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tetragonal, orthorhombic terms in the Hamiltonian, but it is not 
obviously the highest in energy, d2z being more likely. A simple 
explanation then of the observed configuration is that the transition 
4px «- 3d„ is of low energy, and a large CI component arising 
from the state produced by the single excitation 4px «— 3d„ is 
included in the final nickel ground state. 

Conclusion 
The electron density in Ni(NH3)4(N02)2, as measured by these 

X-ray diffraction experiments, shows features around the nickel 
atom due to both aspherical d-electron distribution and more 
diffuse electron density. The ligand electron densities are 
qualitatively similar to those measured in other metal ammines5 

and nitro complexes.32 

A quantitative analysis of the electron density by means of an 
aspherical valence-shell refinement allows more quantitative 
conclusions to be drawn. These are in general accord with simple 
ligand-field theory. The electron distribution in the nitro group 
closely resembles calculations of that in the free nitrite anion, 
except that 0.38 (8) electron have been <r donated to the metal 
atom. The T system is much less affected by complexation. The 

In the preceding paper we presented an X-ray diffraction study 
of the electron density of frans-tetraamminedinitronickel(II). In 
this paper we present the spin density in this complex as deter­
mined by polarized neutron diffraction. We then discuss the 
implications of the results for the bonding in this first-row tran­
sition-metal complex with relatively covalent features. 

Polarized neutron diffraction can be used to obtain magnetic 
structure factors FM(hkf) for paramagnetic crystals.2 These are 
the Fourier components of the magnetization density, in the same 
way as X-ray diffraction structure factors are Fourier components 
of the electron density in the crystal. If the orbital contribution 
to the magnetization is small, which it is in this 3A2 ground-term 
complex, we can obtain from the FM's a description of the spin 
density. The spin density is the difference between the charge 
densities of a and /3 spins. The electron density is, of course, the 

(1) (a) University of Western Australia, (b) University of Sussex. 
(2) (a) Brown, P. J.; Forsyth, J. B.; Mason, R. Philos. Trans. R. Soc. 

London, Ser. B 1980, 290, 481-495. (b) Figgis, B. N.; Reynolds, P. A.; 
Williams, G. A.; Mason, R.; Smith, A. R. P.; Varghese, J. N. J. Chem. Soc, 
Dalton Trans. 1980, 2333-2338. 

ammonia molecule, as expected, is a much weaker u donor (0.11 
(6) electron). The distribution of density around the nickel atom 
is close to that predicted by ligand-field theory except for an 
anomalously low Sd 2̂ population and a large diffuse population, 
mainly in 4p .̂ This can be explained by invocation of configuration 
interaction, but the spectra of the system have not been sufficiently 
well examined to provide convincing evidence of this. 

More detailed bonding models will be discussed in terms of this 
quantitative information and that arising from measurements of 
the spin density in the subsequent paper. 
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sum of these two quantities. Thus the techniques of X-ray dif­
fraction and polarized neutron diffraction are entirely comple­
mentary. 

For chemical interpretation, however, spin density has some 
advantage over electron density. Apart from spin-polarization 
effects, the only molecular orbitals to contribute to the spin density 
are the partially filled ones in the valence shell. The effect of the 
nonbonding core orbitals is small since they are very nearly spin 
paired. This is in contrast to charge density where a major 
contribution is from core orbitals which do not take part signif­
icantly in bonding. Bonding effects are, therefore, proportionately 
more obvious in the polarized-neutron than the X-ray diffraction 
experiment. This is often offset by the lesser precision and extent 
of the polarized neutron data. 

The primary effect of chemical bonding in simple complexes 
is to transfer charge from ligand to metal via the doubly occupied 
bonding orbitals and from metal to ligand in the singly occupied 
antibonding orbitals. Overall there is a net charge transfer to the 
metal and a spin transfer from the metal ion onto the ligand. Since 
the spin transfer generally occurs within an antibonding molecular 
orbital, we expect to see three effects in the spin density in Ni-
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(NH3)4(N02)2: (1) a reduction of the spin on the metal atom, 
(2) spin appearing on the ligand atoms, and (3) a reduction of 
spin in the metal-ligand bonds due to overlap densities. There 
will also be more detailed effects reflecting the d configuration 
of the metal, a vs. ir bonding, and so on; these are effects which 
can be now described with some precision. 

