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The single-crystal d-d spectra of the title complexes are reported and the transition energies of the pseudotetrahedral CuC12- 
ions that the complexes contain are compared with those of other compounds having varying degrees of distortion by using the 
angular overlap model. Significant mixing between the metal 4s and 3d,2 orbitals occurs toward the square-planar limit of this 
series, though little mixing between the metal 3d,,, and 4p orbitals takes place even in those complexes with large pseudotetrahedral 
distortions. The long axial interactions in bis(N-benzylpiperazinium) tetrachlorocuprate(I1) bis(hydroch1oride) (Cu-CI = 337 
and 385 pm) apparently have little influence either upon the d-orbital energies directly or upon the d s  mixing. The angular overlap 
model is used to derived expressions for the way in which the intensities of the Laporte-allowed transitions in the CuCI,*- ion vary 
as a function of distortion from a planar to a tetrahedral geometry. The intensities calculated from these expressions are consistent 
with those observed for the N-(2-ammonioethyl)morpholinium salt of CuC12- and Cs2CuC1,, though the model significantly 
underestimates the intensities of those transitions of planar CuC12- that are induced by coupling with the vibration which carries 
this complex toward a tetrahedral geometry. 

Introduction 
Because chlorocuprates are comparatively simple and exhibit 

a wide range of stereochemistries, they have frequently been used 
to test theoretical models of the bonding in metal comp1exes.'q2 
In addition, they have been the subject of numerous spectroscopic 
 investigation^,^^^ and the C U C ~ ~ ~ -  ion has recently acted as a simple 
model of the active site in copper "blue"  protein^.^,^ 

Compounds of the general formula (~a t ion)~CuCl ,  show a 
particularly rich stereochemistry. In some of these, 4-coordinate 
CuCId2- ions with flattened tetrahedral geometries are present, 
though the degree of flattening is highly variable, being strongly 
influenced by the nature of the countercation.2 In several cases, 
the trans-ClCuC1 angle opens to 1 80°, leading to a centrosym- 
metric planar geometry. In the green form of the compound 
N-(2-ammonioethyl)morpholinium tetrachlorocuprate(II), 
[ (Naem)CuCl,], both planar and pseudotetrahedral CuCl2- ions 
are present, the latter having a moderate distortion away from 
planarity (trans-ClCuCI angles of 146°).6 When the organic 
cations are relatively small, the planar C U C ~ ~ ~ -  units are often 
linked by the formation of long axial bonds to neighboring groups, 
giving rise to the 4+2 coordination geometry so common in 
copper(I1) chemistry.2 The complex bis(N-benzylpiperazinium) 
tetrachlorocuprate(I1) bis(hydrochloride), [(NbzpipzH2C1),- 
CuCl,], provides a structural link between the limiting types of 
chlorocuprate, as it contains CuC14" ions that have only a slight 
distortion away from planarity toward a tetrahedral geometry (the 
trans-ClCuC1 angles are both - 166O) with each metal ion being 
linked to a neighboring complex via a very long axial bond (337 

The spectral properties of chlorocuprates provide a useful means 
of probing not only their stereochemistry but also the ease with 
which this can be changed. In this context we have recently 
studied the EPR and electronic spectra of the C U C I ~ ~ -  ion, both 
in pure copper(I1) and as a "guest" in various 
zinc(I1) host  lattice^.^ The electronic spectrum of planar C U C ~ ~ ~ -  
has proved especially interesting. Analysis of the vibrational fine 
structure observed at  low t e m p e r a t ~ r e ~ ~  and the shifts in band 
maxima as a function of t e m p e r a t ~ r e ~ ~ ~ ' ~  have allowed the ge- 
ometry of the excited states to be determined, while the tem- 
perature dependence of the band intensities has provided estimates 
of the energies of the intensity-inducing vibrational modes.3c,d The 
out-of-plane bending vibration of p2u symmetry, which carries the 
complex from a planar toward a tetrahedral geometry, was con- 
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sistently found to be very low in energy, and this has an important 
influence on the spectra.3CBd Another unusual feature of planar 
C U C ~ , ~ -  concerns the transition 2A1,(z2) - 2Bl,(x2 - y 2 ) ,  which 
occurs -6000 cm-' higher in energy than is predicted by simple 
bonding models. This has been rationalized in terms of the de- 
pression of the dZ2 orbital by configuration interaction with the 
metal 4s ~ r b i t a l , ' ~ * ~ ~ * ' ' * ' ~  and it has been suggested that this should 
diminish as the ligand coordination geometry approaches cubic 
symmetry, either by an angular distortion toward a tetrahedral 
arrangementlla or by the approach of axial ligands to give an 
octahedral stereochemistry.11b 

The unusual structural features of ( N b z p i p ~ H ~ C l ) ~ C u C l ~  and 
(Naem)CuCl,, involving extremely weak axial coordination in the 
former case and relatively small distortions of the C U C ~ , ~ -  ions 
away from planarity, mean that they are ideally suited to in- 
vestigate the above conclusion. We report here the single-crystal 
electronic spectra of these complexes and compare them with the 
spectra of other chlorocuprates. The variation of the transition 

(1) (a) Ros, P.; Schuit, G. C. A. Theor. Chim. Acta 1966, 4 ,  1. (b) 
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(2) For a general discussion of all aspects of chlorocuprate chemistry see: 
Smith, D. W. Coord. Chem. Rev. 1976, 21, 93. 
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(12) Vanquickenborne, L. G.; Ceulemans, A. Inorg. Chem. 1981, 20, 796. 

0020- 1669/88/ 1327-0894$01.50/0 0 1988 American Chemical Society 



d-d  Transitions of CuC1:- on Distortion 

- , 
Ln 
W 
i 0 

100 

z X 

- 

Inorganic Chemistry, Vol. 27, No. 5, 1988 895 

100 
(N-bzp 1pzH2C 1) 2 CuC 14 

I r i  L l  

Figure 1. Idealized geometry of the pseudotetrahedral CuC12- ion, 
showing the metal- and ligand-based coordinate systems. 

energies as a function of the distortion from planarity is interpreted 
quantitatively by using the angular overlap model (AOM)13 of 
the bonding in metal complexes. This model also forms the basis 
of a treatment of the changes in band intensity that wcur as the 
CuC12- ion distorts from a planar toward a tetrahedral geometry. 
Experimental Section 

