic porphyrin nitrogens. Our value for the carbon sphere
radius is also in good agreement with values used in previous
studies on benzene,'® formaldehyde,2? and Fe(SCH3)4~.25 Our
hydrogen radius is 0.1 to 0.3ap smaller than those chosen in the
earlier work, but we do not expect this to strongly affect the
7 bonds of most importance to this study; test calculations on
smaller compounds have confirmed this conclusion.?* The
copper radius (2.62aq) was that used for iron in previous cal-
culations on ferrocene® and by the authors in concurrent studies
of iron porphine. It is close to the value of 2.50a chosen for iron
by Norman?? for the iron-sulfur center in rubredoxin. It would
be useful to have a comparison of results obtained with a dif-
ferent radius for the copper since certain aspects of the cal-
culation may be sensitive to its value. However, the expense
of the porphyrin calculations suggests that such studies should
be made on simpler model systems. The outer-sphere radius
was 10.6ap, which overlaps slightly with the spheres of the
outermost hydrogens. The resulting virial ratio, =¥/T, was
1.98 to 1.99 for these calculations; this has been used as a cri-
terion for choosing radii by some authors?® and the present
value indicates that reasonable values have been selected.

Although no completely satisfactory nonempirical method
for the selection of sphere radii exists,?® the present choice
appears to be satisfactory and serves to make our results
comparable to other studies. It is unlikely that the results could
be significantly altered by variations of the sphere radii within
a reasonable range.

(IIT) Results and Discussion

In this section we consider first the copper porphine energy
levels and the resulting spectroscopic and redox properties. We
then present the details of the wave function and use it and the
energy levels for an interpretation of the ESR spectrum. Both
a standard treatment of the ESR parameters based on a single
orbital perturbation scheme and a more general unrestricted
wave function analysis are described.

(A) One-Electron Eigenvalues. Copper porphine is a neutral
189-electron system that formally consists of one Cu2* ion (27
electrons) and one porphine ion (P27) (20 C, 4 N, 12 H with
162 electrons). In the X ground state there are 94 doubly
occupied orbitals and one singly occupied orbital (7b,g). Table
I1 lists the outer valence shell orbitals in the spin-restricted and
-unrestricted calculations, including the unoccupied orbitals
that play a role in various of the properties discussed subse-
quently. In addition, a footnote to the table gives the energies
of all the deeper valence shell and inner shell orbitals in the
restricted calculation. The character of the important valence
orbitals (i.e., the major contributions) is also indicated in the
table.

Figure 2 compares the highest occupied and lowest unoc-
cupied levels with the results of two previous calculations, one
that used the iterative extended Hiickel method,?¢ and the
other an extended Pariser-Parr-Pople or “peel electron”
scheme.?” The ordering of levels in the three calculations is very
similar, both for the mainly metal and mainly porphine or-
bitals. The major differences occur for the relative positions
of metal and ligand orbitals. Most important is the relation of
the singly occupied (7bg) orbital, which is primarily copper
3dy2_y2, to the top filled 1a1,,3a,, pair of porphyrin = orbitals.
In the extended Hiickel calculation, the copper orbital is 1.5
eV above the ligand level; the PPP result has an even larger
difference, the copper orbital being 4.0 eV higher; while the
X calculation shows the 7b) g orbital to be 1.35 ¢V below the
porphyrin 7 pair (1a;y,3a;,). Although the X« eigenvalues are
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Figure 2. Orbital energies; extended Hiickel results are from ref 26, ex-
tended Pariser-Parr-Pople results from ref 27.

not strictly comparable to Hartree-Fock energies (see section
II), such large deviations, particularly with respect to the PPP
calculations, are expected to lead to qualitatively different
descriptions of the electronic structure. We discuss below ex-
perimental evidence favoring the Xa results.

It is worth noting that the relative stability of metal and li-
gand orbitals is a point on which semiempirical methods are
especially dependent upon the parameterization. Zerner,
Gouterman, and Kobayashi?® give an example of a second
“reasonable” set of ionization potentials for the extended
Hiickel theory in which the metal levels are shifted by nearly
1 eV from their standard positions. As to the X« results, there
may also be some sensitivity to changes in the relative sphere
radii and the resulting amount of overlap.

The lower Xa virtual orbital energies in Table Il are seen
to be negative, in contrast to the usual behavior for Hartree-
Fock energies of neutral systems. This difference reflects the
fact that the effective one-electron potential is the same for all
orbitals in the present calculation, while in the Hartree-Fock
scheme the virtual orbitals see a neutral core representing all
of the other electrons.

The spin-unrestricted results shown in Table 11 and Figure
2 are representative of a general pattern in organometallic
compounds. The highly delocalized ligand = orbitals (e.g., 1a;,,
3asy, 3eg) see little exchange effect and the splitting between
spin-up and spin-down orbitals is very small. By contrast, the
molecular orbitals that are mainly 3d and localized on the
copper (e.g., 7b;g, 6b2g, 2¢;) have a sizable splitting. Even for
the spin '/ system, the separations can be on the order of 0.5
eV. In addition to altering the positions of expected electronic
transitions, shifts of this magnitude also change the amount
of ligand mixing in the molecular orbitals. For metals such as
iron, which can have up to five unpaired electrons, such ex-
change effects may have to be included (as they are in an un-
restricted calculation) to arrive at even a qualitative under-
standing of the electronic structure.

Table III lists the most important orbital populations ob-
tained from the X« calculation and the previously published
extended Hiickel and PPP calculations. The general features
of the populations are similar, though there are significant
differences; e.g., the nitrogen  orbitals have a larger popula-
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Table I1. One-Electron Eigenfunctions and Eigenvalues?

