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The polarization of charge in the M=C0^1, bond is calculated 
to be Cr(+0.80)-C(-0.19) and Fe(+0.52)-C(-0.22) for the Cr 
and Fe carbenes, respectively (values in parentheses show the gross 
atomic charge), though the electron is relatively deficient in the 
ir region of the carbene carbon atom. Spangler et al.8 also reported 
the gross charge Ni(+0.53)-C(-0.58) for (CO)3Ni=CH2. The 
carbene carbon is calculated to be negatively charged, in con
tradiction with the common idea based on the NMR 13C chemical 
shift, large dipole moment, and reactivity (nucleophilic attack on 
carbene carbon). Though we have not yet calculated the 13C 
chemical shift from the present MO's, the other two facts are well 
explained by the present calculations. The dipole moments of the 
complexes are calculated to be large and the reactivity of the 
complexes is not charge controlled but frontier controlled. The 
LUMO's of the complexes have large coefficient at the p:r AO 

The determination of both the electron density by X-ray dif
fraction and of spin density by polarized neutron diffraction in 
a single simple transition-metal complex should provide a stringent 
test of current theories of the electronic structure of such molecules. 
This is because the theories largely have been constructed to 
account for energetic (spectroscopic) observations not spatial 
(diffraction) ones. Although the effects of covalence are small 
in both experiments, they can be determined sufficiently well to 
provide new information of chemical interest. Examples are 
(phthalocyaninato)manganese(II)1 and tricesium tetrachloro-
cobaltate(II) chloride2 for spin densities and chromium hexa-
carbonyl,3 iron pyrites,4 and hexaamminecobalt(III) hexacyano-
chromate(III)5 for charge densities. 

Crystals of compounds suitable for both experiments must have 
a simple crystal structure, a substantial magnetic moment at 4.2 
K, contain no elements highly absorbing for either X-rays or 
thermal neutrons, and suffer little extinction or anharmonicity 

(1) Figgis, B. N.; Forsyth, J. B.; Mason, R.; Williams, G. A. J. Chem. Soc. 
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(2) (a) Figgis, B. N.; Reynolds, P. A.; Williams, G. A. J. Chem. Soc, 
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R. A.; Reynolds, P. A., Mason, R.; Williams, G. A. Proc. R. Soc. Lond, Ser. 
A., in press. 
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(4) Stevens, E. D.; Delucia, M. L.; Coppens, P. Inorg. Chem. 1980, 19, 

813-820. 
(5) Iwata, M. Acta. Crystallogr., Sect. B 1977, B33, 59-69. 

of the carbene carbon atom. Between the Cr and Fe complexes, 
the Fe complex seems to be more reactive than the Cr complex 
from both the magnitudes of the MO coefficient and the orbital 
energy of the LUMO. 
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in thermal motion. Crystals of fra/w-tetraamminedinitronickel(II), 
Ni(NH3)4(N02)2, not only satisfy these restrictions, but the 
molecule is chemically interesting in that the nitrite anion, being 
high in the spectrochemical series, is expected to exert a substantial 
covalent effect. 

Preliminary X-ray diffraction,6,7 magnetochemical,7'8 spectro
scopic,7 and neutron diffraction9 experiments on this compound 
reveal no untoward features, such as structural or magnetic phase 
changes, or excessive extinction, although twinning is common. 
The present publication is devoted to an analysis of the X-ray 
diffraction data. Subsequent publications will deal with our 
polarized neutron data10 and ab initio theoretical calculations.11 

It is usual in charge-density studies to discuss the results using 
Fourier maps, showing the difference between the observed density 
and that of a suitable reference state. More recently, in connection 
with transition-metal complexes, it has become the practice to 
employ least-squares fitting of 3d electron populations on the metal 
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Abstract: The electron distribution of franj-tetraamminedinitronickel(II), Ni(NH3)4(N02)2, has been studied at 110 K by 
single-crystal X-ray diffractometry. The data were analyzed by conventional least-squares methods and also by use of a model 
in which chemically reasonable appropriate s, p, and d hybrids were refined on all atoms. This gave R = 1.7%, i?w = 3.1% 
with ((sin 0)/X)max = 8.5 nm"1. The model shows a substantial (0.38 (8) electron) a donation of electrons from each nitrite 
to nickel, with no significant w contribution. The ammonia molecules each donate 0.11 (6) a electron, which is, as expected, 
less than that from the nitrite ions. The valence density around the nickel is mainly 3d-like as expected (3d = 7.6 (I)), but 
there is a substantial 4p component (4p = 1.61 (2)). This gives a net charge on nickel of +0.8 (1). The aspherical distribution 
of this 3d density around the nickel atom is 3dv

1-28(7'3dJ,z
1-80'6»3dX2

L31(6'3dz2
L36(8'3d^2L84(7). This is the result expected from 

ligand-field theory if one takes into account the effects of covalence, except for an anomalously low dxz population. The 4p 
electron density around the nickel atom is of orthorhombic rather than the expected tetragonal symmetry. The residual electron 
density also shows a further small diffuse component around the nickel atom not of 4s or 4p symmetry and features in the 
nitrite N-O bonds probably associated with overlap density. 
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atom.3"5 As a suitable reference state, in addition to the usual 
superposition of spherical atoms, we intend to use a state derived 
from the data by least-squares fitting of a chemically reasonable 
model which employs a more complete set of valence electrons. 
This set will be 3d and 4p on the nickel atom and appropriate sp 
hybrids on the other atoms. In polarized neutron studies this 
procedure is necessary since, for experimental reasons, the data 
set cannot be even nearly complete.12 Serious errors can be 
introduced into the corresponding Fourier maps by the "holes" 
in the data. For the X-ray data the procedure provides numerical 
estimates of such qualitative concepts as "ir back-bonding", etc. 
The disadvantage of such model fitting is that it can lead to errors 
in interpretation, since no model is a unique fit to a data set. In 
particular, terms not included in the model, such as overlap density, 
can be projected into the valence density. However, if we are 
conservative in the number and chemical reasonableness of the 
valence functions fitted—in other words, we fit only low-order 
multipoles—then the overlap terms will remain relatively un
changed as they are known to project relatively inefficiently.13'14 

