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A. INTRODUCTION 

In 1968 the conference proceedings of the lnternntional Symposium on 
the Synthetic and Stereochemical Aspects of the Chemistry of Coordination 
Compounds (Nara, Japan) were published in this journal. They contained an 

articl,e by this author dealing with the electronic spectra of tetragonal metal 
complexes [I]. It seems appropriate, in this conference proceedings issue, to 
lake another look at this area of chemistry. 

There has been a very great expansion in our knowledge of the electronic 
spectra of low-symmetry transition metal complexes since 1968. In the space 
available it would not be possible to cover all of this development; moreover. 
a number of excellent reviews have been published in the interim period 
[Z-4]_ It is therefore proposed to consider a small slice of this problem, and 
deal only with those systems with which the author has been especially 
involved. 

We will consider only fourfold, and some twofold distorted complexes 
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leaving the special problems of threefold distortion to other colleagues. We 
aiso choose to adopt a somewhat pedagogical approach, to indicate how an 
absorption spectrum can lead to useful chemical information. in the first 
part of this contribution, the analysis of the electronic spectra of various 
low-symmetry complexes, is discussed. In the second part of the article, 
orbital angular overlap model (AOM) parameters are summarized for a 
series of weII-defined species, and the difficulties and advantages of this 
approach are reviewed. 

9. ANALYSIS OF THE ELECTRONIC SPECTRA OF VARIOUS LOW-SYMMETRY 
COMPLEXES 

For a definitive analysis, high-quality, single-crystal measurements using 
polarized light at cryogenic temperatures are essential. Such data require 
considerable skill to obtain and knowledge of the crystal structure of the 
species is highly desirable. 

However, high quality and chemically usefuf data can often be obtained, 
using ordinary light, from un-oriented single crystals if such spectra are 
obtained at low temperatures. These data can be collected with a conven- 
tional spectrometer using a simple cryostat. Indeed, mull transmittance 
spectra at cryogenic temperatures can be of quite high quality. If the 
distortion is great enough, i.e. if there is sufficient difference between the. 
axial and equatorial ligand fields, a resolved spectrum can be obtained with 
relatively little effort. 

The publication of tables of room temperature solution or mull transmit- 
tance spectra, without presentation of the spectra themselves (in diagrams) is 
of very little value insofar as low-symmetry complexes are concerned. Other 
workers can gain very little of value from such presentation. Individuals 
working with low-symmetry complexes are urged to publish representative 
spectra and, where possible, to obtain such spectra at low temperatures. The 
accumulation of such a data base in the literature wit1 alert other workers to 
the more interesting systems where X-ray structures and single-drystal 
polarized light studies can then be undertaken, 

Where first row transition metal, F ground term ions are concerned, such 
spectra can contain a considerable amount of chemical information. Most 
effort in recent years has been devoted to complexes of chromium(III), 
nickel(II) and, to a lesser extent, cobalt(II). The informational content of D 
term ions has, with the exception of copper(H), not been signifjcantiy 
explored because, in general, the resolution is insufficient to allow an 
unequivocal analysis. The special problems and interest of low-symmetry 
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copper(I1) complexes have been reviewed [2], and will not concern us here. 
If we exclude the rather small group of researchers who undertake 

spectroscopy for its own sake, most individuals use spectroscopy as a tool to 
determine, among others, the stereochemistry of a newly prepared metal 
complex. Clearly this is a very powerful tool which can, for example, readily 
distinguish octahedral from tetrahedral from square-planar nickel( II) com- 
plexes [5]. 

We distinguish here systems differing in a more subtle fashion. for 
example, six coordinate cis- and rra~rs-ML,Z, and ML,ZZ’ complexes, and 
five coordinate (in and out-of-plane) ML,2 species. We also explore meth- 
ods of analysing some types of complexes containing no higher than twofold 
symmetry, with angular or radial distortion. 

(ii) Initial theoreticctl analysis via the Normalized Spherical Harmonic Hurnil- 

ronian (NSH) [ 61 

The NSH approach (using the parameters DQ. DS, Dr. etc.) has several 
far-reaching advantages with respect to low-symmetry complexes when com- 
pared with the more classical crystal field approach (using Dq, Df. Df, etc. as 
parameters)_ In particular, the numerical magnitudes of the parameters are 
independent of the coordinate frame of axes chosen, which is not true in the 
classical model. Since, in low symmetry systems, the coordinate axis may not 
be uniquely chosen, this is an important attribute. Moreover, direct compari- 
son can be made between sets of parameters obtained with different mole- 
cules belonging to different point groups, provided they can be related 
through a chain of groups. This standardization will permit the ready 
comparison of data from various research workers on various molecules. In 
addition, the form of the Hamiltonian is very simple and a single Hamilto-, 
nian, which may be looked up in a table may be applicable to a variety of 
molecules in different point groups (see below). The NSH approach has been 
reviewed in detail [(;I. 