Table III. Electronic Populations

Orbital  Energy, eV? Description® Atomic orbital Xa? PPP? EHT¢
-3.23 Porphin =
3by* —-3.20 =3.15 0.071 N +0.076 C, + 0.013 Cp N 1.511 1.470 1.378
-4.13 Cq 0.988 0.977 1.058
2by* —4.13-4.13 0.013C, +0.067 Cs+0.090 Cp, Cs 0.989 1.022 1.006
=5.57 Cm 0.973 1.017 0.958
Sey* —-5.55-5.54 0?%?{,;- g:42 C,+0.031 Cg Total 25.75 25.94 25.86
-7.56 Copper:
layy -7.56 =17.55 0.099 C, + 0.026 C; 3d.: 2.006 1.955 2.04
=7.67 3d,, 1.997 2.000 2.04
3aay —-7.65=7.62 0.027 Cu(p;) + 0.050 N + 0.018 Cy 3dy2 2 1.696 1.288 1.6814
+0.141 C, 3ds.. dy: 2.027 1.962 1.992
—8.93 4s 0.713 0.548 0.488
dc, —8.88 —8.81 0.041 Cu(dw) + 0.091 N + 0.069 4p,.p, 0.438 0.174 0.205
592 Cs 4p- 0.140 0.135 0.157
2bs,  —8.89-885  0.085N +0.081 Cy Total 11.48 10.20 1072
-9.18 Net Cu —0.482 +0.801 +0.281
Tbyy —8.95-8.69  0.617 Cu(dy2_2) +0.018 N (25) ) ) )
+.057 N(2p,) ¢ This work, unrestncteq calculation. # From ref 27. ¢ From‘ ref
—9.18 26. 4 Calculated from data in ref 23 assuming the d-2and d, orbitals
2u1, -9.15=9.11  0.031 Cu(p,) +0.074 N +0.083C; 0 be completely filled.
-9.40
3¢y —-9.40 -9.39 0.056 C, +0.026 C4 + 0.077 Cp,
™ ~10.46 :11832 0.065 C,, + 0.108 C., and somewhat closer to neutral Cu. The calculated self-con-
¢ ~12.06 ' « sistent _potential shows correspongiing behavior; in the inner
8u1, —11.64 —=11.37  0.098 Cu(ds) + 0.851 Cu(d,2) regionitis 1-2 eV below the atomic value and this difference
-12.09 increases in the overlap region due to the effect of the partially
2e, -11.78 =11.56  0.703 Cu (d7) + 0.017 C,+ 0.11 shielded nitrogen cores. These results indicate that the net
Cs+ 0011 Cy charge, per se, is not too meaningful a quantity. In part this is
-12.26 due to the somewhat arbitrary procedure used in its evaluation.
6byy  —11.80 ‘:;Sg 0.935 Cu(dyy) Additional information on the validity of the X« charge dis-

by, =12.01 =11.97  0.098 N + 0.047 C, + 0.030Cy

¢ Lower lying orbital energies (eV) for the spin-restricted calcu-
lalion: core orbitals, Cu(ls), -(2s), -(3s) = —8747.3, —1047.22,
—117.55; Cu(2p), -(3p) = —920.63, —78.06; N(l1s) = —384.30;
C.(ls) = =274,73; Cy4(1s) = =273.13, C(1s) = —273.68; valence
orbitals, a;, = —28.95, —24.56, —23.73, —18.13, —15.39, —15.51,
—14.45;, b1y = —28.54, —24.38, —20.18, —17.25, —15.02, —14.09; a3,
= —=22.75,-18.19, —16.41, —13.54; byg = —25.35, —19.14, —18.95,
—14.57,=13.71;eg = —12.93; a5, = —12.98; ¢, = —28.73, —24.80,
—24.32, -21.50, —18.69, —17.82, —17.02, =15.17, —14.72, —13.65,
—12.92. » The restricted value is given at the left, with the unrestricted
values to the right, spin-up levels listed above spin-down levels. ¢ Po-
pulations in the restricted theory for various atoms (Figure 1); orbitals
shown are = orbitals, except for 7bg, 8a1g, and 6ba,; populations for
¢, orbitals are averages of the degenerate pair.

tion in the Xa than in both the PPP and the EHT results and
the ordering of the carbon charges varies among the three
calculations. On the copper, the largest difference is between
the PPP and the X or EHT results, with the 3dx2_,2» much less
populated in the former than in the latter; this is probably a
consequence of the limited g-orbital basis in the extended PPP
formalism. The Xa calculation also gives more weight to the
4s, 4p., and 4p, orbitals than do the other two. The resulting
net copper charge is —0.5 in the X« calculation, significantly
different from the slightly positive values expected and found
in the PPP (+0.8) and EHT calculations (+0.3). Which result
is correct is not clear since there is no direct criterion for de-
termining atomic charges. One type of correlation that has
been used is that between the inner-shell energy levels and the
net charge.?® Table 1V compares the calculated Xa values
obtained for the copper porphine in both the restricted and
unrestricted calculations with those obtained for an isolated
Cut ion (3d°4s) and a neutral Cu atom (3d%4s2). As can be
seen, the Cu porphine results are intermediate between the two

tribution is given in section 11IC.

The Xa wave functions obtained here are the self-consistent
solutions in a field corresponding to a closed-shell porphine and
a d° copper ion, This is in agreement with the ESR and the
spectral properties of the compound, as we see in sections 111B
and 111C, We must now show that this choice of orbital occu-
pations yields the ground state of the system. This is not im-
mediately obvious since the only half-filled orbital (7b,g) has
a lower energy than the doubly filled 1a,, and 3a,, level (see
Table I1). No such question arises in the PPP or EHT calcu-
lation, in which the by, level is above a;, and az,.. The present
situation is analogous to that in atomic copper, where the
configuration (3d)?(4s)? has the partially empty 3d| level
below both the 4st, 4s| levels. In both the atomic and molecular
cases the ground state may be determined by performing a
transition state calculation; for the molecule, the transfer of
'h electron from the a;, orbital to the b, orbital provides an
estimate of the energy difference between the chosen
ground-state configuration and that corresponding to a
closed-shell (d'9) copper atom and a porphyrin 7-cation rad-
ical. The results of such a calculation are given in Table V. It
can be seen by comparing the 1a;, and 7b,, spin-down energies
that the d'0 state is predicted to be approximately 0.2 eV above
the d? state. Corresponding behavior has been observed in
ordinary Hartree-Fock calculations of transition metal com-
plexes; a detailed discussion is given by Demuynck and Veillard
with reference to CuCl42—.30

The copper-nitrogen distance plays an important role in the
state ordering. A separate calculation with a Cu-N distance
of 2.01 A results in the two states (Cu?*, P2= and Cu*, P7)
having nearly equal energy. This strong dependence on ge-
ometry is largely due to the repulsive effect of the occupied
nitrogen orbitals on the energy of the Cu 3d,2_,2 orbital. Hence
the ground state of copper porphine is predicted to change from
By, to Ay, near a Cu-N distance of 2.01 A. Similar state
crossings have been seen in our calculations on iron porphyrins,
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Table 1V, Self-Consistent Potentials? and One-Electron Energies
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CuP(unres)
rb Cut Cu® CuP(res) i "
0.055 —432.18 —431.83 —431.90 —431.90 —431.90
0.138 —132.83 —132.49 —-132.55 —132.55 —132.55
0.305 —-40.11 -39.77 —39.83 —39.85 —-39.82
0.640 -9.86 =9.51 =9.58 -9.61 -9.57
0.870 =5.00 —4.65 —-4.73 —-4.75 —-4.72
1.308 =2.09 -1.73 —1.85 —1.86 —1.85
1.769 -1.18 -0.84 —1.01 -1.01 —-1.01
2.645 -0.62 -0.33 —0.68 -0.69 -0.68
e(1s) —8754.1 —8745.9 —8747.3 —8747.3 —8747.3
€(2s) —1054.7 —1045.5 —1047.2 —1047.3 —1047.0
€e(3s) —124.8 —-115.4 -117.5 —-118.0 -117.1
€(2p) -928.2 -918.9 -920.6 -920.8 -920.4
¢(3p) -85.2 -75.9 -78.0 -78.5 -77.6

¢ Potentials in au; one-electron energies in eV, ¢ Distance from copper nucleus in au.

where spin and stereochemical changes are known to be closely
linked.

