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A ~ t r a c t  

El~tronie dipole 'd,d' transitions in transition metal complexes, and 7:f  in lamhanoid 
s~ ies ,  am lbrmaily disallo~.~. This article descries how they are |breed. A broadly 
chronological review of the liter~atu~ on 7-a ei~lric dipole transilions tk~:uses u ~ n  mecha- 

" $ nisms which have been propos~xl to effect the r~xlui~d parity mixing within fimcdons involved 
in those transitions. It ~gins with t h e "  + '- " ' '~ static couphng ~ SC ) model and, following recognition 
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of hypersensitive transitions, develops into an exploration of the "'dynamic coupling" ( ~ )  
model and of their combination (SC+ DC) upon which most intensity analyses before the 
late 1980s have rested. The central importance of effective electric dipole transition operators 
is emphasized as is the neglect of the effects of covalency in the SC + DC approach. Against 
this background, the cellular ligand-field (CLF) model of "d-d' intensities is presented in 
detail and the description includes a critique of its relationship with the SC + DC model and 
of its incorporation, in principle, of all contributions to open-shell intensities, including those 
deriving from covaleney and overlap. The CLF scheme is introduced in two parts, relating 
first to acentric chromophores in which parity mixing arises within the static environment 
and then to centric species in which it arises vibronically. An early section of the review 
briefly summarizes some fundamental concepts relating to normal coordinates and vibronic 
coupling, The final section provides a survey of the quality and parametrizations of all CLF 
analyses completed to date. O 1997 Elsevier Science S.A. 

1. introduction 

This article addresses the electronic 'd=d' spectra of coordinated transition metal 
ions. In t artlculal, it is concerned with the modelling of 'd=d' intensity distributions. 
Standard fi~re for the inorganic chemist includes the violation of the parity selection 

~latlc means in acentric chromophores and by vibronic means in centric rule by s .  " 
ones; thai vibronic intensities are generally an order-of-magnitude weaker and vary 
markedly with temperature: that spin-tbrbidden bands are usually much weaker still, 
and thai, by applicalion of group |heory, spectral assignments and polarization 
selection rules are often possible. By and large, however, quantitative reproduction 
of these spectral intensity distributions has formed litIle or no part of standard 
hgandohckt analysis, l~ invert the poin|: 1he in!brmalion con|ent of special inteno 
sities, as opposed to transition fivquencies, has usually been discarded. The aim of 
the celhdar ligandofield model lbr ~dd" slf~ctral intensity distributions that we 
describe here is to provide a chemically inlbrmative scheme with uniibrm applicabil- 
ity regardless of metal d" configuration; coordination number, geometry or symmeo 
try: or ligand set. The model is parametric. As such, it is essential that it be we!! 
based theoretically, repeatedly successful in reproducing experimental data, and that 
the parameter values effecting this should vary from system to system in ways which 
transparently make good bonding and chemical sense. 

In this regard, we look to the analysis of other d electron properties. For years, 
this has been dominated by crystab and ligand-field theories which are characterized 
by lhe manipulation of d orbital bases under effeclive hamiltonians that separate 
two-electron d-d interactions from all others: 

i < j i t 

|br crystal-field theory, or 

i < j  i 

~1~ 

{2} 
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for ligand-field theory. The shortcomings of crystal-field theory are very well known 
and ~cF is mentioned here only to show the mapping of ligand-field theory onto 
its parent, lnterelectron repulsion (ier) is notionally dealt with by the two-electron 
(d-d) operator U, integrals of w~ch are parametrized with central-field parameters 
F2, F4 (or the Racah equivalents B, C) taking values which differ from their free- 
ion counterparts under the Coulomb operator eZ/r~i; herein lies the nephelauxetic 
effect. In ~Lr,  the spin-orbit coupling (soc) parameter ~ similarly takes values that 
mark it out from ~o, the corres~nding free-ion value. Both ier and soc operators 
are "spherical" in that no r~ognition of molecular point-group symmetry is made. 
By contrast, molecular geometry is built into the crystal- and ligand-field potentials, 
VcF and VLF. The isomorphism of these two models, exemplified by Eqs. (1) and 
(2), defines ligand.field theory as freely parametrized crystal-field theory. 

Equally characteristic of the ligand-field model is the separation of calculable 
from non-calculable parts; that is, of angular from radial integrals. Angular consider- 
ations establish the d electron splitting in the ~tahedron as ~tween t28 and eg 
orbital subsets. The magnitude of the splitting, d~t, relates to radial properties 
which include the radial f o ~ s  of various metal and I" ' tgand functions and bond 
length. In high-symmetry molecules, the separation of radial and angular quantities 
can M immediate and obvious; d~t in Oh is architypical. That separation ceases to 

simple in complexes with little or no symmetry. It defines, in effect, a scrambling 
of information relating to mol~ular angular geometry (the disposition of the iigands 
around the central metal) with that relating to the nature of the chemical bonds. 
For the inorganic chemist in particular, this is a matter of considerable importance. 