,The main disadvantage of the NSH approach is the lack of an immediate 
appreciation of the chemical significance of the parameters; rather, they 
provide a group theoretica appreciation of the molecule. The “OrbitaI 
Angular Overlap” Model {AOM) f7,8], on the other hand, appears to 
provide an immediate assessment of the chemical bonding in the complex via 
use of parameters apparently more readily identified with u and VT chemical 
bonding, or anti-bonding. 

We argue here that the combined use of the NSH and AOM approaches 
provides a powerful means of obtaining useful chemical information from 
electronic spectra. 
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(a) Tettyugonal complexes ML, Z2 
We begin by considering the very well-known class of complexes of 

general formula ML,& (where L, may also be represented by two bidentate 
ligands LL). Consider reaction of sym-diethylethylenediamine (LL) with 
nickel(H) or cobalt(I1) dibromide to form a high spin complex of stoichiome- 
try M( LL), Br, (M = Ni( II), Co( II)). In the absence of crystallographic data, 
electronic spectroscopy can be used to distinguish the various possible 
structure for this species. We anticipate from genera1 cobalt(I1) and nickel(I1) 
chemistry, that these species may be based upon trigonal bipyramidal 
five-coordinate structures, or upon fourfold or twofold distorted six-, five- or 
four-coordinate structures. These two groups of structures have very differ- 
ent spectra [S] and may usually be distinguished by comparison with known 
members of each series 151. Indeed these species do belong to the latter 
group. In this case structures A-E are most likely to represent all possible 
microstoichiometries for these complexes. 

L\T,L L&z L\f,L L\i /L L\ /L 
L4\L CA i\Z LAMIL L/ yL ,/L 

z L 

A B C D E 

Complexes A, C, D, E fall into the Ddh or C,, point groups and have the 
same splitting pattern as shown in Fig. 1. Most importantly complex B, 

d3. d* d2,d7 

.@ 
i.‘- ?j 
-.._g 

Oh D4b Q! Q4tl 

la1 lbll (Cl ft.+) 

Fig- I. Octahedral (0,) and tetragonal (II&,) splitting diagrams for group theoretical states of 
high spin d’ (c, d) and dH (a, b). 
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assuming all angles are 90”, will have intermediate symmetry D4,, [6,9], and 
the diagram in Fig. 1 can still be used, albeit with different symmetry Iabets- 

The Hamiltonian appropriate for all these systems (A-E) is taken from 
ref. 6, eqn. (LO), Table V, and is: 

~=~QIA,,0(i)14,h+~SIEg~(~)IXh+~TIEgO(~)1~h 

The matrix elements for the d7 (cobalt (II)) and cl” (nickef(II)) wavefunc- 
tions are afso presented in ref. 6 (use Table X with the coefficients of DQ, DS 
and DT multiplied by - I for the (i” case). First, consider the electronic 
spectrum of Ni(LL),Br, shown in Fig. 2. The initial imperative is to assign 
the transitions according to the scheme in Fig. 1. 

Often such assignment is straightforward without the need to undertake a 
gle-crystaf polarized light study to confirr n the assignment unequivocally. 

8 10 12 14 16 kKt6 20 22 24 26 26 30 

Fig. 2. Single crystal eiectronic spectrum at ca. 10 K of Ni(s-Et,en)zBr,. Two polarizations 
are displayed. Solid tines, room temperature; hatched lines, IO K. Adapted from ref. I 1. 
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TABLE I 

Splitting sense of orbital triplets in &, symmetry a 

d’. d’ d3, d* Criterion 

DQA-DQE 

--(2hda+2dw) da 
(--2dm) 
1ODq [ DQ,/6ai_I c 

a Transition to the left component of each state is at an energy higher than to the right when 
the value of the function in column 3 is positive, and vice versa. Excludes configurational 
interaction except where indicated. 

h Includes ConfigurationaI interaction but there is also a smaif dependence on Jo. 
C Transition energy separation exactly equal to 10 Dq, inclusive of configurational interaction. 

Transitions to E states are generally more intense than transitions to singly degenerate 
states. 

Table I summarizes the conditions which dictate the sense of the splitting 
of the various T (in 0,) terms under a II4,, distortion. Note that most of 
these are first-order conditions (excluding configurational interaction). If the 
splitting of the 7’ term is large, they are likely to be useful; if the splitting is 
small they should be used with caution. For example, the splitting of the 
ground term (Trs( F)) in LIdh d’ and d7 is much smaher than the first-order 
analysis suggests and is primarily dependent upon the sign of dir [6,IO]. 

For the nickel complex, and assuming for the moment that the complex 
possesses microstoichiometry A, C, D or E, the assignment indicated in Fig. 2 
follows automatically from the considerations in Table 1. There is little 
ambiguity in this case, though this will not necessarily always be true. 

Using the appropriate F term matrices (TableX, ref-6) the LQ, DS, DT 
and B values which reproduce this spectrum (Fig. 2) can be derived (see 
Table2) [ 111. We note an alternative procedure for solving these spectra, 
introduced for d8 ions by Bartecki and Kurzak [ 121. This procedure, whilst 
conveniently usable with only a hand calculator or similar instrument, 
requires knowledge of all six transitions and should be used with caution. It 
is discussed in the Appendix to this article. 

