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polarizations would be vibronically induced. While an M O  dia- 
gram (Figure l )  places it at about the same energy3c as 6 - 6*, 
proper account of electron repulsion24 could lead to a shift to higher 
energy of the required magnitude. The -630-nm band is the 
lowest energy candidate for 6 - a *  according to our near-infrared 
results.8 Excitations such as a -+ 6* are also plausible candidates 
but would be expected6b at higher energy. 

We finally consider the intense z-polarized absorption, A,,, N 

460 nm. Norman et al.3c have assigned this transition to 6e,, - 
6e, (Figure 1). Since no vibronic structure was observed for this 
band, we can only note that the observed llz polarization is con- 
sistent with this assignment. One puzzling feature is that reso- 
nance Raman spectra for excitation into this band show patterns 
of ground-state vibrational intensification2' that are similar to the 
vibronic intensity pattern seen for the 6 - 6* transitionB and also 
to Raman spectra observed for 6 - 6' excitation of other com- 
pounds;6a namely, long progressions in 4 M 2 )  are observed. The 
6 - 6* excitation is calculated3c to be a rather pure metal-metal 
transition, whereas interaction between metal-metal and car- 
boxylate orbitals of e,, symmetry results in the calculated 6e, orbital 
having a great deal of carboxylate character. So 6e, -+ 6e, is 
expected to have LMCT character, according to the calculation, 
whereas the resonance Raman data suggest a pure metal-metal 
a - a *  transition. There is not, however, necessarily any con- 
tradiction here, as relaxation effects might result in the excitation 
being more metal-metal-localized than ground-state orbitals 
suggest. In any case, this is the lowest energy excitation of the 
a - a *  type. 
Intensities of Metal-Metal Transitions 

From the data for monochloro and dichloro R U , ( O ~ C P ~ ) ~ +  
complexes (Table I), we estimate oscillator strengths for the 6 - 
6* transition of 0.0006 and 0.0009, respectively. The intensity 
of the transition increases as the energy of axial LMCT decreases 
(Table I), which we attribute to a small degree of mixing between 
these two molecular z-polarized transitions. 

The oscillator strength of the -23000-cm-' band of Mo2- 
(O,CH), that is now' assigned as 6 - 6* has been estimated3a 

(24) Noodleman, L.; Norman, J. G., J r .  J .  Chem. Phys. 1979, 70, 4903. 

27, 2506-2510 

to be 0.0008. Thus, the intensity of 6 - 6* is not very sensitive 
to metal-metal bond length and/or bond order for these car- 
boxylate-bridged complexes. The large shift in 6 - 6* energy 
between the Mo2 and Ru2 complexes is not predominantly a 
one-electron effect, but instead results from differences in electron 
repulsion  contribution^^*^^^^^ to the transition energy for 6*(6*)O 
and d2(6*)' ground-state configurations; the two-electron terms 
roughly cancel out for S2(6*) ' .  

The low oscillator strengths26 and v(M2) Franck-Condon factors 
indicate2' that the &symmetry metal-metal interaction must be 
very weak, and as discussed in detail e l s e ~ h e r e , ~ ~ ~ ~  much of the 
6/6* splitting is attributable to interaction of carboxylate orbitals 
with the 6/6* orbitals, rather than to direct metal-metal inter- 
action. 

We finally note that the only other well-established example 
of a metal-metal a - a *  transition is that of Re2Xs2-; it is assigned 
to an intense (f N 0.2) band at 38 000 cm-I. That its intensity 
is so much greater than that of the lowest a - a *  transition of 
the ruthenium carboxylates (-22000 cm-',f N 0.02) presumably 
reflects some combination of mixing with halide-to-metal CT 
transitions (analogous to that requiredz5 to explain the relatively 
high intensity of the 6 - 6* transition of Re2Cls2-), stronger 
metal-metal a-bonding, and differing metal-metal character in 
the electronic transition. 
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The polarized spectrum of a single crystal of K2Ni02 is reported over the range 3000-22 500 cm-I and assigned on the basis of 
a ligand field calculation. The d-orbital energies imply significant configuration interaction between the metal 3dz2 and 4s orbitals 
in the linear Ni022- ion. Vibrational fine structure in the optical spectrum suggests that in the 3 ~ g  excited state the energy of 
the totally symmetric stretching vibration decreases significantly from the ground-state value observed in the Raman spectrum, 
and this is correlated with the expected increase in the equilibrium Ni-0  bond length. The extreme dichroism of the band in 
the visible region may be explained by considering the nature of the two electronic states involved in the transition and the form 
of the intensity-inducing vibrations 