(B) Oxidation-Reduction and Electronic Spectrum. It is clear
from Figure 2 that the metal d orbitals are lower in energy
relative to the ligand = orbitals in the X calculation than they
are in extended Hickel or PPP theory. This difference leads
to the expectation of more facile reduction to Cu* and of
lower-lying ligand-to-metal charge-transfer transitions in the
Xa description of the copper porphyrins. The details of these
predictions and other aspects of the electronic spectrum are
discussed and compared with experiment in what follows.

Oxidation-Reduction. The interpretation of ionization po-
tentials and photoelectron spectra has been one of the most
common uses of X« calculations. For most of the systems
studied, satisfactory results have been obtained for the relative
ordering and spacing of the ionized states. As with ab initio
calculations, the absolute energy values are found to be less
accurate than the relative energies. Indeed, the work of Her-
man et al.?0.2) on TCNQ was based in part on fitting the first
calculated ionization potential to the experimental value. It
was noticed that the size of the outer sphere had a marked ef-
fect on the absolute values of the energies but little effect on
the energy differences of the upper orbitals. We have seen the
same behavior in iron porphyrin calculations; that is, an in-
crease in the outer sphere radius lowers all of the = levels by
nearly the same amount. This is a consequence of the increase
in size of the inter-sphere region and the volume averaging of
the electronic charge, which leads to less shielding of the nuclei
and a resulting stabilization of all of the energy levels. The
effect is especially pronounced for planar molecules enclosed
in spherical cavities, as are the various porphyrins. Although
proposals have been made to overcome this problem by the
introduction of nonspherical cavities, the standard approach
was used in the present study.

The transition-state result for the first ionization potential
of copper porphine is 9.1 eV, higher than the value of 7.1 eV
estimated from liquid-phase polarographic measurements?!
and the value of 6.5 eV from the photoelectron spectrum of
copper tetraphenylporphine (CuTPP).32 A calculation on the
constituent pyrrole?* led to a predicted first ionization potential
of 9.4 eV, which islarger than the observed value of 8.3 eV .33
(The pyrrole calculation used the sphere radii given in section
IT and an outer sphere tangent to the molecule.) The lowering
of the experimental ionization potential with the increase in
size of the conjugated system is analogous to the results ob-
tained for polyacenes;3* e.g., the ionization potential of na-
phthacene is 2.4 eV below that of benzene. The X« difference
in ionization potential between Cu porphine and its constituent
pyrroles is too small; this may reflect the uncertainties in

Table V. One-Electron Energies for 1ay,} to 7b1g4 Transition
Siate¢

, ~758 -9.39
lan, -7.50 3¢ -9.34
, ~7.56 ~10.45
3 ~7.53 1b1y -10.41
-8.67 ~10.12

4oy -8.54 8a1 —9.68
~7.74 ~10.46

7b1 —7.3] 22 ~10.07
-8.80 -10.22

2b2 -8.75 6b2g -9,74
, -9.06 ~11.93
242, -9.01 by ~11.85
~12.63

e ~12.56

“ Spin-up levels are listed above the spin-down levels. The laj,{
and 7b1gl levels have occupations of 0.5; all other levels listed are fully
occupied.

choosing sphere radii, which are known to have a strong effect
on ionization potentials.20-24

The above discussion assumes that the ionized electron
comes primarily from the porphine. This follows from Table
IT and Figure 2, which suggest that the porphine w-cation
radical is a 2A, state with the 2A,, state only 0.09 eV higher
in energy. ESR and visible spectra can be used to characterize
the porphyrin w-cation radicals formed from oxidation of
metalloporphyrins. Dolphin and Felton3? have identified cer-
tain patterns in the visible spectrum as characteristic of ab-
straction from either the lay, or the 3a,, orbital. Both copper
tetraphenylporphine and copper octaethylporphine display
spectra characteristic of oxidation from the latter orbital to
create a 2A,, cation, which couples with the unpaired copper
spin to form singlet and triplet states. Thus, experiment agrees
with the X result that the first electron is removed from the
porphine but disagrees as to the resulting state symmetry. Since
the present calculations were performed without peripheral
substitutents, they may be insufficiently precise to distinguish
between 2A, and ?A,, radicals. Application of Koopman'’s
theorem to either the EHT or the PPP results would lead to the
prediction of electron abstraction from the metal. Koopman's
theorem is not valid for the open-shell eigenvalue in the PPP
calculation, but it is not clear that a correct calculation of the
ionization potential would change the order.

Also of interest are the reduction properties of the copper
porphyrins. Here, the nature of the orbitals accepting the
electron is less well-characterized. Felton and Linschitz®
noticed that the reduction potentials for a series of metallo-
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porphyrins were fairly independent of the metal and concluded
that the first reduction takes place into the porphyrin e * or-
bital. More direct x-ray photoelectron evidence in the solid
state shows shifts in the Cu 2P3; line, which is indicative of
reduction of the copper. Transition-state calculations for re-
duction at both the metal 7b,; and the ligand 5eg* orbitals yield
an energy of —5.6 eV for the former and —3.9 eV for the latter.
The prediction of reduction at the metal is directly related to
the low energy of the Cu d orbitals in the ground state. By
contrast, the level ordering of the extended Hiickel theory leads
to the expectation that the additional electron will go into a
porphyrin orbital 426

Electronic Spectrum. The strong visible and Soret bands of
the copper porphyrins correspond to a “normal” porphyrin
spectrum, consisting of transitions from the near-degenerate
a1u,a2y to the eg* levels.’” The observed transitions are known
to involve a large amount of configurational mixing so that an
energy level diagram, such as Figure 2, cannot be correlated
directly with the individual transitions even in the X formu-
lation. However, the average energy of the transitions should
be given by the calculation. Zerner and Gouterman estimated
the experimental average energy for the singlet and triplet
transitions from ay,,az, to eg* to be 2.19 eV, in very good
agreement with the Xa value, which is 2.05 eV. It may be
mentioned that in the EHT calculations the experimental value
of 2.19 eV was used in adjusting the parameters of the model.2¢
Transition state calculations should not be necessary here since
all of the orbitals are extensively delocalized and located in
roughly the same parts of space.

For evaluating the charge-transfer transitions, which involve
highly localized metal d orbitals whose energy is quite sensitive
to the charge on the copper atom, a transition state calculation
is required. It is possible to use for this purpose the results
obtained earlier in determining the ground state of the system
(Table V); in this calculation half an electron was transferred
from the a;, orbital of the porphyrin to the 7b, orbital, which
is mainly 3d,2_,2 on the copper atom. Using levels shown in
Table V as a guide for the location of the ligand-to-metal
transitions involving porphyrin = orbitals and the copper
3d2.2 state, we see that the lowest optically allowed transition
is calculated to be 2by, to 7b4 at about 1.49 eV; the importance
of the transition state calculation is made clear by comparing
this result with Table II, in which the 7bg level is actually
below 2by,. The energy of the 2ba, — 7b,4 transition is not far
from the weak transition seen in CuTPP at 1,73 eV;383
however, there is the alternative possibility that the transition
involves “tripdoublet” states, corresponding to porphyrin triplet
excitations?® that are also expected to be weak and located in
this region. It should be noted that there is a significant dis-
agreement between the X« results and the extended PPP cal-
culations;?” the latter show no ligand-to-metal transitions
below 5 eV,

Table 11 indicates that the energy for the lowest charge-
transfer transition from the metal to ligand orbitals is 24.0 eV,
this is based on the assumption that a transition-state calcu-
lation would lower the copper d levels by at least 1 eV, in accord
with corresponding atomic transition state results,’ Hence the
observed weak transition at 4.1 eV32 could involve a metal-
to-ligand transfer. This contrasts with both the EHT calcu-
lations?6-40 which place the 7byg to Seg* transition at 0.45 eV,
and PPP calculations,?” which give a value of 2.45 eV, Other
comparisons have indicated that the EHT value is likely to be
an underestimate,* but there is insufficient experience with
PPP calculations of this type to make a judgment on the ex-
pected error.