Under normal circumstances we do not know the structure of the nickel 
complex and may consider that it could possess structures A, truns- 

[M(LL),Br,]; B, cis-[M(LL),Br,]; C or D, [M(LL),Br+Br-1; or E, [M(LL)a+ 
2 Br- (high spin)], where, with the exception of D, all angles are supposed to 
be close to 90”. 

A mapping of the NSH and AOM parameters (eqns. (1)~(28) below) is 
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TABLE 2 

Ni<LL), Br, 

A-D4tl 
;L 

NqLL),Br+ Br- Flit LL), Br,-cis 

c-c,, J s-c,, I3 

ON 3923 3923 4120 

0% iE78 2356 4211 
XBr -644 -1288 2142 
dg -2058 -fiTi 68 
drr -644 -I288 - 1071 

o Assignment as shown in Fig. 2. DQ = 27 171; DS = -6777; UT = -4383; B = 845: LX&, = 
16799; DQE ~32 357; good fit. 

b Inverted assignment appropriate to cis configl:ration (but with E(T,( P>)> A,(T,(P)). 
DQ =26385; DS=-2233; DT=32f3; S =9UI; DQh =?3988; DQE =22583; poor fit. A11 
dnta in wavenumbers. 

TABLE 3 

One electron matrix elements within the AOM and NSH formalisms. WI-I: the folbwing 

matrix elements are appropriate for D4hW C’, and C,, (intermediate symmetry Dab) arrd to the 

&, exampk. Note that DU and DE/ are zero in all cases except Dt, [43]+ 

C,, ML,2 (2 along z axis, generaf sohion) in-plane B =90Q 
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obtained using the data presented for the’one electron d orbital energies for 
each configuration in Table3, by equating energy differences between pairs 
of orbitals, in the two models. The mapping is, in general, independent of 
the metal ion. 

In all examples, the NSH and classical approaches [ 131 are linked through 
the expressions 

DQ = 6(,fi) Dq - 3.5 ,iZi-Dr 0) 

DS= -7Ds (21 

DT= -3.5 fiDt (3) 

The sign of Dt, variable in the literature is defined via 

Df = (4,‘7)( W,z - &a 1 (41 

where Dq, is the classical equatorial field strength, and Dq, is the classical 
axial field strength_ 

The corresponding NSH parameters are DQE (equatorial field strength) 
and DQA (axial field strength) defined by 

WE =DQ-(fi/fs)DT (5) 

DQ,c, = DQ + 2( J-r/6) DT (6) 

and the global DQ value, defining the totally symmetric (A,,) component of 
the field is linked thereto via 

DQ = (V6)(4W, + 2DQ,) (7) 

There follows the relationships connecting the AOM and NSH models for 
the various configurations_ 

(1) A. trans-&f&Z? 

DQ = (@i/5) [30z + 6~7, - (4~~ + ST,)] 

DS=~(C~~+~T~-U~---~~) 

DT= (J15/5) [(3aZ - 471, - 3a, f 4-J 

ON= (5/9)(fI/~)DQ-((1/Jf_j)DT) 

uz= ((1/189)(5fiDQ+54DS+2 @DT)) 

dvr= (3/14)DS- (1/7)(fi)D?- 

da = (i/28)[6~~ + fiD7j 

(8) 

(9) 

00) 

(10 

02) 

03) 

04) 

These equations are also appropriate for the high-spin square planar possi- 
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bility E (rarely if ever observed) when the axial AOM parameters approach 
zero. The possibility of C&S mixing occurs in this case, and should be 
considered f2J. 

(2) C square pyramidal ML, 2 + Z-‘ (metaf in plane) 

DQ = m [ I _2a, + 0.30, - 0.4da] 

DS=dp+o,---2uL 

DT= (3j&‘lO)[a, - 20, -(4/3)dv] 

o,_ = (5/9)[( oQ/Jiri-) - (V\11s)] 

uz= ~10/9~)~Q~ (20,‘63/i?)DT+ (4/7)X 

f.k = (l/7$305 - (lO/Jz)DT] 

da = 0.75[(5/9m)DQ + (55/63 fi)DT+ (4/7)X] 

(15) 

(‘16) 

(17) 

w 

09) 

(20) 

(W 

(3) D square pyramidal ML, Z + Z- (metal out-of-p farre) 

The matrix elements for this case are included in Table3. It is readily seen 
that if the metal is a few tenths of an Angstrom above the molecular (_u.v) 
plane, the angle 8 typically increases only about 6-S”. This introduces only a 
small perturbation in the d orbital AOM energies, and is not further 
considered here. 

With the assignment shown in Fig. 2, based upon Table 1, and appropriate 
for A, C, D or E, we generate the AOM parameters shown in Table 2. 

