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Table 11. Radial Distribution of Atoms about Mn and Mn4-P 
Angles in HzMnP301,,~2Hz0 

coordn radial Debye-Waller 
atom type no. dist, A factor ( 2 ~ 3 ,  AZ 

O(1) 4 1.86 0.007 
I 2.24 0.007 
1 2.09 0.007 

O(2) 

P(1) 4 3.14 0.008 
1 3.31 0.008 

0.008 
P(2) 
P(3) I 3.27 

o(3) 

Mn-0-P anale. den 
Mn-O( I)-P( I )  135 
Mn-0(2)-P(2) 125 
Mn-0(3)-P( 3) 130 

manganese in MnP04.H20.6 The octahedral coordination of 
oxygens is distorted axially, because both compounds show a 
Jahn-Teller effect, although in the second compound it is larger. 

Values of Mn-O distances and Debye-Waller factors were 
refined to obtain the best fit between theory and experiment. Then, 
calculations were performed for phosphorus in the second shell 
and for multiple scattering within the three-atom array M n U P  
to obtain the refined Mn-O-P angles. 

Refinement of the radial distances (Mn-O and Mn-SP), De- 
bye-Waller factors, and the Mn-O-P angles led to a very sat- 
isfactory level of agreement between the observed and calculated 
spectra and its Fourier transform, as illustrated in Figure 4. The 
values of the refined parameters are listed in Table 11. 

The Mn-O-P framework consists of axially distorted MnOd 
octahedra that share all six corners with PO4 tetrahedra. The 
observed bond distances 4 X 1.86, 1 X 2.09, and 1 X 2.24 A are 
similar to those in other manganese 111) oxide systems: Mn203,29 

and 2 X 2.40 A; MnP04.H20: having 2 X 1.89, 2 X 1.91, and 
2 X 2.28 A; and Mn(P03)3,5 with 2 X 1.88, 2 X 1.91, and 2 X 
2.16 A. 

The P-O distances may be calculated from the Mn-0 and 
Mn-P distances and the angles obtained from multiple-scattering 

which has 4 X 1.90 and 2 X 2.24 i ; NaMn02,30 with 4 X 1.92 

(29) Geller, S. Acta Crysrallogr. 1971, B27, 821. 
(30) Jansen, M.; Hoppe, R. 2. Anorg. AIlg. Chem. 1973, 399, 163. 

calculations. The manganese(II1) environment with all distances 
(A) and angles (deg) obtained from the EXAFS study is shown 
in I. 

I 

The manganese(II1) environment confirms the Jahn-Teller 
effect that is seen in the diffuse-reflectance spectrum. This en- 
vironment is less distorted than that observed in manganese(II1) 
orthophosphate hydrate: in agreement with the diffuse-reflectance 
 result^.^ 

The layered framework of this compound has been proved from 
a butylamine intercalation experiment in the vapor phase. The 
basal spacing increases from 7.77 to 15.45 A after n-butylamine 
intercalation. However, only the first reflection line is sharp and 
the X-ray powder pattern at  high angles (28) is poor. 
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The luminescence spectra and dynamics of [H2B(p~)2]3Tb have been studied at different temperatures. in the solid phase and in 
various solvents. Analysis of the data for the crystalline sample based on the electron dipole selection rules reveals effective C3 
symmetry about the terbium atom. Thus, the luminescence spectra are those expected for the trigonal-prismatic arrangement 
of the nitrogen donor atoms but influenced by the three weak BH---Tb three-center bonds to each of the rectangular faces. Similar 
luminescence spectra are observed for [H2B(pz)2]3Tb in CHZCI2 and toluene solutions. In  donor solvents, complexation of 
[HzB(pz)2]3Tb with the solvent molecules changes the lifetime and the spectral feature of the luminescence, indicating a change 
in the coordination environment about the terbium atom. 

Introduction 
We have recently been exploring the chemistry of early metals 

and the lanthanides using the versatile poly(pyrazoly1)borate ligand 
system.' A particularly interesting complex that we have prepared 

( I )  (a) Reger. D. L.; Lindeman, J. A,; Lebioda, L. Inorg. Chem. 1988,27, 
1890. (b) Reger, D. L.; Lindeman, J. A.; Lcbioda, L. /bid. 1988, 27, 
3923. (c) Reger, D. L.; Knox, S. L.; Lindeman, J. A.; Lebioda, L. Ibid. 
1990, 29,416. 

