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CpMo(CO);H (P-6) and the 8-dicarbonyl sodium salts). The former
followed weak acid-weak base behavior and the latter behaved essentially
as an acid-exchange resin.

“Effective K" Calculations. The numbers for eq 5 were supplied in
the following manner. The concentrations of soluble species, [B™] and
[BH], were calculated directly from IR absorbances using Beer’s law and
the above-determined extinction coefficients. The effective concentration
of ®-A-, {(®-A7}, was assumed to be equal to that of BH, inaccordance
with eq 4. {®-AH]} was then determined from the difference between
{®-AB}yyiq 2nd {®-A7). For example, K, forexperiment | of Table I11
would be calculated as follows:;

_[BHIP-AY _ ©olboolh) .
=~ [B](P-AH] _ (0.008)(0.058 - 00I1)
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Abstract: The X-band (9 GHz) ESR spectra of the copper(IT)-doped pseudotetrahedral complex dichlorobis(triphenylphosphine
oxide)zinc(IT) have been recorded on single crystal at 4.2 K. They are interpreted by using the spin Hamiltonian parameters
81 =246,2,=208,2,=208,4, =40 X 10*cm™, 4, =25 X% 10 cm™, 4; = 20 X 10~* cm™.. The superhyperfine interaction
of the unpaired electron with two equivalent chlorine atoms is also observed. The Q-band (35 GHz) ESR spectra have been
recorded at 77 K, yielding g = 2.43, g, = 2.09, and g, = 2.08. The difference in the g; values of the pure and the copper-doped
zinc complex is related to structural differences between the copper and zinc lattices. A model including the spin-orbit coupling
interaction of the unpaired electron with the ligands is proposed which rationalizes the spin Hamiltonian parameters of CuCl,
and CuX,Cl, pseudotetrahedral chromophores., The anomalously low A, values seen in the ESR spectra of some sulfur-containing
copper proteins are related to the covalency of the copper(II)-sulfur bonds.

Pseudotetrahedral copper(II) complexes are far less numerous
than the square-planar ones. However they are attracting a large
interest since tetrahedral copper(II) chromophores are known to
be present in some metalloenzymes and metalloproteins.!

The ESR spectra are a powerful tool for the diagnosis of the
coordination geometry of copper(II),? and as such they have been
widely used also for tetrahedral complexes.> However their
interpretation? still is controversial, and not all their features are
fully understood.

The main differences seen in the ESR spectra of tetrahedral
complexes as compared to the square-planar ones are as follows:
(i) both gy and g, are larger in tetrahedral complexes; (ii) 4; tends
to be smaller in the tetrahedral chromophores, while less safe
conclusions can be drawn for 4,. An elegant demonstration of
this trend has been provided by Bertini et al.,’ who reported the
ESR spectra of copper(II)-dopedZinc(II) and nickel(II) sali-
cylaldiminates, following the variation of the spin Hamiltonian
parameters on passing from the tetrahedral to the square-planar
chromophores present in the two lattices.

Recently also Marks and Ibers® shortly reviewed the main
factors influencing the g and A4 values in four-coordinate copper(II)
complexes.’ 10

The above trends in the values of g are qualitatively well un-
derstood, in the sense that the g values must increase on passing

(1) Colman, P. M.; Freeman, H. C.; Guss, J. M.; Murata, M.; Norris, V.
A.; Ramshan, J. A. M,; Venkatappa, M. P. Nature (London) 1978, 272, 319.
(2) Hathaway, B. J; Billing, D. E. Coord. Chem. Rev. 1970, 5, 143.
(3) Wasson, J. R.; Richardson, H. W.; Hatfield, W. E. Z. Naturforsch.
B: Anorg. Chem., Org. Chem. 1977, 328, 551.
(4) Bencini, A.; Gatteschi, D. Transition Met. Chem., in press.
(5) Bertini, L; Canti, G,; Grassi, R.; Scozzafava, A. Inorg. Chem., in press.
(6) Thompson, J. S.; Marks, T. J; Ibers, J. A, Inorg. Chem. 1979, 101,
4180.
(7) Peisach, J.; Blumberg, J. Arch. Biochem. Biophys. 1974, 165, 691.
(8) Yokoi, H.; Addison, A. W. Inorg. Chem. 1977, 16, 1341.
(9) Sakaguchi, U.; Addison, A. W. J. 4m. Chem. Soc. 1977, 99, 5189.
(10) Forster, D.; Weiss, V. W. J. Phys. Chem. 1968, 42, 3383.
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from the square-planar to the tetrahedral structures since the
energy separation of the electronic levels decreases. The same
effect is expected to cause also a decrease of the 4 valye, so that
nothing mysterious seems to be operative, at least at the qualitative
level. As a matter of fact there is a large class of tetrahedral
copper(II) complexes whose 4, values can be reasonably well
reproduced with usual formulas. Matters are different in the case
of Cs,CuCly, for which AQ as small as 25 X 10™* cm™! has been
reported.!’"13  Sharnoff!* studied thoroughly the system and
suggested that the observed g and A values beared the contribution
due to the admixture of the metal 4p orbitals in the ground level 4
allowed by lack of an inversion center on the molecule. In order
to reproduce the experimental values, however, he had to include
a contribution as high as 13% of the 4p orbitals in the ground level.