The final type of transition is the class of forbidden d-d
bands, which are not expected to be intense enough to be easily
observed. The energy differences involved are important for
the interpretation of spin-orbit effects and are discussed more

fully in the section on ESR (see section IIIC). The X« value
of ~2.8 ¢V for both A, and A, defined by

A = e(Tbg) — e(2ey)
Al = e(Tb1g) — e(6byy)

is in agreement with the accepted estimates of the splitting in
the Cu porphyrins. By contrast, Guzy et al.4! suggest that the
transitions at 1.7 and 2.0 eV in copper phthalocyanine may be
d-d bands. This is not consistent with the present results and
the expectation that the crystal field splittings will be higher
in the phthalocyanins than in the porphyrins because of the
shorter Cu-N distance in the former. The X calculations yield
no such bands below about 2.5 ¢V, The extended PPP calcu-
lations give A} =278 eV and 4] = 3.21 eV.

(C) Electron Spin Resonance Results. A large number of
experimental spectra have been recorded for copper porphy-
rins26:42-44 and the analogous phthalocyanines.4546 Perhaps
the most complete study is that of copper tetraphenylporphine
by Manoharan and Rogers (MR);* they made measurements
on magnetically dilute single crystals, as well as on solutions
and polycrystalline powders. Hyperfine splittings were seen
from both copper and the ligand nitrogen atoms. Later work
has made use of isotopically pure ©3Cu to simplify the hyperfine
spectrum. A review of the rather extensive literature on the
ESR of Cu porphyrins has been presented by Lau and Lin.2®
The ESR data will be interpreted in two ways. First, we shall
calculate the expected spectrum in the most straightforward
way by employing the “conventional state of the art pertur-
bation approach”.4’” However, rather than using the experi-
mental data to determine the form of the wave function (as is
usually done), we obtain the required covalency parameters
and orbital energies from the X« calculation. This permits a
comparison between the ‘“‘experimental”” MO structure and
that determined by theory. In the second part of this section,
we examine some corrections to the conventional treatment
and consider their effect on the usual interpretation of the ESR
spectrum in terms of molecular parameters, The two types of
approaches provide a detailed analysis of the ESR spectrum,
including a somewhat altered meaning for some of the pa-
rameters in the simple molecular orbital picture.

Conventional Perturbation Treatment. The analysis of
transition metal ESR is generally based on the perturbation
method introduced by Abragam and Pryce?® for the crystal
field model and subsequently modified to include the effects
of covalency.#%-50 The general subject is reviewed in the classic
text by Abragam and Bleany*’” and the application of the
theory to square-planar copper compounds is given in detail
by Kuska and Rogers.4” In what follows, we outline only the
parts of the formulation necessary for the present analysis. It
is assumed that a restricted molecular orbital wave function
is being used as the unperturbed function with the unpaired
spin entirely in the 7b;g orbital. Orbital mixing occurs through
the perturbation due to spin-orbit coupling.

The relevant molecular orbitals for D4y symmetry can be
expressed in the form (for orbital numbers, see Table 11)

Tojg = ad 22~ ha'[—01 ¥ + 02" + 03¥ ~ a4']
6byg = Bdyy — L8 [p1* + p2* ~ py — pa']

&’ .

bdv: = 3773 (P17 = py] )
2e, = 5

6d,1': - '2]—/2' [pZ: - p4:]
These occupied orbitals are important because they have the
largest contribution from the copper atom and hence are ex-

pected to mix most strongly with the ground state by spin-orbit
coupling; the corrections due to other molecular orbitals are
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considered subsequently. The symbols ¢ and p represent the
nitrogen ligand functions of the indicated symmetry; the
numbers label the nitrogen atoms as in Figure 1. The ¢ func-
tions are the appropriate hybrids of the ligand nitrogen 2s and
2p orbitals. The molecular orbital coefficients «, 3, 6 can be
obtained from the spin-restricted ground-state wave function.
Since the population analysis and other one-electron properties
are evaluated by expanding the nonatomic part of the wave
function about the atoms, the calculation corresponds to a
zero-overlap model. Thus, normalization gives the simple result
o’ = (1 —a)'/2 for Tbyz and corresponding relations for 3’ and
8" of the other orbitals in eq 5. The calculated coefficients ob-
tained from the X« wave function are given in Table VI; Also
listed are the crystal field splittings defined in terms of the
conventional components A and A (see above).

The ESR spectra are interpreted in terms of the standard
spin-Hamiltonian

H=pH gS+Ic, Ac, ' S+In AN-S (6)

Here H is the external field, g is the effective g tensor, 3. is the
electronic Bohr magneton, S is the electron spin, Ic, and Ix
are the nuclear spins, and Ac, and AN are nuclear hyperfine
tensors; the copper and nitrogen quadrupole couplings are
neglected. It is the tensor parameters g, Acy, and Ay that de-
pend on the wave function of the system.

The g tensor is derived by viewing the d° system as a state
with a single hole in the 7b;g (3ds2_,2) orbital. Upon applica-
tion of the spin-orbit perturbation, the pair of first-order wave
functions for the lowest Kramers doublet4” are

iAB2a iAo
|+) = O(ld 2—1'2T> - A[ dxyT) +— A yzl)
)\6 Ada
2AJ_ le)
32
=) = aldeely + 2224 1) (1)
iAG 20 A2
+ d,.t) +—|d,.
T ) A, t
and the g-tensor values are
8232
. =g = 20023 - ——
8- = &l A
252
g =g =g, = 20023 - 27 (®)
1

where X is the spin-orbit coupling constant for the free ion
(—828 cm~! for Cu?*). Ligand contributions to g, which are
neglected in eq 8, have been shown to be negligible for this
system,43:44

The magnetic hyperfine Hamiltonian for the interaction of
the electron with nucleus N (N = Cu or N)#7 is

Fn = 2BegNBn lrIN Sr3lN 3(r- l}:s)(l' S)
+ 28.gNBNBATE(S - Int (9)
or

HAN=S AN IN=S AN IN+S AN IN (10)

where ris the vector from the nucleus to the electron, S is the
electron spin, | is the orbital angular momentum, and An¢ and
A~care respectively the dipolar and contact contributions to
the hyperfine tensor. Taking matrix elements of eq 9 with the
Kramers doublet wave functions (eq 7), we obtain the com-
ponents of the hyperfine tensor for interaction with the copper
nucleus. It has the form#? (again neglecting neighboring atom
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Table VI. Molecular Orbital Coefficients?