The angular overlap model { AOM ) [ i=4], properly tbrmulated as cellular ligando 
field {CLF) theory [5=9], goes a long way to d~onvolute these different pieces of 
information~ At their heart lies a !: rmclpie of spatial su~rposition that the global 
(molecular) iigandofie!d potential, i:~.x, ~ represenled by a sum of local (cellular) 
potentials, vw.~,,~ determined, as closely as~ ~ p~ssible,~ ~' • solely by locally situated s, ources~,~ 
of the ligandofield, Those local sources relate t,~ I~ai M~.L bonding and antibonding 
orbitals in the complex so that within the whole CLF structure, parameters relate 
to discrete M=L ~nding.  Furthermore, in reflecting the local M~L i~vudosymmetry, 
the CLF parameter set su~ivides into e~, e~, e~r which provide commentary on 
bonding modes of different local pseudosymmetry. A detailed discussion of the CLF 
parametrization and of its physlct~hemtcal s~gmhcance has been presented 
recently [9]. 

This ~ognit ion of the chemical fimction group ...... so useful, so long elsewhere 
in chemistry =~ provides the power and wide utility of the CLF method. It has Men 
applied [8=~ 10] with unbroken su~ess to the analysis of paramagnetic susceptibilities, 
electron spin resonance g values and "d:d" s ~ t r a l  tr~nsition energies, quantitatively 
modelling these properties ii~ molecules, regardless of metal, ligands or geometry. 
with parameter values that are chemically informative and sensible. We have sought 
to imbue our CLF m ~ e l  for s~,ctra! inte!~sity distributions with these same advan- 
tages. One may di~ern a parallel here ~ t w ~ n  the historical developments of 
the ligandofield modelling of transition energies with those of 'd~d' intensities. 
R~ognition merely of global geometry and symmetry usefutly yields splitting 
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diagrams and other qualitative insight while the advent of the AOM and CLF 
approaches provided direct measures of bonding character and the electron distribu- 
tion in complexes. A similar focus on whole molecules has exploited 'd-d" intensities 
broadly with respect to selection rules and spectral assignments. Our CLF modelling 
[ 11,12] of intensities parametrizes local electric-dipole transition moments with L t~ 
variables which mirror the e~ variables of the energy model; 2 =t  r, 7rx, rty. The L 
superscripts, however, relate directly to the nature of the parity mixing within 
individual metal-ligand bonds and so offer additional bonding information which 
is complementary to that provided by ligand-field analysis of transition energies. 
The cellular decomposition, which aims to separate local chemical features, thus 
provides an enormous gain in information over any global modelling. We have 
always taken the view that the proper focus for the inorganic chemist in this area 
is the chemical and bonding information that modelling can yield. Once established, 
therefore, the model parameters must be describable in mainstream chemical 
language. 

Our presentation of the CLF intensity model is as follows. We begin by drawing 
attention to the principles underlying our later focus on electronic transitions in 
systems comprising both electrons and nuclei. A brief, though formal, introduction 
to the adiabatic separation of electronic and nuclear variables is provided and an 
outline of vibrational ladders within electronic potentials is made together with some 
notes on normal coordinates and the coth rule. Section 3 introduces the idea of 
parity mixing required to circumvent the orbital selection rule, d/~= _+ I, for 
elecL omc transitions. There |bllows in Section 4 a broadly chronological review of 
the literature on f f '  spectral intensities in the lanthanoid block, for it is here that 
most of the iml~ortant contributions to an understanding of forced electric dipole 
tr~sitions are to be tbul~d. The accent throughout is on rr~echanism. The section 
include, acc~ unts of the so-called static° and dynamic-coupling models, the construc- 
tion and symmetry properties of eifective transition dipole operators, of"hypersensi- 
tive" ' f j "  tra,,sitions and the role of ligand polarizabilites. !t ends with a comparison 
between 7~t" and 'd=d' spectra, which makes connections with the rest of the article. 
The CLF model, which is central to our review, takes up the remaining three 
sections. In Section 5, the CLF approach is presented in detail, but in application 

discussions and tables not to acentric chromophores in the first instance. Several "'- ~' ' 
previously published are included here so as to ihcilitate comparison with the f 
electron work reviewed in Section 4. Of particular importance is Section 5.15 in 
which the significant advances made by the CLF over the earlier so-called "indepen- 
dent-systems" models are made clear. The CLF model is extended to centric chromo- 
phores in Section 6 within a vibronic approach and Section 6.4 describes another 
previously unpublished aspect of the model. Finally, in Section 7, we survey aspects 
of the 43 CLF intensity analyses published to date. These include systems acquiring 
intensity from the static environment alone, from the dynamics of the environment 
within the vibronic model, and from both. Also included is a brief commentary on 
the cireu!ar dichroism of some chiral chromophores. 

In our review of the theoretical work from diverse laboratories, we have followed 
the original authors' nomenclature almost always. We have done this in the belief 
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that cross-reference to the original literature - -  which is not reproduced in full in 
this article ~ will be simpler than with the alternative of a unified algebra. Occasional 
remarks about comparative nomenclature are made where appropriate. 

2. Electronic and nuclear motions 

Molecular eigensolutions refer, quite generally, to both electrons and nuclei 
[ 13,14]. Stationary states are given as solutions to the time-independent Schr6dinger 
equation: 

,~'(q, Q)~(q, Q)=c~(q,  Q). (3) 

The eigenfunctions, ~(q, Q), depend upon electronic and nuclear coordinates (q 
and Q, respectively) and the hamiltonian may be divid~ as: 

• ~"( q, Q) = .~>(q) + Ito(Q) + v( q, Q) (4) 

in which 

h 
'~(q)= 2 m ~ V ~  (5} 

and 

h ~  ~ 

are electronic m~d nuclear kinetic energy operators in terms of elec|ronic mass. m, 
and massoweighted nuclear coordinates. Q,r The potential energy operalor: 

includes t e ~ s  for nucieus~ nucleus and eiectron-electron repulsions and ek~tron . . . . . .  
nucleus attraction. Electronic spin-orbit coupling can be included in Eq. (7} if 
desir~t. 