Large, green crystals of (Nbzpip~H~C1)~CuCl~ were prepared by the 
method of Antolini et al.' and had a satisfactory analysis (Anal. Calcd: 
C, 41.7; H, 5.7; N, 8.9. Found: C ,  41.1; H, 5.7; N, 8.9.) Electronic 
spectra of the prominent (100) crystal face were measured on several 
samples by using a Cary 17 spectrophotometer at 18 and 290 K with 
polarized light parallel to each of the extinction directions using a tech- 
nique described previo~sly.~J~ The crystal morphology was deduced by 
measuring the interfacial angles of the crystals on a stereoscopic polar- 
izing microscope and checked by analyzing the anisotropy of the crystal 
EPR spectrum. Large crystals of the green form of (Naem)CuC14 were 
grown as described by Battaglia et aL6 and had a satisfactory analysis 
(Anal. Calcd: C, 21.3; H, 4.8; N, 8.3. Found: C, 21.6; H, 4.8; N, 8.3.) 
The compound was found to change to the yellow crystal modification6 
in a matter of a few days, so freshly prepared crystals were used for the 
spectral measurements. Spectra of the (101) crystal face, obtained by 
cleaving a large crystal, were recorded as for the (Nb~pipzH~C1)~CuCl~ 
complex. The samples were cooled by using a Cryodyne Model 21 
refrigerator, and the crystal thicknesses used to convert the measured 
absorption values into molar extinction units were measured by using a 
graduated microscope eyepiece. 
Results and Discussion 

T h e  s tereochemistry of t h e  chromophore in 
( N b z p i p ~ H ~ C l ) ~ C u C l ~ ,  illustrated schematically in Figure 1, 
deviates from a centrosymmetric, planar geometry by virtue of 
several low-symmetry perturbations. Most important is the slight 
distortion toward a tetrahedral geometry. The two trans-ClCuC1 
angles are equal within experimental error (166.6 and 166.3O), 
so that the effective symmetry is lowered from D4,, to DM. Weak 
axial coordination occurs to the chloride ions of neighboring 
complexes, though the extreme length of these Ubonds", 337 and 
385 pm, means that it is hard to say whether they will have any 
detectable effects on the properties of the copper(I1) ion. The 
asymmetry of the axial coordination lowers the effective symmetry 
to C,. Finally, one Cu-Cl bond, that along y in the present 
coordinate system, is slightly longer than the other three (233 pm, 
compared with 224 f 1 pm), lowering the symmetry to C,, and 
the true crystallographic site symmetry is no higher than C1.' 

Typical spectra measured at  18 and 290 K with the electric 
vector parallel to the b and c crystal axes are shown in Figure 2. 
In marked contrast to the spectrum of the planar CuC142- ion,3d 
which shows a dramatic increase in intensity when the temperature 
is raised from 10 to 290 K, the spectrum of (Nb~pipzH~C1)~CuCl~ 
shows little change beyond a broadening of the bands. This is 
consistent with the noncentrosymmetric nature of the chromophore 
in the latter complex and implies that the bulk of the intensity 
is derived from a static rather than a vibronic intensity mecha- 
nism.I5 If the x axis is defined as parallel to the vector connecting 
the two C1- ions with similar bond lengths, as indicated in Figure 

(13) (a) SchBffer, C. E. Sfruct. Bonding (Berlin) 1973, 14, 69. (b) Larsen, 
E.; La Mar, G.  N. J .  Chem. Educ. 1974, 51, 633 .  (c) Smith, D. W. 
Sfrucf. Bonding (Berlin) 1978, 35, 87. 

(14) Hitchman, M. A. Transition Met. Chem. (N.Y.)  1985, 9, 1. 
(15) For a general discussion of d-d spectra see: Lever, A. B. P. Inorganic 

Elecfronic Spectroscopy, 2nd ed.; Elsevier: Amsterdam, 1984. 
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Figure 2. Spectrum at 18 and 290 K of a crystal of 
(Nb~pipzH~C1)~CuCl~ with the electric vector parallel to the c (full line) 
and b (dashed line) crystal axes. 
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Figure 3. Spectrum of a crystal of the green form of (Naem)CuCI, with 
the electric vector parallel to the [OlO] (dashed line) and [ 1011 (full line) 
directions, measured at 10 K. 

1, the y axis as the cross-product of x and the vector bisecting 
that connecting these two C1- ions and z as the cross-product of 
x and y give the squares of the molecular projections when the 
electric vector is parallel to the b and c crystal axes, averaged over 
the two molecules in the monoclinic unit cell, indicated below: 
b, 0 . 0 0 0 ~ ~  + 0 . 5 6 6 ~ ~  + 0 . 4 3 4 ~ ~ ;  c, 0 . 0 0 1 ~ ~  + 0 . 4 3 3 ~ ~  + 0 . 5 6 6 ~ ~ .  
It may be seen that there is comparatively little difference between 
the molecular projections for the two polarization directions. 
Selection rules based on an effective point group of DM or C, 
symmetry would therefore imply that the spectrum should show 
little polarization, in marked contrast to experimental observation 
(Figure 2). It thus appears that as far as the band intensities are 
concemed, the effective point group is lower than this, which means 
that the band polarizations cannot be used to assign the spectrum. 
However, the fact that the peak positions fall smoothly between 
those observed for the planar and more distorted C U C ~ ~ ~ -  ions 
discussed below for (Naem)CuC14 leaves little doubt that the three 
bands, centered at  - 11 500, 13 150, and 15 200 cm-I, may be 
assigned to transitions from the d,, dxryr, and d,z orbitals to the 
half-filled d.+z orbital, respectively. 

The bands in ( N b ~ p i p z H ~ C 1 ) ~ C u C l ~  show a significant shift 
to lower energy as the temperature is raised (Figure 2), and this 
may be indicative of a more highly distorted pseudotetrahedral 
equilibrium nuclear geometry in the excited electronic states, as 
has recently been inferred from shifts of this kind observed for 
planar However, it is also possible that the distortion 
angle is effectively temperature dependent. This would correspond 
to the vibration carrying the complex from a near-planar geometry 
toward tetrahedral geometry being of low energy and highly 
anharmonic. A mechanism of this kind has recently been proposed 
by B a d 6  to explain the temperature-dependent EPR parameters 
of various pseudotetrahedral copper(I1) complexes. 