The AOM parameters, axial and equatorial field strengths are all accept& 
bIe for the trans-M(LL),Br, formulation A when compared with the antic- 
ipated values derived from the previous literature (see Section B). Thus the 
electronic spectrum is consistent with formulation A. Formulation C. square 
pyramidal, results in AOM parameters for the single bromide ion signifi- 
cantly above the anticipated value. Thus the spectra are inconsistent with the 
formulations C or D. Similarly the presence of a strong axial field mitigates 
against the square-planar formulation E. 

It remains to consider a cis configuration B (all angles 900). Here the 
intermediate symmetry allows one to consider that the plane is composed of 
the summation of amine nitrogen plus bromide along the x and y coordi- 
nates, with two amine nitrogen atoms along the z axis. Therefore, the axial 
field for this molecule should be similar to the equatorial field in a truiy 
tram N, example. Since the intermediate symmetry is effectively fIehr the 
same Hamiltonian, (I) may be employed. 

The relationship between NSH and AOM parameters is now given. 
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If the same assignment is used, the 0 parameter for bromide is over 7000 
cm- ‘, clearly unacceptable. However, it is inappropriate to use the same 
assignment. In the cis case, with bromide accepted as a weaker 0; donor than 
amine nitrogen, the McCfure parameter do is now positive, and the axial 
field is stronger than the equatorial field. Using Table I, the lower two 
orbital tripIets, in octahedral symmetry, are expected to split in the opposite 
sense, compared to that seen previously. If this revised assignment is used 
the NSH and AOM parameters shown in Table2 are obtained. The fit of the 
observed to calculated energies is very poor, and the AOM parameters for 
the bromide ion are not acceptable. Thus the cis configurationB seems 
eliminated. The data are, therefore, fully consistent with formulation A 

which is believed to be correct based on the accumulated IR and electronic 
spectra, and magnetism [14]. We have chosen in this treatment to ignore the 
bide&ate nature of the amine ligands. Such consideration would have the 
effect of reducing the symmetry to a twofold group, at best, However, such 
rhombic distortion does not show up at the level of analysis discussed here. 
It can be recognized via comparison of the variously polarized spectra [I if, 
(but see cobalt(H) data below). The possibility of angular distortion will be 
explored below. 

The spectrum of the cobalt(H) analog, Co(LL),Br, is shown in Fig.3. 
WelLdefined splitting of the various orbital triplet states (in 0, symmetry) is 
observed. Using the guides in Table i the assignment shown in Fig. 3 is 
derived. The splitting of the ground state (T,,(F) in 0,) is expected to be 
small and it is not immediately apparent which states, 4.4ze or *E” will be the 
ground state in D*, symmetry. When configurationaf interaction IS taken into 
account, the splitting of the T,,( F) level is primarily defined by dm, positive 

dn yielding an “Ep ground term, and negative d* a 4A 2g ground term f6,10]. 
However, in cobalt(H) chemistry, dv is a sufficiently small parameter that it 
cannot be safely predicted. Both ground state possibilities must be consid- 
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2su !?a39 

I . * . I . , 
23 2s 27 29 

Fig. 3. Singie crystal electronic spectrum at ca. 10 K of Co(s-Etpn),Br,. Two polarizations 
are displayed. Solid lines, room temperature; hatched lines. 10 K. Adapted from ref. IO. 

ered, The same Hamiltonian and matrices (the d2 matrices in TableX of 
ref. 6) may be used for cobalt(M) as previously used for nickel( II) (also see 
Appendix)_ The iterative programme to fit the spectra should be written to 
consider both ground state possibilities. 

TABLE4 

Co(s-Et,en),Brz =Co(LL),Br, 

CdLLh Br2 Co(LL), Br+ Br- 

A-D,, 
3 c-c,, = 

cis-Co(LL), Br, 
B-C,, b 

OrJ 3768 3768 3850 
*B, 1938 3876 1235 
TBr 144 289 - 365 
do - 1372 82 - 1961 
dn 144 289 182 

a Assignment as shown in Fig. 2. DQ ~25.518; DS z-3370; DT= -4699; B ~847; DQE = 
3 1078; DQA = 14398; Dq = 1130 cm; good fit. 

b Inverted assign ment. DQ=25912; DS=2980; DTz2473; 8~888; D&=31764: DQ,= 

22986 cm-‘; poor fit. All data in wavenumbers. 
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Table4 contains the NSH and AOM parameters for this complex assum- 
ing formulations A, C, D or E, and eqns. (I)-(21). Once again only formula- 
tion A. rrans-Co{ LL), Br, provides a fully acceptable data set. In this case the 
c&(B) data set, obtained by inverting the order of the splitting of the T 
states, relative to the trurzs example (Fig. 3) appears not unreasonable. 
However. the fit of experimental to calculated band energy is poor, with one 
band deviating by about 1500 cm-‘. 