Restricted Unrestricted
0.586
a? 0.617 0.632
0.906
2 0.935 0.943
0.524
52 0.703 0.765
Aj, em™! 22900 22800
A, cm™! 22800 23100

« See text for definitions of symbols; for the unrestricted calculation
spin-up values are listed above spin-down.

Table VII. Spin-Restricted ESR Results?

Xa MR? PPP¢
B2/ 4 4.1 X 10734 3.8 X 1073
82/A ) 3.1 X 10754 3.5% 1073
a? 0.62 0.79 0.71
g, 2.170 2.190 2.18
gl 2.034 2.045 2.04
Pk, cm™! 0.0126¢ 0.0126 0.0116
Ai,em-1 —0.0193 —-0.0206 —0.0196
A, cm! —0.0048 —0.0033 —0.0023

¢ See text for definitions of symbols. & From ref 44. ¢ From ref 27.
¢ With Ain cm™!L. ¢ Assumed value, see text.

contributions)
2 2
A=y = P [<that s = e (4 223
Ay 7A)
1 282
A-‘-\‘=A}'.V=AJ_=P[2/7a2—,<— 1)\0(6) ()
TA |

Ineq 11, « is introduced (see below) to take account of the
Fermi contact contribution and the remaining terms in the
expression correspond to the dipolar contribution. The quantity
P has the form

P=ﬁegeBNgN(r_3)3d (12)

where (r~3) 14 is the value of the radial integral, which in the
standard model is assumed to be the same for all of the d or-
bitals. The free ion value3! for P for ®3Cu2* is 0.0388 cm™'.
We shall use this value here, pending the fuller discussion given
below. MR treated P as an adjustable parameter and assigned
avalue of 0.0350 cm~' to P for CuTPP containing a natural
abundance mixture of 3Cy and 3Cu; the g factors for 63Cu
and %3Cu are 1.5860 and 1.4804, respectively. In the restricted
Hartree-Fock scheme, the spin density at the copper nucleus
vanishes, and this is not changed to first order by spin-orbit
coupling. Hence, in this simplified picture the value of « is
treated as an adjustable parameter. Its value for a variety of
copper compounds has been found to be between 0.30 and
0.35:%% we use the average value of 0.325 for «.

With the calculated Xa wave function and the empirical
values for A, k, and (r=3)34, we substitute into the equations
to obtain the hyperfine and g-tensor elements shown in Table
VII; the experimental estimates of MR are also given. It is
ev1dent that the agreement for the quantities g, , g, and 4 | 9,
A is very good; the agreement for Px has no meaning since
it is based on fitting the data. The estimates from the extended
PPP calculation are also listed in the table and show corre-
sponding agreement. This suggests that both the Xa and PPP
electron distributions and state splittings, as well as those es-
timated by MR from the ESR data, are similar and reasonable.
However, it should be mentioned that because the experimental
quantities each depend on several of the wave function pa-
rameters, values of the former do not give a unique determi-
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Table VIII. Superhyperfine Parameters®

Res Unres Exptl?
an 0.00181 0.00173 0.00159
AN 0.00167 0.00159 0.00149
BN 0.00209 0.00201 0.00179
fulfs 33 3.4 2.10¢

4 Values in cm™L. # From ref 55. ¢ Calculated from eq 13.

nation of the latter; for example, the PPP value of o215 0.712
while that from the restricted Xa calculation is 0.617 (see
Table VI). The Xa results are also in agreement with the
speculations of MR that there is some out-of-plane = bonding,
little or no in-plane  bonding, and Aj = A} ~ 23 000cm™'.
The 6b,, orbital has the proper symmetry to form in-plane =
bonds, but there is little evidence of this since this orbital has
94% copper 3d., character (see Table VI). On the other hand,
the 2e, orbital involves significant contributions from both the
copper d,.,d,. and the porphine = orbitals, indicating that
there is out-of-plane = bonding.

We consider next the superhyperfine splittings from the 4N
nuclei of the porphine ligand. This is again described by the
hyperfine Hamiltonian given in eq 9 and 10. Following MR,
we assume that the hyperfine tensor is axially symmetric with
components A, = AN and A = B in the usual notation. The
experimental values used in the analysis (4N’, BN') are cor-
rected for the small direct dipole term, which is estimated by
MR toequal 2 X 1073 ¢cm~!. In the usual theory, An’ and BN/’
are related to the fraction of s and p character on the nitrogen,
called f; and f, respectively, by the equations®’

AN = 1hmBgnBN| 0(28)| s — YsBgNON( ™) 2pf s

BN = 1%amBegnBn| 9(28)| 25 + ¥sBegnBN(rT3) 2pf s
(13)

Using the Hartree-Fock-Slater (a = 1) values of Hurd and
Coodin’2 of 5.6 and 3.6 au respectively for |¢(2s)|? and
(r=3)sp of the nitrogen atom and the hybridization ratio ob-
tained from the X« wave function, which is shown in Table
VIII, we arrive at the values for the superhyperfine tensor given
there; ay is the isotropic hyperfine contribution. The final
column lists the experimental values and the hybridization ratio
estimated from them with the Hurd and Coodin parameters.
Again the agreement with experiment is reasonable, although
all of the X« values are somewhat larger than the experimental
results. Use of the more accurate Hartree-Fock values®?
(|¢(2s)|2 = 4.95au and (r~3)2p = 3.13 au) would improve the
agreement. The most significant difference is that the calcu-
lated (BN’/AN’) ratio is somewhat too large; this is a direct
consequence of the larger (f,,/f;) ratio. The excess p, character
suggests that an sp? hybridization does not adequately describe
the Xa nitrogen atomic wave function in the 7b,, orbital. The
experimental fits for both copper tetraphenylporphine** and
copper phthalocyanine*® yield a f, /f ratio considerably closer
to 2 (sp? hybridization) than the X« value. However, some care
must be used in interpreting the Xa results because of the finite
radii of the atomic orbitals and the resulting difference in the
expectation values obtained from them (see below). Also, it
may be noted that the EHT calculation gives a large amount
of nitrogen p character to the 7b;, antibonding orbital. Com-
parison with the PPP calculation for the isotropic term an
shows similar agreement to that obtained from the X« wave
function, while a CNDO calculation4 gave less than half of
the observed splitting; neither of those papers gave the indi-
vidual AN’, BN’ values.