Introduction 
The electronic spectra of numerous tetragonally distorted 

nickel(I1) complexes have been reported,' and these have fre- 
quently been used to test models of the bonding in transition-metal 
compounds.2 However, such compounds have usually involved 
a tetragonal weakening of the ligand field, with the extreme limit 
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of this kind of distortion producing a square-planar geometry. 
These planar metal complexes are unusual because it is impossible 
to explain their energy levels satisfactorily without including the 
higher energy metal s orbital in the bonding ~ c h e m e . ~ , ~  Just as 

(1) For a comprehensive listing of the spectra of tetragonal nickel(I1) 
complexes see: Lever, A. B. P. Inorganic Electronic Spectroscopy, 2nd 
ed.; Elsevier: Amsterdam, 1984; Chapter 6. 

(2) See ref 1, Chapter 9. 
(3) Hitchman, M. A,; Bremner, J. B.  Inorg. Chim. Acta 1978, 27, L61-L63. 
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Figure 1. Electronic spectrum of a single crystal of K2Ni02 of thickness 0.01 cm with the electric vector parallel ( 1 1 )  and perpendicular (I) to the 
[OOl] direction. Region A was recorded manually by using a Leitz microspectrophotometer, while B was measured with a Digilab FTS-40 near-infrared 
spectrometer. 

Table I. Observed and Calculated Peak Positions (cm-' X and Tentative Band Assignments for the Electronic Spectrum of K2Ni02 
peak energies and tentative band assignments 

3 4  3 Zg "E IZE 'Ag 3=g 
8.42, 9.05, 9.78 11.275 13.50 15.59, 16.16, 16.71, 17.36, obsd a 7.1,b 7.325,b 7.47 8.04, 

calcd 2, 48, 2.95, 3.26, 3.35, 3.39 7.14 8.29, 

"Region below 3000 cm-' not investigated. *Weak shoulder. 

axial elongation of an octahedron leads to a planar geometry, so 
axial compression produces a linear structure in the limit that the 
in-plane ligands are lost from the coordination sphere. In fact, 
these ligand displacements are equivalent to the two possible 
Jahn-Teller distortions of a complex with a doubly degenerate 
electronic state, and to first order they are expected to have similar 
effects on the eg orbitals except that dg-9 and dZ2 are interchanged. 
Recently, we prepared the compound K2Ni02 and showed that 
it contains linear Ni022- ionss This therefore provides a good 
opportunity to study the spectroscopic properties of Ni2+ in the 
unusual linear coordination geometry, for comparison with those 
in the more common planar arrargement. 

Experimental Section 
The preparation of crystals of K2Ni02 has been described previou~ly.~ 

The crystals are very hygroscopic and were therefore sealed into quartz 
tubes before spectral measurements were made. Electronic spectra in the 
region 3000-1 2000 cm-' were recorded with polarized light by using the 
near-infrared version of a Digilab FTS-40 Fourier transform spectrom- 
eter equipped with a liquid-nitrogen-cooled InSb detector. The crystals 
were mounted under an Digilab microscope, and a sample area of 50 X 
150 mm was selected by using the variable microscope aperture. In the 
region 12000-22 500 cm-' spectra were recorded by using a Leitz MPV2 
microscope photometer connected to an Optica monochrometer. The 
wavelength was stepped by hand in intervals of 0.5 nm. In both wave- 
length ranges the reproducibility of the results was checked by recording 
the spectra of two separate crystals. The dimensions of the crystal used 
to measure the spectrum shown in Figure 1, measured by using a mi- 
croscope eyepiece with a graduated scale (1 division = 0.0164 mm), were 
as follows: length, 0.020 cm; width, 0.013 cm; thickness, 0.010 cm. As 
the density of K2Ni02 is 2.796 g/mL,' for this crystal an optical density 
of 1 corresponds to a molar extinction coefficient of -6 M-I L cm-I. The 
diameter of the tube containing the crystals was 0.035 cm so that the 
curvature of the tube was small over the aperture width (0.005 cm) used 
to measure the spectra. The Raman spectrum of a crystal was measured 
in the range 50-1200 cm-' on a Cary 18 spectrophotometer using the 
514.5-nm excitation line of an Ar laser. All measurements were made 
at room temperature. 

