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Abstract: Pseudo-potential orbital radii r,, r, are used to construct an index r, = 7, + r,. A plot of 7,2 vs. r,B for 172 chalconide
spinels (AB,X,) leads to two well-defined areas which contain only normal or inverse spinels, with only four errors. At the
boundary of the two regions the observed structures are generally in agreement with crystal-field ideas. The gross sorting
is achieved without recourse either to the number of d electrons or an orbital radius ry4, which implies that it is the A,B s-
and p-orbital energies which primarily determine coordination numbers in these systems. In fact, whereas d-orbital-based
crystal-field ideas are only practically applicable to 74 transition metal containing examples of our data base (of which only
61, or 82%, are predicted correctly as normal or inverse variants), good structural sorting is achieved for all examples using
r, plots (a 98% success rate). The relative (minor) importance of d orbitals and (major) importance of higher energy s, p
orbitals on A,B is thus in accord with the relative energetic importance of these orbitals in ligand coordination. For the first
time the reasons determining site preferences of non-transition-metal ions are identified.

Introduction

The spinels, crystalline solids of general formula AB,X,, have
been known for many years and are well known? to mineralogists,
chemists, and solid-state physicists. A,B may be either d- or
f-block metals; group 1A,B or 2A,B metals; or group 3A or 4A
atoms. Species with formal oxidation states A'BHX,, AIVB, X,
and AV'B,'X, are known. X is usually oxygen (but examples are
known with all the stable chalcogens) or halogen. Related species
exist containing the pseudo-halogen CN™. The structures may
be described as based on a cubic close-packed array of X?" ions
(for the chalcogens) with the A,B ions occupying the interstices
in the structure. In the normal structure the A ions (atoms) occupy
one-eighth of the tetrahedral sites and the B ions one-half of the
octahedral sites ({A}[B,] X, where the brackets represent octahedral
and the braces tetrahedral site occupations). In the inverse
structure all the A atoms and one-half of the B atoms have ex-
changed places, [A]{B][B]X,. This interesting site preference
problem, namely, when is {A}[B] more stable than [A]{B}, has
attracted attention for many years. When either one or both out
of A and B are transition metals, one of the traditional approaches
to the problem has been the application® of the d-orbital-based
crystal-field theory (CFT) which allows computation of an oc-
tahedral site preference energy (OSPE) for each ion. This is the
difference between crystal-field stabilization energies (CFSE) for
octahedral and tetrahedral coordination in terms of the d-electron
configuration of the ion and the cubic parameter Dg. The latter
is available numerically for most ions from studies of the electronic
spectra of cubically coordinated A and B ions. In this scheme
the ion with the larger OSPE will occupy the octahedral sites and
hence specify whether the structure is normal or inverse. Such
discussions have been textbook material for 1!/, decades.** CFT
ideas have, in fact, played a major theoretical role in this area.
Although other theories, particularly evaluation of the Madelung®®
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energy, have been proposed to explain the cation distribution, a
thorough treatment sums both Madelung energy and crystal-field
effects. However, the conceptual simplicity of the CFT approach
has led to an undue emphasis, perhaps, on its role in determining
cation distribution. In this report we shall describe a rival scheme
which not only sorts inverse and normal spinels more accurately
but is just as applicable to those cases where CFT makes no
predictions as in some transition metal examples and in all species
containing closed d shells. These examples, where no predictions
can be made, make up over 60% (for oxide spinels) of the available
examples. Importantly we identify the conditions under which
crystal-field considerations may be of importance.