0020-1669/91/1330-2397%02.50/0 

and carefully characterized by multinuclear NMR and single 
crystal X-ray crystallography is [H2B(pz)2]3Y ( I ,  pz = pyrazolyl 
ring).I8 In  the solid state, the six nitrogen donor atoms of the 
bis(pyrazo1yl)borate ligands are arranged in a trigonal-prismatic 
array. In addition, the six-membered YN4B rings are oriented 
in a puckered boat configuration that brings one of the hydrogen 
atoms on each of the three boron atoms in close proximity to the 
yttrium metal, indicating the formation of three three-center, 
two-electron BH- - -Y bonding interactions (agostic bonds). A 

0 1991 American Chemical Society 
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a Pyrex capillary in the drybox, transporting the sample under nitrogen 
to a vacuum line, and sealing the capillary. The solution samples were 
prepared by dissolving [H2B(pz)2]tTb in the appropriate solvent, follow- 
ing the same procedure; however, the bottom of the capillary was im- 
mersed in liquid nitrogen before being evacuated and sealed on the 
vacuum line. 

Me~ureaeats. The third harmonic (355 nm, 8 ns) of a Nd:YAG 
laser (Quantel Model 580) was used as the excitation pulse. Occasion- 
ally, the ’F6 - 5D4 excitation is achieved by a tunable flash-lamppumped 
dye laser (Phase-R Model 120V) at 480-484 nm (vide infra). The 
sample, situated in a cryostat (Model DTC-500 Lake Shore Cryotronics, 
Inc.), was excited by the laser pulse and the emission collected at 90’. 
Measurements at 77 K were performed by using a quartz liquid-nitrogen 
dewar. The detection system consists of an optical multichannel analyzer 
(OMA) system, which couples with a gateable intensified silicon photo- 
diode array (EGCG/PAR, Model 1420) and a 0.5-m monochromator 
(Spex Model 1870). The emission was focused to the slit of the mono- 
chromator by a 5 cm focal length quartz lens. With the slit width open 
to 30 pm and a 1200 grooves/” grating, a resolution of 1.5 A was 
determined at 490 nm. In order to eliminate the scattered light of the 
excitation pulse, a sharp cut bandpass filter (Schott GG 475) was placed 
directly after the quartz lens. 

Lifetime and oxygen quenching measurements were performed with 
a setup similar to that described above. However, the photodiode array 
was replaced with a photomultiplier tube (RCA IP28) and the decay 
signal was recorded by a 200-MHz transient digitizer (LeCroy Model 
TR8828). Typically, an average of 16 shots was taken for the decay 
signal unless specified otherwise. A 1.0-kQ resistor was terminated on 
the digitizer in order to increase the intensity of the signal. This gives 
a RC time constant of 30 ns, which is still much faster than the decay 
of the emission. Thus, no further deconvolution of the decay is required. 
Both data acquisition and analyses were carried out by an IBM AT 
computer using ASYST software (ASYST Technology, Inc.). 
Results and Discussion 

Since the 4f orbitals are very effectively shielded from the 
influence of external forces by the overlying 5s2 and 5p6 shells, 
the states arising from the various 4 f  configurations are only 
affected by the direct coordination environment, and the second 
coordination sphere appears to be a negligibly small perturbation. 
This statement implies that if the BH- - -Tb(III) bonding inter- 
actions in [H2B(pz)2]3Tb are negligibly small, then Tb(II1) sees 
its environment as a trigonal-prismatic configuration (Doh). 
However, this high D3* symmetry configuration will be distorted 
if the BH- - -Tb(III) bonding is strong enough to influence the 
4f orbitals. Under the circumstance that the three agostically 
bonded hydrogen atoms are exactly in the central horizontal plane, 
the 4f orbital in [ H , B ( ~ z ) ~ ] ~ T ~  may see C3h symmetry. If this 
is not the case (in the solid-state structure of 1, the yttrium atom 
is 0.028 A out of the plane formed by the three boron atoms’*), 
then a lower C3 symmetry is expected. Theoretically, these dif- 
ferent effective point groups will change the luminescence spectral 
properties significantly. For a D3h configuration the nine de- 
generate levels of SD4 in the Tb(II1) ion are expected to split into 
six sublevels, A’, 2E’, AIr’, AT, and E”, by the crystal field, while 
the SD4 state in the c3h symmetry will be split into six sublevels, 
A’, 2E’, 2A”, and E”. In the lower symmetry point group C3, 
the crystal field splits the SD4 state into six different sublevels, 
3A and 3E. This different splitting also applies to each J level 
in the ’F, ground state. The overall sublevels due to the C3, or 
C3 crystal field splitting are shown in Table I. The crystal splitting 
due to D3,, and D3 a re  given in ref 8. Table I also shows the 
predicted allowed transitions from the electric dipole selection rules 
for each sublevel from SD4 - ’F,. 