The Fourier difference map between observation and this model 
will show more clearly the overlap terms and other density of 
"unknown origin", since the effects of atomic hybridization, which 
are thought to be known, will have been removed. This approach 
also has the advantage of allowing a unified discussion of, and 
link between, the X-ray, polarized neutron, and theoretical results. 
This is discussed further in Figgis et al.2b 

Experimental Section 
The compound fra«j-[Ni(NH3)4N02)2] was prepared by a standard 

method.15 A prismatic crystal suitable for X-ray diffraction measure
ments was obtained by cleavage of a twinned crystal along the (001) 
twinning plane. It was then coated with a thin layer of Canada balsam 
to minimize decomposition. 

X-ray Data Collection. After initial photography the crystal was 
mounted on a Syntex ?2\ four-circle diffractometer equipped with a 
graphite single-crystal monochromator and a Syntex LT-I low-temper
ature attachment. The cell constants at approximately 110 K were 
determined by a least-squares refinement of the 24 diffractometer setting 
angles of 6 reflections. A complete sphere of data was collected out to 
a 26 maximum of 100°. Six standard reflections were measured every 
100 reflections, and recentered every 200 reflections. The experimental 
peak width (in the w-26 mode) corresponded to the instrumental reso
lution (ca. 0.7° at low values of 26), indicating a crystal mosaic spread 
less than that. Even so, a generous scan width (2.6° + aia2 splitting) 
was employed. There was a 5% decrease in intensities, uniform over the 
six standards, over the data collection period, reflecting some crystal 
decomposition. Equivalent reflections were collected at very different 
periods over the data measurement program, since cycling over hkl took 
place and data was not collected in shells corresponding to ranges of 26. 
The periodic recentering showed cell changes corresponding to a maxi
mum temperature excursion of 4 K. The absolute value of the temper
ature 110 K is known only to a precision of 10 K. Crystal and experi
mental data are given in Table I. 

Data Processing. After correction of the measured intensities by the 
use of the monotonically decreasing standard intensities, the data were 
corrected analytically for absorption with program ABSCOR of the XRAY 
76 system.16 After correction the agreement factor between equivalents, 
R1 X=Y-Av[I - Kv(I)] JY.Av(T)), was 0.020. This value gives an as
sessment of the efficiency of the absorption and decay corrections. It was 
noticed that around two particular sets of diffractometer angles the 
intensities of reflections were up to 10% less than their equivalent re
flections intensities. This was found to correspond to shading of the beam 
by the mounting fiber. About 20 individual, shaded equivalents were 
accordingly removed before averaging the equivalents to give the final 
set of 2150 unique reflections. The standard deviation of the mean 
intensity was estimated from the variance between equivalents as de
scribed in ref 17. 

(12) 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. 
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(14) Wedgwood, F. A. Proc. R. Soc. London A Ser. 1976, 349, 447-465. 
(15) Soret, L.; Robineau, F. Bull. Soc. Chim. Fr. 1889, 2, 138-139. 
(16) Stewart, J. M. The Computer Science Center, University of Mary

land, College Park, MD, The XRAY System-Version of 1976, Technical Report 
TR-446. 

(17) Reynolds, P. A.; Figgis, B. N.; White, A. H. Acta Crystallogr. 1981, 
37, 508-513. 

Table I. Crystal Data and Experimental Conditions 

cryst dimensns 

space group 
unit cell at 110(1O)K 

radiation 
monochromator 
scan mode, rate 
scan width 
background counting time 
no. of measured reflctns 
no. of unique reflctns 
(sin em a x ) /A 
M(Mo Ka) 
transmission factor 

(010) to (010) 0.21 mm 
(001) to (001) 0.32 
(100) to (100) 0.25 
C2/m, Z = 2 

a = 1061.7 (4 ) ,*= 681.2 (2), 
c = 590.6 (3)pm 

0=114.83 (3)°, V = 0.3876 nm3 

p(X-ray)_= 1.875 Mg m"3 for 110 K 
Mo Ka(X = 71.069 pm) 
graphite plate, (002) 
u)/2e, variable 
2.6° + a,a2 splitting 
0.5 of scan time 
6514 
2109 
10.8 nm' ' 
2.48 mm"1 

0.551-0.648 

Least-Squares Refinements. Spherical Atom Refinements. The initial 
positional coordinates used were those previously reported.7 Least-
squares refinement of atomic coordinates and anisotropic thermal pa
rameters (for atoms other than H) was performed by use of program 
CRYSLQ from the X-RAY 76 program system16 in the full-matrix mode. 
The function JC<44bs<i ~ 4uJ 2 w a s minimized, where a = l/(<r2(/)). No 
data were rejected. Neutral atom scattering factors were taken from ref 
18, except for hydrogen where ref 19 was used, and were modified (apart 
from hydrogen) for anomalous dispersion.20 Three refinements were 
made with the full data set (refinement I), a low-angle set (refinement 
II), and high-angle set (refinement III). Discrepancy indices etc. are 
given in Table II, while atomic parameters are given in Table III. 
Hydrogen parameters in refinement III were fixed at the values obtained 
in refinement II. In refinement I no correlation coefficient between any 
hydrogen parameter and any non-hydrogen parameter exceeded 0.25. 
Thus, the fixing of the hydrogen parameters will have a negligible effect 
on the rest. Refinements II and III were restricted in (sin 6)/\ so that 
the ranges did not abut. This was done so as to maximize any differential 
effects due to anharmonicity of thermal vibrations, thermal diffuse 
scattering, etc. between them and thus to make any such systematic 
effects more obvious. Addition of a refineable extinction parameter gave 
a small negative value not significantly different from zero, showing that 
extinction was negligible; examination of the data showed no evidence 
for anisotropic extinction in any sector of reciprocal space. 