Structural Sorting Maps

If we wish to decide which of two structural alternatives for
a class of molecular or solid-state systems is more stable, an obvious
route to take is one which involves direct numerical computation
via the laws of quantum mechanics. For most solid-state systems
this capability is at present beyond us. One method currently
receiving considerable interest” is the use of structural sorting maps.
By plotting one judiciously chosen parameter for A and B against
another, for the AB binaries, for example, well-defined regions
are found in such a two-dimensional display in which all examples
of one structural type are found. Mooser—Pearson diagrams® use
as such structural indices the average value of the principal valence
quantum number for A and B and their Pauling electronegativity
difference. More recent maps have used”!9 two completely
quantum mechanical indexes in combinations of so-called “orbital
radii”, r; ( = 0, 1, 2), which are the crossing points of the nonlocal
pseudo-potential Vy(r). The r; may be evaluated either from first
principles!%® or from atomic spectral data!%®® and have several
interesting properties.!! They scale inversely with the corre-
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Figure 1. Structural sorting map for AB,X, chalconide spinels, using ,*
and r,B as indexes. Not shown are the lanthanide examples which all
have the normal structure. The value of r,B for La lies off the top of the
plot, and thus all such spinels fall in the normal region of the maps. (This
assumes similar radii for all the lanthanides.) Many points on this plot
represent more than one spinel because (a) we do not distinguish the
nature of X and (b) the proximity of r, for some of the elements, e.g.,
Cr, Pd, and Mn, Cd.

Table I

I. CFT approach
(a) data base size =172
(b) number of examples with transition metals = 156
(¢) number with only d°, d°, d'° transition metal ions =53
(d) number of examples where data are not available® = 29
(e) number of cases where CFT can make a prediction = 74
(f) number of successes by CFT =61 (82% of ¢® or
42% of a-d)
II, structural map
(a) data base size =172
(b) number of successes = 168 (98%)°¢
III. crystal radii
(a) data base size =48

4 The values for the OSPE are taken from ref 3a but electronic
spectral data are not available for some ions (e.g., Tc**). We as-
sume that the relative size of the OSPE’s is the same for X = §,

Se, Te as for X = 0. b This is the best success rate we can achieve
and includes making the assumption, for example, that FeCo .0,
and MnCo.0, are really CollFell1COI10, and CollMallICoMI0,
which are compatible with the relative ionization potentials for
M?* > Mn?* for Mn, Fe, and Co. If it is assumed in addition that
there is an error of +5 kcal mol™ in estimating the CFSE’s, then
the number of “‘errors’ decreases. The best subset of examples
which the CFT treats are the II, IIl oxide spinels which, with this
assumption, are predicted with only one “error” in 32. ¢ Neglect-
ing the “borderline™ examples which CFT is able to treat.

sponding orbital ionization energies, i.e., 7o = r;! « H, and ;!
= r,' = Hy, and thus a weighted sum of the ;! may be used
as an estimate of electronegativity in the spirit of Mulliken’s
definition. r, = ry + r, is also closely correlated with Pauling’s
tetrahedral atomic radius and thus is a measure of the “size” of
the atom or ion.

In Figure | we present a structural map for the known chal-
cogenide spinels (with A = B), included irrespective of the atom
type A,B (and their electron count, oxidation state, etc.) using
as indexes the two parameters r,A = rA + rAand 7,2 =B +
rpB, and the first-principles radii of Zunger.!® The sorting is very
good indeed with only four obvious errors: CdFe,O4, MnFe,0,,
NiCo,S,, and Hgln,S, in a data base of 172. A breakdown of
the data base is shown in Table I. An analogous sorting is

(11) See especially ref 10e and 10g.
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Table I, Crystal-Field Stabilization Energies of Borderline
Spinels, (A, . xBx)[AxB,_]0,°

OSPE(A-B),
B A xb kcal mol!
Fe 0.0 3.9
Mg 0.07-0.1 0.
Co 0.2 2.1
Mn 0.3 0.0
Cu 0.4-0.44 15.6
Ccd 0.67 0.0
Ni 0.75 22.8
Ga Mn 0.2 0.0
Ccd 0.1 0.0
Mg 0.7-0.8 0.0
Co 0.86 2.1
Fe 1.0 3.9
Cu 1.0 15.6
Ni 1.0 22.8
Mn Zn 0.0 -25.3
Ccd 0.0 -25.3
Co 0.0-0.2 -23.2
Mg 0.0-0.4 -25.3
Cu 0.2-0.4 -9.7
Ni 0.74 -2.5
\Y 0.8 0.0
Fe 0.9 -21.4
Ti 1.0 0.0
Sn 1.0 0.0
Cr 1.0 46.7