Results and Discussion 
The compound K2Ni02 crystallizes with a tetragonal unit cell 

containing linear NiOI2- units aligned parallel to the [OOl] crystal 

(4) Smith, D. W. Inorg. Chim. Acta 1977, 22,  107. 
(5) Nowitzki, B.; Hoppe, R. Croat. Chem. Acta 1984, 57,  537. 

17.99, 18.63, 19.31, 19.95 
8.95, 9.50 11.48 13.89 15.43, 15.46, 15.68, 15.71 

axis. The closest contacts in the xy plane are with neighboring 
Ni2+ ions at 3.953 A, so that the metal is truly 2-co0rdinate.~ 
Typical electronic spectra with the electric vector parallel and 
perpendicular to this axis are shown in Figure 1 .  The sharp peak 
at  3500 cm-' is assigned as the O H  stretching peak of a small 
amount of hydroxide in the quartz sample tube. The rest of the 
spectrum, which is assigned to "d-d" transitions of the Ni2+ ion, 
consists of broad, structured bands centered at -9000 and - 16 000 cm-', the latter band being virtually completely polarized 
parallel to the 0-Ni-0 axis. Individual peak positions and the 
overall band assignments are given in Table I .  

Polarization of the Band in the Visible Region. As the complex 
is centrosymmetric, the "d-d" transitions are Laporte forbidden 
and the intensity is derived from higher energy charge-transfer 
states via coupling with ungerade vibrations. In agreement with 
this the band intensities are quite low ( t  5 M-' L cm-I), being 
similar to those observed for other centrosymmetric Ni2+ com- 
plexes formed by oxygen ligands.' It might be thought that the 
absence of the band at - 16 000 cm-I in xy polarization can be 
explained by using vibronic selection rules and that this could help 
assign the spectrum. However, inspection of the direct products 
of the characters of the point group of the complex ( D m h )  shows 
that a vibration is available to induce intensity in the transition 
for each possible ground state of the complex6 and the same is 
true even if the crystallographic site symmetry of the Ni2+ (D4h) 
is used to derive the vibronic selection rules. Another possible 
cause of the strong dichroism of the band might be the dominance 
of a single z-polarized charge-transfer transition in the intensi- 
ty-stealing process. A mechanism of this kind has been proposed 
to explain the y polarization of the spectra of bis(acety1- 
acetonato)copper(II) complexes.' However, a similar mechanism 
cannot apply for K2Ni02, as it requires that the whole spectrum 
is more intense in one polarization than the other, which is not 
the case. The assignment of the spectrum was therefore made 

( 6 )  The ungerade vibrations are of 2, and II, symmetry: Herzberg, G. 
Molecular Spectra and Molecular Structure II. Infrared and Raman 
Spectra of Polyatomic Molecules; Van Nostrand: New York, 1945; 
p 272. The appropriate direct products are given in: Salthouse, J .  A,; 
and Ware, M. J. Point Group Character Tables; Cambridge University 
Press: Cambridge, England 1972; p 75. For a discussion of vibronic 
selection rules see ref 1, Chapter 4. 

(7) Belford, R. L.; Carmichael, J. R., Jr. J .  Chem. Phys. 1967, 46, 4515. 
Hitchman, M. A,; Belford, R.  L. Inorg. Chem. 1971, 5, 984. 
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Figure 2. Change in d-orbital and state energies that occur as a NiZ' 
complex distorts from an octahedral to linear geometry (region A), 
followed by a progressive decrease in the dz2 orbital energy (region B), 
with the effect of spin-orbit coupling being shown in region C. The 
angular overlap metal-ligand bonding parameters are shown for the 
limiting situations, as are the band positions observed in the electronic 
spectrum. 

solely on the basis of ligand field calculations described below. 
The very low intensity of the band at  -16000 cm-l in xy 

