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A. INTRODUCTION 

It is hardly necessary to point out that electrons play a pivotal part in 
determining the nature and properties of transition metal complexes. Meth- 
ods to obtain the electron distribution are therefore of importance. The 
distribution can be calculated theoretically or measured experimentally, in 
particular with X-ray scattering techniques. However, both methods have 
specific drawbacks. In theoretical calculations of large complexes, computa- 
tional shortcuts are often necessary, in particular in the evaluation of 
four-center integrals and the size of the atomic orbital basis set. On the other 
hand, experimental densities are sensitive to systematic measurement errors 
and require very careful experimentation. 

The effects of such limitations are very different for the two methods and 
affect different regions of space. For example, several experimental effects 
combine to produce large uncertainties in the charge density close to the 
nuclei of heavier atoms, while the theoretical method, being an energy 
minimization procedure, is likely to be most reliable exactly in these regions 
where the electron energy has a large magnitude. On the other hand, basis 
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set truncation in theoretical calculations has a pronounced effect on the 
resulting bond and lone pair densities. Such arguments suggest that theoreti- 
cal and experimental methods are complementary and that combined appli- 
cation may be a most fruitful approach. 

However, this comparison is complicated by the fact that the experimental 
results necessarily refer to the vibrating molecule while the theoretical 
calculations are done on the static entity, which is not an experimental 
observable. For small molecules methods have been developed for the 
smearing of the theoretical density over the rigid body molecular motions. 
These have much larger amplitudes than the internal modes for molecules 
such as formamide or oxalic acid to which this thermal smearing procedure 
has been applied. 

More complex molecules are much less rigid and may have segments with 
relatively large thermal displacements. This means that the thermal smearing 
is more difficult as it requires detailed knowledge of the molecular mecha- 
nics. An alternative is the use of a model to separate thermal motion 
smearing from the effects of bonding in the experimental distribution. One 
such model is described below. After fitting of the model to the observed 
intensities, the electron distribution based on the parametrized model func- 
tions may be plotted. The resulting distribution is to some extent dependent 
on the completeness and the nature of the model functions. For this reason 
comparison of theory and experiment for more complex molecules is usually 
qualitative, i.e. general features such as nature and position of peaks and 
valleys are compared, rather than peak heights and trough depths. In any 
case it is advisable to perform the experiment at low temperature, in order to 
minimize thermal smearing as much as possible. 

The accurate X-ray diffraction intensities, used in the experimental 
method, are in some studies combined with neutron data [l], from which 
atomic positions unbiased by bonding are obtained. This is especially 
important when the electron density in the vicinity of hydrogen atoms is to 
be studied. 

A number of publications containing surveys of the field are available 
[2-41. A less well-known complementary technique, based on the interaction 
of polarized neutrons with the magnetic moment of the electrons, allows the 
determination of the spin density in paramagnetic materials [5]. Combina- 
tion of the charge and spin density should give an unusually detailed picture 
of bonding in such materials, but has only been attempted in very few cases 
so far (see for example refs. 46 and 47). 

This review summarizes a number of pertinent concepts and gives several 
examples of their application, including studies of transition metal carbonyls, 
metalloporphyrins, metal-metal and metal-ligand bonding. 
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B. DEFORMATION MAPS: WHAT TO SUBTRACT TO VISUALIZE CHEMICAL 
BONDING 

Since the map of the total electron distribution is dominated by the 
accumulation of electrons near the nuclei, it is not a suitable choice for 
illustration of the influence of molecule formation on the charge distribu- 
tion. On the other hand, the total density can very well be interpreted in 
terms of molecular structure and its change in chemical processes. A theory 
based on the topology of the total electron distribution, has been used with 
much success by Bader and coworkers [6]. 

In order to demonstrate the deformation of the density upon the bonding 
of atoms to form a molecule, subtraction of the hypothetical distribution 
which would exist prior to bond formation is most informative. A funda- 
mental definition for this reference state is that of the promolecule, the 
superposition of ground state spherical atoms positioned according to the 
molecular geometry. The corresponding function: 

AP = &tar - Pspherical atoms 

is commonly referred to as the deformation density or atom deformation 
density [7]. It describes the deformation of the charge density due to forces 
between atoms. This effect is completely neglected in the structure factor 
formalism used in conventional crystallographic work. 

If we are specifically interested in bonding between particular fragments 
of a molecule we may use the fragment deformation density obtained by 
subtracting fragment densities from the total molecular distribution. In the 
case of a transition metal complex, such a fragment may be a metal atom 
plus ligand, or some other part of the complex, or it may be the isolated 
ligand, in which case we will use the term ligand deformation density. 

In the experimental study of nonacarbonyl-pu,-methylidyne-trianguloco- 
balt (Co,CH(CO),) by Leung [8], the CH fragment density was calculated 
theoretically (Fig. la), thermally smeared to allow for vibrational effects, and 
subtracted from the experimental density. The fragment deformation map 
shows deficiency in the u-region and excess in the n-region (Fig. 2a), both 
resulting from the metal-ligand bonding. The atom deformation map (Fig. 
2b) on the other hand is dominated by the overlap density in the carbon 
hydrogen bond and the lone pair density on the carbon atom. 