Very recently,’> ENDOR measurements on CuTPP have
been used to determine the hyperfine tensor for protons at the
Cj; position. The experimental principal components are 8.4,

2.4,and 2.7 X 10~5 cm~'. The calculated tensor arises from
the spin distribution in the 7b, 4 orbital;3¢ we obtain the values
8.1, 1.3,and 0.7 X 103 cm~'. Important contributions to the
anisotropic part come from the copper (~50%), from the
nearest N (~25%), and from the neighboring C; (20%). The
isotropic Fermi contact contribution, which is one-third the
trace of this tensor, is 4.4 X 10~5cm™! in the experiment and
3.4 X 10~5 cm~! in the calculation. The calculation corre-
sponds to a spin density of 2.5 X 10~%a¢™3 or a spin population
in the hydrogen 1s orbital of 7.1 X 10~% electron. This is the
result of ¢ spin transfer through four bonds, so that the
agreement with experiment is encouraging.

(1V) Extended Treatment

In this section we consider three effects that appear ina more
complete calculation of the ESR parameters; depending on
their importance, these effects can alter the conventional in-
terpretation of ESR experiments. First, an unrestricted wave
function is used so that the unpaired electron in the 7b,, orbital
can induce a net spin polarization in the other occupied orbitals;
second, excited states in addition to those included in the simple
picture are allowed to mix with the ground state by spin-orbit
coupling; and finally, the radial behavior of the copper 3d or-
bitals is calculated for the molecule instead of being taken from
the free ion. None of the resulting refinements produce changes
that are large enough to invalidate the interpretation of the
ESR spectrum given above for the copper pophyrins, but each
is significant and must be considered if careful quantitative
comparisons between theory and experiment are to be
made.

Spin Polarization. One-electron energies and populations
from the spin unrestricted Xo method® have already been used
(section I11; Tables I1, 111, and V). For electronic transitions
or redox behavior the use of unrestricted energies gives slightly
different numerical results from the restricted calculation but
the qualitative interpretation is the same. This is not the case
for the ESR parameters; the most obvious effect is on the iso-
tropic hyperfine splitting due to the copper nuclear spin, which
vanishes in a restricted wave function. Here we describe this
and other aspects of the ESR analysis which are significantly
affected by the use of a spin unrestricted wave function.

The coefficients of the molecular orbitals most important
for the ESR analysis (see eq 5) are given in Table V1. Both
restricted and unrestricted values are given; for the latter, the
number of spin-up electrons is taken to be greater than the
number of spin-down electrons. The copper “character” of the
unrestricted 3d-like molecular orbitals brackets the restricted
values. The difference between spin-up and spin-down is most
pronounced in the d= orbitals (involving §2) where it is nearly
25%. These coefficients are important for the interpretation
of ESR results since they determine the magnitude of the
spin-orbit contribution to the g and hyperfine tensors.

Evaluation of the g tensor is complicated by the fact that the
unrestricted wave function is not a spin eigenfunction. In
particular, the perpendicular component of g can deviate from
the free-electron value even in the absence of spin-orbit cou-
pling. To demonstrate this, we consider a model three-electron
problem with a wave function of the form

|0a) = |¢161 "0 (14a)

where ¢, ¢’ are the two different spatial parts of orbital I,
with ¢ (¢,") that of majority (minority) spin; ¢ is orthogonal
toboth ¢; and ¢,"and (¢|¢,’) = A,. For the copper porphine
system the function ¢» would represent the spatial part of the
unpaired (7b,,) orbital, while ¢, and ¢,” would correspond to
the spatial parts of orbitals of by or €; symmetry that would
be identical in a restricted calculation. A bar indicates a
spin-down orbital, and unbarred orbitals are spin-up. Thus
|Ot) is an eigenfunction of S with M, = !5. The corresponding
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function with M, = =, is obtained by interchanging the
spin-up and spin-down orbitals; that is,
08) = |¢1¢1'¢2] (14b)

If we now evaluate matrix elements of the Zeeman operator
2:.0.S'H with eq 14, there are diagonal elements with the field
parallel to z and off-diagonal elements with the field perpen-
dicular to . The former yield g| = g., while the latter give g |
= g.A)%, with A < 1. This deviation from the spin-only value
is a consequence of the properties of the unrestricted wave
function. If a spin eigenfunction with S = 5 is constructed
from it by projection,

[0a)P = w™1/2{(%3)|0a) = ()| d161 da] — (V)| 100y 2}
(15)

with the normalization constant, w, equal to

w =%+ 54,2 (16)

the spin-only value is recovered.

We now consider the effects of spin-orbit coupling, which
mixes into the ground state (as given by eq 15) excited con-
figurations of the form

[1a) = |g22¢1], |18) = |d20201] (17)

For simplicity we assume that the ¢2(b;) orbital is unaffected
by spin polarization, so that these determinants are already spin
eigenfunctions. To a first approximation, the orbital ¢, does
not appear in eq 17 since in each case the orbital of that sym-
metry is of majority spin, which by definition is ¢,. If we apply
sccond-order perturbation theory including both the Zeeman
and spin-orbit terms,’” we obtain the g tensor with ele-
ments

(2|l ld1) - (D1| 1] b2) 0w

E = Eq (18)

g(Y(Y = ge + 2|A|
where

0 =217, + 5ol lal 1) /(2] L] 1)} (19)

and £y — Eg = Aj(A ) if ¢ and ¢, are of bag(eg) symmetry.
This expression is similar in form to the standard restricted
result in eq 8. Aside from the “correction factor” Q/w, it is the
average character of the spin-up and spin-down orbitals that
determines the deviations of the g tensor from g.. This justifies
in part the use of a spin-restricted theory, for which the orbitals
are intermediate between the corresponding unrestricted ones
(see Table VI1). The orbital overlap A; enters both Q and w, and
the ratio (Q/w) depends upon the magnitudes of A; and the
orbital reduction factors (¢a|l.|#1) and (¢2|/.|®)’). The
orbital overlaps can be evaluated under the approximations
used for one-electron properties.!’ The only pair of orbitals for
which A, is significantly less than unity is 2e,, for which A, =
0.953, and hence «w = 0.969. If we assume that
(71611 |2eg4) /(To1g|1 | 2¢gt) =~ 64/61 = 1.208 (cf. Table
VI) the correction factor Q/w = 1.071. (These corrections
have a more complicated form if more than three electrons are
involved.) With this result we can compare the restricted and
unrestricted contributions of the 2e, orbital to the g tensor:

2582
Ag  (restricted) = 2N _ 0315
L
2
Ag | (unrestricted) = w)—Q = 0.0304
1w

For this case the two values are nearly identical.

Although spin projection is a well-defined procedure, per-
turbation theory indicates that it does not result in an improved
description of the magnetic properties of molecules.’® We hope
to study this problem in more detail in the future, particularly
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Table IX. Spin-Unrestricted ESR Parameters?

Xa MR?

aCu‘y

Is —0.0004

2 —-0.016

3s +0.011

4s -0.002
Net -0.0084 —-0.0125
A4, em=1 4 —0.0160 —0.0158
A9, cm! 0.0080 0.0079
A0¢ 0.0070 0.0076
A0 0.0010 0.0012
A -0.0174
Al 0.0006
Ag -0.0215 -0.0206
Al —0.0035 -0.0033

« All values in cm~!1, # From ref 44. ¢ Fermi contact coupling.
d First term of eq 11. ¢ Last term of eq 11,/ Sum of contact, direct
dipolar, and spin-orbit terms. & Assuming ac, = —0.0125, see
1exl.

for systems where S = 1 and spin polarization effects become
increasingly important. The detailed application of eq 18 is
postponed until that time.