polarization may, however, be explained by considering the relative 
effectiveness of the u-vibrational modes inducing intensity. Ac- 
cording to conventional theory,' the intensity of the "d-d" tran- 
sitions of centrosymmetric complexes is derived from the vibronic 
admixture of ligand and, to a lesser extent, metal p orbitals into 
the molecular orbitals involved in the transitions. Ligand dis- 
placements along normal coordinates that remove the inversion 
center of the complex may produce nonzero transition moment 
integrals between metal d and ligand p wave functions. According 
to the present assignment (Figure 2 ) ,  the 3?rg ground state of 
K2NiOz corresponds to the electron configuration (xy, x2 - Y ~ ) ~ ( x z ,  
~ Z ) ~ ( Z ~ ) I  while the band at - 16 000 cm-I is due to a transition 
to the 3 ~ g  excited state corresponding to the electron configuration 
(xy ,  xz - ~ * ) ~ ( x z ,  y ~ ) ~ ( z ~ ) ~ .  The transition thus involves the 
excitation of an electron from the nonbonding (xy, x2 - y2)  orbitals 
to the u-antibonding (z2) orbital. To a good approximation neither 
of the u-vibrational modes of the N i 0 2 -  ion, pictured in Figure 
3, will mix ligand p orbitals into the nonbonding (xy, xz - y 2 )  
orbitals, so that the intensity of this particular transition must 
be derived entirely from integrals involving the ground-state d 
orbitals and p functions mixed into the excited-state (z2)  molecular 
orbital. However, only the stretching mode of 8, symmetry will 
produce changes in the coefficients of the p orbitals that will give 
rise to integrals of this kind (see Figure 3). While a displacement 
along the 11, bending coordinate will slightly decrease the oxygen 
p contribution to the z2 molecular orbital, this will occur in a 
symmetrical fashion and so will not give rise to any nonzero 
transition moment integrals. Since the intensity of the 37rg - 37rg 
transition in z polarization is induced by the 2, vibration, while 
that in xy polarization is produced by the II, vibration, the in- 
activity of the latter vibration predicted by the above arguments 
provides a good explanation of the extremely low intensity of the 
band at  - 16000 cm-' in xy polarization. It may be noted that 
the band at -9000 cm-' is assigned as the transition t o  the 3@g 

state, which involves the excitation from the xz, yz orbitals to the 
zt moleoilar orbital. In view of the strong a-bonding in the NiO?- 

v 
Figure 3. Ungerade vibrational modes of the Ni0,2- ion. 

ion, both u-vibrations are expected to produce a significant ad- 
mixture of ligand p orbitals into the (xz, y z )  ground-state mo- 
lecular orbital, so that intensity may be induced into the 3$g - 
'rg transition in both xy and z polarization, in agreement with 
experimental observation (Figure 1). 

Metal-Ligand Bonding Parameters. The Angular Overlap 
Model (AOM) has proved a particularly fruitful method of de- 
scribing the bonding in transition-metal complexes.8 We recently 
used the computer program CAMMAG, written by Gerloch and 
co-w~rkers ,~  to successfully interpret the electronic spectra and 
magnetic properties of a number of complexes with novel structures 
within the framework of this model,10 and a similar approach was 
applied to the present problem. The starting point of the calcu- 
lations were estimates of the AOM bonding parameters in cubic 
NiO:e, = 4500 cm-l, e, = 1250 cm-' obtained from the observed 
d-orbital splitting (A = 8900 cm-I)l1 by using the expression A 
= 3e, - 4e, appropriate for a regular octahedral complex and the 
relationship e, = 4e,, which has been deduced for *-bonding 
ligands such as oxide.*J2 The effect of the distortion from oc- 
tahedral to linear geometry was described initially by progressively 
decreasing the bonding parameters of the in-plane ligands to zero, 
while a t  the same time increasing those of the axial ligands by 
assuming that they depend inversely on some power n of the bond 
length. For NiO, A has been observed to increase in this way when 
the bond length shortens under the application of high pressure," 
with n lying between 5 and 6, and it has been pointed out that 
this is in agreement with theory.I3 The Ni-0 distance in NiO 
is 2.10 &I4 and in K2Ni02 this decreases to 1.687 A.5 Because 
of the large change in bond length, the above relationship can be 
expected to give only an approximate guide to the energy levels 
of the NiOzZ- ion, though it may be noted that the d-orbital 
splittings in the octahedral and planar (acetylacetonato)nickel(II) 
complexes, where the N i - 0  distances change from -2.0915 to 
1.836 do show a relationship of just this kind (A changes from 
8800" to - 18 500 cm-' 18). The changes calculated in this 
manner for the linear Ni02-  ion, with e, increasing to 14 500 cm-' 
and e, to 3500 cm-', are shown in Figure 2A for both the d-orbital 
and state energies. The latter were obtained by including the 
effects of interelectron repulsion using the Condon-Shortley pa- 