The present results are consistent with the molecular geometry as 
determined by neutrons and X-rays and extensively discussed else
where,7,9 together with an illustration of the molecular geometry.7 

The thermal parameters are intermediate between those at 4.2' and 
295 K7 as expected. The thermal parameters from the high-angle re
finement (III) are about 5% less than those from the low-angle refine
ment (II). If we except those for N(I), the ratio of high- to low-angle 
parameters ranges from 0.89 to 1.04. For N(I) the range is 0.74 to 1.22. 
The larger low-angle thermal parameters are expected, since the effect 
of valence electrons is to increase the apparent thermal parameters at low 
angles. It is apparent that the valence distribution around N(I) is not 
well described by a spherical atom refinement. 

Although significant valence effects, of lone pairs for example, extend 
past 8.5 nm"1 in reciprocal space, the bulk of their effect is at lower 
angles.21 The high-angle refinement may then be taken as an estimate 
of the atomic thermal motion. The accuracy of the parameters is limited 
by thermal diffuse scattering, anharmonicity, and valence effects. The 
difference between high- and low-angle refinements suggests that com
plete elimination of valence effects from the high-angle data could de
crease the thermal parameters by less than a further 5%. Thermal diffuse 
scattering is well-known to produce an apparent decrease in thermal 
parameters.22 Therefore, use of high-angle thermal parameters to in
terpret low-angle data for valence effects is reasonable since TDS affects 
both in the same way. Refinement of the data in shells of reciprocal 

(18) Cromer, D. T.; Mann, J. B. Acta Crystallogr., Sect A 1968, A24, 
321-324. 

(19) Stewart, R. F.; Davidson, E. R.; Simpson, W. T. J. Chem. Phys. 1965, 
42, 3175-3187. 

(20) Cromer, D. T.; Liberman, D. J. Chem. Phys. 1970, 53, 1891-1898. 
(21) Coppens, P. Top. Curr. Phys. 1978, 6, 71-111. 
(22) Willis, B. T. M.; Pryor, A. W. "Thermal Vibrations in 

Crystallography"; Cambridge University Press: Cambridge, 1975; pp 
232-239. 
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Table II. Refinement Results 

Figgis, Reynolds, and Wright 

refinement 

(sin e)/\ range, nm~l 

^obsd 
TV* 
K ( F ) = E I I F 0 I - IFCII/£IF0I 
Ry1(Ti = [ S w ( Z 0 - Z 0 ) V W 0

2 ] 1/2 

X= IZu(J0 - / c ) V ( A W l - A W ) ] " 2 

scale factor 

I 

0-10.8 
2109 
45 
0.023 
0.035 
2.1 
12.60 (1) 

II 

0-7.0 
590 
45 
0.016 
0.029 
2.8 
12.63 (3) 

III 

8.5-10.8 
1061 
33 
0.034 
0.055 
1.51 
12.69 (10) 

IV (valence) 

0-8.5 
1048 
37 
0.017 
0.031 
2.36 
11.77 (10) 

Table III. Relative Coordinates (XlO5) and Thermal Motion Parameters (pm !), Given by T= exp(-2TrJEiEy£/j/ifSj*fyfl,-*) 

x/a y/b tic £/,. 

Nil 
II 
III 

N(I) I 
II 
III 

N(2)I 
II 
III 

0 (1)1 
II 
III 

0 (2)1 
II 
III 

H( I ) I 
II 
III 

H(2)I 
II 
III 

H(3)I 
II 
III 

0 
0 
0 

20 028(7) 
20 007 (13) 
20 049 (9) 

6555 (5) 
6553 (9) 
6553 (8) 

30 842(6) 
30 846 (11) 
20 823 (11) 
21318(7) 
21320(12) 
21339 (12) 

9992(109) 
10019(152) 
10019(152) 
12527(109) 
12602(157) 
12602(157) 

-734 (116) 
-760 (166) 
-760(166) 

0 
0 
0 
0 
0 
0 

22 357(8) 
22336 (15) 
22 375 (12) 

0 
0 
0 
0 
0 
0 

17 940(246) 
17 994(341) 
17 994 (341) 
30424 (217) 
30 309(313) 
30 309 (313) 
30 108(188) 
30 059(267) 
30 059(267) 

0 
0 
0 

-632 (12 ) 
-613 (24) 
-642 (20) 
27 148 (9) 
27 131(17) 
27 172(16) 
19011 (12) 
19 001 (21) 
19 003(28) 

- 2 0 910(12) 
- 2 0 915(20) 
- 2 0 822(26) 

42 231 (206) 
42 368(295) 
42 368(295) 
24 326(196) 
24 422(280) 
24 422(280) 
24 706 (192) 
24 773 (271) 
24 773(271) 

68(1) 
71(2) 
69(1) 
95(2) 

117(6) 
87(2) 

116(2) 
117 (4) 
116(2) 

94(2) 
101 (5) 

95(3) 
161(2) 
171(6) 
152(3) 
304 (30) 
288 (45) 
288 (45) 
246 (29) 
262 (42) 
262(42) 
239 (28) 
240 (41) 
240 (41) 

91(1) 
92(1) 
90(1) 

119(2) 
105 (5) 
129(3) 
142 (2) 
145 (4) 
141 (2) 
251 (3) 
255 (6) 
243 (5) 
208 (2) 
205 (6) 
213 (4) 

100 (1) 
106 (1) 
98(1) 