The green modification of (Naem)CuC14 has one planar and 
one pseudotetrahedral C U C ~ ~ ~ -  ion in the asymmetric unit,6 and 
the low-temperature spectrum of the compound shows that the 
absorptions of these two species are quite well separated (Figure 
3). The planar complex gives rise to the higher energy, com- 

(16) Bacci, M. Chem. Phys. 1984, 88, 39 and references therein. 
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paratively weak absorptions centered at - 17 OOO and 14 500  cm-I. 
These bands show extensive vibrational fine structure, which will 
be discussed e1~ewhere.l~ The bond distances in the pseudotet- 
rahedral CuC12- ion are very similar (226.6 and 226.9 pm), with 
the truns-ClCuC1 angles being crystallographically equivalent. 
The ion thus has a geometry very close to the idealized DSd point 
group expected for a four-coordinate Cu(I1) complex distorted 
by Jahn-Teller coupling. If a coordinate system is defined as in 
Figure 1, the molecular projections when the electric vector of 
polarized light is parallel to the [OlO] and [ l o l l  crystal axes are 

[OlO]: 0 . 4 9 4 ~ ~  + 0 . 5 0 6 ~ ~  + 0 . 0 0 0 ~ ~  

McDonald et al. 

[ l o l l :  0 . 0 2 2 ~ ~  + 0.021y2 + 0 . 9 5 7 ~ ~  
In the DU point group (with nonconventional axes defined as in 
Figure 1) the transition ( z2)  - (x2 - y2) is allowed in z polari- 
zation, while (xz,yz) - (x2 - y2) is allowed in xy polarization, 
so that the intense bands centered at 12050 and 9300 cm-' (Figure 
3) may be assigned to these transitions, respectively. The weak 
shoulder a t  -9000 cm-' in xy polarization is then due to the 
symmetry-forbidden (xy )  - (x2 - y 2 )  transition. 

Comparison witb Other Chlorocuprates. Band Energies. Several 
previous studies have noted that as the C U C I ~ ~ -  ion distorts from 
a planar geometry toward a tetrahedral geometry the electronic 
spectrum undergoes a red shift, and empirical expressions have 
been derived relating the shift in overall band maximum to the 
change in the dihedral angle between the planes formed by the 
copper and cis chloride ions'* or the trans-C1CuCI angle.I9 The 
AOM provides a particularly convenient method of quantifying 
more fully the change in transition energies as a function of 
geometry,13 as, provided that the bond lengths do not alter sig- 
nificantly, the transition energies of any complex of general Dzd 
symmetry are given by simple equations" involving just the 
distortion angle a (a = 90° - 8, Figure 1): 
E(z2)  = 3e, sin4 a - 4e,(cos2 a - y2 sin2 a)2 - 2e, sin2 2a + 

16eds(cos2 a - y2 sin2 - 13.3edp(sin4 a cos2 a) 

3e, sin4 a + e,(sin2 2 a  - 4 sin2 a) - 13.3edp(sin4 a cos2 a) 

e,(sin2 2 a  - 2 cos2 2 a  - 2 cos2 a) (1) 
Here, E represents the energy of the excited state involving the 

d orbital in parentheses; note that the coordinate system has the 
x and y axes coincident with the bond directions in the limiting 
complex of D4,, symmetry. The parameters e, and e, represent 
the u- and r-bonding effects of the chloride ligands, while eds takes 
into account the depression of the dZz orbital due to configuration 
interaction with the metal 4s orbital. Following Smith,IIa the 
factor edp has been included to represent possible effects of the 
admixture of metal p orbitals. 

The room-temperature transition energies E(z2) = 15 500 cm-I, 
E(xz,yz) = 13 200 cm-I, and E(xy) ,  = 11 500 cm-' observed for 
planar CuC12- suggest the values e,  = 5030 cm-I, e, = 900 cm-I, 
and eds = 1320 cm-'. Assuming edp is negligible, eq 1 then implies 
the variation in transition energies as a function of 0 given by the 
solid lines in Figure 4. Here, the effects of spin-orbit coupling 
have been included by using a value of 580 cm-' for the effective 
value of the coupling constantFO Optimum agreement (the dotted 
line) is obtained by a small value of edp = 160 cm-I. Included 
on the figure are the transition energies reported in the literature 
for four-coordinate tetrachlorocuprates of known crystal structure. 

E(XY) = 

E(xz,yz) = 3e,(sin4 a - y2 sin2 2a) + 

(17) McDonald, R. G.; Riley, M. J.; Hitchman, M. A,, to be submitted for 
publication. 

(18) Battaglia, L. P.; Bonamartini Corradi, A.; Marcotrigiano, G.; Menabue, 
L.; Pellacani, G. C. Inorg. Chem. 1979, 18, 148. 

(19) (a) Willet, R. D.; Haugen, J. A.; Lesback, J.; Morrey, J. Inorg. Chem. 
1974, 13, 2510. (b) Harlow, R. L.; Wells, W. J., 111; Watt, G. W.; 
Simonsen, S. H. Inorg. Chem. 1975, 14, 1768. 

(20) For the matrix elements of spin-orbit coupling see: Golding, R. M. 
Applied Wave Mechanics, Van Nostrand: London, 1969; p 257. The 
spin-orbit coupling constant has been reduced to 70% of the free ion 
value. 
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Figure 4. Plot of the energies observed for transitions to the d s  (squares), 
drryl (circles) and d, (diamonds) excited states of compounds containing 
CuC1d2- ions as a function of the distortion from a planar geometry 
toward a tetrahedral geometry. The distortion angle 0 is illustrated in 
Figure 1, and the references to the 22 data sets included on the plot, in 
order of increasing distortion angle, are as follows: 1, ref 3d and 45; 2, 
ref 7; 3, ref 18 and 46; 4, ref 36; 5, ref 6; 6, ref 44; 7, ref 18 and 47; 8, 
ref 18; 9, ref 19b; 10, ref 36; 11, ref 19a and 48; 12, ref 37; 13, ref 38 
and 49; 14, ref 6; 15, ref 36; 16, ref 39; 17, ref 40 and 50; 18, ref 41; 19, 
ref 42 and 51; 20, ref 9; 21, ref 43; 22, ref 9). Curves calculated by using 
the angular overlap model are shown, both neglecting (full lines) and 
including (dashed lines) the effects of d-p mixing; see text for the method 
of calculation and the values of the parameters. 

It may be noted that the Cu-CI bond lengths in these are ap- 
proximately constant. 

The transition energies observed for ( N b ~ p i p z H ~ C 1 ) ~ C u C I ~  
agree reasonably well with the calculated curves. This implies 
that the weak axial coordination in this compound (Cu-Cl bonds 
of 337 and 385 pm) has no discernible effect on the parameter 
e&, which is consistent with a recent analysis of the spectra of a 
range of chlorocuprates by Deeth and Gerloch.21 Here, it was 
found that in [Pt(NH,),] [CuCI,], which contains centrosymmetric 
axial bonds 326 pm long, the parameter e& was not greatly reduced 
from the value deduced for the truly four-coordinate planar 
CuC12- ion. This is in contrast to analogous complexes with axial 
bonds 304-278 pm long, in which the d,z, orbital energy pro- 
gressively approaches that expected if the AOM is used in its 
simple form where the dzz - 4s interaction is neglected. 