Against this interpretation stands the fact that the mixing
coefficient seems to be large and that no such large contribution
is required in the interpretation of the ESR parameters of other
tetrahedral'® or trigonal-bipyramidal'® copper(II) complexes, which
also lack a center of symmetry.

With the aim to obtain new experimental data on complexes
as similar as possible to CuCl,*", we have now recorded the ESR
spectra of copper(II)-doped Zn(Ph;P0O),Cl, (Ph;PO = tri-
phenylphosphine oxide). The analysis of these new data allowed
us to suggest an alternative mechanism for the decrease of the
A) values observed in these complexes, which may be relevant to
the interpretation of the ESR spectra of metalloenzymes and
metalloproteins.

Experimental Section
Zn(Ph;PO),Cl, and Cu(Ph;PO),Cl, were prepared as previously re-
ported.l” Single crystals of both the pure copper and the copper-doped

(11) Sharnoff, M. J. Chem. Phys. 1964, 41, 2203.

(12) Sharnoff, M. J. Chem. Phys. 1965, 42, 3383,

(13) Sharnoff, M.; Reimann, C. W. J. Chem. Phys. 19685, 43, 2993.

(14) Bates, C. A. Proc. Phys. Soc., London 1962, 79, 73.

(15) Kokoszka, G. F.; Reimann, C. W.; Allen, H. C., Jr. J. Phys. Chem.
1967, 71, 121.

(16) Barbucci, R.; Bencini, A.; Gatteschi, D. Inorg. Chem. 1977, 16, 2117.
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Figure 1. X-Band polycrystalline powder ESR spectrum of copper-
(II)-doped Zn(Ph,PO),Cl, recorded at 4.2 K.

zinc complexes were obtained by slow evaporation of dichloromethane-
n-butylic ether solutions and were characterized by using Weissenberg
techniques. X-Band (9 GHz) and Q-band (35 GHz) ESR spectra were
recorded with a Varian E-9 spectrometer. Low-temperature spectra were
recorded with Oxford Instrument ESR 9 and ESR 35 continuous-flow
cryostats,

Results

Both the copper and the zinc lattices are orthorhombic, of space
group Fdd2, with the metal ion sitting on a C, axis, parallel to
the ¢ crystal axis.!*? The polycrystalline powder ESR spectrum
of the copper-doped zinc complex is shown in Figure 1. It was
recorded at 4.2 K, since no signal could be detected from room
temperature to liquid-nitrogen temperature.

This result is not unusual for tetrahedral d° complexes, for which
the proximity of excited levels to the ground level determines fast
spin—lattice relaxation time.?'*22 The spectra of Figure 1 are
rather disappointing in the sense that they do not show any resolved
hyperfine splitting. The situation is different for the single-crystal
spectra. Some indicative spectra recorded with the static magnetic
field in the (001) plane are shown in Figure 2. Up to 17 tran-
sitions could be resolved for each of the two magnetically non-
equivalent sites. They can be attributed to the combined effect
of the hyperfine interaction of the unpaired electron with the
copper nucleus (3Cu and $°Cu, both with I = 3/, and similar
magnetogyric ratios) and with two equivalent chlorine atoms (*Cl
and ¥'Cl, both with 7 = 3/, and similar magnetogyric ratios). The
angular dependence of the g? tensor of the two molecules in the
(001) plane is shown in Figure 3. The principal g values in this
rotation are found to be g; = 2.46, g, = 2.08, g; making an angle
of £16° with the a axis. The metal hyperfine splitting has within
error the same axes as the g tensor, with 4; = 40 X 1074 cm™!,
A, = 25 X 10™* cm™L. The chlorine hyperfine splitting showed
a minimum value when the static magnetic field makes an angle
of ~30° with the a axis. In this orientation an upper limit of
Ac =7 % 10 cm™! can be evaluated. The maximum splitting
in this rotation corresponds to 4q = 17 X 10 cm™!, and it 1s found
when the static magnetic field makes an angle of ~30° with the
b axis.