The CH radical has a low-lying 4E excited state, in which one of the (J 
electrons is excited to a 7~ level (Fig. lc). Subtraction of this excited 
fragment from the experimental density removes the excess x charge, but not 
the lone pair density on the carbon atom (Fig. 2~). The electron distribution 
in the bonded ligand is apparently intermediate between the densities of the 
ground and first excited state of the isolated fragment. 
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A metal-atom containing fragment was subtracted in a series of theoreti- 
cal studies by Hall [9]. For nonacarbonyl-p3,-chloromethylidyne-triangu- 
locobalt, Co$Cl(CO),, Hall’s fragment deformation density is obtained by 
subtraction of three “prepared” Co(CO), fragments. We may consider the 
formation of this complex to consist of two steps. Bonding of the carbonyls 
to the metal atom causes a decrease of density in the regions in which 
metal-metal bonds appear upon complex formation. This electron density is 
restored by metal-metal bonding. The two effects cancel in the atom 
deformation map. But the fragment deformation map, which only represents 
the effect of the second step shows density between the cobalt atoms. In 
addition it may be noted that covalent bonds between atoms with more than 
half-filled shells, such as oxygen and fluorine, do not show density accumu- 
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(b) 
Fig. 1. Electron deformation densities of the CH radical. (a) 211 Ground state. Top, at rest; 
bottom: thermally smeared using experimental vibrational parameters. Contours: 0.1 eAe3 
(b) 42 Excited state. Top, at rest; bottom, thermally smeared using experimental vibrational 
parameters. Contours as in (a). From ref. 8. 
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(b) (cl 
Fig. 2. Deformation maps of CH ligand in Co,CH(CO),. Contours as in Fig. 1. (a) Fragment 
deformation map subtracting 211 density. (b) Atom deformation map. (c) Fragment defor- 
mation map subtracting 42 density. From ref. 8. 

lation in the overlap regions because of the large number of electrons already 
in these regions in the promolecule. Subtraction of a “prepared” atom in 
such cases is analogous to subtracting a fragment of a complex, and leads to 
a function which shows overlap density. 

(a> (b) 
Fig. 3. Deformation density distribution in rrans-[~r-c~H~)Fe(cO),], from ref. 12. Section 
containing Fe-Fe fine and the terminal carbonyls. (a) Theoretical, contour interval 0.2 eAs3. 
Dashed contours negative. (b) Experimental, contour interval 0.1 eAB3. Broken contours 
negative. 
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This is one of the main causes of the generally observed absence of density 
accumulation in metal-metal bonds in atom deformation maps. 

Theoretical atom deformation maps are in agreement with this observa- 
tion. They have been calculated for a number of other complexes including 
chromiumtetracarboxylate [lo], Cr,(HCOO),, bis(dicarbonyl+cyclopenta- 
dienyliron) [l&12], [C,H,Fe(CO),],, and Mn,(CO),, [13]. Only when 
metal-metal bonding is unusually strong will it dominate the atom ceforma- 
tion map, as is the case for the “supershort” Cr-Cr bond of 1.879 A length, 
investigated recently and further discussed below. 

An example of the good qualitative agreement that is obtained in the most 
careful studies is given in Fig. 3 [12]. The calculated and experimental atom 
deformation maps in a section through trans-[~-(C,H5)Fe(CO),], show very 
similar features even without allowance for thermal smearing. The absence 
of density in the Fe-Fe bond is observed on the line to the right of the Fe 
atom which represents a bond across the molecular symmetry element. Other 
features in both maps are around the Fe atom (due to “intraorbital transfer” 
on complex formation), in the C-O bond, and in the lone pdjr regions near 
the C and 0 atoms. The experimental and theoretical maps in this section 
and in other sections not reproduced here, have been described as “ topologi- 
tally equivalent” [12]. 

C. ANALYTICAL DESCRIPTION OF THE CHARGE DENSITY: MULTIPOLES, d- 
ORBITALS AND THEIR INTERRELATION 

It is common practice in X-ray structure determination to describe the 
molecular electron density as an assembly of isolated atom densities, the 
“ promolecule”, discussed above. However, the deformation maps show 
convincingly that this formalism is not adequate for high-quality data. A 
more sophisticated X-ray scattering model is needed to allow application of 
least-squares methods for the quantitative description of the charge distribu- 
tion. Such a model must describe the charge transfer between atoms, the 
change in radial dependence of the charge density due to changes in 
screening of the nucleus, and the lack of spherical symmetry of the density 
around each atom. The first two effects may be allowed for by separating the 
core and valence shell densities and incorporating two parameters, P and K, 
representing the valence shell population and its radial dependence respec- 
tively [ 141 

P,,rnG-) = I%&) + GlenceK3PW 0) 

To allow for the asphericity of the atoms, expression (1) can be comple- 
mented by an expansion of atom-centered spherical harmonic functions. 

&,,In( r 1 = &o, ( t 1 + Kalence K3PW +c C&m*Y!m*(@* FUG&) (2) 
I m 
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here the JQ~ + are real spherical harmonic functions, akin to the hydrogenic 
s, p and d orbitals, but defined as density functions, rather than as 
wavefunctions. The terms for I= 1, 2, 3, 4 correspond respectively to the 
dipolar, quadrupolar, octapolar and hexadecapolar co’mponents of the atomic 
charge density..The function R,,(r) describes the dependence of the density 
function y,, on the distance from the atomic nucleus. Other analytical 
representations have been used, but it appears that eqn. (2), or closely 
related expressions [15], provide an adequate description of the various parts 
of the molecular density without introduction of redundant variables.’ 