Experimental Section 
A 75% deuterated crystal of Ni(NH3)4(N02)2 was produced3 by re-

crystallizing the hydrogeneous compound,4 twice, from a 5% w/w solution 
of NH3 in D2O. The partial deuteration serves to reduce the background 
incoherent scattering from protons. 

The crystal was mounted with (101) normal to the magnetic field 
direction on the D3 normal-beam polarized neutron diffractometer at the 
High-flux reactor of the Institut Laue-Langevin, Grenoble. The flipping 
ratios of 661 reflections were measured, after centering with an o> scan, 
at a wavelength of 90.0 pm, a temperature of 4.5 K and a magnetic field 
of 4.6 T. A few flipping ratios were also measured at various tempera­
tures down to 1.53 K. The 661 reflections corresponded to all accessible 
reflections with (sin 0)/X < 7 nm-1. The major experimental limitation 
was due to the small range of lifting angle, v, available. The beam 
polarization was 0.9787 (6). The flipping ratio of a reflection, R(hkl), 
is defined by 

R(hkl) = I\(hkl)/I\(hkl) 

l\(hkl) and l\(hk[) are the respective diffracted intensities with neutrons 
incident of spin parallel (t) and antiparallel (I) to the applied magnetic 
field. This measured quantity can be related to structure factors, for 
centrosymmetric crystals, by 1,5 in which, for simplicity, we have omitted 

R(hkl) = (FN
2 + 252FNFM + s2FM

2)/(FN
2 - 2s2FNFM + s2FM 

Table I. Refinement Results for the Model Employing the Atomic 
Hybrid Orbitals Described in Table II, Including "Overlap" 
Populations in Ni-N Bonds" 

2) 
correction terms due to polarization and flipping efficiencies. FN(ZJW) 
is the nuclear structure factor which is known from a previous unpolar-
ized neutron diffraction experiment on a crystal from the same batch.3 

s is the sine of the angle between the scattering vector and the direction 
of crystal magnetization. Since all quantities but FM are known, it may 
be extracted from this equation by solution of a quadratic equation. The 
choice of solution, from the two alternatives, is dictated by our expec­
tation that the magnetization density is approximately centered on the 
nickel atom and is 3d-like in character. The choice is rarely ambiguous. 
We note that the FM(hkl)'s obtained have a known phase, unlike the case 
of the X-ray diffraction experiment. In this crystal, extinction is expected 
to be negligible,3 but multiple scattering effects may occur.2b Accord­
ingly, no reflections with F N < 1.6 X 10"14 m were studied. A comparison 
of equivalent reflections showed that the major source of error was 
counting statistics. After equivalents were averaged, 303 unique reflec­
tions remained and are listed in the Supplementary Material. The data 
gave Y,<r(F)IY.\F\ = 0.11. The errors in the FM's include an estimate 
of 0.08 X 10~14 m for the error in F N for each reflection. Reflections with 
a(Ru) > 0.20 MB (=«0.05 X 10~14 m) have been omitted as of insufficient 
accuracy. <r(FM) varies from 0.01 to 0.2 MB while FM ranges up to 1.8 
MB per unit cell. The static bulk magnetization (F(OOO)) at 4.6 T has 
been measured as 2.07 MB/eell at 4.2 K with g = 2.18 and isotropic.6 We 
estimate the contribution of the spin density to the magnetization density 
by use of the dipole approximation for the orbital magnetization term: 

F1Jh(AW) = FM(hkl) - 2.01(g - 2)/g{Ji)iai 

where O2)^d 's a s previously defined, an integral of the theoretical radial 
distribution function of the nickel 3d electrons. The correction term is 
small compared to FM(hkl). 

Results 
As in the previous paper, we shall fit our data to a model for 

the spin density by least-squares methods. The spin density in 
the (Ni(NH3)4(N02)2 molecule is modeled as the sum of a series 
of hybrid atomic orbital densities. On the nickel atom we place 
five 3d and three 4p functions; on the ammonia nitrogen atom 
(N(2)) four sp3 hybrids; on the hydrogen atoms, Is functions; and 
on the nitro-group nitrogen atom (N(I)) and the oxygen atoms 
three sp2 hybrids and one pT orbital. The coordinate system is 

(3) Figgis, B. N.; Reynolds, P. A.; Williams, G. A.; Lehner, N. Aust. J. 
Chem. 1981, 34, 993-999. 