The fact that the parameter e& is so large implies a significant 
admixture of the 4s orbital into the predominantly d,z orbital in 
planar CuC12- (a simple perturbation calculation" suggests - 6% 
4s participation, and this agrees with recent, more direct estimates 
based on the metal hyperfine parameters of tetragonally distorted 
copper(I1) complexes with d,z ground states--- 3% in C U F ~ ~ - , ~ ~  
rising to a much larger value in the linear CuF, molecule).23 In 
marked contrast to this, only a very small value of edp is required 
to obtain optimum agreement with experiment, this only affecting 
complexes with large pseudotetrahedial distortions. This may be 
seen from the dashed lines in Figure 4, which were calculated by 
using the value edp = 160 cm-I. The very modest participation 
of the metal 4p orbitals in the ground-state,wave functions that 
this implies (-0.2%) agrees with recent interpretations of the 
metal hyperfine parameters of the pseudotetrahedral C U C ~ ~ ~ -  
ion.9*24 This contrasts with earlier proposals that the 4p orbitals 
made a sisIuficant contribution to the ground-state wave function.25 
Band Intensities. Several quantitative studies have been reported 

of the intensities of the d-d transitions of tetrahedral complexes 
in genera126*27 and of the C U C ~ , ~ -  ion when this has the distorted 

Deeth, R. J.; Gerloch, M. Inorg. Chem. 1985, 24, 1754. 
Hitchman, M. A,; McDonald, R. G.; Reinen, D. Inorg. Chem. 1986, 
25, 519. 
Kasai, P.; Whipple, E. B.; Weltner, W., Jr. J .  Chem. Phys. 1966, 44, 
258 1 .  
Bencini, A.; Gtitteschi, D.; Zanchini, C. J .  Am. Chem. SOC. 1980, 102, 
5234. Bencini, A,; Gatteschi, D. J .  Am. Chem. SOC. 1983, 105, 5535.  
Sharnoff, M. J .  Chem. Phys. 1965, 42, 3383. 
(a) Ballhausen, C. J.; Liehr, A. D. J.  Mol. Specfrosc. 1958, 2, 342; 1960, 
4, 190. (b) Jaeger, Z.; Englman, R. Chem. Phys. 1973, 29, 242. (c) 
Mason, S. F. Sfrucf .  Bonding (Berlin) 1980, 39, 43 and references 
therein. 
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Table I. Symmetry-Adapted Basis Functions' Table 11. Group Overlap Integrals' 
Dzd metal ligand ligand 

symmetry orbitals functions label 

$2 
a1 d 2  

43 
44 bl d X Y  
45 b2 

e d,,, d,, 1/21/2(Pzl - Pz3) 47 

' /2(PzI + Pz2 + PI3 + Pz4) $1 

l / Z ( P X l  - Px2 + Px3 - Px4) 
I /2(PYl + Py2 + Py3 + Py4) 

l /2(Pyl - Py2 + Py3 - Py4) 
'/2(PzI - Pz2 + PI3 - Pz4) 

1/21/2(Px, - Prs) 48 
1 /21/2(Pyl - Pya) 49 
1 /21/2(Pz2 - Pr4) 410 
1 /21/2(Px2 - Pr4) 

1 /21/2(Py2 - Py4) 412 

a2 

dX2 - y2 

'/2(Pzl + Px2 + Px3 + Px4) 46 

41 I 

'The basis functions with pz atomic orbitals are involved with u 
bonding, those with pr are A bonding parallel to the z molecular axis, 
and those with py are ?r bonding perpendicular to z. 

tetrahedral geometry expected in the absence of lattice forces, 
as exemplified in C S ~ C U C I ~ . ~ * ~ ~  As the CuC12- ion in 
(Naem)CuC14 has a symmetry similar to that in Cs2CuC14, but 
a considerably smaller distortion from planarity (trans-ClCuC1 
angles of 146O, compared with -128O), it is of interest to see 
whether the intensities of both complexes may be explained by 
using a single simple model and whether this can be extended to 
treat the intensity of the transitions in planar CuCl:-, which are 
derived by coupling with the vibrational mode that carries the 
complex into a pseudotetrahedral geometry. As the change in 
energies of the transitions may be explained so successfully by 
using the AOM (see preceeding section), it was decided to see 
whether an approach based on this model could be used to treat 
the changes in band intensities. 

Within the framework of the AOM13 the energy shift of each 
d orbital in a complex involving just one ligand is given by 

AE = e h ( F M L ) 2  x = 6, ?r (2) 
where ex represents the energy shift caused by one ligand and F M L  
is an angular factor that takes into account the geometry of the 
complex. Following the Wolfsberg-Helmholz a p p r ~ x i m a t i o n ~ ~  

where H M M ,  H L L ,  and H M L  represent ligand field matrix elements 
of the metal and ligand orbitals. As shown in the Appendix, an 
analogous perturbation procedure may be used to obtain an ex- 
pression for the coefficient Cx, which describes the component of 
a ligand orbital $L of A symmetry in the predominantly d-orbital 
wave function 

(4) I! (1 + (cAFML)~)-~"($M + W M L $ L )  

The ground-state wave function of CuC1:- a t  distortions between 
square planar and tetrahedral is dominated by the d9-y function, 
and as expected from the simple predictions of group theory the 
only nonzero transitions are 

I 

$x2-y2 - $2 

where the wave functions are labeled according to their dominant 
d component. These wave functions may be written as 

$'x2-yt = aidr2-yt + bsds + b646 

$'rz = a2dxz + b747 + bSd8 + b12412 

$Z2 = a3dz2 + b141 + b2&? (6) 

~~ ~~~ ~ 

(27) Van der Avoird, A.; Ros, P. Theor. Chim. Actu 1966, 4, 13. 
(28) McGinnety, J. A. J .  Am. Chem. Soc. 1972, 94,8406. 
(29) Wolfsberg, M.; Helmholz, L. J .  Chem. Phys. 1952, 20, 837. 