Though eqn. (2) does not explicitly allow for overlap density in the bonds, 
as all terms are atom-centered, the terms with large I are sufficiently diffuse 
to be able to represent this charge density. In trigonal or tetrahedral bonding 
geometries, common in carbon atom frameworks, bond overlap density is 
effectively represented by the octapolar (1 = 3) terms, which have maxima in 
the appropriate directions. For transition metal atoms overlap density in 
bonds with ligands is generally small, so that the atomic approximation 
represented by eqn. (2) is more closely valid. It is therefore possible to relate 
the occupancy of the multipoles to the occupancy of the d-orbitals and 
products of d-orbitals, with occupancy Pi and Pii, respectively 

pd(r) = ~ Pid? + ~ ~ P,jdidj 
i=l i=l j>l 

(3) 

The d-orbital functions are again spherical harmonic functions y,, + (8, +) 
multiplied by a radial dependence term, but with the normalization /G2dT = 
1, which is different from the normalization / ]#]dr = 2 for 1~ 1, and 
j]+]dT=l for I=O, used for the density functions [16]. The products of 
spherical harmonics occurring in eqn. (3) can be written as a linear combina- 
tion of spherical harmonics, using the well-known Clebsch-Gordon coeffi- 
cients [17]. Since the valence density parts of expressions (2) and (3) are 
formally equivalent, a linear relation can be derived between the multipole 
and the orbital populations, taking into account the differences in normaliza- 
tion between the wavefunctions and the density functions. Examples of these 
relations for 0, and Ddh point groups are given in Table 1. 

An example of an octahedral complex that has been analyzed in this way 
is chromium hexacarbonyl Cr(CO),. The analysis is based on accurate data 
from the study by Rees and Mitschler [HI. 

Two multipoles are symmetry-allowed for octahedral local symmetry. 
They are the spherical function yoo and the combination y40 + 0.7403y,,. 
Though the symmetry of the crystallographic site is lower than 0, no 
significant deviations from the molecular symmetry were evident in the 
analysis. Results are compared in Table 2 with those from a theoretical SCF 
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TABLE 1 

Relation between d-orbital populations and least-squares multipole population parameters 
for square planar and octahedral complexes. The numbers in the table are coefficients C in 
the expression P(b) = 2C,,,P(y,,,) (from ref. 31) 

Point group 0, 

P&I 
J%,) 

& P# a 

0.4 2.79 
0.6 - 2.79 

&I pa3 p40 P 44-e 

0.200 1.039 1.396 0 

0,200 0.200 0.520 0.520 - - 0.931 0.931 0 0 
0.200 - 1.040 0.232 1.570 
0.200 - 1.040 0.232 - 1.570 

a P4o is the coefficient of the function y40 -t-O.7403 yM+ in the case of cubic point group 
symmetry. 

calculation using the X-arexchange approximation [13]. The experimental 
results are almost ~nd~endent of the inclusion of c~o~urn 4s scattering, 
which indicates _ that the net charge on the transition metal is poorly 

TABLE 2 

(a) Orbital populations for Cr(CO), (ref. 31) 

With 4s Without 4s Theoretical Spherical 
atom 

eB 1.42(5) l-37(7) 1.12 2 
t&3 3.40(5) 3.32(8) 3.26 3 
Total d 4,82(9) 4.69(9) 4.38 5 
4s 1 - - 0.035 1 
4& - - 0.011 
4& -0.011 
4P* - 0.011 

(b) Relative poPulations of 36 orbitals in Co(NH,)i+, Co(CN&, Cr(CN)$- and Cr(GO), 

Co(NH&+ CQ(CN)~- Cr(CN):’ CrKOI, _ . -” 

Exp. a Exp. b I&p. b Theory ’ Theory d Exp. * Theory f Theory d Exp. ’ Theory ’ 

%@) 26.4 24.3 25.0 
e,(W) 49.6 52.2 49.2 > 79 ’ 3 67.5 61.3 70.8 74.5 

e;(W) 24.1 23.5 25.9 20.7 32.5 30.7 31.1 38.7 29.2 25.5 

* Ref. 31, Co(NH,),Cr{CN),. b Ref. 31 Co(NH,),Cr(CN),. c Ref. 53, ab-initio SCF calcula- 
tion. d Ref. 54, X-u calculation. c Refs. 18, 31. f Ref. 13, SCF with X-a: exchange. 
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determined, unlike the asphericity of the atomic density. The preferential 
occcupancy of the t,, (i.e. dx,, d,,, d,,,) orbitals is evident in both theory 
and experiment, and as expected from the splitting of the d-orbital levels in 
an octahedral field. 

A similar effect is observed in the trigonally distorted complex ions in 
Co(NH,),Cr(CN), and Co(NH,),Co(CN),, first studied by Iwata and 
Saito [19] and Iwata [20]. The d-orbital populations expressed as percentages 
of total number of d-electrons are given in Table 2b. In all cases the e’ 
orbitals, which are directed towards the ligand atoms, are depopulate c! 
relative to the spherical atoms. The remaining non-zero population of these 
orbitals indicates u-donation from the ligands as predicted by a covalent 
bonding scheme [21]. The eH population is larger for the hexa-cyano than for 
the metal hexamine complex ions, in agreement with accepted chemical 
concepts, which predict stronger covalent bonding for CN than for NH,. 
The population of this type orbital appears to be considerably overestimated 
by the X-at calculations on the hexacyanide complexes, while the ab-initio 
results are much closer, both for the hexacyanides and for chromium 
hexacarbonyl. 