The spectrum recorded with the static magnetic field parallel
to ¢ yielded g; = 2.08 and upper limits for 4; = 20 X 107* cm™
and Ag = 8 X 104 cm™,

The X-band spectra of the pure copper compound were reported
previously.?® They yielded g, = 2.38, g, = 2.09, and g; = 2.07.

(17) Goodgame, D. M. L.; Cotton, F. A. J. Chem. Soc. A 1961, 2298.

(18) Bertrand, J. A; Kalyanaraman, A. R. Inorg. Chim. Acta 1971. 5, 341.
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1979, /8, 2137.

(20) Vivien, D.; Gibson, J. F. J. Chem. Soc., Faraday Trans. 2 1975, 71,
1640.
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(22) Bencini, A.; Benelli, C.; Gatteschi, D.; Sacconi, L. Inorg. Chim. Acta
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(23) Bertini, I.; Gatteschi, D.; Martini, G. J. Chem. Soc., Dalton Trans.
1973, 1644.
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Figure 2. Single-crystal spectra of copper(II)-doped Zn(Ph;PO),Cl,
recorded at 4.2 K with the static magnetic field at 20° (upper) and 70°
(lower) from the b crystal axis in the (001) plane.

o . ,

a b a b
Figure 3. Angular dependence of the g? tensor in the (001) plane for
copper(II)-doped Zn(Ph,PO),Cl, (left) and Cu(Ph;PO),Cl, (right). The
curve corresponds to the least-squares fit of the experimental points.

The spectra showed evidence of exchange narrowing effects, so
that only one signal was recorded for every crystal orientation.

At Q-band frequency in general two bands are resolved in the
(001) plane. The bandwidths are of the order of 200 G. The
angular dependence of the g2 values in this plane is shown in Figure
3. The curve through the experimental points was calculated to
give the least-squares error to the points which are neatly sepa-
rated.?* In some orientations the difference in resonance fields
is small and only one signal is resolved, due to the exchange effects.
In this case the bands are sharper. The principal g values obtained
in this analysis are g; = 2.43, g, = 2.09, and g; = 2.08. g; is found
parallel to ¢, and g; is making an angle of £11° with the a axis.
The collapse of the signals of the two magnetically nonequivalent
sites in some crystal orientations allows us to estimate that the
intermolecular exchange coupling constant is of the order of 0.03

cm™L,
Discussion

The resolved chlorine hyperfine splitting in the present complex
is similar to that found in Cu(phen),Cl,,'* suggesting that the
unpaired electron delocalization on the two complexes is also
similar. If the assumption is made that the largest metal—chlorine
interaction is parallel to the bond direction, the observed large
splitting when the static magnetic field makes an angle of ~30°
with the b axis in the (001) plane can be used to assign the g tensor
to one of the two magnetically nonequivalent molecules present

(24) Schonland, D. S. Proc. R. Soc. London 1952, 73, 788.
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in the orthorhombic cell. As a matter of fact at this angular setting
the Cu-Cl direction of one molecule is making an angle of 35°
with the static magnetic field, while the other is making an angle
of 66°.

The copper(II) ion is in slightly different environments in its
own and in the zinc lattice. The atomic coordinates of the latter
are not available, but they must be close to those of Co-
(Ph;P0O),Cl,.1%25  The most sensitive parameter in the ESR
spectra is the g value, which is 2.43 for the pure copper(II)
complex and 2.46 for the copper(II)-doped zinc(II) complex,
suggesting that the zinc complex is closer to a tetrahedral geom-
etry. A similar effect had been previously noted also for the pure
and zine-doped Cs,CuCl,.!2** The angular dependence of the g2
values in the (001) plane does not reveal any large difference in
the position of the extremes in both the pure and the zinc-doped
complex.