. -  
G(z2,1) = (1 - 3 sin2 B)S, 
G(z2,2) = 3 I I 2  sin 20 S, 

G(xz,7) = -(3/2)1/2 sin 20 So 
G(xz,8) = 2II2 cos 20 S, 
G(xz,l2) = -2lI2 sin 0 S, G(xy.4) = -2 COS 0 S, 

"Note: (1) S,, S, are u and ?r diatomic overlap integrals. (2) 0 is as 
defined in Figure 1. (3) In practice only seven of the above integrals 
are needed. (4) All other group overlap integrals are zero. 

with the symmetry-adapted ligand molecular orbitals 4i being 
given in Table I. Substituting the appropriate wavefunctions into 
eq A12 and expressing the dipole moment operator as outlined 
in the appendix yield the expressions 

($xt-y2~zI$,2) = R sin 6[~ lb lG(x '  - y2,5)/2 + a1b2G(x2 - 

($x2-y21xl$xz) = (!/2)1/2R cos 6[alb,C(x2 - y2,5)/2 + 
y2,6)/2 + bsa3G(Z2,1)/2 + b6U3G(Z2,2)/2 + bsbl + b6b21 

U1b&(X2 - y2,6)/2 + b&(xz,7)/2 + b,U2G(XZ,8)/2 + 
bsb7 + b6b8l (7) 

Here R sin 6 and R cos 8 represent the projection of the bond 
vectors onto the electric vectors z and x, respectively, and the group 
overlap integrals G(M, L) are given in Table 11. If R is in 
picometers, the oscillator strength is then given by27 

f =  (1.085 X 10-9)v~($i~r~$,)~2 (8) 
where v is the energy of the transition in cm-'. 

The coefficients ai and bi may be estimated in terms of the 
parameters C,,, C,, and 8 (see Appendix), so that it is now possible 
to calculate the band intensities of the CuC12- ion as a function 
of angular distortion from planarity. From the use of eq 7 with 
the group overlap integrals in Table 11, it was found that the total 
contribution from the metal-ligand terms is less than -30% of 
the total intensity of both transitions over the whole range of 6. 
To a reasonable approximation the dipole moments are thus given 
by the expressions for ligand-ligand contributions only, which in 
terms of C,, C,, and 8 explicitly, are 

(h2-ytlzl$z4 = 

($x2-y21xl$xz) = 

-31/2R sin 6 N1N2[C2 cos2 6 (1 - 3 sin2 6) + C: sin2 261 

R cos 6 NlN3[3C2 cos2 6 sin 28 - Cr2 sin 46]/2 (9) 

where the normalization constants are given by 

N1 = [l + 3C: cos4 8 + C,2 sin2 28]-1/2 

N2 = [l + C2(1 - 3 sin2 6)2 + 3Cr2 sin2 2~9]-'/~ 

N3 = [ l  + 3C2(sin2 26)/2 + 2 C 2  (cos2 26 + sin2 6)]-1/2 

As with the analogous AOM energy parameters e, and e,, it 
is unrealistic to attempt to calculate C., and C,. Instead, these 
were varied to give optimum agreement with experiment, and the 
calculated intensity changes as a function of 6 for the transitions 
in question are shown in Figure 5 ,  together with the experimentally 
observed intensities for the C U C ~ ~ ~ -  ions in (Naem)CuCl, and 
Cs2CuC14. The intensities observed for ( N b ~ p i p z H ~ C l ) ~ C u C l ,  
have not been included in the plot as they are apparently strongly 
influenced by lower symmetry effects (see preceeding section). 
The intensities of Cs2CuCl4 were obtained by repeating the 
measurements of F e r g ~ s o n ~ ~  using a large crystal of Cs2ZnC14 
doped with a small amount of Cu2+, the concentration of the 
dopant being measured by atomic absorption spectroscopy. It is 
estimated that the uncertainties in the experimental values are 
-*lo% for (Naem)CuC14 and -*20% for Cs2CuC14. Optimal 
agreement is obtained by using the values C, N 0.39 and C, N 

0.31 in the full expressions (eq 7) (Figure 5 ,  full curves). The 
intensities calculated by using these values in the approximate 
expressions (eq 9) are show by the dashed curves in Figure 5.  This 
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criticized as far as the energy parameters e, and e, are concerned; 
for instance, it has been pointed that the interaction with 
ligand s orbitals with add to e, while leaving e,  unaffected. One 
basic assumption of the AOM in its simple form that may be 
invalid is that the digonal matrix element H L L  is identical for the 
ligand orbitals of u and A symmetry. While this will be true for 
an isolated chloride ion, the interaction with the metal 4s and 4p 
orbitals will lower the energy of the chlorine p orbital of u sym- 
metry with respect to those of A symmetry. This could well lead 
to the factor ( H M M  - H L L )  in eq 5 being greater for the metal- 
ligand a-interaction than the corresponding a-interaction and 
hence to an increase in C, relative to C,. 

The present results may be compared with those reported by 
Mason and co-workers2& in their interpretation of the "d-d" band 
intensities of tetrahedral complexes in terms of a ligand polari- 
zation model (LPM). The dominant source of the intensity in 
the present study is similar to that in the LPM, namely transitions 
between ligand-based orbitals. The LPM was used to investigate 
the temperature dependence of the band intensities of C O C I ~ ~ - .  
The observed decreases were related to the thermal population 
of excited levels of vibrations, which carry the complex away from 
its time-averaged tetrahedral geometry, and in particular the 
bending vibration considered in the present study. While behavior 
of this kind is to be expected for higher energy transitions, such 
as those treated by Mason et the present study suggests that 
for low-energy transitions the band intensity of a tetrahedral 
complex may actually increase as the temperature is raised (Figure 
5 ) .  This is because the oscillator strength depends not only on 
the dipole-moment integral but also on the transition energy (eq 
5 ) .  This will be relatively temperature independent for the higher 
energy transitions, which are dominated by interelectron-repulsion 
effects. However, for the lowest energy transition, which has not 
yet been studied over a temperature range experimentally, the 
present calculations suggest that the frequency shift to higher 
energy as the effective ligand geometry shifts away from tetra- 
hedral may well dominate the intensity mechanism, causing the 
intensity to increase with temperature. It will be interesting to 
see whether future studies of the spectrum of C0CId2- confirm this 
prediction. 

One way of interpreting the intensities of the d-d transitions 
of centrosymmetric complexes is by considering the selection rules 
appropriate to the geometry of the complex when the ligands are 
displaced along each ungerade normal ~ibrat i0n.I~ This approach 
implies that the observed band intensities induced by coupling with 
a particular u-mode should correlate with those of complexes 
having static distortions of the corresponding symmetry, and the 
present study provides a chance to test this idea. 