130(2) 
150(6) 
119 (3) 
149 (2) 
153 (4) 
146 (2) 
170(2) 
174(5) 
176 (4) 
167 (2) 
178 (5) 
161 (3) 

0 
0 
0 
0 
0 
0 

- 1 1 ( 1 ) 
- 9 ( 3 ) 

- 1 3 ( 1 ) 
0 
0 
0 
0 
0 
0 

49(1) 
53(1) 
48(1) 
64(2) 
77(5) 
57(2) 
69(1) 
70(3) 
67(1) 
34(2) 
37(4) 
37(3) 

118(2) 
128 (5) 
109 (3) 

0 
0 
0 
0 
0 
0 

- 2 5 ( 1 ) 
- 1 9 ( 3 ) 
- 2 9 ( 1 ) 

0 
0 
0 
0 
0 
0 

space, which for Cs3COCl5 was a sensitive indicator of anharmonicity,17 

showed no effects at higher values of (sin 6)/\ (8.5 to 10.8 nm"1). We 
conclude that use of the high-angle data will introduce errors equivalent 
to less than a 5% error in the thermal parameters. Since the thermal 
parameters and the scale factor are correlated, we may expect an error 
of up to ~ 5 % in the scale factor. 

Valence or Aspherical Atom Refinements. Theory. We can write the 
static electron density, p, in the Hartree-Fock approximation, as a sum 
of one-electron molecular orbitals (/), atomic orbitals 4>k

n,m with the usual 
quantum numbers nlm centered on the £th atom, and MO coefficients 

GlIm-

P = ZZZ C^C^M""^'™' 
i k,k' nlm 

n'I'm' 

We then neglect all overlap between atomic functions on different 
atoms and we separate out a "core" electron density, which corresponds 
to MO's essentially localized on a single atom. The Fourier transform 
of this may be written,23'24 using standard procedures,25 in terms of 
Clebsch-Gordon (or 3 -_/') symbols, separating angular and radial terms, 

FM = Fmrt(K) + Z cSmCft*.' £> [(Sm"+ 4)x]'/2(r") x 
i,k m"-0 

nlm 
n'I'm' 

Um-W))m.^Cm"(lm<l'm')Yl^:(<t>,e) 

where K is the scattering vector, C1" (lm,l'mr) the 3-j symbol, 1^!'(0,S) 
a spherical harmonic function, and (Jm"(.\K[i)nijfr ' s defined by 

(MM)W = ftP^PMrVMr) dr 

P„i(r) is the radial part of the atomic orbital 0j'm and jm"(\n\r) is the 

(23) Weiss, R. J.; Freeman, A, J. Phys. Chem. Solids 1959,10, 147-161. 
(24) "International Tables for X-ray Crystallography"; Kynoch Press: 

Birmingham, 1974; Vol. IV, pp 102-147. 
(25) Condon, E. V.; Shortley, G. H. "The Theory of Atomic Spectra"; 

Cambridge University Press: Cambridge, 1957; pp 158-186. 

spherical Bessel function of order m". Explicit expressions for / = / ' = 
0, I;26 / = / ' = 2, 3;23 and / = 0; / ' = I27 have been given previously. We 
have used throughout the spherical harmonic and atomic orbital con
ventions and definitions of Condon and Shortley.25 For a complete set 
of atomic functions with refinement of Cartesian axis direction, this 
method is equivalent to a complete multipole expansion. The use of a 
restricted set of atomic functions is equivalent to a restricted multipole 
expansion in which the terms neglected are not cut off at an arbitrary 
order of multipole but chosen on the basis of chemical intuition. This 
method has the advantage of providing an initial estimate for the radial 
part of the form factors, (/m"(M) inijtr- The connection between multipole 
expansions and orbital products for pp and dd products has been pub
lished.28'29 

This approach rests on a number of theoretical assumptions, in par
ticular that the effects of configuration interaction are not important. If 
these latter are important, then the coefficients and the quantities (J7n-
(|*|)) have no direct theoretical meaning and become merely coefficients 
and radial dependencies of a restricted multipole expansion. In some 
cases this may be seen by the unphysical values adopted by the "atomic 
population" and "atomic radial" parameters. It is possible to include 
many higher multipoles: For example, in oxalic acid multipoles up to 
order 430 have been employed. In such a case it is possible to project 
much of the two-center density into these one-center terms.13 If, however, 
we restrict ourselves to a minimal, chemically reasonable basis set, e.g., 
sp hybrids on N and O, then the two-center terms are projected relatively 
inefficiently into these low-order multipoles.13-14 Any residual electron 
density then is likely to be due to either two-center overlap terms or 
inadequacies in the one-center atomic basis used in the modeling. 

If the scale factor is correct, summation of the population parameters 
and the integrated residual density must give the total valence population 

(26) McWeeney, R. Acta Crsytallogr. 1951, 4, 513-519. 
(27) Dawson, B. Acta Cryslallogr. 1960, IS, 403-408. 
(28) Stevens, E. D.; Coppens, P. Acta Cryslallogr., Sect. A 1979, A35, 

536-539. 
(29) Varghese, J. N.; Mason, R. Proc. R. Soc. London, Ser. A 1980, 372A, 

1-7. 
(30) Dam, J.; Harkema, S.; Feil, D. Acta Cryslallogr., Sect. B 1980, B36, 

1864-1875. 
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of electrons, 76 per molecule. Since the scale factor is uncertain to about 
5%, we may expect a corresponding error in our estimate of valence 
populations. This can be reduced in two ways. If the model for the 
electron density is thought to be complete, a crystal electroneutrality 
constraint can be incorporated in the least-squares process. This proce
dure may be dangerous, since if diffuse valence functions are included 
they have little effect on the goodness-of-fit but a large effect on electron 
populations. The net result may be that the scale factor may remain 
incorrect, caused by, for example, the "soaking up" of high-angle errors 
such as TDS. Meanwhile the electroneutrality condition merely changes 
the diffuse valence function values, and hence "atomic charges", to 
physically unreal values. A safer procedure is to take the high-angle 
thermal parameters and use these unchanged in the low-angle refinement. 
Since the (sin 8)/X is small, the errors introduced will be small. The scale 
factor should then be regarded as a refineable parameter in the low-angle 
refinement. The result will be a "low-angle" scale factor and a "high-
angle" scale factor. Differences between these two factors may be in
dicative of small errors in the "high-angle" scale factor, i.e., in the values 
of the thermal parameters. 