It is further interesting to note that the Cr(CN)i- and Cr(CO), d-orbital 
occupancies (listed in the last column) are the same, indicating a close 
similarity between the isoelectronic CN- and CO ligands. 

Other studies, in agreement with those described here, have been reported 
for pyrite [22], KFeF,, KNiF,, KMnF, [23] and in several other complexes. 

Fe(II)phthalocyanine (FePc) [24] is an example of a Ddh complex, for 
which the electronic ground state is still not firmly established. Though FePc 
is clearly in an intermediate spin state with S = 1, several theoretical and 
experimental studies give conflicting results regarding the nature of the 
ground state configuration. It has been described as both 3EA and 3B, while 
for Fe(II)tetraphenylporphyrin (FeTPP) a 3A state has also been deduced 
(see Table 3 for definition of the configurations). The d-orbital populations 
obtained from the experimental multipole populations are close to those for 
the 3EA ground state and not compatible with the 3A or 38 configurations 
(Table 3). The deficiency of density in the dzz orbital may be a result of the 
packing of the molecules in the solid, in which a nitrogen atom of an 
adjacent molecule is located along the axial coordination direction (z axis) at 
3.343 A from the iron atom. In the crystals of FeTPP, on the other hand, no 
such axial approach is found. Accordingly the dz2 orbital is found to have a 
significantly larger population [25]. 

While for FePc a ratio of d-orbital occupancies P(dz2) : P(d,,,) : P(d,,) 
of 1.3 : 3 : 2.4 is found, the corresponding ratio for FeTPP is 1.7 : 3 : 1.3. Both 
complexes can be interpreted as having a ground state intermediate between 
3E. and 3EB (see Table 3 for definitions), with a much larger admixture of 
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TABLE 3 

Iron p~th~~y~ine: electron occupancies of several configurations and comparison with 
experimental results 8 {from ref. 24) 

‘EgA 3As ‘B 2a 3E$ 

dg -,,2 

dz2 l(17R) 2(33%) 1(17%k;) 2(33%] 
d,,, dyz 3(495&I 2(33%) 4(67%) 3(49%) 
&, 2(33%) 2(33%) lf17%) 1(17%) 

X-ray experimental Spherical atom 

d,t_,* 0.70 (7) (12.9%) 1.2(20%) 
d,2 0.93 (6) (17.1%) 1.2(20%;) 

d.W dyz 2.12 (7) (39.1%) 2.4140%) 
d =fY 1.68 (10) (30.9%) 1.2(20%) 

a The z axis is the four-fold symmet~ axis ~~~dicul~r to the molecular plane. The x and 
y axes are in the plane along the Fe-N bonds. 

3H3 in the case of FeTPP. While the energy levels are close, and theoretics 
conclusions therefore difficult, the configurations have very different elec- 
tron density dist~butions and can be well dis~nguished expe~m~nt~~y. The 
experiment refers of course, to the solid state. The possibility of differences 
between solid-state and gas-phase electronic structure must be kept in mind. 

Even more detailed information on the nature of p~~a~e~c transition 
metal complexes can be obtained by simultaneous analysis of charge and 
spin density results, as discussed further below. 

I3. NET CHARGES ON TRANSITION METAL ATOMS: CAN THEY BE ~EF~E~~ 

Use of exprftssions such as (1) and (2) in a least-squares procedure yields a 
set of charge density parameters which include the valence shell population 
P valence and the population PM of the ya, term in (2) (in our work the latter 
term is often omitted, because it is very similar to the valence term). 
Together with the nuclear and core electron charges these values yield the 
net charge on the atom in question. For light atoms such as carbon, nitrogen 
and oxygen very reasonable values are obtained, ?which lead to molecular 
dipole moments ‘in good agreement with literature values from other 
physic~~he~c~ rne~~ds, Such X-ray sold-state dipole moments are avail- 
abie for formamide [26], glycylglycine [27], sulfamic acid [ZS], pyridinium 
~-~cy~omethy~de [29], 2’-deoxycytidine 5’-monophosphate [30], and a 
number of other compounds. 
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For a transition metal complex the analysis is hampered by the very 
diffuse nature of the outer s-electron distribution, which only contributes to 
X-ray scattering at very low values of sin 6/A. That is why the least-squares 
results for Cr(CO), (Table 2) and a series of other transition metal com- 
plexes 1311 are hardly affected by the inclusion of the 4s-electrons in the 
scattering formalism. 

If the least-squares method is ambiguous, would it be possible to use the 
electron density directly and count the electrons in a well-defined volume 
assigned to each of the atoms? 

Figure 4 shows the radial distribution 47rr2#2 as a function of distance 
from the nucleus for the 3d and 4s electrons of an isolated chromium atom. 
Since the Cr-C distance in chromium-hexacarbonyl is 1.90 A, it can be seen 
that most of the metal atom’s 4s density is closer to the ligand than to the 
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Fig. 4. Radial probability distribution function vs. distance from the nucleus for the isolated 
chromium atom. Top, 3d electrons; bottom, 4s electrons. The vertical lines indicate the 
boundary selected for Cr(CO), by the condition that the ,average electron density on the 
polyhedral surface be a minimum as a functim-of distance. From ref. 33. 