Analytical solutions tbr Eq, (3) are not l'~)ssible ~ a u ,  e ~  '~ s- the variables q and Q 
cannot be ~parated. Approximate solutions are sought following attempts to sepao 
rate electronic and nuclear variables according to various levels of approximation. 
The general strategy is to expand the lull mol~ular wavefunctions, V~(q, Q), in a 
basis of e#ctronic functions, @,(q, Q): 

in which the expansion ct~tlicients, ;6 a,l",e functions of nuclear co~ i d m a t e s "  )" ' ~ ~" only. If 
the {Q} are taken as internal coordinates, so removing molecular translation and 
rotations with res~xzt to some hboratory-fixed frame, the {~} may ~ identified 
as the vibrational parts of the wavefunction. Let us also define an e#ctrottic 
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hamiltonian. 

off,. = J¢(q)+ V(q, Q)-k;,,(Q) 

and so write the full molecular Schr6dinger Eq. (3) in the basis Eq. (8) as: 

(9) 

[3f"~(q. Q)+ ~o(Q)+ |~.(Q)] ~ On(q, Q)z,.(Q)=¢~ ~ d/(q, Q)z,,~(Q). (10) 

This expression serves as a starting point for various approximation schemes. We 
review these in barest outline only. 

2.1. The adiabatic, Born-Huang and Born-Oppenheimer approaches 

Here it is recognized that the nuclei are far more massive than the electrons and 
conversely that the electrons move much more rapidly than the nuclei. As the nuclei 
move, it is supposed that the electrons adapt themselves essentially instantaneously 
to successive nuclear configurations. The electronic Schr6dinger equation for each 
nuclear configuration, Q, is: 

.g,.(q, Q)~/6,(q, Q)= E,,(Q)O,(q, Q) ( I I ) 

and the electronic wavefunctions {~,} depend parametrically on Q. Solutions of 
Eq. ( l ! ) for each Q define the electronic energy functions { El. 

In the Born~Huang and Born~Oppenheimer approaches, {E} and {~'1 are deemed 
1o vary slowly with change in nuclear displacements so that coupling between 
electronic and nuclear molions is ignored and the molecular wavefunctions of Eq. (8) 
are expressible as single products: 

'i 'A l ~" ~21 ~,,,( q ,  A (12) 

Functions of this simple product |brm are termed adi, bafic; the superscript on the 
vibrational wavefunctions label the adiabatic approximations involved in simplifying 
Eq. 18) to Eq. 112) and the separation of variables ell~cted thereby. The adiabatic, 
Born:Huang (ABH) and Born~Oppenheimer (ABO) approaches are similar, essen- 
lially differing in their approximations for the vibrational wavet%nctions, X. In the 
Born~Oppenheimer scheme, tbr example, the vibrational fimctions are given as 
solutions to: 

[0g o(Q) + E,,(Q)Ix.s(Q)=¢,.x,.(Q) ti3) 

and the electronic energy of Eq. (11) serves to define the potential governing the 
nuclear motion. The BO approximation thus provides the basis for the familiar 
diagrams we use of nuclear motion taking place in a potential (or on a potential 
surface) defined by the electronic energy varying as a function of nuclear configura~ 
tion. When electronic energies are degenerate, or near-degenerate as compared with 
vibrational frequencies (Kramers' degeneracy excluded), the neglect of coupling 
leading to Eq. (12) is a poor approximation. The consequent non-separability of 
the q and Q variables renders tile usual "potential energy we!l" diagrams inadequate 
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under these circumstances and there result dynamic Jahn-Teller and other 
non-adiabatic consequences. 

2.2. Crude adiabatic basis 

The eigenfunctions of Eq. ( 11 ) provide just one possible electronic function basis. 
For many purposes, especially when exploiting molecular symmetry in the establish- 
ment of selection rules, the alternative "clamped nuclei" Schr6dinger equation, 

• ~e(q, Qo)¢,,(q, Qo)=E,,~n(q, (2o) (14) 

is used to provide an expansion of the full molecular wavefunctions in terms of the 
electronic functions at the equilibrium nuclear configuration, Qo: 

~,(q, Q)=~ ff~(q, Qo)x,,(Q). (15) 

Eqs. ( 11 ) and (14) are sometimes also referred to as the "dynamic" and "static" 
equations, respectively. Within the adiabatic approximation and neglect of coupling 
between electronic and nuclear motions, one obtains: 

) CA " ~:(q,  Q)=~,,(q, Qo X,,i (Q) 
analogous to Eq. (12). 