For the hyperfine tensor we follow eq 11. There are three
contributions; the Fermi contact term, the direct dipolar term,
and the indirect dipolar term arising from excited configura-
tions that mix with the ground state by spin-orbit coupling.

For the contact term, which was an adjustable parameter
in the spin restricted calculation, we now investigate how the
unpaired electron induces a net spin density at the copper nu-
cleus. The results are given in Table 1X. The largest contri-
butions are from the 2s and 3s orbitals. Both the 2s and 3s
spin-up orbital energies are lower than their spin-down coun-
terparts, but the difference in nodal structure leads to densities
at the nucleus of opposite sign. This behavior is similar to that
seen in ab initio unrestricted Hartree-Fock calculations on the
first-row transition elements.’® Both the 1s and “4s” contri-
butions (the net from all the valence a, orbitals) are small and
negative. Unfortunately, no direct experimental determination
of the contact term can be made for transition metal com-
plexes, unlike organic radicals for which the hyperfine behavior
can be decomposed to good approximation into contact and
dipolar terms. This is because the spin-orbit term, which makes
a significant contribution to the hyperfine tensor, is neither
isotropic nor traceless. The calculated value can be compared,
however, with the results deduced by MR in their analysis of
the ESR spectrum based on the spin-restricted theory; their
value is —0.0126 cm™!, about 50% larger than the X« result.
Similar deviations were found in an Xa calculation on the
Mn2+ ion,% which gave a smaller spin density at the nucleus
than did an unrestricted Hartree-Fock (UHF) calculation;
the contribution from each of the inner shells was 30-65%
larger in the Hartree-Fock calculation. For neutral atoms of
the first transition series, the UHF result gives about 3, of the
observed spin densities.®’ Nothing definite is known about the
corresponding errors in ions bound to ligands, but if they are
similar we may expect to find the Xo Fermi contact shifts to
be consistently too small.

The direct dipolar coupling term can be calculated from the
wave function by means of the one-electron expectation value
procedure.!! It is almost entirely due to the unpaired electron
in the 7b, 4+ orbital, which yields 44 = —0.0162cm~!, 4 ; ¢
= —!hA)9. The contribution from all other orbitals, resulting
from slight differences in spin-up and spin-down orbitals, is
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rR(r)/ou

r/au

Figure 3. Radial portion of copper 3d orbitals, from the restricted calcu-
lation and from a restricted atomic calculation for Cu* (3d®4s). The
portion of the 7b;g curve under the dashed line is outside the expanded
sphere radius.

0.0002 cm~'. This result may be compared to 4|4 = —0.0158
cm™/, estimated by MR from the spectral fit. Despite the close
agreement between the two values, the orbital descriptions are
different. To good approximation the direct contribution to 49
is —=Y1g.B.gNBNna2{r~3) 14 (cf. eq 11) since our calculations
show that the ligand contribution is less than 1% of the total.
MR used (r~3)3q = 7.5a¢™3, which was an adjustable pa-
rameter, and a2 = 0.789, based on an analysis of the su-
perhyperfine splittings. The X« calculation gives a2 = 0.617
(Table V1) and (r=3)34 = 9.6a¢™ for the 7b,, orbital (see
below).

If we assume the spin-orbit contribution to be the same as
that obtained in the restricted calculation, we can add together
the Fermi contact, direct dipolar, and spin-orbit terms to ob-
tain a new Xa estimate of the complete hyperfine tensor. The
result, given in Table 1X, is in poor agreement with the ex-
perimental value; it even has the wrong sign for 4 | . Most of
the error comes from the contact term calculation. If we as-
sume, as was the case for Mn2*, that the X« inner shell po-
larization is only two-thirds of its actual value, we achieve es-
sentially exact agreement with experiment (see Table IX). We
conclude that the polarization of inner shells is insufficiently
accurate to allow the Xo theory to be used in a completely a
priori way but that other parameters obtained from an Xa
calculation give satisfactory agreement with experiment.
Further, it is clear that occupation coefficients that differ from
those estimated by MR can give satisfactory results.

Finally, we consider the superhyperfine splitting involving
the porphyrin nitrogens. This is dominated by the Fermi con-
tact term, and the effect of spin polarization is to reduce the
coupling constant from that found in the restricted calculation.
The uncorrected result from the unrestricted wave function
is given in Table VIII. If we assume that the inner shell po-
larization is again underestimated, the calculated value would
be even closer to the experimental coupling. In any case, the
agreement is satisfactory considering the sensitivity of this
parameter to the amount of copper-ligand mixing.

As with the g tensor, there is an uncertainty about the effects
of spin contamination on the magnetic hyperfine parameters.
Spin projection is often used to approach this question, al-
though it is not clear that this will lead to improved spin den-
sities.’8 We can consider the effects of projection by returning
to the three-electron example, which has the projected densi-
ty
p7(ro) = P(0c|6(r — r0)2S.|0c)?

= o™ ¥01%(ro) + Yo(4 + 54,2)¢2%(ro)
= %d1"2(ro) — Jop1(ro)d1’(ro) At} (20)

For the copper porphyrin Fermi contact term, we would take
@, and ¢, to be core s orbitals and rg to be the position of the

Table X. Additional Molecular Orbital Coefficients

Fraction Cu
Orbital d orbital® A, cm~16 Ag®
Sbayg 0.047 50,700 0.0038
leg 0.275 42,300 0.0066
dey 0.041 9,900 0.0042

“ For the bag orbital, this is the analogue of 8%; for the e, orbitals,
i1 is the analogue of 62, # For the by, orbital this is the analogue of Aj;
for the e, orbitals it is the analogue of A (From Table V). ¢ Contri-
bution to g tensor, from eq 8.

copper nucleus; then ¢1(rg) = Osince it is a d orbital. The un-
projected density is simply ¢12(ro) — $1"2(ro). In the limit that
A; =~ 1, the ratio of the projected to unprojected spin densities
is !/5; this may be derived by writing ¢1(rg) = ¢1’(ro) + & and
expanding eq 20 to first order in 6. The same ratio is also found
for systems with more than three electrons.®? Hence spin
projection, if used, would reduce the calculated contact term
and increase the disagreement with experiment.

Additional Excited Configurations. Table X gives the frac-
tional copper contribution and excitation energy for three
additional orbitals which have significant copper occupation
and which have the proper symmetry to contribute by spin-
orbit coupling to the g tensor and hyperfire splittings. The
energies were estimated from the transition-state calculation
described earlier (see Table V). These orbitals contribute to
the g tensor in accord with their symmetries; i.e., the ba, con-
tributes to g and the e, to g . In the spin-restricted theory the
contributions of these orbitals can be obtained from eq 8; values
are shown in Table X. Adding the two e, orbital contributions
to the one shown in Table VI we find an effective value of
“82/A1" of 4.2 X 1075, with A, expressed in em™~!, This
“extra’ w orbital contribution amounts to ~25% of the total
shift of g | from the spin-only value and emphasizes that fits
to experimental data determine only effective parameters
rather than the coefficients of particular orbitals. Thus, too
great a reliance on the simple ligand field theory may lead to
misinterpretation of the nature of the metal-ligand bonding.
We expect this to be true for other organometallic complexes
where the ligand = orbitals have the proper energy to mix with
the dw orbitals of the metal.