The g values of the pure copper(II) complex can be reproduced
by angular overlap calculations!®?2” by using the parameters e,°
= 7600 cm™!, ¢,C = 1100 cm™, ¢,% = 5500 cm™!, ¢, = 1650 cm™!,
¢=830cm™, k, =0.88, k, = 0.67, and k, = 0.63, where k; is
Stevens’ orbital reduction factor.?® The calculated g values are
g1 =243, g,=2.09, and g; = 2.08, and the calculated electronic
transitions are 5900, 6900, 9900, 10700 cm™ in good agreement
with the experimental values.?> It must be stressed here that the
above procedure requires the diagonalization of the angular
overlap-spin—orbit coupling matrix, so that any inconvenience
which might occur in a perturbative approach when the spin-orbit
coupling constant becomes large compared to the energy sepa-
rations of the d orbitals is eliminated.

If the same values of the parameters are used, but with the
geometrical coordinates seen in the structure of Co(Ph;PO),Cl,,
which is less distorted from the tetrahedral symmetry,!%2 the
pattern of levels and of g values is completely reversed (g; = 2.08,
g, = 2.36, g3 = 2.16) showing that, even in the zinc lattice, the
tetrahedron around copper is severely flattened. As a matter of
fact the observed g values of the zinc-doped complex can be
reproduced by using the e, parameters which fit the data of the
pure complex and decrease by ~2° the O’-Cu-Cl angle, whose
bisector defines the z axis.

Attempts to fit also the copper hyperfine seen in the ZnO,Cl,
chromophore were unsuccessful, in every case a larger A, value
being calculated.? The only way to obtain the correct values
was the way that used very small values for X, the isotropic Fermi
interaction constant, and P = g,gnppun{r), ~0.23 and 0.015
cm’l, respectively. This result is not unexpected, since the attempts
to fit the copper hyperfine of copper(II)-doped Cs,ZnCl, were
also unsuccessful. In Table I are shown the spin Hamiltonian
parameters for CuCl, and CuX,Cl; chromophores. A, has the
minimum value for Cs,CuCly, and it increases on replacing two
chlorine atoms with two oxygen and two nitrogen atoms, re-
spectively. Also the g values are interesting, since the largest
value is observed for CuQ,Cl, although the energies of the
electronic transitions!’ are higher than those observed for Cs,-
CuCl,.!23031  AJ] these considerations show that the simple
formulas®23? do not hold. Symbols used in (1) are defined in the

8{a01%By?
Aby

2840 Z‘Y 2
S v

Agll = —
Ay = P[-Ka? - % + Agy + %Ag, ]
AL = P[—Kozlz + 2/7(112 + 11/14AgL]

Appendix. In particular it is difficult to understand why A, is
smaller in CuCl, as compared to that for CuO,Cl, even if the term

(25) Mangion, M. M.; Smith, R.. Shore, S. G. Cryst. Struct. Commun.
1976, 5, 493.

(26) Gerloch, M.; Mc Meeking, R. F. J. Chem. Soc., Dalton Trans. 1975,
2443,
(27) Schiffer, C. E, Struct. Bonding 1973, 14, 69.
(28) Stevens, K. W. H. Proc. R. Soc. London, Ser. A 1953, 219, 542,
(29) Bencini, A.; Gatteschi, D. J. Magn. Reson. 1979, 34, 653.
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Table I. Spin Hamiltonian Parameters for CuCl, and
CuX,Cl, Chromophores

CuN,CL,%* CuO,Cl, CuCl,®
£l 2.30 2.43 2.38
g.1° 2.06 2.08 2.09
Apd 123 40 25
A,6d 9 25 48.5

@ Reference 8. P Reference 6. © Average of x and y compon-
ents. 4 Values X10%in cm™".

due to the metal spin—orbit coupling P(Agg + 3/,Ag,), which
opposes the contact and dipolar term —Pa%(K + 4/,), must be
larger for the oxygen-substituted complex. Also the original
explanation by Sharnoff,!? who introduced the metal 4p contri-
bution, does not seem to be satisfactory, since it fails to explain
why in complexes with almost identical geometries the substitution
of two chlorine atoms with two oxygen atoms should decrease the
4p admixture, which is determined by the lack of a symmetry
center.

We feel that a unitary explanation of these data is possible,
considering that chlorine has a fairly large spin—orbit coupling
constant, of the same order of magnitude as the copper(II) con-
stant, and that the metal-chlorine bond must be fairly covalent.
This is shown by the chlorine hyperfine data of the CuO,Cl,
chromophore which are very similar to those reported for Cu-
(phen),Cl,,'* and as in that case, they can be interpreted, con-
sidering that the unpaired electron is spending 5-10% of its time
on each chlorine atom. As a consequence the formulas in (1) are
inadequate, and a more complete approach, which includes also
the ligand contributions to the spin Hamiltonian parameters, must
be used.