Fig. 5. (a) Polyhedral volume of integration for Cr(CO),. (b) Net charge on Cr in Cr(CO), 
versus d,, , the distance of the boundary plane from the chromium atom. Obs: from X-ray 
data. Calc: superposition of spherical atoms with X-ray thermal motion. (c) Average charge 
on the polyhedral surface of the chromium atom as a function of d,,. From ref. 33. 
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dTi [XI+ d,(b 
(0) (b) 

Fig. 6. Net charge vs. distance from the metal atom. (a) T&O,. (b) V,O,. Note the crossing 
of the observed and spherical atom (talc.) curves. From ref. 33, based on data from refs. 55 
and 56. 

metal atom, making assignment to a particular nucleus rather difficult. 
Whether or not the electrons are in the 4s orbital or on the ligand, they are 
still in approximately the same region in space. 

One possible approach is to add up the electrons in the vicinity of the 
transition metal atom both for the experimental density and for the super- 
position of spherical atoms, the promolecule. This comparison will show 
whether charge migrates into or out of the region around the atom when the 
complex is formed. 

We define a volume of integration which is polyhedral in shape, and 
determined by the geometry of the coordination sphere [32]. The position of 
the boundary planes depends on the relative size of the two adjacent atoms, 
R, and R,, such that the plane is located at d = R,l,,/( R, + RB) from 
atom A, where I,, is the bond length. For Cr(CO), with its octahedral 
coordination this “ Wigner-Seitz” cell becomes a particularly simple cube 
(Fig. 5a) of dimension depending on the choice of the ratio of the atomic 
radii. 

The charge integrated over the chromium cell is plotted as a function of 
the position of the boundary plane in Fig. 5b. Independent of the boundary 
plane’s position, the observed integrated density is evidently deficient (the 
metal more positive), compared with the calculated density based on the 
promolecule, but the difference is only about 0.5 e at reasonable values of 
d Cr. 

What is the best choice for the position of the boundary plane? One 
possibility would be to choose the boundary plane at the position where the 
atom in the promolecule would be neutral, i.e. at about 1.1 A for Cr(CO), 
(Fig. 5b). At this position the amount of carbon density in the volume of 
integration equals the amount of Cr density outside this volume. A prefer- 
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Fig. 7. Molecular structure of Ru,H,CCl(CO),. From ref. 34. 

TABLE 4 

Net populations and d-orbital occupancies in RujH,(CO)&Cl 

Population 

Theory a Exp. b 

Ru 
capical 

Cl 
H 
C 
0 

0.484 
- 0.53 

0.041 
- 0.330 

0.058 
- 0.059 

d-Orbital occupancy c (W) 

Theory a Exp. b 

1.16(5) 
- 0.81(4) 

0.03(7) 
- 0.18(3) 
-O-55(4) 

O-31(4) 

Spherical 
atom 

d.2 23.0 23.9 20 
d,xy2 
d *Y 
d XI 
d Y= 

21.5 25.8 20 
20.0 16.2 20 
17.4 18.7 20 
18.2 15.3 20 

a ref. 36. b ref. 34. (Numbers in parentheses represent experimental standard deviations.) 
c Definition of axes: x, in Ru, plane bisecting Ru-Ru-Ru angle; y, perpendicular to Ru3 
plane; z, perpendicular to x and y_ 
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able alternative may be the positioning of the boundary plane such that the 
average density on its surface is a minimum. The average density on the 
surface equals the change of integrated electronic charge Q, with volume V, 
dQ,/dV, upon a change in d,,. It is plotted for Cr(CO), as a function of 
d,, in Fig. 5c. This criterion leads to a boundary plane at about 0.8 A from 
the chromium atom, i.e. less than half the Cr-C distance. As metal atom 
radii are generally perceived as being smaller than those of other atoms, this 
is a reasonable result. We note that at the latter radius of best separation .and 
at the former radius of non-bonded neutrality the observed positive net charge 
on the transition metal atom in chromiumhexacarbonyl is small but positive. 
On the other hand a similar analysis of Co,CH(CO), gives a small negative 
charge for each of the three cobalt atoms [8], while in the corundum 
structures V@, and Ti,O, the integrated charge curves of pobs and pcalc cross 
at about 1.0 A (Fig. 6), indicating an expansion of the metal atom density 
away from the atomic nucleus in these crystals [33], but a net charge which is 
dependent on the choice of atomic radii. 

The charge integration method can be applied directly to the data, without 
the intervention of a model, but it requires a complete data set including all 
weak reflections, while the least-squares methods can be applied to partial 
data sets. It is of course possible to perform charge integration on the 
density calculated from the least-squares functions (the “model density”). 
But in this case the result is no longer model independent. 

Finally, the fragment defined by the “zero flux boundary” surface intro- 
duced by Bader and coworkers [6], is a theoretically rigorous equivalent of 
the polyhedral volume of integration used here. The integral of p over a zero 
flux surface is a minimum with respect to any normal shift in the surface. 
This “ virial partitioning” (it has been shown that each such fragment 
satisfies the virial theorem) has not yet been applied to molecules in crystals. 
The noise in experimental maps represents a potential problem, especially in 
the intermolecular region where the electron density is small. This difficulty 
can be circumvented, in principle, by integration over the model density 
based on the analytical functions from the least-squares refinement. Such an 
application, and its comparison with the result from theory, is highly 
desirable. 