@ x =0 for a normal spinel, x = 1.0 for an inverse spinel, x =
0.67 for a random spinel. CFSE are calculated for oxide spinels
only. ® Most cases have a temperature-dependent value of x.

achieved (with the same errors) if the electronegativity functions
x* = At + ATty = p B 4+ Bl are used. This sorting is
quite impressive and appears to be independent of the nature of
X. Although in principle there are four errors according to the
compendia of ref 2, the evidence for the assignment of normal
character is not always very good. For HgIn,S, the assignment
is based on powder diffraction data!? and is not very reliable, and
similarly for CdFe,O, we need to rely on an old X-ray diffraction
determination.!® Only for MnFe,0, and NiCo,S, are there good,
modern (neutron) studies' which unequivocally confirm the
normal structure.

As a comparison of the quality of separation achieved in Figure
1, we mention sorting!® using analogous parameters for the AB
octet binaries (e.g., CuCl, ZnS, SiC, LiI). For a data base of 100
examples, the sorting is perfect by coordination number with two
minor errors in that two compounds with the sphalerite (zinc-
blende) structure fall in the wurtzite region. (These two structures
with the same coordination numbers only differ at the third
nearest-neighbor levell) With a data base of 95 octets, application
of the traditional radius ratio rule ideas, using crystal radii ap-
propriate for the observed coordination number (which, of course,
we do not know in advance!®), leads to 38 errors. Radius ratio
rules are therefore an exceedingly poor way to predict structures.
For 16-electron AB, systems a similar clean structural sorting is
achieved using!® r,A7.B or xA,x2. Such “Mendelevian” ap-
proaches”™!% are clearly of some utility.

It makes relatively little difference to the spinel diagram of
Figure 1 if the radii r,” = r; + r, + ry are used as indexes (r,, r,
are always bigger than ry), but extremely poor sorting is found
if an electronegativity, x, is used which includes rs™!. The sorting
is therefore achieved by using s and p functions only on the metals.
This is in direct contrast to the CFT, of course, where s and p
effects are ignored and d orbitals alone are used.

(12) Hahn, H; Klinger, W. Z. Anorg. Allg. Chem. 1950, 263, 177.
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Huang, C.-H.; Knop, O. Can. J. Chem. 1971, 49, 598.
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average radii are used the number of errors is larger.
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Figure 2, Structural sorting map for AB,X, spinels using Shannon and
Prewitt crystal radii 74, 7 as indexes.

Apart from the gross sorting aspect of Figure 1, there are some
other observations which are very interesting. That the boundary
line separating normal and inverse structures is a realistic one is
indicated by the fact that the borderline examples are often
partially disordered with varying “amounts” of normal and inverse
character. Table II shows how the crystal-field theory would treat
these cases. A clear and obvious conclusion from these figures
is that, in this borderline region, the d orbital forces are of im-
portance in determining the structure. At the borderline a larger
OSPE for B, compared to A, tends to stabilize the normal
structure, and a smaller OSPE for B than A will stabilize the
inverse structure. Away from this region, the crystal-field pre-
dictions are sometimes right and sometimes wrong, and often
inapplicable.

We noted above that », + r, is strongly correlated with the
Pauling tetrahedral radius. (Ean crystal radii (e.g., those of
Shannon and Prewitt!”) be used as indices to sort structures? One
major problem is that these radii are coordination-number de-
pendent and so the answer needs to be known before the plot may
be made. Even with this information the sorting is not very good
(Figure 2). The data base is much smaller than that used before
(Table II) since for many ions suitable radii are not tabulated.
Parenthetically we note the good structural sorting of AB,O,
compounds in general if crystal radii are used as indices? and
the data base is judiciously chosen.