(4) Soret, L.; Robineau, F. Bull. Soc. Chim. Fr. 1889, 2, 138-139. 
(5) Marshall, W.; Lovesey, S. W. "Theory of Thermal Neutron 

Scattering"; Clarendon Press: Oxford, 1971; pp 324-341. 
(6) (a) Figgis, B. N.; Murray, K. S.; Reynolds, P. A.; Wright, S. Aust. J. 

Chem., in press, (b) Figgis, B. N.; Reynolds, P. A.; White, A. H.; Williams, 
G. A.; Wright, S. J. Chem. Soc, Dalton Trans. 1981, 997-1003. 

(sin e)/X range, nm"' 
./Vobsd = no. of observations 
7Vvar = no. of variables 
R(F) 
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F(000) c a l c d /F (000) o b s d 

0-7.0 
303 
23 
0.108 
0.072 
1.53 
1.03 

1R(F)= SIIF0!- IF011/SlF0I, .RW(F) = (S[w(F0 - F c ) 2 ] / 
Z[wF, 
°(For 

2])"2 , x = (S[MF0 - F c ) 2 ]/(7Vobsd -W v a r ) )" 

Table II. Valence Refinement Parameters (Atom Centered 
Hybrids plus Overlaps) 

3dx y 

3dy J 

3 d « 
3d0* 

Mx1 -y1 

radius 3d 

N(2) 
sp3(D 

sp3(2) 

sp3(3)/(4) 
overlap pop 

N(I) 
sp2(l) 
sp2(2)/(3) 

Pn 
overlap pop 

Ni-N(2) 

Ni-N(I) 

Nickel 
0.87 (7) 
0.04 (4) 

-0 .02 (7 ) 
0.84 (7) 

-0.05 (6) 
0.92(1) 

Ammonia 

0.033 (9) 

-0 .000 (7) 

-0.001 (4) 
-0 .050(11) 

Nitrite ion 

0.104 (20) 
-0.009 (14) 

-0.008 (7) 
-0.067 (14) 

4p* 
4py 

4p* 

H(I) 
Is 

H(2)/H(3) 
Is 

0 ( l ) /0 (2) 
sp2 

sp2 

sp2 

PIT 

(D 
(2) 
(3) 

0.17 (6) 
0.07 (6) 
-0 .14(7) 

-0.001 (8) 

0.026 (5) 

0.005 (14) 
0.005 (8) 
0.004 (8) 
0.004 (8) 

as before. We varied from its theoretical value the radial function 
for the nickel atom 3d orbitals only, since the small amounts of 
spin expected in the remainder of the orbitals will not define their 
radial dependencies well. The modeling on oxygen using sp2 

hybrids differs from that of sp hybrids used in the previous paper; 
such sp2 hybridization allows a greater flexibility on 0(1) and 
0(2) and was introduced to investigate the postulated nonlinear 
N - H - O magnetic exchange pathway. 

This model gave a goodness-of-fit x = 1 -64 and a weighted 
reliability factor R^(F) = 0.076 when RV(F), defined in Table 
I, was minimized. We preferred a second refinement in which 
"overlap" populations centered midway along each N-N(I) and 
Ni-N(2) bond were included as variables. These were modeled 
by hydrogen Is form factors, x was reduced to 1.53 and R^(F) 
to 0.072. Allowing the overlap density to vary in position and 
radial extent produced little further improvement. The refinements 
and their results are summarized in Tables I and II. A list of 
calculated FM's is included in the deposited material. Fourier 
difference maps derived from the observed and calculated FM's 
show no significant features. The estimated error in the spin 
density, arising from the <r(FM)'s, away from the nickel atom, is 
<r(p) ~ 4 spins nm"3. This corresponds with the observed fluc­
tuations in the Fourier difference map. The spin densities implied 
by the final model for the Ni-NO2 and Ni-N(2)-N(l) plane are 
shown in Figure la and lb. Note that the contours increase 
logarithmically and that the random error level is about the third 
contour. The reader should note that these maps, being model 
maps, have had random errors removed but conversely spurious 
features of small amplitude may have been introduced. As such 
these maps and the Fourier maps of the previous paper are not 
directly comparable—only the parameters of the models should 
be used in that way. It is worth noting that even though the 
polarized neutron data are certainly less precisely measured than 
the X-ray diffraction data, the final ligand populations and the 
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Figure 1. (A) Spin density of the fitted model in the ac plane, including 
the nickel and nitro groups. The contours are logarithmic: lowest, 1.64 
spin nm"3; highest (12th), 3400 spin nm"3; increasing by factor 2. Pos­
itive, solid contour; negative, dashed; zero, dotted. (B) Spin density of 
the fitted model in the be* plane, including the nickel and the ammine 
N(2) and H(I). 