The electronic hamiltonians of Eqs. ( l 1 ) and (14) are simply related: 

(16) 

.~'~(q, Q)~.~ ' tq)+ V(q, Q)= VN.(Q)~.:~'(q}+ V(q, Qo)+ 3V(q, Q)- V..tQ) 

~,.~',,(q, Q)+ dfq, Q). (17) 

|n passing, we note that, prior to the adiabatic simplifications, both bases, Eqs. {8) 
and (15), tbrm complete sets and are there|bre equally valid as bases for expansion~ 

2,3, Herz~,rg~Tetler coupling 

It is also the case that ABH, ABO and CA wavefunctions are equally valid 
expansion bases if we wish to reintroduce the Q dependence from the ABH, ABO 
or CA limits. The Herzberg-Teller (HT) approach is to expand the el~tronic 
wavefunctions in terms of the CA basis: 

t" 

First-order perturbation theory then gives the' ~ " , ~, ar proxm~ate adk~bafic wavefunctions 
as: 

with expansion coefficients 

(19) 

a.(Q) - <c1  Q)Ii)/(E,.(Qo)- (2o) 
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The perturbation may be expanded as a Taylor series in Q: 

'3Q. ]Qo Q" + 2 ,?, \ eQ, t3Q. /Qo 

First-order HT coupling includes just the linear term in Eq. (21 ) while second- 
order HT coupling includes both linear and quadratic terms. The zeroth limit, 

9~(q, Q)~'~(q, Qo) (22) 

is also called the Condon approximation. It is important to stress that the HT 
expansion, to any order, refers only to the electronic wavefunction. HT coupling is 
therefore not properly vibronic coupling, which relates to the coupling of electronic 
and nuclear motions, for HT functions are adiabatic. We write the molecular 
w~vefunctions to recognize this as: 

~J,,~(q, Q)=IOi(q, Qo)+~ a¢,(Q)~(q, Qo nr )]X.i (Q). 
t- 

(23) 

2.4. The harmonic approx#nation 

The inclusion of higher terms in the Taylor expansion Eq. (21) has been argued 
[15] to be inconsistent with the level of approximation already inherent within the 
BO scheme. Then to second order in non-degenerate perturbation theory, the E. of 
Eq. ( 1 i ) are given by: 

L,,IQ)+ + v,,,, zl [ ,  ,,,, + ' , ,Q,,+=2 v . . .  
)t ~Ie4 

Vain Vm, ] 
q " t )  

E,,(Q(,) E,,(Oo) Q"Q'" 

(24) 

The use of sucl'l an electronic potential tk)r the nuclear motions conslitutes the 
harmonic approximation. Without loss of generality, we may chose coordinates for 
each el~tronic state such that Q=0  at the potential minimum; that is, Qo~0 and 
hence, by Eq. (18), Q,t =0 tbr all q. Under these circumstances, all linear terms in 
Eq. (24) vanish. Furthermore, for any one electronic state ~ and the ground state 
is the most convenient ~ the Q may be chosen so that all cross-terms, Q,~Q,, vanish 
(q~p).  Such nuclear coordinates are the so-called normal coordinate.s ~. A normal 
coordinate is a single representative of a set of correlated nuclear motions describing 
a normal mode. The orthogonality of normal vibration modes physically corresponds 
to the possibility of exciting any one of the complete set of normal modes spanned 
by a given molecular symmetry without exciting any other; normal modes are 
uncoupled - -  independent == orthogonal. 

Thus, for a non-degenerate ground state A (no symmetry label implied) in the 
hm~onic approximation, we have the general expression for the potential: 

I 

q 

(25) 
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5 h v/2 

~ v/2 

Oq 

Fig. I. Vibrational hermite polynomials. 

where k a called the fi~rce constants (tbr the vibrational normal modes, q, in the 
electronic ground state potential Ea) are given by 

kd A 

Eq. (25) is a standard equation with well-known solutions. The eigenvalues are: 

and the eigenv~'vtors comprise the set of Itermile polynomials. A!I of this is summa- 
riled in the usual "potentialowell" diagrams iike that shown in Fig. I. Similar and 
separate diagrams are drawn ibr each normal mode, q. El~tronic excited state (B) 
minima n ~  not coincide with that of the ground state. If, tbllowing convention 
and as above, normal coordinates are defined for the ground electronic state, 
EnI[Q) will not take the simple form of Eq. (25) and the eigenvalues and eigenfimc- 
tions ,~" the vibrations in the excited states differ somewhat in value and form from 
those in the ground state, d. Of course, further departure~, in both ground and 
excited el~tronic states occur when anharmonicity is taken into account. 

2.5. Opticat ,'ansilions 

Electromag~etic radiation comprises simultaneous, orthogonal ~ransverse oscillat- 
ing el~tric and magnetic fields. In full detail, the inter~¢tion of light with matter is 

2" a comple× ~dlhir. For our pur~,ses, two simplifications c:~n ~ recognized. 1 lrst, we 
assume that the radiation field is weak so that its effects may ~ taken to first-order 
by t~rturbation theory. EftLxzts like two-photon absorption occurring in intense laser 
fields cannot be treated so simply. In a weak radiation field, we consider [!6] a 
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quantity related to the probability of an optical transition between states 0~ and ft. 
If the light is propagating in the z dir~tion and is linearly polarized parallel to x 
(meaning the plane of the oscillating electric field is xz), the probability of a transition 
(the intensity), I~, is proportional to the square of the modulus of: 

<~le-xi/J> + <~lltB[.~.l/~> + (2re 2 ito/c)<~lexzl[J> (28) 

where I~B is the Bohr magneton, E r is the angular momentum operator and to is the 
angular frequency of the transition. A sum over all electrons is implied in each 
integral. The first term in Eq. (28) refers to the induced electric dipole moment 
arising from the electric component of the electromagnetic field, which is effectively 
constant over the dimensions of the chromophore when (as is invariably the case 
for the spectroscopy discussed in this article) those dimensions are very small 
compared with the light wavelength. The second and third terms in Eq. (28) refer 
to interaction with the magnetic component of the light and to the quadrupolar 
interaction with the electric component. Both these terms relate to the curvature of 
the radiation field over the dimensions of the chromophore and are very small 
compared with the electric dipole term, roughly in the ratio I: 10 ~ ~': 10 °~ ~. Our second 
simplification, therefore, is to neglect all but the electric dipole part. 