For the sake of simplicity we considered a complex of D,y
symmetry, the results being easily extended to the lower sym-
metries of Cs;CuCl, and Cu(Ph;PO),Cl,. The relevant formulas
in (2) are given below, while the symbols used are given in the

8¢,
Ag) = _A_b‘i(alﬁl - Yaa3B2) (181 — Yov38,) )

28, 42
Ag, = _E(al‘h + ayvs — 27V 2a3y)) X

av; t \/-2-UL01372 Uy
-1
1
—=asby | Agy
V2

Yy (aryy + azys = Yhayys)'Ag

Ay = P| -Ka? - Yra® + (1B b - +

A, = P| -Ka? + Yha? + Wig(ayyy) X

-1

1
ayyr + a3ys - —=azyy ) Agy
V2

Appendix together with the procedure for obtaining them.

In the limit of v; = {;/{c, = 0 and neglect of the ligand terms,
the formulas in (2) reduce to the formulas in (1). Therefore the
formulas in (2) have the same limitations as the formulas in (1),

(30) Morosin, B.; Lawson, K. J. Mol. Spectrosc. 1964, 12, 98.

(31) Ferguson, J. J. Chem. Phys. 1964, 40, 3406.

(32) McGarvey, B. R. Transition Met. Chem. 1966, 3, 89.

(33) These formulas are obtained through the perturbative approach, i.e.,
the spin—orbit coupling constant is assumed to be small compared to the energy
separation of the d orbitals. For the present tetrahedral chromophores this
assumption may be at fault. A comparison with the exact calculation reported
above shows that the g and A values calculated through the formulas in (1)
are within 10% from the correct values.
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in the sense that they are obtained through a perturbation ap-
proach. As shown in ref 33 this approach may give results which
are 10% from the exact values. However, since we will not attach
too much quantitative meaning to the formulas in (2) but will use
them to rationalize a trend of values in this series of complexes,
we feel confident to use them. If vy is included and if a; and 3,
have sizable values, i.e., if covalency effects are substantial, then
the g value is reduced in the case of a ligand having large {; as
compared to the case of a ligand having small {;. This may explain
why g is larger in CuO,Cl, chromophores as compared to that
in CuCl, chromophores, since in the latter, covalency effects
associated to copper—chlorine bond must be more pronounced.

In the A, formula in (2) the term depending on the metal
spin-orbit coupling constant does not have the form P[Ag, +
3/,Ag 1 as in eq 1. Since « and 8 are positive definite, the
coefficient of Ag) in (2) is >1 so that the contribution of this term
is greater than that expected by using the Ag as obtained through
experiment in eq 1. This effect must be larger for CuCl, chro-
mophores as compared to that for CuO,Cl, chromophores, ex-
plaining why such small 4, values are observed for the former.

The analysis is more complicated for the perpendicular values,
since in this case the low-symmetry effects are expected to be more
important. Also there are two different contributions of the ligands
to both the g, and 4, values, which are of opposite sign and tend
to cancel themselves. If it is assumed, however, that the a7y,
product is the leading one, then the inclusion of the ligand con-
tribution would increase the g, value. Inthe A, formula (2) it
would give a smaller contribution to the term containing Ag, ,
thus justifying the large 4, seen in the CuCl, chromophore.
However, the correction due to g, is expected to be smaller than
that due to g

If the above interpretation is correct, the anomalous ESR
spectra of CuX,Cl, complexes (X = Cl, O, N) are essentially due
to the covalency of Cu—Cl bonds and to the large spin-—orbit
coupling of the chlorine atoms. A contribution of the metal 4p
orbitals cannot be ruled out, but it cannot be as large as would
be required if the ligand contributions would be neglected.

It is interesting to note that these considerations apply also to
the copper(II) proteins which have anomalously low 4 values.>*
In fact they are known to contain at least one sulfur atom in the
coordination sphere.>* Sulfur is known to yield a fairly covalent
bond with copper(II), and its spin—orbit coupling constant is fairly
large, close to half that of copper(II),30-3!

It must be concluded that small 4, values may be found in
pseudotetrahedral copper(II) complexes when donor atoms with
a large spin-orbit coupling constant and yielding fairly covalent
bonds to the metal atom are present in the coordination sphere.