Schaffw, C. E.; Jargemen, C. K. Mol. Phys. 1965, 9,  401. Reference 
1,  Chapters 1, 3, and 9. 
Cruse, D. A.; Davies, J. E.; Gerloch, M.; Harding, J. H.; Mackey, D. 
J.; McMeecking, R. F. CAMMAG, A FORTRAN Computing Package; 
University Chemical Laboratory: Cambridge, England, 1979. 
Goodgame, D. M. L.; Hitchman, M. A,; Lippert, B. Inorg. Chem. 1986, 
25, 2191. Duckworth, D. M.; Goodgame, D. M. L.; Hitchman, M. A,; 
Lippert, B.; Murray, K. Inorg. Chem. 1987, 26, 1823. 
Drickamer, H. G. J. Chem. Phys. 1967,47, 1880. Drickamer, H. G.; 
Frank, C. W. Electronic Transitions and the High-pressure Chemistry 
and Physics of Solids; Chapman-Hall: London, 1972. 
Bencini, A,; Benelli, C.; Gatteschi, D. Coord. Chem. Reu. 1984, 60, 131. 
Smith, D. W. J .  Chem. Phys. 1969, 50, 2784. Bermejo, M.; Pueyo, L. 
J. Chem. Phys. 1983, 78, 854. 
Krebs, H.  Fundamentals of Inorganic Crystal Chemistry; McGraw- 
Hill: London, 1968; p 193. 
Bullen, G. J.; Mason, R.; Pauling, P. Inorg. Chem. 1965, 4 ,  456. 
Cotton. F. A,; Wise, J. Inorg. Chem. 1966, 5 ,  1200. 
Jorgenten, C. K. Acra Chern. Scand. 1955, 9,  1362. 
Cotton. F. A,; Wise, J. Inorg. Chem. 1967, 6,  917. 
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producing a decrease in energy of the dZ2 orbital on an order of 
magnitude of --16000 cm-'. This is -3 times the corresponding 
energy shift deduced for planar complexes of first-row transition 
ions.3*23s24 Assuming that the metal 4s orbital is -80 000 cm-l 
above the d  orbital^,^^^^^ a simple perturbation calculation implies 
a -20% fractional electron occupancy of this orbital in the 
half-filled Z,(z2) orbital, which is consistent with the value of 
-25% suggested by the analysis of the hyperfine splittings ob- 
served in the EPR spectrum of the linear CuF, molecule.26 

Raman Spectrum. The Raman spectrum of K2Ni02 shows a 
single sharp peak centered at 732.5 cm-l, which may be assigned 
to the v l  totally symmetric stretching vibration of the Ni022- ion 
(the other two modes are Raman inactive). This implies a high 
force constant for the Ni-0 bonds (5.06 mdyn comparable 
to that in tetrahedral oxyanions such as Mn0,- (6.65 mdyn 8,-')27 
and much higher than in an octahedral Ni2+ complex such as 
Ni(H,O),,+ (1.74 mdyn A-1).28 If it is assumed that the force 
constant is inversely proportional to some power n of the bond 
distance, then the increase from 1.74 to 5.06 mdyn 8,-', which 
accompanies the shortening of the Ni-0 bonds from 2.06 A in 
Ni(H20)62+29 to 1.687 8, in K2Ni02 implies a value of n s 5.3. 
It is interesting to note that a power dependence of this kind (n 
;= 5) is predicted theoretically for the variation of the d-orbital 
splitting as a function of metal-ligand bond length.I3 

The spectrum exhibits considerable fine 
structure (Figure 1). The weak, sharp peaks at 11  275 and - 
13 500 cm-I are assigned as spin-forbidden transitions. While it 
seems clear that the structured band covering the region 7000- 
10000 cm-' is due to transitions to the 'Z, and 3+g excited 
electronic states, an unambiguous assignment of the individual 
peaks is impossible. The calculations suggest that spin-orbit 
coupling splits the 3@g state into three approximately equally 
spaced levels, with a total energy separation of - 1200 cm-' (Table 
I). A tentative assignment ascribes the peaks at -7100, 7325, 
and 7470 cm-I to transitions to the IZ, state coupled to low-energy 
vibrations (these could be either lattice modes, or the v3 bending 
vibration, which is likely to have a very low energy). The relatively 
high intensity of the 7490-cm-I peak is not unreasonable con- 
sidering its close proximity to the spin-allowed transition at 8040 
cm-I. The peaks at  8040, 8420, and 9050 cm-l are assigned to 
the spin-orbit components of the 3@, state, with the energy sep- 
aration to the following peak at 9780 cm-l (730 cm-l) suggesting 
that this could be due to the additional excitation of a quantum 
of the totally symmetric v1 vibration. An alternative, marginally 
less attractive assignment ascribes the weak shoulders at 7100 and 
7325 cm-I to the IZ, - 3rg transition, the peaks at 7470, 8040, 
and 8420 cm-' to transitions to the 3@g state, and the 9050- and 
9780-cm-' peaks to a progression in the v l  mode. 