The cobalt(If) assignments are not so clearcut as those of nickel(I1). The 
presence of quartet-doublet transitions, and the absence of a large data base 
of previously described compounds requires that these data be treated with 
caution. For example. the assignments of the 17.63 and 19.00 kK bands 
could be interchanged. This would yield a rather higher value for DQ, in the 
~~~~t~s case than seems likely. 

Note also that the ‘E,(P) term is apparently split in this bromide 
complex_ This may arise as a consequence of the bidentate nature of the 
diamine (highest real symmetry D?,) or of crystal packing. We have used an 
average value for these calculations. 

A bad fit to the matrices may be considered evidence of an incorrect 
assignment, provided that the molecule does indeed belong, to a good 
approximation, to the point group used to generate the matrices. A good fit 
does not in itself guarantee a correct assignment. 

The species Ni(LL),(maleate) [15a] is believed to have a ci.s configuration, 
B, through bidentate binding of the maleate group, and wiIl exhibit inter- 
mediate Dab symmetry. Its solution spectrum is reproduced in Fig.4. 

The transition to 3B, should now lie below that to ‘~5:. The former 

Fig. 4. Room temperature solution (dichloromethane) electronic spectrum of 
Nils-Et .enL maleate. 
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transition has an energy proportional to the equatorial field of the amine 
nitrogen plus maleate carboxylate ligands. If the AOM values pertinent to a 
tram complex [16] are used to derive the transition energies, the splitting of 
the orbital triplets is quite small as anticipated from previous studies with 
chromium(II1) and cobalt(II1) [5]. Indeed, as is evident, the spectrum ap- 
pears octahedral (Fig. 4). Although the spectroscopic resolution is too small, 
in this case, to derive any useful bonding parameters, it is &ear that the 
complex is cis, since splitting would certainly be observed, even at room 
temperature, if a frans structure were present. 

(6) MX, Y2 2, complexes 

If X is tram to the different Iigand Y then we have the situation as 
described above for the cis complexes, intermediate Dd, symmetry being 
involved. If X is frans to X, such complexes have &., symmetry. at best. 
intermediate symmetry not being invokable. We have recently investigated 
the complex Ni(asym-dimethylethylenediamine),(trichloroacetate),, 
Ni( LL’),(TCA),, having such symmetry (Fig. 5) [ IS]. 

The Hamiltonian must now possess two additional terms. namely 

3t= oQIA*,O(i)& + ~SIE,o(%~ + ~qE,0w14,h 
t_DUIE,2 + (E)& + DVIEs2 + (C)l;,, 

The complete mapping between NSH and AOM is provided by 

(29) 

Fig. 5. Single crystal electronic spectrum at ca. 10 K of Ni(as-Me,en),(trichIoroacctsfe),. Two 
different 10 K polarizations are shown. Adapted from ref. 17. 



(30) 

(3Q 

(32) 

(33) 

(34) 

(35) 

(36) 

(37) 

(38) 

(39) 
There is insufficient deformation in the spectrum to solve unequivocafly for 
all these parameters. However, the usual assumption of zero rr bonding by 
the diamine eliminates TT~ (7~~ and ?,, above) and reduces the AOM data set 
to four. 

The spectrum can now be solved- Note that DU and DV are not linearly 
independent but are related by the difference in the CT bonding along the x 
and y axes. Note also that the lowest orbital triplet has ciearly split into three 
components, but that the upper triplets do not appear very different from 
the analogous Ddh complex containing the symmetric diamine [16]. It is well 
known that distortion is more evident in the lower orbital triplet than in 
higher orbital triplets [5,13]. This problem was solved by initially trying the 
AOM parameters used for the complex Ni(sym-dimethyiethylenediamine),- 
(trichloroacetate), and iterating a sohttion using (a,(NH,) - aN,(NMez)) as 
a variable. Small modification of the initial input AOM parameters gave the 
solution graphed in Fig.6. Agreement between observed and calculated 
spectra is most satisfactory. 

There is no doubt that the nickel-N(Me), bond is about 8 pm longer than 
the Ni-NH, bond in this molecule [173. A fit is achieved at a value of 
CTN -UN’ = 1025 cm-‘, leading to the data set 

u N = 4700: QN’ = 3675; a0 = 2800; rr, = 460 cm-.‘[ 7rNMe, = 120 cm-‘] 

which is usefully compared with the symmetric diamine trichloroacetate 
having 

UN = 4100: a0 = 2425; 7ro = -215 cm-’ 
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The difference in sign in the ho parameter has no significance in view of 
its small absolute value. In general the = parameter is poorly defined and in 
nickel(U) and cobalt(II) complexes, at least, normally has such a small 