The electric dipole operator, t~, is the sum of electronic and nuclear vector dipole 
operators [14,17]: 

lt=tt( q)+it(Q). (29~ 

The electric-dipole transition moment, hereafter referred to as the transition 
. w r ,~ a n d  b moment, M ~ fi~r a transition between the vibronic states ag and fit: hc c a 

represent electronic flmctions and g andL the associated vibrational functions is: 

M '  ~ < . , v l j t ( q ) + t ~ i ~ ) ) l h f >  a~ .  h i  ....... 

in the adiabatic ' ' ' 3 . .  's. approxlmatlt n, this may be separated into two temm.. 

(30) 

M,',~. t,y = <alh>(.td/t(Q)lf) + (g<ol~(q)lb~l'). (31) 

Angle brackets, here, indicate integration over electronic coordinates and round 
otto,', are used for integration over nuclear coordinates. The first term vanishes unless 
a = b and so describes a vibrational transition. The second term is usually separated. 
defining the electronic transition moment as: 

M,,b(Q)= <a(q, Q)Jtt(q)lb(q, Q)). (32) 

Using the HT molecular wavefimctions of Eq. (23), together with just the linear 
coupling of the first-order term hi Eq. (21~, the second term in Eq. (31) is written 

M,,~. b f = (a(q, Qo)lp(q)lb(q, Qo)>(glj') 
<a(q, Qo)[l*(q)lc(q, Qo)><('(q, Qo)t(~3V(q, Q)/(OQ,,)qolb(q, Qo)>(glQ,,[/') 

+ ~,. E,(Qo)- L,, (Qo) 
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+~ (a(q, Qo)ltdV(q, Qo)/dQ,~)QolC(q, Qo))(c(q, Qo)~(q)lb(q, Qo))(giQ,~lf). 

(33) 

Note that vibrations g and (belong to normal mode, r/, which is then known as the 
inducing mode; the (glQ~lf) are the inducing integrals. M,,8.b ¢ has been written 
without the t su~rscfipt to indicate that the nuclear moment contribution has been 
neglected. 

2.6. The Condon approximation 

in the Condon limit, all but the first term in Eq. (33) are negl~ted and 

M,s ' ~y(a(q, Qo)~(q)lb(q, Qo))(glf) (34) 

is independent of the nuclear coordinates. The vibronic intensity is then proportional 
to the vibrational overlap integrals (glf), also known as the Franck-Condon (FC) 
.~ctors. The FC princip&, of course, is that el~tronic transitions take place so 
rapidly in comparison with the vibrational motion that virtually no changes in 
nuclear positions or momenta ~ u r  in the process; vibronic transitions are then 
represented as vertical arrows between electronic energy wells in the well-known 
t~ashion. The FC factors determine the distribution of intensity between different 
vibrational excitations within a given electronic transition. 

Vibrational wave(unctions vary according to the electronic potential energy as, 
for example, in Eq. (!3). If the electronic states a and b in Eq. {34) have identical 
potential ~uri~ce~ (vary identically with re~pect to nuclear displacements), the vibra. 
tional wave(unctions, Z~ and Xe, are identical (as are their frequencies, v~ and v~). 
In these circumstance~, the FC factor in Eq, (34) yie!d~,~ a simple orthogonality 
condition: 

where the iv} a n  the vibrational quantum numbers of" mode r/. The vibronic 
transition Eq. (34) then consists of a single line. In the ca~ of low tem~ratun, 
when only the t~ ~0 vibrational state of the ground electronic state # is populated, 
the transition corresponds to the 0~O vibrational excitation ( t ~ 0 :  ~,,~0), known 
as the no-phonon line. 

~ o  important ci~umstan~s arise when the ground and excited electronic levels 
are ass~iated with non-identical potential surl'a~s. In the fi~t, we consider the case 
when they possess identical energy minima (~uilibrium nuclear coordinates), but 
different curvatuns (corresponding to different vibrational force constants). 
Although the orthogonaiity Eq~ (35) no longer holds exactly, it has been shown to 
be ~;~ good ~pproximation ['or all rea|istic changes in force constant and, in practice, 
a single no:phonon line ~sults. The second ¢a~ arises when the ground ~Llnd excited 
~tential surl'a~s a~  shifted in Q~ (different equilibrium configurations), with or 
without a change in forte constant. These circumstances can only arise for a normal 
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vibrational mode, t/, of At (generally, totflly symmetric) symmetry. ~ In esse~ce, this 
is because only A~ displacements of the equilibrium geometry are symrnetry.-preserv- 
ing. When the equilibrium geometries of ground and excited surfaces differ, Eq. (35) 
no longer holds, even approximately, and vibronic excitations involving various 
changes in vibrational quantum number become possible. There results a vibrational 
progression built upon the no-phonon line, the relative intensities of which vary in 
a manner depending upon the relative positions of the potential surfaces and upon 
the relative force constants. 

If the ground and excited state frequencies are equal, a particularly simple formula 
may be derived for the relative ~ntensities of the different vibrational components in 
the progression: 

I,, oc lM,,bl2 e-  S (sun!) ,  (36) 

where I. is the intensity of the nth vibrational excitation lb, n),-la,O),  M,b is the 
electronic transition moment of Eq. (32) for a given polarization, and S, called the 
Huang-Rhys parameter, relates to the equilibrium displacement in the coordinate 
Q,~. Typical patterns of intensity distribution throughout a progression, deriving 
from Eq. (36) are shown in Fig. 2 Note the word "distribution" here, for the 
integrated intensity over the whole pr(,gression remains constant (and essentially so 
for S <~7 in the approximation Eq. (36)). When a molecule possesses more than one 
A~ vibrational mode and frequency, any member of one of the At  progressions may 
serve as an origin upon which a progression in another At mode may be built. 