As observed from other Tb(II1) complexes,” 355-nm excitation 
of a crystalline sample of [ H ~ B ( P Z ) ~ ] , T ~  results in strong lu- 
minescence. Seven emission groups throughout 480-700 nm can 
be classified. Since the luminescence analyses are based on the 
assignment of the number of peaks in a specific group, in order 
to avoid complications, determining that the spectra result solely 
from 5D4 - ’FJ transitions is crucial. This issued has been studied 
in detail by the following analyses. 

1. The lifetime for each individual emission group is identical 
with a single exponential decay rate constant of 9.17 X lo2 s-’ 
(a lifetime of 1.09 ms) in the crystalline form at room temperature. 
When the digitizer is terminated with a 1004 resistor, the rise 

H 
\ 

1 

number of examples of molecules containing one BH---M 
threecenter bond have been reported previously.” In all of these 
studies, the agostic interaction in the solid state was confirmed 
crystallographically. In addition, in two cases, the interaction was 
confirmed in solution from the difference in the boron-hydrogen 
coupling constants between the terminal (JBH = 118 Hz) and 
bridging ( J B H  = 76-88 Hz) BH2 hydrogen atoms.’ This teshnique 
was not definitive for 1 in solution (fluxional prooesses equilibrate 
the BH2 hydrogen atoms), but other studies, primarily the var- 
iable-temperature 2H NMR spectra of [D2B(pz)2]3Y, did dem- 
onstrate that the agostic interactions were still present in CH2C12 
solution.“ 

We have expanded this chemistry of yttrium to three repre- 
sentative lanthanide metals, samarium, terbium, and erbium, and 
have prepared the analogous [H2B(pz)2]3M complex for each.Ic 
With these paramagnetic metals, meaningful NMR spectra could 
only be obtained for the samarium complex. From the similarity 
of the variable-temperature NMR data for the yttrium and sa- 
marium complexes and of the infrared data for all four, we 
concluded that these lanthanide complexes all had the same un- 
usual structure as 1. The similarity in structure is especially 
expected for [H2B(p~)2]3Tb (2). the molecule of interest here, 
because yttrium(II1) and terbium(ll1) are essentially the same 
size.s 

Reported here is a detailed study of the luminescence of 
[H2B(pz)2]3Tb both in the solid state and dissolved in a variety 
of solvents. This study is of interest because of the unusual 
trigonal-prismatic arrangement of the nitrogen donor atoms about 
[H2B(pz)J3Tb and our desire to determine if the weak three-center 
interactions would have a measurable impact on the solid-phase 
spectra. We also wished to determine how solvent interactions 
would change the coordination environment for [H2B(p~)2]3Tb 
in solution. The luminescence spectra of several other Tb(II1) 
complexes with a variety of coordination environments in solid 
and solution phases have been reported by Brittain et a1.+* 
Experimental Section 

Sample Prepamtion. All operations were carried out under a nitrogen 
atmosphere either by standard Schlenk techniques or in a Vacuum At- 
mospheres HE-493 drybox. All solvents were dried, degassed, and dis- 
tilled prior to use. [H2B(pz),],Tb was prepared by the published me- 
thod.le The solid samples were prepared by loading [H2B(p~)2],Tb into 

(2) (a) Cotton, F. A.; Jeremic, M.; Shaver, A. lnorg. Chim. Acta 1972,6, 
543. (b) Kosky, C. A.; Ganis, P.; Avitable, G. Acta Crysrallogr., Secr. 
B Srrucr. Crysrallogr., Crysr. Chem. 1971, 827, 1859. 

(3) Albers, M. 0.; Crosby, S. F. A.; Lilies, D. C.; Robinson, D. J.; Shaver, 
A.; Singleton. E. Organomerallics 1987, 6, 2014. 