Discussion

There are two very important questions raised by Figure 1.
Firstly, the basic sort is achieved by using r, and r, only. Inclusion
of rq is practically inconsequential in these r, plots but destroys
the good sorting if included in the x plots. Secondly the number
of d electrons associated with the A,B ions does not appear as a
parameter. Compare these results with those expected from CFT
considerations, namely, both a d orbital and electronic configu-
ration dominated description.

In order to understand these striking results we need to look
more closely at the transition metal-ligand interaction itself. Many
of the effects ascribed to crystal-field splittings over the years are
simply understood by using symmetry ideas alone.!®!° Because
by symmetry the atomic nd levels are split into €, + ty, sets on
octahedral coordination, the double-humped curves associated with
a variety of properties (metal-oxygen distances, heats of hydration,
lattice energies, rates of water loss from hexaquo ions) naturally
follow. Identical answers result!®20 (but with different explana-
tions) if the CFT is used to give CFSE’s, or a molecular orbital
approach (we have pioneered?®22 the use of the angular overlap

(17) Shannon, R. D., Acta Crystallogr. Sect. A 1976, 32, 751.
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Figure 3. Comparison of (a) crystal-field and (b) angular-overlap
treatment of the variation in heat of hydration of the first-row d” ions.
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Figure 4, Molecular orbital diagram for an octahedral MX, complex
showing interaction of the ligand ¢ orbitals with the metal s, p, and d
orbitals.

model in this area) to give MOSE’s (molecular orbital stabilization
energies). Figure 3 shows the different descriptions of the heat
of hydration variations!®* as the number of d electrons changes.
The sloping background in Figure 3b, often more than 90% of
the total energy, is ascribed?? to the contribution to the stabilization
energy from ligand interactions (Figure 4) with metal (n + 1)
s,p orbitals. Energetically then the d orbital contribution, whether
in terms of MOSE or CFSE, is rather small compared to the s,p
contribution and a priori we would expect that site preferences
{A}[B] or [A]{B} should be primarily determined by the latter.
Figure | indicates that this is indeed the case.

Our results have put the CFSE in its place. It was clear in the
1950°’s that there were indeed site preference energies for the
nontransition metal ions, such as AI** for octahedral sites and
Zn?* for tetrahedral sites. The competition between Ni** and
Al** shows that Al** has a greater octahedral site preference
energy than Ni%* and well illustrates the presence of factors other
than the CFSE which strongly influence the problem. The nature
of these “other factors” has remained elusive until now. Over the
intervening years, however, the off-quoted caveat® that the CFSE
“contributes only 5-10% of the total bonding energy” has often
been forgotten, and crystal-field theory was used alone to view
many aspects of transition metal chemistry despite the cautionary
notes concerning such usuage which have appeared.?>2* It is also
interesting to note in this context too that, although the OSPE,

(21) See also the discussion in DeKock, R. L.; Gray, H. B. “Chemical
Structure and Bonding”; Benjamin Cummings: Menlo Park, 1980.

(22) Burdett, J. K. J. Chem. Soc., Dalton Trans. 1976, 1725.

(23) Katzin, L. I. J. Chem. Phys. 1961, 35, 467; 1962, 36, 3034.
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derived in terms of the CFSE’s, gives a reasonable sorting of the
cases where it is applicable (Table I), use of MOSE’s alone does
not give as good a picture.??

A structural sorting using the x4, x® indexes is understandable
in terms of current ideas concerning site preference energies in
molecules.!®2* Given a set of atomic charges {gf for the orbitals
i (s, p, d) located on the symmetry inequivalent atoms (£) in a
structure, the total energy will depend on the function 3, ¢ H,£,
where H,# is the relevant valence orbital ionization potential. The
most stable structure will be the one with optimal matching of
{g4) and {H,#] to give the lowest energy. In general, this will occur
when the most electronegative atoms (largest H;;) occupy the sites
of highest charge. Since energetically they are more important
than ligand—-metal d interactions, the ligand—metal s,p interactions
should analogously control the charge distribution and hence the
site preferences. The gross structural sorting is then explicable
in principle on these grounds, although, at present, we do not
understand the exact location of the dividing lines. In addition,
because of the impotence of d orbitals in determining these
preferences, we can see why the number of electrons in these
orbitals is immaterial in the display of Figure 1 (but, of course,
vital to a CFT discussion). The finer details of the structures close
to the boundaries, where the CFT methodology does appear to
dominate, are also much more in keeping with the general idea
that the d-orbital effects are small compared to s and p ones in
this area.