The intensity of the transition 2Bi+2 - y 2 )  + 2Ai,(z2) in z 
polarization of the planar CuCId2- ion is derived solely by coupling 
with the mode of pZu symmetry, which carries the complex into 
a pseudotetrahedral geometry. The temperature dependence of 
the band suggests an energy of -60 cm-I for the vibration, which 
implies a root-mean-square displacement of 0 1.1 O at 10 K and 
an average rms displacement of 0 = 2.7O at  290 K. The band 
intensities measured at these two temperatures are shown in Figure 
5 .  It may be seen that while the temperature dependence of these 
is mirrored correctly, the values calculated for the present model, 
optimized for the statically distorted complexes, significantly 
underestimated the intensity due to vibronic coupling. The 
transition 2B, , (~2 - y 2 )  + 2E,(xz,yz) of planar CUCI,~- in  xy 
polarization is allowed by vibrations of p2,, and a2,, symmetry, and 
the temperature dependence of the band suggests that -40% of 
the intensity is due to coupling with the former mode at  10K,3d 
implying the intensity shown in Figure 5 .  While the calculations 
show the correct relative intensity of the 2Bl,(x2 - y2)  +- 'E,(xz,yz) 
transition compared with that to the 'A1,(z2) state, the absolute 
value is again significantly underestimated. It would thus seem 
that while the above method of interpreting the intensities of 
vibronically induced transitions shows promise, it does not produce 
estimates that are in close agreement with experiment at this stage 
of refinement. The reason for this is unclear, though it may be 
noted that the present model suggests that even in the centro- 

O W '  
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DISTORTION ANGLE ( e )  
F i e  5. Variation as a function of the distortion angle 0 of the oscillator 
strengths of the (2') + ( x 2  - y2)  and (xz,yz) + (x2 - y 2 )  transitions in 
z and xy polarizations, respectively, calculated by using the full expres- 
sions with optimum values of C, and C, (-), with the values C, = 0.37 
and CJC, = 2.0 (--), and with ligand-ligand contributions only (- - -). 
See text for the method of calculation. The experimentally observed 
intensities for (Naem)CuC14 (0 = 17') and Cs2CuC14 (0 = 27.5O) and 
also for planar C U C I ~ ~ -  were measured at 10 and 290 K. The latter data 
are from ref 3d, and here the distortion angle refers to the root-mean- 
square displacement along the intensity-inducing (I2" vibration; for the 
(xz,yz) - (x2 - y2)  transition, just the component of the intensity due 
to coupling with the (I2" mode is included. 

value of C, may be used to estimate the covalency of the 
ground-state wave function via eq 6 and the relationships given 
in the Appendix and implies that the unpaired electron spends 
-68% of its time in the metal dxl$ orbital in the planar CuC1:- 
ion, rising to -73% when this ion has it prefered distorted tet- 
rahedral geometry. These values agree well with recent calcu- 
l a t i o n ~ , ~ ~  and the estimates of 65 A 7% metal character obtained 
from the photoelectron spectrum of square-planar CuCld2- 30 and 
-75% obtained from the ESR spectrum of the distorted ion.' 

As expected, the calculations show that the intensity rises steeply 
from zero for the planar complex, obeying the quadratic depen- 
dence in I9 required by the simple vibronic coupling model of 
intensity stealing up to a value of I9 N 3O. Above this, the rate 
of intensification falls away, and in fact the present approach 
suggests that the transition intensities should maximize a t  0 = 
22O and actually decrease above this value. This is because the 
oscillator strength depends on the transition energy (eq 8). This 
drops substantially for the dZz +' d X y  transition as the complex 
approaches tetrahedral geometry, while for the dxz,yr cXy dx+z 
transition the energy separation with the ground state actually 
falls to zero in the tetrahedral limit. The limited experimental 
data agree with this trend, as the intensities of Cs2CuC14 are quite 
similar to those of (Naem)CuC14 despite the greater distortion 
from planarity in the former complex. 

It can be seen that with the above choice of C, and C, the 
intensity of the transition from the dxiyz orbitals is significantly 
less than that from the dZ2 orbital for all values of 8.  This is in 
agreement with the observed spectra of the C U C I ~ ~ -  ions in both 
(Naem)CuC14 and Cs2CuC1, (Figure 5 ) .  However, it should be 
noted that the ratio C,:C, of -1.3, which gives optimum 
agreement with the experimentally observed intensities, is lower 
than might be expected. Just as the AOM energy parameters 
e,, and e, are expected to be approximately proportional to the 
square of the diatomic metal-ligand u and A overlap integrals, 
so C, and C, should depend on the overlap integrals themselves 
(eq 3 and 4). As the metal 3d - chlorine 3p u and A overlaps are 
estimated31 to be -0.08 and -0.04, respectively, this implies a 
ratio C,:C, of -2.0. The calculated intensities obtained for this 
ratio with C, = 0.37 are shown by the dotted lines in Figure 5 ,  
and these are in poor agreement with experiment. In particular, 
the transition to the 2E(xz,yz) state is now calculated to be more 
intense than that to the *A1(z2) state. Possibly, the low ratio of 
C$, may simply reflect general inaccuracies in the estimation 
of the intensities. However, it may be noted that the dependence 
of the AOM parameters on the diatomic overlap integrals has been 

(30) Solomon, E. I .  Comments Inorg. Chem. 1984, 3, 385. 
(31) Smith, D. W. J .  Chem. SOC. A 1970, 1498. 
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symmetric planar CuC142- ion the intensity is derived from ligand - ligand transitions rather than being 'stolen" from a higher 
energy charge-transfer state, as is assumed in the normal Herz- 
berg-Teller model of vibronic c o ~ p l i n g . ~ ~ * ' ~  In fact, the z-polarized 
charge-transfer transitions in planar CUC~,~-  have a very low 
intensity, and it has been suggested5 that this explains why the 
'd-d" transitions in this polarization are considerably weaker in 
intensity than those in xy polarization (Figure 2). The present 
model suggests that, for the 2Al,(z2) - 2 B l , ( ~ 2  - y 2 )  transition 
at least, the z intensity is due to integrals involving the ligand parts 
of the relevant molecular orbitals, rather than being due to cou- 
pling with the weak charge transfer states. 