Application to Ni(NH3)4(N02)2. We use program ASRED,2 which has 
already been extensively employed to analyze spin-density data in terms 
of "atomic orbital populations"—more accurately multipole coefficients. 
The radial integral incorporates a refineable radial K"MI' defined by 
(/m"(*w ' 'M) W r - An increase in IC*** above unity reflects an expansion 
of the total valence density on atom k from the starting value, which is 
calculated from Hartree-Fock atomic theory.24 The "atomic orbital 
populations" refined in the present treatment were five 3d orbitals and 
three 4p on Ni, four sp3 hybrids on N(2), a Is population on each H, a 
pT orbital on N(I), 0(1), and 0(2), three sp2 <r-bonding hybrids on N(I), 
and two sp hybrids oriented along the N-O bonds and a p orbital in the 
NO2 plane for O(l) and 0(2). Each of N(I), N(2), 0(1) and 0(2) have 
four sp hybrids chosen so as to reflect symmetry in the local environment. 
No 4s orbital was used in the basis set on the nickel atom since it would 
be very highly correlated with the 4p populations, due to their similar 
radial extents. In the subsequent results, if we were to postulate a 4s 
population of C, then given 4p.„ 4p r and 4pr populations each reduced 
by C/3, the fit to the model would be indistinguishable. We should note, 
however, that (a) C could not be arbitrarily large, since then 4p popu
lation would become negative, and (b) anisotropy in the 4p populations 
would not be reduced by the presence of 4s. 

These orbitals are listed in Table IVA. The d orbitals on the nickel 
atom are labeled according to Cartesian axis system appropriate to the 
molecular point group, that is, x\\b, y\\c*, z\\a. Note that this is not the 
"natural" octahedral system, and our axis system gives dxy and dr2 not 
dI2_>2 and d22 as the octahedral eg set. The 3d and 4p radial factors on 
Ni were calculated from a Ni+ (-OdMp1) atomic calculation,31 those of 
N, O, H from ref 24. 

The atomic positional and thermal parameters used were those of the 
high-angle refinement (III), since this provides the best estimate of these 
quantities and is less biased by valence effects than is the low-angle data. 
The scale factor was included as a refineable parameter. The results of 
the refinement are given in Table II and the values derived for the 
parameters in Table IVB. Use of the complete data set and refinement 
of all position, thermal, and population parameters together will only give 
a more reliable estimate of populations if the model is complete (i.e., x 
~ 1.0). Since this is not so, the use of high-angle data to determine 
atomic position and thermal parameters, which are not varied in refine
ments using the rest of the data (low-angle), provides the best method 
of estimating valence effects. All the 45 independent correlation coef
ficients were less than 0.67, with all but 4 less than 0.3. The scale factors 
of the high- and low-angle refinements differ by 6.6%, reflecting the 
estimated thermal parameter error of ~ 5 % . In order to save computa
tion, the radii of both nitrogen atoms and of both oxygen atoms were set 
equal, respectively, even though the atoms are not crystallographically 
and/or chemically equivalent. Subsequent relaxation of this requirement, 
allowing all N and O parameters to vary, produced no significant 
changes. 

Fourier difference maps of the valence refinements in the ac plane, 
which contain Ni, N(I), O(l), and 0(2) (nickel-nitro), and the be* 
plane, containing N(I), N(2), and H(I) (nickel-ammine) are shown in 
Figure IC and ID. Corresponding results for a spherical atom refine
ment are shown in Figure 1A and IB. Increase of the limit of integration 
to 10.8 nnT1 produces qualitatively similar maps, except that peak and 
trough heights around the nickel atom are increased. An underestimate 
of true 3d orbital densities due to series termination errors is well-
known.21,32 

(31) Stevens, E. J.; Figgis, B. N., personal communication. 
(32) Ohba, S.; Toriumi, K.; Sato, Saito, Acta Crystaliogr., Sect. B 1978, 

B34, 3535-3542. 
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Table IV 

A. Orbitals Used in Valence Refinement and Their Alignment 

atom description 8 <S>a 

a 8 and 0 are the approximate polar angles of the direction of 
the positive lobe (where applicable) of non-nickel atoms relative to 
the nickel Cartesian axis system. ZWNi-N(I); XW(Ni-N(I) X 
N(I)-0(2); YWz X X^\\0(l)-0(2). b NotationX-Y represents 
the vector joining atoms X and\Y. c Population, units of elec
trons; radial parameters («" '" ! ) for all 21,21' are set identical for 
N(I), N(2); 0(1), 0(2). d Total residue from difference map = 
0.27 (13). 