E. A STUDY OF A TRANSITION METAL HYDRIDE: Ru3H3(CO)&C1 [34] 

The measurement of the electron distribution becomes progressively more 
difficult for heavier transition metal atoms, since the “bonding signal” in the 
valence electron density is small relative to the “background” respresented 
by the inner electrons’ scattering. Ru3H3(CO),JC1, nonacarbonyl-p,-chloro- 
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methylidyne-tri-~Z-hydrido-trianguloruthenium (Fig. 7), represents, in many 
ways, a test case of the limitations of experimental charge density studies. 
With three second-row transition metal atoms in close proximity, its suitabil- 
ity factor [35] for such studies is low. The hydrogen atoms’ lone valence 
electron is hard to detect with X-ray methods, so the determination of its 
charge distribution is an undertaking requiring some optimism. 

The initial X-ray study, ,done at 160 K on a small needle-shaped crystal 
(volume 0.0026 mm’), showed large unexplained p&s near the ruthenium 
atoms, the exact location of which was dependent on the mode of X-ray data 
collection. For example, a data set collected with 90” rotation around the 
scattering vector produced similar ghost features but in very different 
positions. As this effect may be due to absorption correction errors, the 
study was repeated using a spherical crystal of 0.25 mm diameter. 

From this second set of measurements at 100 K deformation density maps 
with lower background noise without extraneous peaks were obtained. The 
multipole formalism was applied to these measurements in a refinement 
including a parallel set of neutron data, which are of importance in fixing the 
position of the bridging hydrogen atoms. 

The net atomic charges and the d-orbital population on the ruthenium 
atoms are listed in Table 4, in which a comparison is made with a 
Fenske-Hall type of calculation by Sherwood and Hall [36]. Since the 
calculation is approximate, and the experiment difficult, the discrepancies 
may be due to deficiencies in either method. But there are clear agreements: 
the hydrogen atoms are negative (theory - 0.33 e, experiment - 0.18(3) e), as 
may be expected for a hydride; the metal atoms positive (theory +0.48 e, 
experiment + 1.16(5) e) and the apical carbon atom is negative (theory 
- 0.53, experiment -0.81(4)). The d-orbital occupancies, when expressed as 
a percentage of total population, show a qualitative agreement: compared 
with the spherical atom the dz2 and d,2_,,z orbitals are favored, the d,, and 
dyz depopulated, while the dx,, orbital is depopulated according to the 
experiment and exactly average (i.e. 20%) according to the theory. The 
coordinate system, defined in Table 4, has its axes directed to the voids 
between the bonds. Thus the crystal field destabilization is again the domi- 
nant effect in this second-row transition metal atom. 

The use of intense radiation at shorter wavelength as available from 
synchrotron sources may facilitate studies on heavier atom complexes if 
sufficiently stable beams can be obtained. With conventional sources we are 
close to the limit of applicability of the technique. 

F. STUDIES OF METAL-METAL BONDING 

Electron density studies of a number of metals and alloys have revealed 
little or no density accumulation between the metal atoms, in general 
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agreement with an itinerant electron model for bonding in metallic solids. In 
recent studies of chromium and vanadium metal [37], for example, no 
density is found in the deformation maps near the bond midpoints, but the 
atomic density appears somewhat distorted towards nearest neighbors [38]. 
The effect, however, is small and its analysis is complicated by the need to 
allow for anharmonic terms in the temperature factor formalism. 

Aluminum-rich vanadium alloys are marked by the occurrence of 
aluminum polyhedra around a central vanadium atom. The V-Al bonds in 
these polyhedra are of unequal length. Several decades ago Black and Taylor 
noted that in many members of this group short V-Al bonds occurred in 
specific directions in the polyhedra, and suggested that these “anomalously” 
short bonds were indicative of chemical bonding [39]. A charge density study 
of several of the alloys [40] shows no evidence for strong bonding: within the 
accuracy of the experiment (0.05 eA_‘) no density accumulation occurs. 

As shown by Hall in his fragment deformation analysis of Co,CCl(CO), 
discussed above [9], the lack of density in metal-metal bonds in molecular 
complexes can at least in part be explained by a cancellation of electron 
withdrawal upon ligand attachment to the metal atom, and electron accumu- 
lation upon metal-metal bond formation. When the latter is unusually 
strong, as in the “super-short” Cr-Cr bond (1,879 A at 74 K) in tetrakis(p.- 
hydroxy-&methyl pyridine) dichromium, [Cr,(mhp) a1 [41], the overlap be- 
tween the bonding hybrids becomes larger and a conventional bond peak is 
observed. The squared shape of this bond peak in the section through bond 
midpoint is different from the single, double and triple bond cross sections 
obtained for bonds between first-row atoms, and indicates a &contribution 
in addition to B- and n-bonding. In Cr,(CH,COO), in which the Cr-Cr 
length is 2.37 A, no density is found on the bond axis, but a broad region of 
density accumulation is observed off the axis in the r- and S-bonding 
regions [lo]. In addition to the explanation given by Hall, Benard has 
attributed the weakness of the overlap features in this formally quadruple 
bond to the relatively long Cr-Cr bond length and to the very large 
contribution of excited configurations. These are non-bonding or antibond- 
ing in the metal-metal region, so that a formal bond order of considerably 
less than four is obtained. The contributions of excited configurations are 
much less pronounced in the isoelectronic dimolybdenum analog 
Mo,(H,CCOO), for which some accumulation is found on the u-bond axis, 
both experimentally and theoretically, [42]. 