The widespread acceptance of the AOM as a method of par- 
ameterizing the d-orbital energies in metal complexes results from 
a number of advantages. The two most important are probably 
that complexes of different stereochemistry involving the same 
ligands can be related in a simple manner via the angular overlap 
matrix and that the bonding parameters e,  and e,  can readily be 
related to "chemical common sense", e.g. the belief that 7-bonding 
interactions are considerably weaker than u interactions. The 
present treatment of band intensities has the potential to offer 
similar advantages, and we are currently investigating other types 
of complex, such as metal amines where *-bonding effects should 
be negligible, to probe these possibilities. 
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Appendix 

Derivation of the Wave Functions. We are concerned with the 
intensities of the "d-d" transitions of a CuCI,*- center with D u  
symmetry as it distorts along a normal coordinate that carries it 
from a planar to a tetrahedral geometry. The distortion is 
measured in terms of the angle 0 illustrated in Figure 1, and the 
metal and ligand coordinate systems used in the calculations are 
also shown in this figure; note that the molecular axes are not 
defined as in the standard Dzd point group. The relevant molecular 
orbitals may be written 

+ Cad'i(M) + xbflJtL) ( A l l  
I J 

where +AM) and #J{L) are metal and ligand orbitals, respectively. 
In the present approach, only the metal 3d and chlorine 3p atomic 
orbitals are considered. It has been shown2' that neglect of the 
metal s and p functions has little effect on the intensities. The 
12 linear combinations of the ligand p orbitals involved in bond 
formation 

(A2) 

are shown in Table I, where, for example, p, = pxl refers to the 
px orbital in the local axes on ligand 1. The coefficients of the 
wavefunctions in (Al)  may be obtained by diagonalizing the 17 
X 17 secular determinant of the basis functions 

#,(L) = Ck,pJ i, j = 1, ..., 12 
J 

lH,J - E G I J I  = ('43) 

Here, H,, are the matrix elements of the ligand field operator and 
G,, are group overlap integrals32 which are a product of a geometric 
factor Fl, and a diatomic overlap integral S,: 

G,, = Flp,, (A41 

All nonzero group overlap integrals are listed in terms of the angle 
0 in Table 11. The metal d orbitals are orthonormal, and it is 
assumed that the ligand functions are orthogonal also; i.e., the 
ligand-ligand overlaps are negligible. 

In the following discussion the interaction between one metal 
function and only one ligand function is considered. The ligand 
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orbital may be made orthogonal to the metal orbital by13b-33 

x(L) = (1 - GML')-'/*[#(L) - GML+(M)I (AS) 

so that (+(M)Jx(L)) = 0 in the 2 X 2 secular equation. The only 
off-diagonal element will now be HYx, and first-order perturbation 
theory gives the energy of the mainly d state raised by 

&? = ( H M , ) ~ / ( H M M  - H x x )  ('46) 

on interaction with the ligand function, with the corresponding 
unnormalized wave function becoming 

Q = +(MI + [HM~/(HMM - HXx)lx(L) (A71 

A basic assumption of Wolfsberg-Helmholz theoryz9 is that 
GML is proportional to HM," and in the AOM this proportionality 
is represented by an empirical parameter 

&? = eA(FML)' = 6, (A8) 

The wave function corresponding to (A7) is then 

'@ = [1 + (cAFML)21-1'2(1c'(M) + cXFMxX(L)) 

CA = [ ~ , / ( H M M  - HXx)I"' (A9) 

Substitution of (AS) into the above expression then results in a 
wave function that is in terms of the metal $(M) and the ligand 
#(L) basis functions. 

The generalization to the participation of many ligand functions 
is straight forward, assuming the second of the AOM tenets,13b 
which is that the perturbation due to the ligands is additive: 

9 = [1 + ~ ( C X F M L ) ~ ] - ~ ' ~ ( $ ( M )  CCAFMLX(L)) (A10) 
L L 

The orthogonal ligand functions x(L) (and hence cA, via H x x )  
will then be dependent on the geometry of the complex from the 
group overlap integrals GML in (AS). However, trial calculations 
show that for the small overlaps being considered (S < O.l), this 
effect is only small. x(L) can then be replaced by #(L) in (A9) 
and (A10) and H,, by H L L  in the expression for cA. 

Derivation of the Transition Moment Integrals. For the tran- 
sition Q, - QJ the dipole moment integral is given by 

(*iIrl*j) = xaibj($'i(M)kl#j(L)) + ~bi~,(#i(L)l#'j(M)) 
' J  ' J  

IJ 
= xbibj(Qi(L)lrl#j(L)) 

( A l l )  

The first two terms involving metal-ligand integrals were the only 
ones considered in an early study by Ballhausen and Liehr,26a 
though later has shown that the last (ligand-ligand) term 

(32) Kettle, S. F. A. Inorg. Chem. 1965, 4, 1821. 

(33) Ballhausen, C. J. In Semi-Empirical Methods of Electronic Structure 
Calculation; Segal, G. A., Ed.; Plenum: 1977. 

(34) W a g n i h ,  G. H. Elementary Molecular Orbital Theory; Springer- 
Verlag: West Berlin, 1916; p 40. 

(35) Fenske. R. F. Inorg. CLem. 1964, 3, 1105. 
(36) Antolini. L.; Menabue, L.; Pelacani, G. C.; Saladini, M.; Marcottigiano, 

G.; Porzio, W. J .  Chem. Sa.. Dalton Trans. 1981, 1753. 
(37) Brianso, M. C.; Brianso, J. L.; Gaete, W.; Ros, J. Inorg. Chim. Acta 

1981, 49, 263. 
(38) Lamotte-Brasscur, J. Acta Crystallogr. Sect. A:  Crysr. Phys., Diflr., 

Theor. Gen. Crysrollogr. 1974, A30, 487. 
(39) Nelson, H. C.; Simonsen, S. H. Acfa Crystallogr. Secr. A: Cryst. fhys., 

Dgfr., Theor. Gen. Crystallogr. 1981. A37, C-168. 
(40) Furlani, C.; Cervone, E.; Calzona, F.; Baldanza, B. Theor. Chim. Acta 

1961. 7. 375 -. . . , - - 
(41) Harlow, R. L.; Wells, W. J., 111; Watt, G. W.; Simonsen, S. H. Inorg. 