An additional point concerning the relative sizes of the two types
of interactions is associated with Jahn—Teller distortions in Cul!-
and Mn'"-containing spinels. These are best viewed as structural
perturbations of the spinel structure itself, rather than leading
to the generation of a completely different structural type. Such
Jahn—Teller effects also appear to give rise to a relatively small

(24) Hoffmann, R.; Howell, J. M.; Muetterties, E. L. J. Am. Chem. Soc.
1976, 98, 2484,

structural perturbation in AB, systems!® when viewed via structural
mapping.

Although we have perhaps downplayed the importance of d
orbitals and their occupation in this paper, it is vital to recognize
that this view has only been advanced for the coordination number
problem. There is ample evidence that this manifold of orbitals®®
and their electron occupancy is of tremendous importance in
controlling angular geometry, relative bond lengths, ligand site
preferences, reactivity, and many other facets of molecular
structure,!®

Finally it will be interesting to see if these ideas, developed for
solids, can be extended to the molecular area. In recent years,
most progress in understanding the structures of solids has resulted
from the flow of ideas in the reverse direction.-?’
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Structures of [(Ph;C;)M(PPh;),]*X- Complexes. An
Experimental and Theoretical Study of Ring-Whizzing
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Abstract: Complexes of the formula [(Ph;C;)M(PPh;);]1X, where M = Ni, Pd and X = ClO,, PF, have been prepared by
the reaction of (ethylene) M(PPh;), with triphenylcyclopropenium perchlorate or hexafluorophosphate. Complete X-ray analysis
has been carried out for [(Ph;C;)Ni(PPh;),]PFs (1), [(Ph;C;)Pd(PPh;),]ClO, (2), and [(Ph;C;)Pd(PPh;),]PF+CsH, (3).
The crystal data are as follows: (1) a=15.815 (4) A, b=13.781 (4) A, c = 12.764 (4) A, a = 114.06 (9)°, B = 95.92 (9)°,
¥ =97.74 (9)°, Z = 2, space group PI; (2) a = 11.115 (4) A, b =35.486 (9) A, c = 12.584 (4) A, 8 = 104.49 (7)°, Z =
4, space group P2;/n; (3) a = 12.130 (5) A, b = 23.863 (7) A, ¢ = 18.669 (6) A, B = 91.45 (8)°, Z = 4, space group P2,/n.
The structures were refined to R values 0.079, 0.079, and 0.065 for 1, 2, and 3, respectively. These three structures, along
with a previously determined one where M = Pt, X = PFg, 4, show a progressive movement of the (Ph,P),M unit over the
face of the cyclopropenium cation. In other words, these structures chart the reaction path for going from one #? geometry,
where the (Ph;P),M unit is positioned below one carbon—carbon bond, to an equivalent »? geometry. The movement of the
(PPh;),M group is accompanied by rotation, as well as a number of other geometrical changes. A potential surface for this
ring-whizzing motion was determined by molecular orbital calculations of the extended Hiickel type. The calculations mimic
the geometrical details experimentally found and provide an electronic rationale for the observed distortions. The calculations
and observed structures are in agreement with the McIver—Stanton theorem which regulates the symmetry of potential surfaces.
The1 effect of substitution on the cyclopropenium ring and of changing the phosphines to other ligands on the potential surface
is also discussed.

Ring-Whizzing, a type of fluxionality where an ML, unit
migrates inside the periphery of a cyclic polyene, has been ex-

tensively studied by NMR methods.?  Activation energies
throughout the entire range of dynamic NMR (ca. 7-22 kcal/mol)
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