Results 
Deformation Electron Density after Subtraction of Spherical 

Atoms. Around the Nickel Atom. The crystal-field model of the 
Ni2 + ion in a tetragonal field with small distortion from octahedral 
symmetry gives orbital populations (in the D2h coordinate system) 
d^1d>,2

2dxz
2dr2

1d2
x2_^. This should give rise to holes in the residual 

electron density along the six N i - N bond directions at ~ 5 0 pm 
from the nickel atom and peaks directed into the faces of the 
octahedron. In other octahedral complexes these crystal-field 
predictions are observed.3'4,32 We also observe such a distribution. 
There is a hole of -500 (-800) electron nm"3 at 50 pm along the 
N i - N O 2 bond from the nickel atom and -200 (-450) at 55 pm 

Ni 

N(2) 

H(I) 
H(2) 
H(3) 
N(I) 

0(1) 

0(2) 

3 d xy 
3dyz 

3dX2 3d set 
3de* 

4p x 

4p y diffuse 4p 
4P* 
sp3(l) 2s2p,sp3 

sp3(2) (I)W(2). 
hybrids 

-Ni,b (2)WN(2)-H(1) 
sp3(3) 0)W(2)-H(3), (4)WN(2)-H(2) 
sp3(4) 
Is 
Is hydrogen Is 
Is 
sp2( l) 2s2p,sp2 

sp2(2) (1) W(I, 

orbitals 

hybrids 
J-M,- U)IIM-Of^ 

sp2(3) (3) W(I)-O(I) 
P77 2p orbit;: ils, 1 Ni-NO. , plane 
sp(l) 2s2p sp hybrids both WO(I)-N(I) 
sp(2) (1) lobe points toward N(I) 
P77(I) 2p orbitals, (1) is 1 NiNO2 plane 
p„(2) (2) is in NO2 plane, 1. Ni-O(I) 
sp(l) 2s2p hybrids both Il 0(2)-N(l) 
sp(2) (1) lobe points toward N(I) 
P77(I) 2p orbitals (1) is 1 NiNO2 plane 
P77Q) (2) is in NO2 plane, 1 N(l)-0(2) 

B. Valence Refinement Parameters0 

nickel 
3&xy 

3d, 
3d] 
3d, 

fz 
KZ 

, 2 

3d x>.V 
radius 3d (K

3 d 3 d) 
4p ; 
4p. 
4ft 

C 

1 

radius 4P(K4P"p) 

N(I) 
SP3 

SP3 

SP3 

SP3 

(D 
(2) 
(3) 
(4) 

radius 

N(2) 
SP2 

SP2 

SP2 

P77 

(D 
(2) 
(3) 

radius 

1.28 (7) 
1.80 (6) 
1.31 (6) 
1.36 (8) 
1.84 (7) 
1.013(6) 
1.59 (20) 
0.09 (20) 

-0 .19(20) 
0.95 (1) 

1.59(3) 
1.21 (3) 
1.21 (3) 
1.24 (2) 
1.052 (5) 

1.66 (4) 
1.32 (4) 
1.26 (4) 
0.86 (4) 
1.052 (5) 

H(I) 
Is 

H(2) 
Is 

H(3) 
Is 

0(1) 
SP(D 
sp(2) 
P71(D 
Prr(2) 
radius 

0(2) 
SP(D 
sp(2) 
PTrd) 
P*(2) 
radius 

90 45 
90 117 

155 - 9 
46 - 9 

0 0 
59 90 
59 - 9 0 
90 0 

121 90 
59 90 
90 0 
31 90 

121 90 
59 90 
90 0 
31 90 

,d 

0.77 (4) 

0.92 (3) 

0.93 (3) 

1.43 (3) 
1.62 (3) 
1.61 (4) 
1.61 (4) 
1.046 (4) 

1.42 (3) 
1.64 (3) 
1.43 (4) 
1.74 (4) 
1.046 (4) 
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Figure 1. (A) Section through nickel-nitro group plane showing the deformation density resulting from the difference between observed and spher
ical-atom model structure factors. Contour interval 100 electron nm"3; positive if solid, negative if dashed, zero if dotted. (B) Section through 
nickel-ammine group (containing N(2) and H(I)) showing the deformation density resulting from the difference between observed and spherical-atom 
model structure factors. Contours as in Figure la. (C) Section through nickel-nitro group plane showing the residual density resulting from the difference 
between observed and aspherical valence-model refinement structure factors. (D) Section through the nickel-ammine group (containing N(2) and 
H(I)) showing the residual density resulting from the difference between observed and aspherical valence-model refinement structure factors. Contours 
as in Figure la. 

along the Ni-NH3 bond. Figures in brackets refer to difference 
maps with a 10.8 nm"1 limit of integration. The peaks in the faces 
of the octahedron are less clear, +600 (1300) electron nm"3 at 
55 pm and +200 (400) in the Ni(N02)2 plane and 0 (0) per
pendicular to it. This "3d" distribution is markedly nontetragonal 
with the dyz population much greater than dX!. There is a further 
diffuse feature of 450 (450) electron nm"3 at 70 pm from the nickel 
atom along c*, in the Ni(N02)2 plane. This is an ellipsoid of 
density, elongated along b. The simple tetragonal crystal-field 
model is therefore not adequate—the density is neither tetragonal 
nor entirely of 3d symmetry. All other features on the map are 
little changed on increase of the limit of integration of 7.0 to 10.8 
nm"1 so that we will henceforth quote only the former. 

Around the Ammonia Fragment. We observe only a peak of 
460 electron nm"3 at 55 pm from the nitrogen atom along the 
Ni-N axis. This is the ammonia lone pair, as also observed in 
Co(NH3)6Cr(CN)6.5 The lack of features in the N-H bond arises 
because in the X-X method the hydrogen positions are refined 
from low-angle data; their position is shifted toward the nitrogen 
from the true nuclear position as determined by neutron dif
fraction.9 This shift of electron density into the N-H bond is a 
well-known effect.33 The N-H(I) bond possesses an apparently 

(33) Olovsson, I.; Jonsson, P. G. "The Hydrogen Bond"; Schuster, P., 
Zundel, G., Sandorfy, C, Eds.; North Holland: Amsterdam, 1976; Vol. 2, 
pp 393-457. 

higher isotropic thermal motion than either N-H(2) or N-H(3), 
which may indicate a difference in bonding. 