implied covalent effects are more precisely estimated. 

Discussion of Spin Density 
Spin Transfers. From the data of Table II we can see that each 

ammonia ligand has a net spin of +0.082 (8) and each nitrite anion 
of one of +0.110 (14). The overlap population in the nickel-
ammonia bond is -0.050 (11) and in the nickel-nitro bond -0.067 
(14). The nickel spin population is 1.78 (6). The total spin 
populations are more precisely determined than individual hybrid 
populations, since the latter include a contribution from corre­
lations in intraatomic populations. 

There is, as expected, a reduction in the nickel atom population 
from two spins: the spin density delocalized onto the ligand atoms 
reflects the covalence. Concomitantly, we see a negative overlap 
density, reflecting the antibonding nature of the main contributing 
molecular orbital. The large spin population on the ligand 
molecules—27% of the total spin—reflects the much greater 
covalence in this complex relative to, for example, the CoCl4

2" 
ion7 and the Mn(H2O)6

2+ ion8 where the figures are 10% and 6%, 
respectively. 

Nitrite Anion and Its Bonding to Nickel. If we break down the 
0.110 (14) spins on each nitrite anion, we find that the 7r-electron 
system contains 0.000 (13) spins and the a system 0.110 (20) spins, 
largely the spin is delocalized via a antibonding. The bulk of the 
spin (0.104 (20)) resides in the a antibonding nitro group lone 
pair, which is directed at the nickel atom. No other individual 
orbital has a significant population. The individual population 
on each oxygen atom, 0.016 (15), while positive, is hardly sig­
nificant. The antibonding nature of the spin delocalized from the 
nickel atom is confirmed by the negative overlap population of 
-0.067 (14). This causes the spin density between Ni and N(I) 

(7) Figgis, B. N.; Reynolds, P. A.; Williams, G. A. / . Chem. Soc, Dalton 
Trans. 1980, 2339-2352. 

(8) Fender, B. E. F.; Figgis, B. N.; Forsyth, J. B.; Reynolds, P. A. Proc. 
R. Soc. London, submitted. 

to become small, reaching -8 spins nm"3 (which is negative at the 
2cr level of significance). The net negative sign is evidence of the 
presence of spin polarization by the large positive nickel 3d 
population. 

Ammonia and Its Bonding to Nickel. The 0.082 (8) spins on 
each ammonia molecule can be divided into two components: 
0.033 (9) in the nitrogen atom lone pair and 0.026 (5) centered 
on H(2) and H(3). All other populations, including that on H(I), 
are not significant. The nitrogen atom lone pair population and 
the overlap population of -0.050 (11) shows that the spin is 
delocalized by a antibonding. 

The spin density nowhere reaches a significantly net negative 
value. There is a smaller amount of spin both on the ligand in 
total and on the N(2) lone pair compared to the nitro group. This 
reflects the smaller covalence expected from ammonia relative 
to the nitrite ion on the basis of considerations such as the 
spectrochemical series. 

Nickel Atom. The configuration of the nickel atoms is 
3d1 •68(6)4p0.io(6)j showing the presence of a diffuse population. The 
detailed d configuration is dv

0-87(7'dyz
004(4'dxz-°

02(7>dzJ
0-84(7»dx2-

_y2~°05(6\ which we can compare with the simple crystal-field 
prediction of d ^ ' d ^ d ^ d ^ ' d . ^ 0 . The only significant spin 
populations are in dx)l and dz2, as expected. The reduction of the 
populations of dxy and dz2 from unity is caused by the spin der­
ealization onto the ligands through <x bonding. 