(4) (a) Reger. D. L.; Swift, C. A.; Lebioda, L. J.  Am. Chem. Soc. 1983, 
105. 5343. (b) Reger. D. L.; Mahtab, R.; Baxter, J. C.; Lebioda, L. 
Inorg. Chem. 1986,25.2046. 

( 5 )  Handbook of Chemistry and Physics; Weast, R. C., Ed.; CRC: 
Cleveland. OH, 1965; p F117. 

(6) Brittain, H. G.; Meadows, J. H.; Evans, W. J. Organomerallics 1983, 
2, 1661. 

(7) Brittain, H. G.; Meadows, J. H.; Evans, W. J. Organomerallics 1985, 
4. 1585. 

(8) Btittain, H. G.; Wayda, A. L.; Mukerji, 1. Inorg. Chem. 1987,26,2142. 
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Figure 1. Energy levels for the Tb(II1) ion. 

time of the first five emission groups (the emission intensities for 
the other two are too weak to obtain a useful result) is faster than 
the system response time (K1.0 X lo-* s). In addition, for the 
three higher energy groups, the spectra obtained by gating the 
diode array at 0-1 ps are identical with 1.0 p-1.0 ms. 

2. Using a 482-nm pulse from the dye laser leads to direct 
excitation of the 7F6 - 'D4 transition band with no thermal 
population of the 'D3 state at <77 K. In this case, spectra identical 
with those from 355-nm excitation were observed for the three 
higher energy emission groups (it is difficult to obtain the rest 
of the emission groups due to the low 'IF6 - 'D4 transition moment 
and the low energy of the dye laser (- 1 .O mJ). 

3. The vibronic side bands, which have frequently been observed 
due to the metal-ligand vibronic interaction, may interfere with 
the analysis of the number of the group peaks. This is particularly 
crucial in  the range of the 4-2 ('D, - 'IF2) to 4-0 ('D4 - 'IF0) 
transitions (hereafter we will label the SD4 - 7F, transition levels 
only by their J quantum numbers), where the emission is ca. 3 
orders of magnitude less than that of 4-6 due to the decrease of 
the spin-orbit coupling from 7F6 to 7F0. However, among these 
seven emission groups no vibrational progression can be resolved. 
The results of parts 1-3 clearly indicate that no emission other 
than from the pure f-f SD4 - 7F, transitions is observed. 

It is noted that the nine degenerate sublevels of 5D4 are split 
into several "degenerate states by the coordination environment 
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Figure 2. 5D4 - 'F6 luminescence spectra of [H,B(pz),],Tb in the 
crystalline form at various temperatures: (a) 298 K; (b) 77 K; (c) 19 
K. 

and the population of each sublevel at  various temperatures de- 
pends on the thermal Boltzman distribution. Thus, it is not 
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Figure 3. 5D4 - 7F5 luminescence spectra of [H,B(pz),],Tb in the 
crystalline form at various temperatures: (a) 298 K (b) 77 K; (c) 19 
K. 

necessary to analyze the luminescence spectra at extremely low 
temperature. This can be demonstrated in the temperature-de- 
pendent studies. Figures 2-5 select the first three emission groups 
4-6,4-5, and 4-4 as well as the last one 4-0 at various temperatures 
for discussion. The temperature-dependent study obviously in- 
dicates that several emission bands in the blue (higher energy) 
region in each emission group gradually decrease while the in- 
tensities of the emission bands in the red (lower energy) region 
significantly increase when the temperature decreases from 298 
to 77 K. Upon further cooling to a temperature <19 K several 
emission peaks in each group observed at room temperature 
disappear, indicating that some higher energy sublevels of the SD4 
state are populated negligibly at this temperature. Hence, although 
better spectral resolution may be obtained, the total number of 
allowed transitions cannot be definitively resolved at <19 K. 
Fortunately, our temperature-dependent studies show that even 
though the relative intensity of each band varied, the higher energy 
bands in each emission group did not vanish from 298 to 77 K, 
indicating that all sublevels in the 5D4 state responsible for the 
allowed transitions are still thermally populated at 77 K. This 
result implies that the energy splitting between highest and lowest 
SD4 sublevels is small, possibly less than a few hundred reciprocal 
centimeters (vide infra). 