Around the Nitrite Ion. If the interpretation of Ohba et al. that 
the main features in the difference map are associated with the 
free nitrite ion rather than bonding to the metal is correct, we 
may expect to see similar features to those in K2Na[Co(N02)6].32 

Our difference map does closely resemble theirs, we observe a 
peak of 500 electron nm"3 at 50 pm from the nitrogen atom on 
the Ni-N axis, which is assigned to a "lone pair" on the nitrogen. 
There are two troughs of -500 electron nm"3 40 pm above and 
below the nitrogen atom (i.e., parallel to b). Both these features 
are expected from a nitrogen hybridized [sp2(l)]2[sp2(2)]'[sp2-
O)]1IpJ1 . In addition there are peaks 500 electron nm"3 at 50 
pm from the nitrogen atom and troughs -500 electron nm"3 30 
pm from each oxygen atom along each N-O bond. In addition 
at 45 pm from each oxygen atom there are probably 4 peaks of 
100-600 electron nm"3. The peak-O-peak angle is about 130°. 
These may be assigned as oxygen "lone pairs". Ohba et al.32 

observed peaks of ir symmetry in the overlap region of the N-O 
bond which we do not see. The general arrangement of peaks, 
troughs, and lone pairs in the N-O bond resembles those in the 
same bonds in p-nitropyridine iV-oxide34 and even in the C-O bond 

(34) Coppens, P.; Lehmann, M. S. Acta Crystallogr.; Sect. B 1977, B32, 
1777-1784. Wang, Y.; Blessing, R. H. Ross, F. K.; Coppens, P. Ibid. 1976, 
B32, 572-578. 
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of cyanuric acid35 and oxalic acid dihydrate,30 as well as K2Na-
[Co(N02)6].32 

Specific Metal-Ligand Bonding Effects. Apart from the area 
around the nickel atom itself, specific effects of metal-ligand 
bonding do not seem to be obvious. A more quantitative as
sessment of electron density and orbital populations on the am
monia and nitrite ligands is therefore required. 

Aspherical Atom Refinements and Residual Difference Density. 
The aspherical hydridized atom refinement outlined earlier (vide 
supra) can give more quantitative information on atomic hy
bridization and electron populations. The refined values of the 
"orbital populations" and radial parameters are given in Table 
IV. In the Fourier difference maps we observe three features. 
Firstly, around the nickel atom there remains "diffuse" density. 
Secondly, there is density of dyz symmetry at 80 pm from the nickel 
atom and of peak height 500 electron nm"3. Thirdly, there is an 
ellipsoid of density elongated along b and of peak height 400 
electron nm"3 at 80 pm from the nickel atom in the c* direction. 
Both the later features are of shape and angular extent incom
patible with 4s or 4p functions. The integrated density involved 
is 0.12 (5) electron. 

On the nitrite ion there remains along each N-O bond a positive 
peak, a trough, and a small positive peak behind the oxygen atom, 
all of a symmetry. They give a total net excess electron density 
of 0.02 (2) in each N-O bond. The first two features are too 
localized to be fitted by relatively diffuse 2s2p valence hybrids 
on N and O atoms and may come from two-center density. The 
small positive peak behind the oxygen atom is a residue from the 
"lone-pair" peaks on that atom. We use an sp hybridized oxygen 
to model the valence density. If we use sp2 hybridized oxygen 
we obtain a trough here. Therefore, the oxygen "lone pairs" in 
the NO2 planes are intermediate in hybridization between sp and 
sp2. 

On the ammonia molecule there has now appeared a density 
(300 electron nm"3) midway along the N-H(I) bond with a 
population 0.019 (5) electron. This is associated with a fall in 
the H(I) "Is" population from 1.0 to 0.8. The "Is" populations 
of H(2) and H(3) remain close to 1.0. The bonding density in 
the N-H(I) bond is no longer well described by a simple spherical 
"Is" H density.19 In the N-H(I) bond relative both to N-H(2) 
and N-H(3), and H2,

19 there has been a migration of charge along 
the bond from the "normal" position of the centroid of charge 
closer to the nitrogen atom giving a marked charge asphericity 
which a spherical H "1st" can no longer accommodate by a simple 
shift in its center toward the nitrogen atom. 

To discuss the chemical significance of these results, we combine 
the features in the difference maps with the valence populations. 

Discussion 
Charge Transfers. From the data in Table IV we can see that 

each ammonia ligand has a net charge of +0.11 (6) and each 
nitrite anion of -0.62 (8) electron, thus there has been a net 
migration onto the Ni2+ of 1.20 electron leaving the nickel atom 
with a net charge of +0.80 (10). 

Nitrite Anion. If we further break down the 0.38 electron lost 
from each NO2

- anion we find that the ir electron system contains 
3.89 (6) and the a system 13.73 (6) electron in the valence shell. 
Therefore, in each nitrite ligand the •K system has donated 0.11 
(6) electron and the a system 0.27 (6) electron to the Ni2+ ion. 
As expected, therefore, in the nitrite ligand cr-bonding effects are 
much greater than -K bonding; indeed -K bonding is nonzero only 
at an 80% confidence level. We can compare our "atomic 
populations" with those from a Mulliken analysis of theoretical 
wave functions. We should note that the ~ 5 % expansion of the 
valence shells is probably an indication that we are partitioning 
two-center, overlap densities between the N and O atoms, and 
so the comparison with theory is not exact even if we neglect the 
effect of the metal atom. In Table V we compare our experiments 
with single- and double-^ quality RHF calculations36 and the 