At higher temperatures, significan: populations of other than the ~=0 vibrational 
com~nenl  of the ground el~tronic state develop. Furthermore, small differences in 

. . . . . . . . . . .  J . . . . . . . .  t . . . . .  

S ~ 0 

o 1 2 

S~3 

3 4 5 a 7 S 9 

S=5 

S=7 

Fig. 2. Intensity distributions as fullctions of tile excited ~tate vibrational quantum number tk~r variou~ 
values of tbe HuangRhys  parameter, S. 

1Unless there is a change in chromophore geometry anti point group symmetry oll electronic excitation 
We do not pursue this here, but note that the way forward is to consider the highest common sub-group 
between the two symmetries. 
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force constant for ground and excited states, a and b, ate normal in practice and 
neither potential surface is truly harmonic. For any or all of thest, reasons, the spectral 
absorption usually presents itself as many superimpos~ progressions with different 
frequency intervals but unresolved to yield a broad band. Again, we note that while 
the shaF,: of (intensity distribution in) such band~ are determined by FC factors, 
contributing At vibrations, and Boltzmann distributions within the ground state, the 
integrated intensity is e x i t e d  to be governed by the electronic factor IM,~! 2. 

2. 7. The Herzberg~Tetler mmsiticn moment 

A Condon transition moment may vanish by symmetry. A most important class of 
chromophores for which this is so is the d~d transitions in centric species. The first 
tenri in Eq. (33) is then zero and we must consider next the linear terms of HT 
coupling. The ~cond and third terms in Eq. (33) show that even though lbf)*-iag) 
may be forbidden (by Laporte's rule, for example), M,,g.~s may be non-zero if there 
exists one or more vibronic states ]cr> for which lcr),--l~g'> or Icr).-ibf) is allowed. 
In effect, the vibrational deformation of the molecule modifies either ground or excited 
state wavefunctions (or both) by coupling with an allow~ transition. For a Laporte 
lbrbidden ' d r '  transition, mixing with functions of ungerade parity is required. 

In the harmonic limit, inducing integrals, (g{Q,[f), are approximately zero unless 
v ~ v r ~  ~: 1, where % and v r are the number of quanta in the inducing vibrational 
mode, q, Tile electronic transition is thus accompanied by the creation or destruction 
of one quantum of the enabling mode, ~1, and the vibronic origin corresponds to the 
noophonon line p!us (or minus) one quantum in ~he enabling mode. Symmetry allows 
,any number or qu~mtn in ~my to|~lly synime|ric mode to ch~nge but none in ~my 
el!let symmelry vibration mode, Tlae resulting spectrum then normally comprises 
an ~'|t progression built on the vibronic origin. 

Incorporation of the mk~tion rule tbr the inducing integrals into Eq, (33) yields 
the linear HT transition tnoments: 

Moa. t,r(Q) ~i(v:.. + ItO,~., ~)+(r~lv~". '" ..... llQ.lv~)] × 

E <"(q' Qo)><,'(q, v(q. 0.)> 
E,,(~o) .... E,. ({),~) 

+ ~ <a(q, Qo)l(,~ v(q. Q)/,~Q,k~,lc(q, Q,))><c(q, Q~,)!/t(q)lb(q, Qo)). 
~d~o)= ,,(Q,-,) 

If botlt ground and excited vibr~tional slates ~u'e h:~rmonic, the inducing imegrals 
in lhe square ,l,~t:kcl of Eq. (37):~re given by the simple expressions, 

-- ¢,)) 
(38) 

ilnd 
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where v,~ is the fundamental frequency (in cm -~) of normal mode q. Other factors 
being equal, therefore, we note that low frequency modes will be the most effective 
intensity generators, a result we shall call upon in Section 6. 

At low temperatures, only the first term in the square bracket of Eq. (37) is likely 
to be of importance. The second term gains importance at higher temperatures. 
That is not the only reason, however, why the magnitude of the sum of vibrational 
integrals within the square bracket of Eq. (37) changes with temperature. With 
increasing temperature, increasing population of ground state vibrations with 
v s g:0 occur (the so-called "hot bands"). It can be shown that if HT coupling with 
a single vibrational mode of frequency vt is sdely responsible for the intensity of 
an electronic band via Eq. (37), the integrated band intensity changes with temper- 
ature according to the coth rule, 

't ! =  1o coth - r 
\ 2kT /  

~40) 

where / is the intensity at temperature T, and 1o is the intensity at 0 K. Lohr has 
shown [19] that Eq. (40) remains valid even if the excited state is anharmonic. When 
the in|ensity is determined by several enabling modes, the expression Eq. (40) is 
replaced by a sum of similar coth rules for each. In favourable circumstances, the 
empirical temperature dependence of vibronic bands can be analysed to detern'fine 
the frequency of the enabling mode, when this is unknown, or even to estimate the 
relative contributions of the inducing modes. 