Magnetic Exchange 
A study of the temperature and field dependence of the powder 

and single-crystal susceptibilities and of the powder magnetization 
in this compound6 has shown that there is weak intermolecular 
Heisenberg magnetic exchange. It occurs via pathways which 
do not form a three-dimensional net. If we assume this exchange 
occurs via the normal superexchange mechanism the shortest 
reasonable pathways are of the type Ni -N-O-H-N-Ni , that is 
the intermolecular step occurs via overlap of oxygen orbitals from 
a nitro group and hydrogen from an ammonia. While this pathway 
is long, the observed exchange is weak, and alternative pathways 
even longer. This O—H "hydrogen-bond" interaction has also been 
hypothesized5 as the major component of the intermolecular energy 
of the crystal. The crystal structure5 shows that these intermo­
lecular bonds are of two types: those involving H(I) and those 
involving H(2) and H(3). Furthermore, the infrared spectrum6b 

shows both normal and anomalously weak N-H bonds. The 
charge-density study (previous paper) shows that the electron 
density around H(I) is lower than that around H(2) and H(3). 
This would cause overlap between O and H(I) to be less than 
between O and H(2) and H(3), and the magnetic exchange via 
pathways involving H(2) and H(3) to be stronger than those via 
Hl . This implies a two-dimensional topology for the magnetic 
exchange, in agreement with the susceptibility and magnetization 
results.63 

If we now turn to the spin-density data, we see positive spin 
on all the atoms in the pathway Ni -N-O-H(2) -N-Ni (and 
correspondingly for H(3). The spin density on H(2) and H(3) 
is substantial 0.026 (5). In contrast, the spin density on H(I) is 
negligible (-0.001 (8)); there is therefore a "gap" in the pathway 
Ni -N-O-H( I ) -N-Ni . It would appear that the polarized 
neutron experiment may be able to observe directly the mag­
netic-exchange pathway which one can only infer from the 
magnetic, X-ray diffraction, neutron diffraction, and infrared 
experiments. 

Comparison of Spin and Charge Densities 
The observed spin density, resulting from the polarized neutron 

diffraction experiment, implies that both the ammonia molecule 
and nitro groups are a bonded to the nickel atom by donation of 
electrons from the nitrogen lone pairs, T bonding is much weaker. 
The nitro group is a stronger a donor than than the ammonia 
molecule. This simple conventional picture of the molecular wave 
function is slightly complicated by the large spin density observed 
on two of the three ammonia hydrogen atoms. The <r-bonding 
electrons are donated to the nickel atoms dxy and dz2 orbitals as 
expected, but there is also evidence of 4p occupation. 
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The charge density results from the X-ray diffraction experi­
ment show a similar picture of <r-bonded ammonia molecules, more 
strongly ff-bonded nitro groups, with weaker, possibly negligible, 
IT bonding. There is donation from the nitrogen atom lone pairs 
into the nickel atom 3dxy and 3d.j orbitals. There are complications 
to that description. The a donation from the nitro groups appears 
also to involve charge transfer from the oxygen atoms. The 
spin-density study shows a small, possibly not significant, positive 
spin population on the oxygen atoms. We must therefore postulate 
that while negative spin is transferred to the nickel atom from 
the nitro-nitrogen lone-pair atom, leaving positive spin behind, 
the resulting charge imbalance between nitrogen and oxygen atoms 
is reduced by migration of both positive and negative spin from 
O to N. Again the large 4p* and small 3dxz populations on the 
nickel atom are not reflected in the spin-density data. One could 
expect this result if spin is indeed restricted to the u framework. 

The qualitative agreement between the spin- and charge-density 
studies is therefore good, and it is pleasing to note that, while there 
is substantial overlap of conclusions, there are qualitative features 
in the spin density not predictable from charge density, and vice 
versa. Quantitative comparison should ideally be made via ab 
initio quantum mechanical calculations. Although this experiment 
has produced no definite evidence of spin-polarization effects, for 
the CoCl4

2" ion both the spin-density experiment and ab initio 
calculations show these effects.9 This latter evidence, together 
with recent ab initio calculations on Ni(NH3)4(N02)2,9b indicates 
that a comparison via simple ligand-field theory is of limited value. 
Nevertheless, it is instructive to make this comparison, because 
the charge-density results available for comparison are of good 
quality. 