relative value that a bonding can generaliy be ignored. 

Fig. 6. Energy levels in Dzh symmetry as a function of do( N,N’). The parameters us =4400. 
(I ,=2800,n,=400andB=875cm-’ are assumed. Reproduced with permission from ref. 16. 

General chemical experience leads one to expect that if one bond is 
weakened, others will strengthen to accomodate the extra positive charge left 
on the metal. In comparing these data we note a definite increase in the uN 
and a0 when a pair of tram N’ ligands are weakened. The positive change in 
V, may also be significant though it is not too useful to argue about such 
relatively small numbers. 

(I) Angular distortion 
The inclusion of angular distortion, where known, into the AOM matrices 

[7,8] presents no problem and has been discussed by others [IS]_ Essentially 
all studies to date, however, have involved ligands which could be assumed 
to be axially symmetric such that each M-L interaction could be described 
by C,, symmetry. Recently, we have studied bidentate nitrite complexes of 
the type Ni(LL),(ONO)+NO, which parallel the cis complexes discussed 
above, B, but which have the added complexity that the metal nitrite angles 
are not 90* and the bidentate nitrite can only dubiously be regarded as 
axially symmetric. A typical spectrum is shown in Fig.7 together with the 
calculated band energies. Since the analysis of these complexes does not have 



Fig. 7. Single crystal electronic spectrum. at ca. 1Q K of [Ni(s-Et2en>.&NfC NO, _ Three 
polarizations are displayed. Parameters and assignments as indicated. 

general utifity (each distorted complex must be considered separ&efy) we $a 
not repeat the argument here, but refer the reader to the originat paper [Is]. 
It is important to note, however, that the AOM parameters which fit this 
spectrum (Fig.7) are very simiIar to those used to fit anaIogous tram 
complexes. EvidentIy, for these relatively ionic six coordinate complexes, the 
transferability of parameters is fairly good. 

We have used, in this section, examples chosen from our own work: 
however, important work is emanating from many Iaboratories. We refer the 
reader especiaily to contributions by SchBffer, Gerloch, Gatteschi, Bertini, 
Hitchman, Horrocks and their respective co-workers. Some of this work is 
referenced below. 

C. ORB1TAL ANGULAR QVERLAP MODEL (AON) PARAMETERS 

We present in Tables 5-8 representative data for a range of neutral and 
anionic ligands bound to chro~~m(IrI), Hobart and nickel(H)+ Most of 
these data are obtained from analysis of tetragunal complexes. When it 
bonding can be assumed to be zero (e.g. saturated amine ligands), parame- 
ters can be derived from octahedral complexes by dividing lODq by 3 
(1ODg = 3a - 49r). 
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TABLE 5 

Chromium(II1). u parameter ranges for nelttraI and anionic ligands (data in cm- ‘) 

Ligand Range Ref. Ligand Range Ref. 

NH, 6970-7265 20.21 F- 7400-9095 20-22 
R-NH, 6640-7835 20.21 Cl- 5465-5860 20-22 

DMSO 6770 21 Br 4800-5420 20-22 
PY 5800 22 I- 398.5-4290 21 
II20 6765-7900 20-22 OH- 7475 - 8670 20-22 

R-NH, covers several organic primary amines. 
Data rounded off to the nearest S cm- ‘. 

Recentiy, some data have been derived from the spectra of substituted 
tetrahedral complexes [25-281 of C,, or DzJ symmetry. Some of these 
parameters, especially where halide ions are concerned are substantially 
higher than those derived from tetragonal spectra. Where nitrogen ligands 
are concerned, the parameters for both stereochemistries are similar. lnsuffi- 
cient data are avaitabIe to decide whether the increase in the magnitude of 
the AOM parameters for the halogens in the tetrahedral complexes is real. 
Increased covalency with these polarizable ligands. in the tetrahedral com- 
plexes, may be an important factor. 

Pyridine N-oxide and its substituted derivatives form both octahedral and 
trigonal bipyramidal complexes with cobalt(I1). The AOM CI and z parame- 
ters for the M-O bond appear significantly larger 
in the six-coordinate complex [30,33] (Table 7). 

AOM data may be obtained from analysis of 

TABLE 6 

in the five-coordinate than 

single crystal magnetic or 

Chromium(II1). T parameter ranges for neutral and anionic ligands (data in cm ‘) 

Ligand Range Ref. Ligand Range Ref. 

NH3 0 F- 1620-2045 20-22 
R-NH, 0 20.21 cl- 870- 1050 20-22 
DMSO 1655 21 Bf- 625. 905 20-22 
Py -500 22 I- 59S- 740 21 
H,O 750- 1925 20-22 OH- 140.5-2250 20-22 

R-NH, covers several organic primary amines. 
Data rounded off to the nearest 5 cm-‘. 
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TABLE 7 

High spin cobalt(II). a parameter ranges for neutral and anionic ligands (data in cm-‘) 