3. L|ec|dc di!~oh" |ransRu)ns a,~l parry mixing 

dmlcnsl~ ns Absorplion of lighl, incident as a plane wave, by ¢hromopholvs with ~ • " ~ "  
tyl lcal of metal d or f electron centres is utterly domh~ated by the electric dipole 
proces,, we shall discuss electric quadrupole and magnetic dipole tran~.;fions in 
special circumstances in due course but for now, and mostly throughout this article, 
we address electric dipole excitations exclusivdy. The focus on electric dipole trans° 
itions derives from the character of the light .... from its small curvature over 
chromophore dimensions. Selection rules, on the other hand, also rdate strongly to 

trans~t~t ns, the Laporte the nature of the chromoplmric states. For electric-dipole ' " ' )  " 
rule requires a change of parity and the orbital sdection rule, deriving fi'om the one- 
photon absorption process~ ~ with which we, are exclusively concerned, then requires 
a change in / o f  one unit; d/ '= ± I. The familiar result is that s,=,p, p,=,d, d~/ ,  
/~,g e tc . . r  ,me the only electric°dipole, orbital transitions which are allowed. Even 
more pertihent ltbr |ransition-met~! and lanthanoid spectra is that the electric-dipole 
tr,m, mon moments (die&f) and (j]er]f') vanish. The experimental fact that 'd~d' 
and ,/~j transitions are observed then requires an explanatl~ n. Some say the sdection 
rules are related , q: thews, that the electric-dipole transitions are ~q'orced". There 
is no question about the accuracy of the selection rules, however, all attention being 
directed towards a more precise description of the orbitals and states involved in 
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the optical transition. Implicitly or explicitly, forced electric-dipole transitions arise 
through parity-mixing processes. The broad principle is illustrated, without loss of 
generality, with a particular and simple case. 

Considering, for example, a nominal f - f  transition, we recognize the inaccuracy 
of the description by writing 'f-f' in quotation marks to signify the impurity of the 
'f' functions. Whatever the origin, it may be that such functions are expressible as: 

' f ' = f  +ad+bg (41) 

in which admixtures of foreign functions with f values not differing from three by 
one are ignored. An 'f-f' transition moment is given then by: 

(f ' [er[f")  = <fler[f') + a<derlf') + a'(flerlg) + b( glerl.f') + b'(fler[g'). 

(42) 

The first term vanishes because of the orbital selection rule. The rest survive to the 
extent that the mixing coefficients a, b etc. in Eq. (42) differ from zero. The experi- 
mental fact that 'f~f' transitions are very much weaker than fully allowed transitions 
dir~tly attests the notion that these mixing coefficients are small; we have ignored 
no~alization in Eq. (42) accordingly. Actually, Eq. (42) is a somewhat misleading 
description of the impurity of the 'f' function, a point we will return to in due course. 

In the late 1950s, Ballhau~n and Liehr computed 'd-d' spectral intensities for 
~x)me octah~ral [20] and tetrahedral [21] complexes within a point-charge model 
of the metal environment, Violation of the e!~tfic-dipole selection rules was deemed 
to occur through mixing of the odd-parity 4p orbitals into the 3d under a simple 
cryst.al-field poteatia!. In the ca~ of the octahedral complexes, this was taken to 
ari~ from u~gecade molecular vibrations, Despite their use of iree°ion d orbitals 
and of unsu~ estimation of the radial form of the 4p orbits!s, their ca!cuh!ed 
intensities differ from those observed by only a factor of about four. 

Parity mixing in the tetrahedral [CoCI4] ~° and [CuCI4] 2= ions was presumed to 
~ u r  via the odd :,orap~.nent$ of the static cry~tal field. Agreement with experiment 
for these systems was very ~ r .  Inclusion of ligand valence orbitals improved their 
results considerably and the~ authors concluded that "covalency" arising from 
d i ~ t  o~rlap of ligand and metal 3d orbitals is important so h r  as the calculation 
of transition moments is concernS. 

It is illuminating at this point to outline the relevance o[" covalency and overlap 
for the deg~e of parity mixing. Let us represent the ~ts of metal d and p, and 
ligand X orbitals by just single functions. Let us further suppose that direr d=p 
mixing by pure crystal-field perturbations is negligible. The resulting energy matrix 
under some appropriate covalency hamiltonian =~,~,~, will take the form: 

d p X 

(43) 
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(P]~¢ovIX). The matrix Eq. (43) does not block off and so all associated eigenfup.c~ 
tions n~essarily comprise mixtures of d, p and ~ functions 

~b = cl d + c2p + c3x. (44) 

In short, overlap between d and X, and between p and ~ ensures d-p mixing in ~, 
even though, by assumption, direct mixing is negligible. 

Electric-dipole transition moments between orbitals ¢, and ¢,' expanded as in 
Eq. (42), yield contributions of the type (dlerlp), (plerlx), and (dlerlx), for example. 
The latter two do not vanish as the following simple argument makes clear. The X 
functions are conventionally centred on the ligands but may, quite generally, be 
expressed with respect to the metal centre. We shall describe this in formal terms 
later, but for now we may write: 

X L ==-ats u +a2p u +a3d u + a 4 f  M +. . .  (45) 

It follows that a contribution to the transition moment (dlerlx), for example, 
comprises terms of the form <diet[p) and (diet] f) ,  which generally do not vanish, 
as well as others, which do. All this may be verbalized by noting that covalent 
interactions between metal and ligands induce d'-'.~..~-~-~n,,.:, as in Eq. (44) - -  the p 
contribution originating on the metal - -  and also d-p ~ixheg via Eq. (45) .... the p 
character originating on the ligands. Within a parametric model, of course, the 
different origins of the parity-mixing that forces the ~d-d' transition are inseparable. 
The CLF model that we shall introduce is parametric and embodies these simple 
ideas. 