All these complexes have metal-metal bonds bridged by ligands: “ through 
ligand” metal-metal bonding may be important in several instances. It is 
therefore of importance to analyze the electron distribution in a non-bridged 
complex. In manganese decacarbonyl, Mn,(CO),,, studied by Martin et al. 
[43] the bridging Iigands are absent. Even though the Mn-Mn distance is 
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rather long (2.79 A) there can be little doubt that the two Mn(CO), 
fragments are held together by a metal-metal interaction. Nevertheless, the 
careful X-ray study by Martin et al. 1431, and a theoretical calculation by 
Heyser [13] give atom deformation maps without density accumulation in 
the metal-metal bond region. The reason for this observation lies in the 
nature of the atom deformation map, as discussed earlier. If Mn(CO), 
fragments are subtracted, a small density accumulation appears, as was the 
case in the study of Co,CCl(CO), by Hall and coworkers [9]. An analysis of 
the MO levels shows the HOMO to be the metal-metal bonding orbital, 
while the metal-metal antibonding orbital is the LUMO. For this Mn,(CO),, 
complex a model based on the l&electron rule gives the correct qualitative 
description of the bonding, with a single metal-metal bond. The following 
example is more complex, even though the 18-electron rule is still widely 
quoted to apply. 

Dicobaltoctacarbonyl, Co,(CO),, has often been considered a prototype 
for metal-metal bonding. The 18-electron rule in this diamagnetic complex 
can be satisfied by combining either two metal orbitals pointing along the 
metal-metal vector, leading to a straight bond, or two metal orbitals directed 
to the empty bridging site (compared with Fe,(CO),), leading to a bent 
bond 1441. In an analogous molecular orbital scheme both bonding and 
antibonding states are filled for one of these two combinations, while the 
other is only half-filled, thus giving a net metal-metal bond. 

The attractive simplicity of this explanation has stimulated both experi- 
mental [45] and theoretical [13] work. Both sets of studies lead to the 
conclusion that bonding in this complex is through the ligands, rather than 
by direct metal to metal interaction. The CO deformation density which is 
cylindrically symmetric in the isolated ligand shows pronounced asymmetry 
at the carbon “lone-pair” position, with an elongation in the Co-C-Co 

Fig. 8. Electron deformation density in Cq(CO),, according to aspherical atom (multipole) 
refinement. Cpntours at 0.1 eAm3. Zero and negative contours broken. (I) in plane containing 
two cobalt atoms and two terminal carbonyl groups; (II) in plane containing two cobalt 
atoms and one bridging carbonyl group; (III) in plane through two bridging carbonyl groups; 
(IV) in plane through two terminal carbonyl groups. From ref. 45. 
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plane (Fig. 8). This is exactly what is predicted by the SCF calculations with 
X-a exchange, which indicate the stability of the dimer to be due to 
interaction of the metal e; orbitals with the ,2m,, orbital of the bridging 
carbonyl, leading to three-center bonds through the bridging ligands. The 
metal orbitals pointing towards the other metal atom are all of low energy 
and combine into doubly occupied MO’s, thus producing no net bonding, in 
contradiction to the popular l&electron rule explanation. 

The d-orbital occupancies from the theoretical and experimental analyses 
are in quite reasonable agreement. When experimental populations are 
expressed in a pseudo C,, system with its z-axis along a terminal CO ligand 
1451, and x and y in the directions of the other terminal and bridging 
ligands, the crystal field splitting becomes evident. It is the dominant effect 
with d,~ and d,2_,,2 being depopulated relative to the other orbitals. 

G. THE NATURE OF METAL-LIGAND BONDING 

It is well known that the molecular and electronic structure of ligand 
molecules is affected by bonding to metal atoms. Changes in spectroscopic 
properties and three-dimensional structure have been extensively docu- 
mented and are of course relevant to chemical behavior in homogeneous and 
heterogeneous catalysis. The changes in the ligand charge distribution are 
measurable and have been obtained for Cr(CO),, Co&H(CO), and 
Co,(CO),. In particular for the C-O ligand in chromiumhexacarbonyl and 
the CH ligand in nonacarbonyl-p,-methylidyne-triangulocobalt (Figs. 2a, c) 
the a-donation, ?r-back-donation model due to Dewar and Chatt [21] has 
been confirmed by the ligand-deformation maps. 

Even though the effect of covalency is observed directly through the 
population of the crystal-field destabilized orbitals as described above, the 
overlap density in the metal-ligand bond is not observed, unlike the density 
accumulations found in, for example, every bond of the porphyrin skeleton 
of metalloporphyrins. This is a result of the small value of the overlap 
between the metal and ligand orbitals. However, in the spin densities which 
can be observed at very low temperatures in paramagnetic complexes, 
overlap effects are stronger and easily visible (Fig. 9). 