Chem. 1974, 13, 2106. 
(42) Willett, R. D.; Lila. 0. L. Jr.; Michelson, C. Inorg. Chem. 1967, 6 ,  

1 RRS .---. 
(43) Harlow, R. L.; Simonsen, S. H. Cryst. Slruct. Commun. 19'16.5.265. 
(44) Dyrek, K.; Goslar, J.; Hcdorowicz, S. A.; Hoffmann, S. K.; Oleksyn, 

B. J.; Weselucha-Birczyfiska, A. Inorg. Chem. 1987, 26, 1481. 
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is the most important source of the intensity. This was the only 
term considered by Desjardins et aL5, but in the present study, 
all three have been included. An approximate expression for the 
metal-ligand type integral is given by34 

(+i(M)IrwI$j(L)) = Ck,nrnfi/2(+i(M)IPn) (A121 
n 

where r,, = R cos On cos a,,, rnY = R cos 0, sin a,, r,, = R sin 0, 
are operators that rotate the nth p orbital of ligand q5,(L). The 
angles On, and a, describe the position of the nth ligand; On is the 
angle out of the xy plane and an is measured clockwise from the 
x axis in Figure 1. This then gives an expression of the form 

(+i(M)lrfil$j(L)) = G($id~,!)KRfi/2 (A131 

Nelson. H. C.: Simonsen. S. H.: Watt, G. W. J. Chem. Soc.. Chem. 
Commun. 1979, 632. 
Larsen, K. P.; Hazell, R. G.; Toftlund, H.; Andersen, P. R.; Bisgard, 
P.; Edlund, K.; Eliasen, M.; Herskind, C.; Laursen, T.; Pedersen, P. M. 
Acta Chem. Scand. 1975, A29,499. 
Bonamartini, A.; Nardelli, M.; Palmieri, C.; Pelizzi, C. Acta Crystal- 
logr., Sect. B Struct. Crystallogr. Cryst. Chem. 1971, 827 ,  1775. 
Willett, R. D.; Larsen, M. L. Inorg. Chim. Acta 1971, 5, 175. 
Lamotte-Brasseur, J.; Dupont, L.; Dideberg, 0. Acta Crystallogr., Sect. 
B Struct. Crystallogr. Cryst. Chem. 1973, 829, 241. 
Bonamico, M.; Dessy, G. Theor. Chim. Acta 1967, 7, 367. 
Clay, R.; Murray-Rust, J.; Murray-Rust, P. Acta Crystallogr., Sect. 
B Struct. Crystallogr. Cryst. Chem. 1975, 831, 289. 
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where R, = R,, = IR cos 01, R, = (R sin 01 are the magnitudes of 
the bond length R in picometers, projected along the molecular 
axes. Note that G($l,$,r) is not necessarily equal to G(q1,q5,) 
because of the sign changes produced by the operator rnw. K = 
1/2'12 if the transition involves an orbital of E symmetry, or K 
= 1 otherwise. 

The ligand-ligand integrals generally involve three centers, but 
redefining the electronic dipolar operator onto ligand n, re = rnfi 
+ rk gives 

(di(L)IrfiI$,(L)) = Ckink,m[rnw(pnIpm) + ( ~ n I r ' p I ~ m ) l  (A141 
n.m 

The second term in (A14) is now a two-centered integral, which 
is zero when evaluated by approximation A12, as it has been 
assumed that there is no ligand-ligand overlap. The form of the 
expression is then 

($i(L)PwI4,(L)) = KRfi(q51(L)lq5,(L)) (A15) 

where the symbols have the same meaning as for (A13). 
The required expressions for the dipole moments, given as eq 

7 in the main text, may now be obtained by substituting the 
appropriate wave functions (see eq 6 of the main text) into (A1 1) 
and making use of (A13) and (A15) above. 

Registry No. ( N b ~ p i p z H ~ C l ) ~ C u C l ~ ,  81567-09-1; (Naem)CuCI4, 
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Ab initio S C F  calculations have been performed for two typical Co(II1) complexes, viz. CoF2- and Co(CN)?-, not only on their 
ground state and a selected set of excited states but also on the average of all ligand field states. The frozen orbitals of the latter 
calculation were used to set up a correlation diagram connecting the free Co(II1) ion (weak field side) with all possible tZg*egn 
configuration averages for both complexes (strong field side). A comparison of these diagrams with the conventional ligand field 
picture shows very good qualitative agreement, for instance in characterizing CoF2- as a high-spin complex and CO(CN),~- as 
a low-spin complex. Conceptually, however, the interpretation of the diagrams and of the ligand field parameters IO&, B, and 
C is thoroughly modified by the subtle role of differential covalency and by the influence of shape modifications in the metal d 
orbitals. 

I. Introduction 
A key concept in ligand field theory is the Tanabe-Sugano 

correlation diagram' (or the related Orgel diagram2), connecting 
the dN energy levels a t  the strong field limit and the weak field 
limit.3 If 4 C N C 7, the correlation diagram is characterized 
by a multiplicity change of the ground state, thereby giving rise 
to the existence of high-spin and low-spin complexes. The clas- 
sification of a specific compound as high-spin or low-spin is 
supposed to depend on the relative values of lODq and P. The 
one-electron parameter 1004 is a measure of the strength of the 
ligand field, whereas the spin-pairing parameter P describes the 
interelectronic d-d repulsion energy. 

It is somewhat surprising that correlation diagrams have re- 
ceived so little attention from the a b  initio point of view. Indeed, 
most of the Hartree-Fock calculations on transition-metal com- 
plexes have concentrated on other aspects, such as the reproduction 
of an individual ligand field spectrum, density shifts in the bonding 
region, bond distances, photoelectron spectra, substitution effects, 
etc. As a matter of fact, apart from an early study by Kalman 
and Richardson4 (using very approximate wave functions) we are 

(1 )  Tanabe, U.; Sugano, S. J.  Phys. SOC. Jpn. 1954, 9, 753. 
( 2 )  Orgel, L. E. Transition-Metal Chemistry: Ligand-Field Theory, 2nd 

ed.; Methuen: London, 1966. 
(3) Lever, A. B. P. Inorganic Electronic Spectroscopy, 2nd ed.; Elsevier: 

Amsterdam, 1984. 

aware of only one communication on the subject, where 
Nieuwpood compares FeF6"'3- and Fe(CN)64-,3-. Although the 
author does not discuss correlation diagrams explicitly, he offers 
an interesting comparison of some of the relevant ligand field 
energies. 

It is the purpose of this paper to present a detailed analysis of 
the octahedral ligand field levels in the high-spin COF,~- and in 
the low-spin Co(CN);- complexes. Moreover, the basic physical 
assumptions of ligand field theory will be criticallylexamined in 
the light of the a b  initio wave functions. 

11. Method of Calculation 
Roothaan's restricted Hartree-Fock scheme6 for open shells (two 

Hamiltonian formalism) was used throughout in Sections IV and V. The 
Roothaan equations have been solved for each specific state, but also for 
the dN configuration average. The orbitals of the configuration average 
were used to recalculate the energies of the individual states. More 
details on the calculational procedure and on the "frozen orbital 
calculations" are given in ref 7 and 8. 
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