The broad band centered at - 16 000 cm-l is assigned to the 
3rg - 3rg transition. As the spin-orbit splitting of the 3 ~ g  excited 
state is calculated to be quite small (-300 cm-I, see Table I), 
this may explain why the spin-orbit components are unresolved 
in this band, which consists of a single, regular progression of 
interval -625 cm-' (Table I). This progression is apparently in 
the v I  vibration, of energy 732.5 cm-' in the ground state. A 
decrease in energy in the excited state is expected for this mode, 
as to a good approximation an electron is being promoted from 
the nonbonding d,, d,2-y2 orbital to the antibonding dZz orbital. 
The equilibrium Ni-0 bond length should therefore increase in 
the 3rrg excited state, and this will have the effect both of lowering 
the vibrational frequency and of causing a band in the totally 
symmetric mode. If, as discussed above, the force constant varies 

Fine Structure. 

rameters F2 = 1288.8 cm-l and F4 = 112.0 cm-'. 
At this stage, the calculation not only suggests energy levels 

giving poor agreement with the observed spectrum, it also implies 
that the compound is low spin, in contrast to experiment, which 
has shown K2NiO2 to be paramagnet i~ . '~  The most,important 
deficiency in the model is the neglect of configuration interaction 
between the metal 4s and 3dz2 orbitals. This is known to depress 
the 'Alg(z2) state by -6000 cm-l in planar Ni2+  compound^,^ and 
the effect should be even larger in a linear complex., The effect 
of progressively lowering the energy of the dZ2 orbital by decreasing 
e, to 6500 cm-' is shown in Figure 2B. This not only produces 
a paramagnetic ground state, as observed, but also excited-state 
energies in reasonable agreement with the observed transition 
energies, particularly when spin-orbit coupling is included (Table 
I, Figure 2C). The proposed assignment, with a 3rg ground state, 
and the bands at  -9000 and - 16000 cm-' being due to tran- 
sitions to the 3@g and 3rg excited states, respectively, is consistent 
with that proposed20s21 for linear NiCl,, where the corresponding 
bands are observed at somewhat lower energy (- 5000 and 13 000 
cm-1)20. The 3Ag and 3Zg states of Ni022- are calculated to give 
rise to a set of levels between 2480 and 3390 cm-I (Table I), so 
that these presumably give rise to transitions outside the spec- 
troscopic range of the present study. 

If the orbital reduction parameter is chosen to be reasonably 
consistent with the expected covalency of the complex, k = 0.8, 
the calculated magnetic moment, p = 3.5 pB, is higher than that 
measured e~perimental ly , '~  p = 3.0 pB (the experimental value 
involves a correction for a significant antiferromagnetic interaction 
in the complex). The high calculated value of p occurs because 
of the low energy of the 3A0 excited state, -2500 cm-l, and it 
was impossible to choose bonding parameters giving lower values 
of p without contradicting the optical spectrum. A value of p equal 
to that observed experimentally was calculated by using the above 
bonding parameters and a low value of k = 0.3. This may indicate 
some quenching of the orbital angular momentum in the ground 
state, possibly by a Ham effect.,, A similar value of k (0.25) 
was required to explain the magnetic moment of the high-spin 
planar FeO, units in g i l l e ~ p i t e , ~ ~  where the orbital angular mo- 
mentum is also derived from a low-lying excited orbital doublet. 

The present model suggests that the properties of K2Ni02 are 
influenced strongly by configuration interaction between the 3d,2 
and 4s orbitals. Indeed, it seems likely that the most obvious 
distinction between the linear and planar geometries derived from 
a parent octahedral nickel(I1) complex via tetragonal distortions 
of opposite sign, namely that the former, as exemplified by Ni02-, 
are paramagnetic, while the latter are usually diamagnetic, is due 
to this effect. This is because the lowering of dZ2 by d-s mixing 
favors a low-spin ground state for a planar compound, but sta- 
bilizes a high-spin state for a linear one. In a linear complex the 
d-orbital energies are related to the AOM parameters as follows:21 
E ( z 2 )  = 2e, and E ( x z ,  y z )  = 2e,, with E ( x 2  - y 2 ,  x y )  = 0. The 
optimum values for the Ni02,- ion, e,  = 6500 cm-I and e,  = 3500 
cm-' agree well with the estimates e ,  = 4798 cm-' and e,  = 3098 
cm-' obtained by Lever and Hollebone2' from the electronic 
spectrum of the NiC1, molecule. The value e ,  = 3500 cm-' 
suggests that the oxide ligands in Ni022- are strong ?r-donors, 
which seems reasonable in view of the very short bond distance. 
In six-coordinate Ni(I1) complexes with oxygen ligands e,  is 
typically about one-third of this value.I2 The parameter e, includes 
both the a-antibonding interaction of the ligands and the effect 
of configuration interaction with the metal 4s orbital. As already 
mentioned, it seems likely that the latter contribution is substantial, 