The three-electron case is illustrative. It can be discussed within the 
spin-restricted MO formalism [5,46]. Starting with a metal orbital + and a 
ligand orbital x, which in general will be a symmetry-adapted combination 
of orbitals on several ligand atoms, the bonding and antibonding orbitals 
may, respectively, be written as: 

ha= [ 1 + 2yS + y2] -1’2( x + y+) 
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(A) 

63) 
Fig. 9. Spin density in Ni{NH~)~(NO~)~ kcording to aspherical atom refinement. togarith- 
mic contours, lowest 0.00164 spin AW3, highest 3.4 spin Ab3; increasing by a factor 2. 
Positive, solid contours; negative, dashed contours; zero dotted. (a) In plane containing Ni 
and NO,. (b) In plane containing Ni and nitrogens of two NH, ligands. From ref. 48. 

and 

l&B = [ 1 - 2AS + A*] - “2( cp - AX) 

where S is the overlap integral (cplx) and X is given by the orthogo~a~ty 
condition (xstxAB} = 0, which leads to X = y + S. For the charge density p 
and the spin density s this leads to: 



and 

s overlap = -2(Y + wx 
Since y and S are positive, the effect of the overlap density on the spin 
distribution s should be much more pronounced. This is confirmed by 
experiment. In one of very few studies in which charge and spin densities 
have been combined [47,48] Figgis and coworkers found a significant nega- 
tive spin density in the Ni-N bonds in Ni(NH,),(NO,), (Fig. 9), but no 
pronounced charge density accumulation at bond midpoints. From the spin 
density results only, values for y of about 0.5 and 0.6 can be derived for the 
Ni-NH, and Ni-NO, bonds respectively. 

The simultaneous interpretation of the two sets of data leads to a more 
complete description of the bonding. Coppens et al. [49] combined their data 
on cobalttetraphenylporphyrin (CoTPP) with spin density results by Varghese 
and Mason [50] and Williams et al. [51] on cobaltphthalocyanine (CoPc), 
using the similarity of the tetraphenylporphyrin and phthalocyanine ligands 
which are identical in the vicinity of the metal atom. The agreement between 
the populations of d-orbitals not or very little affected by bonding is striking 
(Table 5). 

For the d X2_y~ orbital, which points directly to the ligand nitrogen atoms 
and is affected by bonding, the spin density result is p t - p J = -0.21 e, 
while p 7 + p J from the charge density is 0.83 e. Using the relations 

p T = (Pcharge + &pir~)/~ and P 1 = (Pcharge - pspi,-,)/2 we get p t = 0.3 and 
p 5_ = 0.5 e. This indicates that 0.6 of the atomic electrons are to be 
accounted for by contributions of excited configurations with unpaired 
electron density in dx2_y2. 

If qB is doubly occupied and we neglect the overlap term in the charge 

TABLE 5 

Charge and spin density populations in CoTPP and CoPc (from ref. 49) 

X-ray 

Charge 
CoTPP 

Spin 
COPC 

Neutron 

Charge a 
COPC 

Pt Pl 

M42-y4 O-83(20) - 0.21(10) 0.21 0.3 0.5 
a,(d,z) 0.92(20) -0.79(12) 1.21 O.$ 0.0, 
bM,_,J 1.64(20) 0.40(10) 1.60 1.0 0.6 
e(d,,, d,,) 3.62(20) 0.34(20) 3.66 2.0 1.6 
4s - 0.14(16) 0.14 or - 0.14 

1.86 

’ Charge population obtained from spin population by assuming positive spin density to be 
due to hole in d* occupancy of each of the orbitals, except for the less than half filled 6, 
orbital. 
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TABLE 6 

Charge and spin density populations in mm-Ni(NH,),(NO,), (from refs. 51 and 52) 
(z-axis pointing towards NO, ligands; x and _Y axes bisecting NH,-Ni-NH, angles.) 

3dX, 
3d,z 
3d,z 
3dg 

3d,+2 

4PX 

4PY 
4Pz 

Charge Spiii 

1.28(7) 0.87(7) 

1.80(6) 0.04(4) 
1.31(6) - 0.02( 7) 

l-36(8) 0.84(7) 
1.84(7) - 0.05(6) 

1.59(20) O-17(6) 
0.09(20) 0.07(6) 

-0.19(20) -0X(7) 

density, which is small, the &_,,2 part of the population of the doubly 
occupied orbital GB is equal to 2(1+ y2) - ‘. Equating this to the experimen- 
tal value of 0.6 e leads to y = 0.65. In other words, the bonding orbital has 
predominant ligand character, in agreement with the u-donation concept. 

In the crystal field approximation for the d’ Co2’ ion, the d,2_,,2 
bonding orbital is not occupied, while all other orbitals contain at least one 
electron. In the d* Ni2+ ion in truns-Ni(NH,),(NO,), the dz2 and dx,, 
orbit& (note the non-conventional choice of x and y axes which are 
pointing towards the NO, and NH, ligands respectively) are both singly 
occupied in the crystal field approximation. u-Donation from the ligands 
leads to a total occupancy larger than one and a net spin which is t (i.e. 
majority spin) and is smaller than one, as is indeed found experimentally 
(Table 6), and predicted with more rigorous arguments than presented here 
WI * 

Using the reasoning applied above for the Co complex, we find for the 
Ni(NH,),(NO,), dx,, and d,z orbitals, yNH, = 0.5 and yNo,- = 0.6, in excel- 
lent agreement with values derived by Figgis et al. from the spin density 
alone. As noted by these authors the slightly larger covalency of NO; 
bonding is in agreement with the spectrochemical series. In the CoCl2,- ion 
the covalency coefficient is much smaller [52], again in agreement with 
accepted chemical concepts, 

The combination of X-ray and polarized neutron data on paramagnetic 
complexes is a particularly powerful probe of electronic structure. A compre- 
hensive treatment of both sets of data has not yet been achieved, but further 
studies may be expected in the near future. 
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