(35) Coppens, P.; Vos, A. Acta Crystallogr., Sect. B 1971, B27, 146-158. 
Verschoor, G. S.; Keulen, E. Ibid. 1971, B27, 134-145. 
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Table V. Valence Population in the Nitrite Anion 

theory 

single £ double s- hybridizatn expt 

O a 
n 

N a 
Tt 

net O charge 
net N charge 
overlap density a 

Tt 

5.0 
1.56 
3.96 
0.88 

-0.56 
+0.16 

0.01 
0.25 

4.96 
1.49 
4.08 
1.01 

-0.35 
-0.09 

0.35 
0.19 

5 
1.5 
4 
1 

-0 .5 
0 
0 
0 

results of a simple atomic hybridization scheme. 
The theoretical calculations agree in broad outline with the 

simple hybridizaiton treatment. When we compare with exper
iment, the major discrepancy is in the oxygen a populations. This 
might indicate that the net effect of the metal-ligand bonding is 
to transfer electrons from the electronegative oxygen atoms, 
through the nitrogen atoms via the a valence framework to the 
Ni2+ ion. This is precisely what we would predict from the 
principle that covalent bonding tends to reduce the charge dif
ferential between different parts of a molecule. If we examine 
the individual hybrid atomic orbital populations, the lone pairs 
predicted on the simplest theory [N, sp2(l); O, sp(2) + pT(2)] 
do have greater populations (mean 1.65 (5)) than the rest, which 
this theory predicts as population 1 (the experimental mean is 1.36 
(8)). The RHF predictions are not as clear-cut; the distinction 
between "lone pairs" and "bonding pairs" is no longer clear. The 
only theoretical treatment in which an electron density map for 
the NO2

- ion has been published32 is a CNDO/2 calculation which 
shows a good qualitative agreement, in peak shapes and positions, 
with our experimental difference density map. 

Ammonia. In the ammonia ligand there is a net loss of 0.11 
(6) electron to the Ni2+ ion, but a division of the contribution 
between N and H is not very meaningful due to the high overlap 
population (~ 1.2 electron /molecule37). We note that the amount 
of a donation per ligand is ~ '/3 of that for the nitrite ion, a result 
expected, for example, on the basis of the spectrochemical series. 
The most interesting feature is the low H(I) electron "Is" pop
ulation and its migration of charge toward N, relative to H(2) 
and H(3). We have previously observed in the infrared spectrum 
that one of the N-H bonds is anomalously weak,7 and that fact 
presumably reflects the lack of electron density in the N-H(I) 
bond. 

Nickel Atom. The nickel atom appears to have configuration 
3d77(1) (diffuse)161*2', giving a net charge of +0.8 (1). Thus more 
than the 1.2 electron donated by the c-bonding ammonia and 
nitrite ligands ends up in diffuse metal orbitals. However, this 
does not occur directly as we can see from the d configuration 
dx/28(7)d^1-80(6)d^L31(6)dz2

1-36(8)dx2.>>2
1-84(7», which we can compare 

with the simple crystal-field theory result of d^'d^/d^d^'d^.^2 . 
In ligand-field theory the effect of the <r bonding would be to 
change these populations to d ^ ^ d ^ d ^ 2 ' 2 ^ 1 - 5 ^ : . . ^ 2 , if we 
employ the observed NH3 and NO2" ligand charges. We note 
that the dxz orbital theoretically donates electrons into the NO2" 
it system, whereas we observe a small transfer in the opposite 
direction from ligand it system to the metal atom. The (7-bonding 
populations are broadly comparable between experiment and 
ligand-field theory, the major discrepancy appearing only in the 
3dXI orbital. It appears that populations of that orbital is highly 
disfavored relative to the more diffuse Apx orbital. This causes 
the nickel environment to be markedly nontetragonal. Since 4py 

~ 4pz ~ 0 it follows that 4s ~ 0 also. 
Simple crystal-field theory predicts on an electrostatic basis 

that 4p .̂ is the lowest in energy of the 4p orbitals. The position 
of the 3dX2 orbital depends on the relative sizes of octahedral, 

(36) Petrolongo, C; Scrocco, E.; Tomasi, J. J. Chem. Phys. 1968, 48, 
407-411. Bonnacorsi, R.; Petrolongo, C; Scrocco, E.; Tomasi, J. Ibid. 1968, 
48, 1497-1508. 

(37) Rauk, A.; Allen, L. C; Clementi, E. J. Chem. Phys. 1970, 52, 
4133-4144. 
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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-

Covalent Bonding in fra«j-Tetraamminedinitronickel(II) 
Studied by Polarized Neutron Diffraction at 4.5 K 

B. N. Figgis,*1* P. A. Reynolds,18 and R. Mason lb 

Contribution from the School of Chemistry, University of Western Australia, Nedlands 
Australia 6009, and The School of Molecular Sciences, University of Sussex, Brighton, 
BNl 9QJ1 England. Received April 2, 1982 

Abstract: Magnetic structure factors (303) obtained from the polarized neutron diffraction experiment on Ni(ND3)4(N02)2 
are reported. They are analyzed by least-squares methods in terms of a model which employs the 3d and 4p orbitals of the 
nickel atom, sp hybrid orbitals on oxygen and nitrogen atoms, Is orbitals on hydrogen atoms, and an "overlap" density in the 
Ni-N bonds. It is found that 27% of the spin of the molecule resides on the ligand groups, more on the nitro than the ammine. 
The nickel atom spin is, as expected, mainly in the eg orbitals, but there is an appreciable spin in one of the 4p orbitals. There 
is strong evidence of <r-bonding interactions, including direct observation of the anticipated negative overlap populations. There 
is no evidence of ir bonding. The results compare well with those obtained from the charge-density study. Together these 
two experiments allow a quite detailed account of the bonding in the complex, including that within the NO2 groups, to be 
formulated. Comparison of the results with a simple MO/ligand-field theory is instructive, but it is obvious some features 
will only be reproduced by an extensive ab initio MO calculation. The spin distribution in the molecule is consistent with 
the weak magnetic exchange present in the compound, providing an exchange pathway including O—H-N hydrogen bonding 
is considered feasible. 
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