We write the bonding as of a character, involving only nitrogen 
lone pair and 3dxy and 3dz2 nickel atom orbitals. Two bonding 
and two antibonding orbitals result. For the antibonding orbitals 
we write 

W = ^a1Pd,, - ^N H72(Pi - p2 + P3 - P4)] 

W = JVa2[3d/ - /i,NHV(12)1/2(-Pi - P2 " Pa " P4) -
/(„NOV(12)1/2(2p5 + 2P6)] 

The bonding orbitals are derived from orthonormality consider­
ations. The iVs are normalizing constants; P1 to p4 are the am­
monia nitrogen lone pairs; p5 and p6 the nitro-nitrogen lone pairs; 
A™1 the ammonia covalence parameter; S^1 the corresponding 
overlap; /1„N°2, SC

N°2 the corresponding nitro-nitrogen lone-pair 
parameters. We can use the ligand population, overlap population, 
and 3d populations (six observations) to derive, from the spin-
density results, the four overlap and covalence parameters. The 
internal agreement is satisfactory. We obtained Aa

Nli} = 0.57 
(6); S™H> = <3d|p) = 0.08; A ^ = 0.67 (6); S„N°2 = 0.10. We 
can compare these with the results for Co-Cl in CoCl4

2- viz., Aj-1 

= 0.15(5), Sj~[ = 0.15. We notice the much smaller covalence 

(9) (a) Chandler, G. S.; Figgis, B. N.; Phillips, R. A.; Reynolds, P. A.; 
Mason, R.; Williams, G. A. Proc. R. Soc. London, in press, (b) Chandler, 
G. S.; Phillips, R. A., unpublished results. 

in the Co-Cl bond. The spectrochemical series gives NO2
- > NH3 

> Cl", and also Ni(II) complexes would be expected to be more 
covalent than those of Co(II). The overlap Sa

a is larger than S„N°2 

and 5„NH3, which are about equal in size as they should be for 
3d N lone-pair overlaps at similar distances. 

From these four parameters we can now calculate ligand 
charge-transfer overlap and 3d populations to compare with the 
observed charge-density results. We obtain for the ammonia-
ligand charge-transfer and overlap populations 0.082 and 0.010. 
The values obtained from the X-ray experiment are 0.110 and 
0.00 (not refined), respectively. For the nitro-ligand charge-
transfer and overlap populations we obtain 0.110 and 0.013, which 
values are to be compared with 0.27 and 0.0 (not refined), re­
spectively. For the 3d populations we have 3dx^ = 1.22, 3dr! = 
1.26, which compare with 1.28 and 1.36, respectively. 

The spin-density covalence parameters generally predict too 
little covalence relative to the charge-density results. Given the 
previous caveats and the involvement of the oxygen atoms in the 
bonding, the agreement is fair. An interesting point is the small 
overlap population expected in the charge density compared to 
the large values in the spin density cases (+0.010, +0.013 and 
-0.050, -0.067, respectively). The bonding overlap density is 
substantially less than the antibonding (negative) overlap density. 
This perhaps explains the lack of observable overlap density in 
the charge-density experiment from the Ni-N bonds. 

If the overlap charge density is small in the Ni-N bonds then 
the observed radial extent (1.01 times theoretical) is much larger 
than for the spin density (0.92 (I)). Given the orbital populations, 
this implies that the nonbonded orbitals have a much larger radial 
extent (1.04) than the a bonded (0.92). This is in line with our 
observations of the spin density in CrF6

3"10 (nonbonded 1.02 (1)), 
CoCl4

2" (bonded, 0.961 (5)),7'9a CoBr4
2" (bonded, 0.980 (4)),11 

and Mn(H2O)6
2+ (mixed nonbonded and strongly bonded 0.93).8 

These considerations suggest an antinephelauxetic effect: The 
stronger the bonding the more the 3d-like density around the metal 
contracts. In the optical spectra this effect may well be outweighed 
by the diffuse orbital population and by charge derealization to 
and from the ligand producing a "traditional" nephelauxetic effect. 
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