Ligand Range Ref. Ligand Range Ref. 

H,O 3635 34 NCS - 37004045 10. 29 

NH, 
-NHEt 
PY 
PYQ 
PYQ 
MQuin 

3400 J.h 5 Cl-’ 2300-3000 io, 29. 31 
37654065 10 Br- c 1940 10 
3700 31 
4300 30 AcAc - 4500-4580 34 
4725, 5250 J 33 
3910 u 34 

R-NH, covers severa organic primary amines. 
Data rounded off to the nearest 5 cm-‘. 
il Assumes I; =O. 
b Tetrahedral values range from 3000 cm-’ for Br- to as high as 4700 cm-’ for Cl- 

depending upon approximation. 
c Octahedral complex. 
d Co{ PicNO); +, axial and equatorial G values, respectively. The n(ax)= 1185 cm- ’ and 

n(eq)= 1315 cm-‘. 
c z =675.785 cm-‘; AcAc-M-O in acetylacetone, MQuin=6-methylquinoline. 
The rr parameters are generally very small and except in the footnotes, are not tabulated. For 
an extensive, but approximate, listing of AOM parameters for a wide range of low symmetry 
cobalt (and nickel) complexes, see ref. 24. 

ESR data as shown recently by, for example, the groups of Gatteschi and of 
Gerloch [ 18,25-27,33,35]. The parameters may be less accurately defined 
especially where static magnetic susceptibility is concerned. Sometimes the 
numerical values obtained are grossly different from those previously identi- 
fied in electronic spectroscopic analysis. In other cases, the same set of 
parameters can be used to explain both the magnetic and spectroscopic 
results. Whilst this latter agreement sounds admirable, it is not, in fact, 
obvious, that :he same set of parameters should satisfy data for both 
experiments. In the magnetic experiments we are probing ground-state 
properties, whilst in the spectroscopy we are probing excited-state energies, 
albeit Franck-Condon in nature. Moreover, the inclusion of vibronic contri- 
butions to excited-state transition energies can significantly perturb the 
numerical magnitudes so obtained. 

The data shown in Tables 5-8 mask synergistic and stereochemical 
phenomena namely (a) the presence of one M-L bond in a molecule can 
modify the magnitude of the parameters in another M-L’ bond, and (b) the 
magnitudes of the parameters may be stereochemistry dependent, as alluded 
to above. 



TABLE 8 

Nickel(H). Q parameter ranges for neutrat and anionic ligands (data in cm-‘) 

Ligand Range Ref. L&and Range Ref. 

Hz0 
NH3 

-NHMe 
-NHEt 
-NMe, 
-NEt, 
Quin 

Py 
PYQ 
-Pd 

1760-2200 
3585-3600 
4000-4200 
3925-4350 
3700 

- 2400 
3500-4500 = 
4500-4630 b 
439s = 
5000-6000 = 

11 NCS- 3830-3950 ii.31 
5, 31 CI-- 1710 iI 
11. 16 Br- 1180 11 
1 I, 16, 17 _ NO,- 1065 11 
17 TCA - 2350-2800 16. 17 
15a,b DCA- 2410-2430 16 
25 
19.32 
23 
25 

R-NH, covers several organic primary amines. 
Data rounded off to the nearest 5 cm-‘. 
Quin = quinoline, Py = pyridine, PyO = pyridine N-oxide. TCA = trichloroacetate, DCA = 
dichloroacetate. 
n Substituted tetrahedral. 
b nN 500-570 cm-‘. 
’ Two orthogonal 1~~ values of 830 and 1660 cm-t. 
’ A range of tetrahedral phosphine derivatives, gp = - 1500 cm- ‘. 
A selection of vatues for different amines may be obtained from ref. 5. Table 9.23 by dividing 
tOl3q by 3. 

Earlier in this article we demonstrated the effect of a weak interaction 
along one axis (long bond) causing a tightening up (increase in parameter 
values) along other axes. This is a quite general phenomenon well docu- 
mented in chemistry 1361, and certainly not unexpected. 

In discussing tetragonal complexes a number of authors have demon- 
strated an increase in equatorial field strength as the axial field decreases 
[36-411, and vice versa. It is probable that both electronic and steric effects 
are invoived. Steric effects certainIy play an important role in tetragonal 
cobalt and nickel complexes of sym-N, N’-diethylethylenediamine, For exam- 
ple, where the axial field strengths of halide and water are invariably lower 
than in octahedral analogs [5,10,1 I]. Where ethylenediamine complexes of 
chromium are concerned, this steric effect seems almost absent, the field 
strengths derived from the tetragonal complex being much more closely 
similar to normal octahedral values. 

The data discussed so far refer to high-spin derivatives. Low-spin data, for 
example, square-planar nickel(I1) and cobalt(H) exist in the literature but the 
uncertainties in these data make it premature to review them here. Since the 
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bond lengths are generally shorter in low-spin systems, higher magnitude 
AOM parameters are expected and are certainly observed. Thus spin state 
will influence parameter values. 

Clearly all of these factors must be considered when assessing whether an 
AOM parameter is “reasonable” or not. More crucially the AOM model 