(19) yon Rieck, H.; Hoppe, R. Z .  Anorg. Allg. Chem. 1973, 400, 31 I .  
(20) DeCock, C. W.; Gruen, D. M. J .  Chem. Phys. 1966, 44, 4387. 
(21) Lever, A. B. P.; Hollebone, B. R. Inorg. Chem. 1972, 11, 2183. 
(22) Ham, F. S. Electron Paramagnetic Resonance: Geschwind, S., Ed.; 

Plenum: New York, 1972; p 1. 
(23) Mackey, D. J.;  McMeeking, R. F.; Hitchman, M. A. J .  Chem. Soc., 

Dalton Trans. 1979, 299. For other examples of the quenching of 
orbital angular momentum by vibronic interactions see: Bersuker, I .  
B. The Jahn- Teller Effect and Vibronic Interactions in Modern Chem- 
istry: Plenum: New York, 1983; p 107. 

(24) Hitchman, M. A.; Cassidy, P. J. Inorg. Chem. 1979, 18, 1745. 
(25) An upper limit of - 100 000 cm-' is placed on this energy by the pho- 

toelectron spectra of several copper(I1) complexes. Jmrgensen, p, K. 
Struct. Bonding (Berlin) 1975, 24, 28. 

(26) Kasai, P. H.; Whipple, E. A.; Weltner, W.. Jr. J Chem. Phys. 1966. 44, 
258 1 .  

(27) Miller, F. A.; Wilkins, C. H.  Anal. Chem. 1952, 24, 1253. 
(28) Jenkins, T. E.; Lewis, J. Specfrochim. Acta, Purr A 1981, 37A, 47. 
(29) Ray, S.; Zalkin, A,: Templeton, D. H. Acta Crystallogr. .' - t .  E Struct. 

Crystallogr. Cryst. Chem. 1973, B29, 2741. Fender, B .  <. F.; Figgis, 
B. N.; Forsyth, J. B. Aust. J .  Chem. 1986, 39, 1023. 
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as about the fifth power of the bond length, the observed decrease 
in the vibrational energy implies a bond length of - 1.80 8, in the 
37rg excited state. 

The increase in bond length in the excited state may also be 
calculated from the relative intensities of the components of the 
band,30 but in the present case, these are not well enough resolved 
to warrent such an analysis. However, we recently described3' 
a simple relationship by which the bond length change 6r ac- 
companying an electronic transition may be estimated from the 
force constantfof the v l  vibration, if it is assumed that the energy 
difference A between the d orbitals involved in the transition 
depends inversely on some arbitrary power n of the bond length: 

6r = Anm/( f rN)  

Here, N is the number of ligand atoms (2 in the present case) 
and m is the number of electrons involved in the transition. This 
expression has been found to give good agreement with the 

(30) Hitchman, M. A. In Tramition Metal Chemistry; Melson, G .  A,, Figgis, 
B. N., Eds.; Marcel Dekker: New York, 1985; Vol. 9, p 58. 

(31) Hitchman, M. A. Inorg. Chem. 1982, 21 ,  821. 