Now, a crucial question to be resolved concerns how the co- 
ordination environment in the crystalline form of 2 correlates with 
the luminescence spectra. Assuming that all crystal field split 
sublevels of the 5D4 state are populated at room temperature, the 
number of allowed transitions will be 30, 46, 34, and 54 in the 
case of the 4-6 transition for the symmetry point groups D3kr D3, 
C3*, and C3, respectively (see Table I). Since the energy difference 
between each sublevel transition is predicted to be small, the 
transition bands of the various sublevels will be obscured due to 
the large degree of spectral overlap in combination with the 
spectral inhomogeneous broadening. Thus, a thorough analysis 
for each group of emissions is not possible. A straightforward 
method that avoids complicated analysis is to analyze the 4-0 

t 
. rl I 

WAVELENGTH, nm 
Figure 4. 5D4 - ’F4 luminescence spectra of [H,B(pz),],Tb in the 
crystalline form at various temperatures: (a) 298 K; (b) 77 K (c) 19 
K. 
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Figure 5. 5D, - 7Fo luminescence spectra of [H2B(pz),l3Tb in the 
cr) :talfine form at various temperatures: (a) 298 K: (b) 77 K; (c) 19 
K. 

transition because there is no further crystal field splitting for the 
’FO state. Thus, if all six sublevels of the 5D4 state can be thermally 
populated, the total numbers of allowed electric dipole transitions 
are predicted to be three, four, four, and six for D3r, D3, c3h,.and 
C3, respectively (see Table I). Figure 5a shows the 4-0 transition 
located in the 675-688-nm region at 298 K. At this temperature, 
the broad emission spectrum makes the analysis of the number 
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Figure 6. Relative energy for the crystal field split 5D4 state in [HZB- 
(PZ)ZI~T~ .  
of transition peaks impossible. Upon cooling, the emission bands 
in the blue region gradually decrease. In contrast, the intensities 
of the lower energy bands increase. Figure 5b clearly shows that 
the 4-0 transition consists of six peaks at  77 K. Since the cor- 
responding ground-state 7F0 has no crystal field splitting, the six 
emission bands originate from six crystal field split sublevels in 
the 5D4 state. Comparing this result with the electric dipole 
selection rules derived in Table I for the four different symmetry 
point groups reveals that the coordination environment which the 
4f orbitals in [H2B(p~)2]sTb actually "see" is the C, symmetry. 
Thus, the luminescence spectrum is influenced by the three 
three-center, bridging BH- - -Tb agostic bonds distorting the 
trigonal-prismatic geometry of the nitrogen donor atoms to a lower 
C3 symmetry. We note that the nonplanar chelate rings alone 
lowers the symmetry of the molecule to at  least C3v However, 
it has been shown that the luminescence spectra of Tb(II1) com- 
plexes are determined by the ligand arrangement of the primary 
coordination sphere.- Thus, the luminescence spectra would not 
be sensitive to this lower symmetry unless there were direct in- 
teractions such as the three-center bonds with the terbium atom. 
Upon cooling of the sample to 19 K, the three peaks on the 

higher energy side nearly disappear (Figure 5c). The structureless 
hump appearing in the high-energy region at  19 K may be due 
to phonon interaction in the solid state. On the basis of the 
emission frequency at  each peak maximum at 77 K, the relative 
energy diagram of each sublevel is depicted in Figure 6. Due 
to the lack of detailed information on the polarization property 
of each emission band, the absolute symmetry assignment for each 
energy level is not possible. Therefore, we label each sublevel of 
5D4 from &to  E5 on the basis of increasing energy. The relative 
energy gap between the highest and lowest sublevels in 5D4 is 
calculated to be ca. 144 cm-I. Assuming that these two levels 
have an equal number of degenerate states for simplicity, calcu- 
lation from the statistic Boltzman population gives a population 
ratio of 1.8 X for E5 with respect to Eo at 19 K. Further 
calculations give population ratios of 5.61 X and 3.48 X 10-4 
for E4 and E, relative to Eo, resulting in negligible emission in- 
tensity. On the other hand, population ratios of E2 to Eo and E, 
to & are calculated to be 0.05 and 0.1 1, respectively. Thus, the 
emissions originating from Eo, E,, and E2 are theoretically 
measurable at  19 K.  At 77 K, appreciable population of all six 
sublevels is predicted, consistent with the experimental results. 