Copper 3d Radial Functions. The radial behavior of the
copper 3d orbitals is not fixed in an X« calculation, so that the
parameters P and X, both of which depend upon {(r=3) 34, vary
from one orbital to another and deviate from the free ion
values. In an empirical analysis, such as that of MR, these
deviations are neglected. In Table XI we give some information
about the radial dependence of molecular orbitals having
significant copper 3d character. Values of (r—3) are obtained
from

(r3) = j;b"r—S(R(r))ZrZ dr/j;b"(R(r))zrz dr
2D

where R(r) is the radial function for the particular 3d orbital
and b, is the expanded sphere radius'' for copper; the expec-
tation value is normalized to unit charge in the 3d orbital. For
Cu?*, the Xa value of (r=3) is ~3% larger than the corre-
sponding Hartree-Fock value.>® For the copper orbitals as part
of the molecular orbitals in CuP Table XI shows that there is
a significant variation. Orbitals with higher energies generally
have larger values of (r—3), and therefore of P, than the lower
lying orbitals. Similar behavior has been seen in extended basis
ab initio calculations of transition metal complexes.®3 This
behavior is illustrated in Figure 3, where the strongly anti-
bonding 7b;, orbital is seen to have a node near r = 2ag, while
the bonding le, orbital has no node. The relative contraction
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Table XI. Radial Behavior of Copper d Orbitals?
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Energy, eV % 3d Ag? (r=3), au N,cm™! P,cm™1¢
Atom:4
Cu -9.54 100.0 1.7 8.30 -974 0.0391
Cut -18.81 100.0 1.2 8.37 —981 0.0394
Cu2* -29.48 100.0 1.0 8.47 -993 0.0399
Molecule:

4by,t -17.31 14.6 8.7 3.85 —441 0.0181

| -17.21 1.9 10.2 3.36 -384 0.0158

6by,t —-14.21 26.9 1.5 6.63 =771 0.0312

| -14.00 30.0 1.9 6.02 —699 0.0283

Tbyt -9.31 58.6 1.6 9.57 —1128 0.0451

| -8.69 63.2 1.4 9.50 —1119 0.0448

Sbagt -13.75 7.4 3.1 6.92 -806 0.0326

! -13.69 3.9 5.0 6.09 -708 0.0287

6bagt —-12.26 90.6 0.4 8.36 -979 0.0394

| —-11.52 94.3 0.6 8.20 —-959 0.0386

legt -13.07 46.2 4.9 7.35 —859 0.0346

| -12.80 20.4 8.2 6.60 -769 0.0311

2e,t -12.09 52.4 0.9 8.44 —989 0.0398

i -11.56 76.5 1.7 8.08 —944 0.0381

“ Values are normalized to unit charge in the 3d orbital. # Percent of column 3 that lies outside » = 2.62ag. ¢ For $3Cu, from eq 12. 4 Confi-

gurations are 3d®, 3d%4s, and 3d%4s2, respectively.

of the antibonding orbitals places more charge near the copper
nucleus and increases the value of (r~3), a trend well known
in model studies.®* The variations shown in Table X1 are
similar in magnitude and direction to those calculated by
Belford and Karplus® with a point charge model for the li-
gands. An expanded version of eq 11 which takes cognizance
of this variation has the form

8Aa2B2P(byg) _ 6Xa262P(e,)

Al = =4%a?P(byg) —

Al 7A,
2452
A4 = %a2P(by,) — 11Na®6°P(eg) (22)
™
where
P(8) = geBegnBN(Tbig|r73|¢) (23)

The orbitals in eq 5 make the most important contribution
to Ad, Since these have similar values of (r=3), we can make
a rough estimate of P(¢) from the diagonal expectation values
given in Table XI: P(7b;g) = 0.045 cm™!, P(6by,) ~ P(2e,)
=~ 0.041 cm~'. The former value is significantly larger than
the value of 0.0388 cm~'! assumed by MR.

A corresponding question exists concerning the values for
A. In Table XI we give a calculation of X, obtained from the
formula

N <ld_K> _ ez
2mic2 \rdr /3 2m2c?

where Z’ is defined by the last equation and varies from 19.6
to 20.2 for these orbitals, The minus sign arises because we
treat the states as single holes in a closed 3d shell. Blume and
Watson®> have shown that eq 24 does not correctly include the
exchange contributions, which shield the nucleus to a signifi-
cant extent. For Cu2*, X\ as calculated from eq 24 is ~20%
above the Blume and Watson value including exchange, which
is identical with the empirical value of —828 cm~' used by MR.
Therefore, the values given in Table XI probably overestimate
the spin-orbit coupling by a corresponding amount. Never-
theless, they show clearly the variation to be expected among

(r=3a  (24)

the different orbitals. The parameter X of eq 7 is an off-diag-
onal element, (3d,,.| #,|3dy2,2) or (3d7|#s|3ds2,2), and
should fall between the corresponding diagonal elements shown
in the table. Based on these considerations, we expect A to be
nearly the same for the 6by, (d.,) and 2e, (dw) orbitals and
to be 5-10% larger than the value for free Cu?*.

The effects of radial variation can be estimated by recal-
culating the hyperfine tensor in the restricted theory using eq
11, withA = =900 cm~!, Pk = 0.0126 cm~!, and the P values
for Tby,, 6bag, 2e, given above. The result is 4 = —0.0203
cm~'and A, = —0.0034 cm~!, in excellent agreement with
the experimental values. The improvement over the results in
Table VII comes mainly from the increased value of (r~3) 34
for the 7b,, orbital, as we discussed above. The radial com-
pression of strongly antibonding orbitals should be kept in mind
when assigning orbital coefficients from ESR data.

Conclusion

In this paper we have applied the Xo method to copper
porphine and demonstrated that valid results are obtained for
its electronic structure and spectra. This is the first time that
the Xo method has been employed for such a large organo-
metallic system. The interpretation of the electronic structure
of organometallic complexes is such a difficult task that it is
useful to have a number of theoretical approaches that can be
applied to specific problems. For some properties, the Xa
method yields interpretations that differ from previously ap-
plied methods. Comparison with experiment for the oxida-
tion-reduction behavior indicates that the present results are
more satisfactory; for other features, such as the electronically
excited states, the experimental evidence is ambiguous. Ex-
cellent agreement is obtained with the observed ESR spectrum.
The present calculation emphasizes the importance of radial
variation in the copper 3d orbitals and of additional orbitals
which are ignored in ligand-field calculations. Additional
studies are needed on organometallic complexes to confirm the
reliability of the method. However, even from the present
calculation it is clear that the X« multiple scattering method
should become an increasingly important tool for the under-
standing of the properties of such systems.
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