27, 2510-2512 

bond-length changes derived from the analysis of the electronic 
spectra of a wide range of c o m p l e ~ e s ~ ~ , ~ ~  with a value of n = 5 .  
To a good approximation, for the 37rg +- 3 ~ g  transition, a single 
electron is promoted from the d,, d,2-,,2 to the dZ2 orbital, and 
substitution of the value m = 1 and A = 13 000 cm-' into the above 
equation, together with n = 5,  r = 1.687 A, and f = 5.06 mdyn 
8,-' = 2.55 X lo5 cm-' suggests that each Ni-0 bond length 
should increase by a total of 6r = 0.0755 to - 1.76 8, in the 37rg 

excited state, in fair agreement with the above estimate derived 
from the decrease in the bond force constant. 
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An EPR reinvestigation of the copper(I1)-imidazole system has been carried out. The room-temperature EPR spectrum recorded 
with a low molar ratio, [Cu2+]:[imidazole] = l:lO, reveals the features of two absorbing species, probably [Cu(imida~ole)~]*+ and 
[Cu(imidazole),12+. The experimental results at high molar ratios at both room and low temperatures give evidence of the formation 
of a well-characterized four-coordinated species, [Cu(imidazole),12+. A critical comparison with a recent report in which EPR 
parameters have been attributed to [Cu(imida~ole)5]~+ and [C~(imidazole)~]~* is also made. 

Introduction 
Recently an EPR characterization of the various species present 

in the copper(I1)-imidazole (imH) system and analogous com- 
plexes as well as some mixed complexes having imH as the second 
ligand has been reported.' However, we have set little value on 
the conclusions reached by the authors of that paper for the 
following reasons. 

(i) They assigned EPR spectra to [Cu(imH)J2+ (n = 4-6) 
complexes, without having determined the species distribution in 
the copper( 11)-imidazole system; accordingly, the copper- 
imidazole (and -methylimidazole as well) complexes reported in 
their paper were not those the authors thought to be present in 
solution. 

(ii) Their hypothesis on the formation of a pentakis(imida2- 
ole)copper(II) species was based on the shifts undergone by gll 
and Al l  values with respect to those of a presumed tetrakis complex; 
the changes of the magnetic parameters should have been the 
opposite of those reported. 

(iii) Although their EPR spectra showed a well-resolved shf 
structure, it only appeared in the perpendicular region; further- 
more, on the basis of 1 1  shf lines, they deduced the pentakis(im- 
idazole)copper( 11) complex formation, while it is well-known that 
apical nitrogens contribute to shf interaction in a way different 
from those bound in the equatorial plane. 

(iv) They tried to rationalize trends in rhombic distortion among 
a series of copper-amine and -polyamine complexes, the EPR 
spectra of which are essentially axial; they mistook an extra peak 

*To whom correspondence should be addressed at  the Department of 
Chemical Sciences, University of Catania 

for a different resonance line with a peculiar g value. 
Therefore, we decided to undertake an EPR reinvestigation of 

the copper(I1)-imidazole system both in water-methanol and in 
water-dimethyl sulfoxide (Me2SO) mixtures, the latter mixture 
being that used in the previous paper.' 
Experimental Section 

63CuS04 was purchased from Stable Isotope Unit Chemistry Division, 
Harwell, Oxfordshire, England, and imidazole (Fluka, purissimum) was 
recrystallized twice from benzene. Twice-distilled water and reagent 
grade methanol and dimethyl sulfoxide were used to prepare the complex 
solutions. Three different ratios, [Cu2+]:[imH] = l:lO, 1:100, and 1:200, 
were used, the concentration of copper(I1) ions being 5 X mol dnr3. 
To adjust the solution pH to a value of about 7, imidazole (pK = 7.03) 
was neutralized up to 50% by adding HNO,. The calculations associated 
with the species distribution in the copper(I1)-imidazole system have 
been carried out by using the program DISDI .~  To get the species dis- 
tribution as a function of pH, we used the values of log p, (n = 1-4) 
reported by James et al.? log p,  = 4.33,  log p2 = 7.61, log p, = 10.31, 
and log p4 = 12.2. 

EPR spectra were recorded with a conventional X-band spectrometer, 
Bruker ER 200 D, equipped with a low-temperature control unit. DPPH 
(g = 2.0036) was used to calibrate the klystron frequency, the magnetic 
field being continuously measured by means of a Model ER 035 M gauss 
meter, which gives markers at preselected values. Magnetic parameters 
were calculated by using a program substantially devised by Pilbrow et 
al.,, which allows one to deal with the shf interaction of one, two, or four 
nitrogen donors in the equatorial plane. 

(1) Siddiqui, S.; Shepherd, R. E. Inorg. Chem. 1986, 25, 3869. 
(2) Arena, G.; Rigano, C.; Sammartano, S. Ann. Chim. (Rome) 1978, 68, 

693. 
( 3 )  James, B. R.; Williams, R. J .  P. J .  Chem. Soc. 1961, 2007. 
(4)  Pilbrow, J .  R.; Winfield, M. E. Mol. Phys. 1973, 26, 1073. 
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