The spectral features and the lifetime of the luminescence of 
[H2B(pz),],Tb obtained in CH2CI2 are nearly identical with those 
obtained in the crystalline form except that the ratio of the in- 
tensities between various peaks is slightly different. This result 
implies that perturbation of the coordination environment of the 
Tb(l1l) ion in CH2CI2 solution versus the solid phase is negligible. 
Thus, we conclude that the BH- - -Tb agostic bonds remain intact 
in CH2CI, solution, consistent with the NMR results of [H2B- 
(pz),],Y in CD2CI2 solution.Ia On the other hand, spectral 
broadening and change of the relative peak intensity in each group 
emission were observed in donor solvent such as in THF. This 
effect can be readily distinguished in Figure 7a,b, where the 
emission is taken from the 4-5 transition in T H F  solvent and the 

WAVELENGTH, nm 
Figure 7. 'D, - 'F5 luminescence spectra of [H,B(~Z)~] ,T~ at 19 K: (a) 
in THF; (b) in the crystalline form. 

Table 11. Dynamics of the 'D, - 'FJ Luminescence in Various 
Solvents and Temperatures" 

lifetime, ms 
solvent 298 K 120 K 77 K 19 K 

crystalline 1.09 1.20 1.26 1.25 
toluene 1.17 1.20 1.25 1.26 
CHZCIZ 1.17 1.20 1.25 1.26 
THF 1.30 1.28 1.30 1.30 
CHBCN 1.72 1.72 1.73 1.75 

'The error in the lifetimes is &5%. 

solid, respectively (low solubility of [H2B(pz)2]3Tb prevents the 
spectral analysis in saturated hydrocarbon solvents). However, 
the perturbation of the coordination environment by T H F  is weak 
due to the slight frequency shift for each emission group and the 
similar decay dynamics (see Table 11) in comparison to that in 
the crystalline form. The agostic bonding may play a role in 
reducing the donor solvent effect. However, a quantitative con- 
clusion for this issue cannot be made at  the present stage. Table 
I1 also showed that the lifetime of the luminescence of [H2B- 
( p ~ ) ~ ] , T b  is nearly temperature independent from 298 to 19 K 
in various solvents. This result is expected, since the degree of 
coupling between 4f orbital wavefunctions and other internal 
molecular motion such as various small frequency, large amplitude 
vibrational motions of the ligand are negligible. Similar results 
were observed in CH,CN, in which the spectral feature is broader 
and the lifetime is significantly longer in comparison with that 
obtained in THF. A correlation of solvent donor ability with the 
lifetime has been noted previously.* Thus, CHpCN is a better 
donor solvent for 2 than THF. 
Conclusion 

The spectra and dynamics of the 5D4 - 7FJ luminescence of 
[H2B(pz),13Tb have been studied. Analysis of the spectrum of 
the crystalline sample based on the electron dipole selection rules 
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reveals an effective C3 point group about terbium rather than D3h, 
D,, or C,, symmetry. The spectra do not appreciably change in 
CH2CI2 and toluene solvents. An interpretation of these results 
is that, in the crystalline form and in solutions of noncoordinating 
solvents, the three three-center, bridging BH- - -Tb interactions 

Inorg. Chem. 1991, 30, 2402-2410 

influence the luminescence spectra of 2. In donor solvents, com- 
plexation of [H2B(pz)*l3Tb with the solvent molecules changes 
the lifetime and the spectral features of the luminescence. For 
these cases, coordination of the solvent results in a change in the 
coordination environment about terbium. 

Contribution from the Department of Chemistry, 
York University, North York (Toronto), Ontario, Canada M3J 1P3 

Control of Orbital Mixing in Ruthenium Complexes Containing Quinone-Related Ligands 
Hitoshi Masui, A. B. P. Lever,* and Pamela R. Auburn 
Received August 14, 1990 

Three redox series of complexes of the general formulas Ru"(bpy),LL and Ru"(py),LL (bpy = 2,2'-bipyridine) are reported, where 
LL are the ligands 1,2-dihydroxybenzene, 2-aminophenol, and 1,2-diaminobenzene. These ligands can exist in the fully reduced 
catechol form or the one and two electron oxidized semiquinone and quinone forms. Electronic and electron spin resonance 
spectroscopic and electrochemical data are discussed in terms of orbital mixing and electronic structure and the number of oxygen 
or nitrogen atoms in the coordinating ligand. 
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'Key: for (nn), n = 2; for (no), n = 1; for (oo), n = 0. 

between the metal and the ligand has been a major theme in the 
study of these systems.n** The electron distribution will depend 
on the extent of mixing between the metal and ligand orbitals, 
which, in turn, is a function of the energies, symmetries, and 
overlap of the valence metal and ligand orbitals. 
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