apparently provides a mechanism to detect such variations in bonding from 
one complex to another. The transferability argument should be used with 
care, lest the chemistry be lost! Finally, we note that the AOM model reflects 
the anti-bonding energies of the d orbitals. The parameters may tacitly be 
assumed to reflect the M-L bonding energies. However, such an assumption 
must be treated with caution 1421. 
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APPENDIX 

Recently, Bartecki and Kurzak [12] have published linear solutions to the 
tetragonal d8 matrices providing values of Ds and Dt as a function of all six 
observable tetragonal transitions, VI-~6. Since there are several typographi- 
cal errors in their paper, we repeat these equations here. We also extend 
them to d ‘. Indeed the equations reproduced here can be used for d2, d 3, d’ 
and d8 tetragonal systems. 

However, there is clearly redundancy in that six observables are used to 
compute three parameters_ These authors primarily used the invariance of 

the trace of a matrix to solve the matrix equations. If all six transitions are 
observed, and if there is a perfect fit to the matrices, then these equations 
yield the same parameters as a least-squares iterative program would pro- 
vide. If only five observables are seen, a simple program can be written to 
iterate over the sixth. However, it is imperative to compare the calculated 
individual transition energies generated by the resulting parameter set with 
the observed transition energies. If the experimental data set used does not 
fit the matrix equations perfectly, as will generally be the case, then this 
procedure does not usually give such a good fit as an iterative least-squares 
program would provide. The fit to each of the sums of the A, and E 
transition energies will be exact, but the fit to individual energies may be 
poor. The procedure is capable of being programmed into a programmable 
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cafcuiator (or microcomputer) and is attractive for this reason. It must. 
however, be used with care. 

Unlike the previous authors a specific labelhng is chosen here for six 
transitions irrespective of their energy order, reducing the complexity of the 
approach as previously published [ 121. 

(a)d3 and d8 A,,(F) ground term in 0, and B,,(F) ground term in D4,,. 
The foIIowing transition Iabels are assumed. Their energy order is irrele- 

vant. 

Y, = Ep” - B,,; v2 = B,, +- B,,; v3=A;a*Blg; vd=Egh+Btg 

vs =-42g 
b tfj - 

l&i’ 
v6 = E; + B it3 

DS= -~Ds=~{v~+~(P~+v~)-~(v~ +Q+v~)- 15B) Pa 

DT= -(7~Dt)/2=(~~,‘20){11v,-(v3+v~)-2(v,+v~+v~)+45B} 

(A21 

DQ = (0.6JZT)v2 + ~~/~)D~ (~43) 

(N-B.; IO& = yt) 

B = 1/990[ -(36v, - 54~~ + 36v, - 54v, + 36v,)] 

* 36v, I( - 54v, + 36v, - 54v, -f- 36v,)” - 1980( vf + 3( v3 + v$ 

+4( -v,v3 + V,VQ - “,Vs + “,Va - v3v4 

- v3vfj - v4v5 + v4vs - V&))] ? (A4) 

fb)d’ and d7 T,,(F) ground term in 0, leading to two possible ground 
terms in Ddh. 

(i) A, ground term in D4,. The following transition labels are assumed. 

P, =,!$-A;,; v2= Eeb+A” - 28’ v3=Btg+A&; v4= B,,+A”2g 

vs = A& -A;,; vs= Eg’cA” &?a 

The relevant equations are 

DS= -7Ds= -~{(v3+v‘$)+Sv~-4(v,+v2+V~)- ISB} 

D7’= -7mDr/2= -flli_s/2O)(IIv3-3vd-v5 

-2(v, + v2 + ve) + 458) 

DQ=(O.~J~)(V~-V~) + (#T//X)07 

(N-B.; IODq = v, - ~3) 

(A51 

6-4 

(~47) 
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(ii) E ground term in L),,. The following transition labels are assumed- 

The relevant equations are 

DS= -7Dr= -~(~(v~+v~)-~(v~+v~)+(Y~+v~)- 15B) 

DT= - (7fiDr)/2 = - (m/20) { 1 lvIl - 3~~ - ps 

-2( v, f v, + vg) + 45B) 

DQ = ~O-~~)(V~ - p3) + ~~/~)~~ 

(N.B.; IO& = v, - v3) 

(A81 

(A9) 

(AlO) 

In these cases the energy order is again irrelevant. Note that the equations 
for DT and DQ are independent of ground term. 

While expressions for evaluating B may be derived by appropriate sub- 
stitution and expansion of eqn. (A4), this is most readily accomplished 
within the microcomputer programme. Thus for d”, d’, eqn. (A4) is pro- 
grammed and the following substitution made within the programme: The 
superscript N identifies the transition energy in eqn. (A4) 
A, ground term: 

N_ V, -Y, - vq; v2 N=y -y- 
3 49 

NE_ 
v3 v4; v4 h’ = y 

2 - V4 

vs 
N’V -y. N 

5 47 u, = v, - v4 

E ground term: 

N_ 
u, - -v4; 

N 
% 

= v3 -v4; vp=v, -v4; uqN=v, -v4 

v5 
N=J) 

5 -v,; qN=vg-v4 

Two values of B will arise from solution of (A4). Generally the lower in 
magnitude (often negative) is incorrect_ If there is any ambiguity it will be 
resolved upon calculation of the transition energies. 
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