Appendix. Calculations of g and A for a d'-d” Electron
Configuration in D,; Symmetry

The calculations are performed following the procedure outlined
by McGarvey.’? The coordinate axes for the metal (M) and the
ligands (L) in the complex are shown in Figure 4. The linear
combinations of atomic orbitals spanning the irreducible repre-
sentations of the D,, point group are listed in Table II. Using
these functions, we can write the symmetry adapted antibonding
molecular orbitals which follow:

la)) = 61|22) + 8300(a1) — S3p.(ay) — Sspi(ay) 3)
|by) = Bi|x? = ¥2) = Baesy(by)

[B2) = au|xy) — e (b2) — aze. () + ases(by)

(34) Fee, J. A, Struct. Bonding 1978, 23, 1,

(35) Doolry, D. M.; Rawlings, J.; Dawson, J. H.; Stephens, P. J;
Andréasson, L. E.; Malmstom, B. J.; Gray, H. B. J. Am. Chem. Soc. 1979,
101, 5038.

(36) Doolry, D. M,; Clark, R.; Stephens, P. J.; Gray, H. B. J. Am. Chem.
Soc. 1979, 101, 5046.

(37) Keijzers, C. P.; Paulussen, G. F. M; De Boer, E. Mol. Phys. 1975,
29, 973,

(38) Keijzers, C. P.; De Boer, E. Mol. Phys. 1975, 29, 1007.
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Table II. Linear Combinations of Metal and Ligand Orbitals
Spanning the Irreducible Representations of the D, 4 Point Group®

symmetry metald
label orbital ligand orbital®

A d,2 ‘Pz(”1)=l/2(le -pz2* +pz° - p2)

‘ny(al) = (8)—”2(pxl + px2 - px3 -
Pxt - p‘yl + p‘y2 + p‘y3 _py4)
oga,) =1/a(" + 52 +5° +59

B, dy2_y?  gxy(d)) = (8" *(px' + pPx®—Px* -

Px* + pyl - p‘y2 - p‘y3 + py4)

B, dyey 02(b,) =1/2(p;" +p,* + % +p2Y)

oxyd,) = (8)"'*(px' —px*—px’ +
Px* —py' =Py’ +Py® +py*)
oslb,) =1/ — 8% + 8% — %)

E dyz ez(e,) =1/2(pz" +pzt—p—p.*)
‘Px(el) = ‘/z(le _px2 + an _px4)
oyle,) = l/z(p‘yl + p‘y2 + pya + Py4)
gse) =18 =8 = 8° +5%)

d‘yz vzley) =1:(p' - pt —p2° +p2Y)
oxle)) =1/2(px’ +Px® + 04> +

2

Px4) .

oy(e,) =1/2(py' = py® + py® —DyY)
pge,) =1/,(s" + s — s —s%)

¢ Reference system is defined in Figure 4. b Superscript indi-
cates the ligand nucleus on which the orbital is localized. The
number refers to Figure 4.

Figure 4. Reference system for ML, chromophores.

ler) = vilxz) + vae.(e1) — vieler) — vapy(el) — vselle)

le2) = vilyz) + vae:(e2) — vi04(e2) — vaex(ed) + vses(er)
The signs are chosen to make the orbitals antibonding when the
constants take positive values.

The ground state is a mainly metal d,, orbital'**¥ which spans
the b, irreducible representation of D,

Treating the spin-orbit coupling operator as a first-order
perturbation on the basis of (3) the |+) and |-) components of
the fundamental Kramers doublet in (4) are obtained. The

|+) = |b2+) + a1|b1+) + a2[|e1—) - ilez_)]
=y = |b3) — aibi—) + azller+) + iley+)] (4)

symbols + and — on the right hand of (4) refer to the *!/, and
-1/, spin components and a; and a, are

ay = (i84/Ab)) (B - 1/2UL01332)
ay = —(ita/ Ae) Chayyy + vi(8) 2 yaay — Yovrayys)  (5)

where »; = {1/ ¢4 {1 and §,are the one-electron spin—orbit coupling
constants for the ligand and metal atom, respectively, and Ab;
and Ae are the energy separations of the excited |b,), |e;) and
|e2) molecular orbitals from the ground state |b).

From (4) and (5) the equations in (2) follow. In obtaining them,
we had to consider terms containing metal-ligand overlap integrals
as well as terms connected to the sp hybridization of the ligand
orbitals negligible as compared to the other terms.