We have reached a position in which the CLF approach may now be formulated 
in detail, as in the primary literature. We do not do so yet, however, wishing to take 
advantage of the present review tbrmat to place the CLF model in the wider context 
of developments in the theory of spectral intensities at metal centres. By far the 
greater part of that research has addressed the f f '  transitions in lanthanoid como 
plexes. This subject provides the substance of the next section which ends, however, 
with a discussion of the important similarities and differences between 'jzf" and 
'd=d' transitions. 

4. Speen'al intensifies of ~-f' transitions 

4.1. The static' crystal-field model 

In 1962, Judd [22] and Ofelt [23 ] published simultaneous but independent models 
for 'j=p transitions that are now regarded as ~eminal contributions to this subject. 
We shall review Judd's paper in some detail; Ofelt's is somewhat more extensive and 
we comment on it later. Both approaches envisage tbrced electric-dipole transitions 
to arise from parity-mixing induced by an electrostatic, crystal-field admixture of d 
and g orbitals into the f orbitals between which the interesting optical transitions 
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occur. We consider zeroth-order, initial and final states between which we seek to 
compute el~tdc-dipole transitions as linear combinations of free-ion functions, 
IfN~JM>, where M = M s ,  and ~x labels any further quantum numbers required to 
define the state uniquely; for state A, for example: 

tA>= ~ xjuifNo~JM>. (46) 
J . M  

A first-order approximation to the true states is then given by: 

IB>= ~ a+ulfNaJM> + ~  b~lf'~-t(n':3ct"d"M"), 
J . M  h 

where 

(47) 

<fN: '(n':')~"J"M"l V~vt.fN~JM> 
b~, = ~ a m  . (48) 

s. ~ E ( ~ J ) -  E(~"J") 

The expression Eq. (46) thus includes functions from configurations 2 fN-td~ and 
f s~ . tg t  required to yield non-vanishing el~tric-dipole transition moments, as in 
Eq, (42), Expansion of the crystal-field potential, Vcv, in spherical tensor operators 
takes the usual form: 

~CF ~ E A F~{f) "'t,p'v , (49) 
I, p 

where D~ } is the pth COml~)nent of the operat(r" , • 3 of rank t. Admixtures of.t.'N Idl 
or/,N=~ lgS are effected by odd components of tlae crystal-field potential, of course. 
By contrast the aj~ in Eq. (46) et seq, derive !?om the even components of l:~+. 

The transition dipole moment Ol~ralors may also ~ written in tensorial lbrm as 
eD~ ~, where q de~nds upon the directio, of the incident radiation, The transition 
dipole moments between states 1B) a .d  ]B'> are then: 

1 

k 3 , 3 ' . M ~ M '  ~.# 

(fs' ..... t y, ,, ,, ," .~ .~, , ,  , 
× (fNctJM]D~t~if~¢ l(t(/,)~,,d.M, ) : ( .  )~ J M ]D~ [t ~ J M ) 

E( • 'J') ~ E(n '/' ~ ':1") 

<fs,~.!M,iD~ifN.~ ,., ,, ,, ,, 1 (.:)~JM> ~ ':' ,,. ,., ~ 

whe~ k represents the quantum numbers n' : '  ~" J" M" of the excited state coniigura- 
tion I,N~ ~ (n' :') ~" J" M" being mixed into the zeroth-order state IA >. 

The structu~ within the braces of Eq, (50) might be represented pictorially as in 
Fig. 3 in which we have taken liberties in the shorthand and ~" . ¢~ represents the odd 
D "~ components of the crys!al field. The "linkages" ~lween initial and final states 
( f s  and f,s) in the u p ~ r  route relate to the first term in the braces of Eq. (50) and 
in the lower route ~o the second tenn. While the algebra s'.ay.s it all, some prefer to 
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.f,','- 1~ n "I "~ / VCF 

-N j 

Fig. 3. Linkages between initial, fN, and final, f"~', states in the static coupling model. 

find verbal description of the various route segments; these can be a help or a 
hindrance, according to taste. Thus, each linkage in the scheme may quite properly 
be called a "coupling". The odd components of the crystal field couple the intermedi- 
ate f ' ; -  tdt and/or i N -  ~g~ functions to the f or f ' .  The light electric dipole couples 
the intermediate states to the IA) and IA') similarly. Each two-link route can be 
described as providing the ~/:of' transition by stealing intensity fi'om an allowed 
interconfigurational [./,N,~f,:-~(nT')] transition. 

By regrouping the terms within the braces of Eq. (50) we obtain: 

I " " " .N , /  . . . . . .  ,, ,, , , ,  { . . .}  ~ (.f"~'otJM, (n / )~ J M ) ( j  ~ t(n ~ J M IDp 
E(~'J') - E(n'/'~"J") 

+ "-i, (n / )~ .  . "l )~ J M ID,~ 

which lbrmalizes the equivalence of the double linkage between (AI and IA') with 
a single linkage describing an off,,clive ", s "  ~ ° ttan,~tion moment operator. The effective 
operator (between the long vertical bars) is of the required even parity to couple the 
sameoparity states (At and IA'). 

We have laboured our discussion so filr, hopefully to facilitate descriptions of 
other intensity schemes that follow. By contrast, our review of several further, yet 
very important, aspects of Judd's work will be brief. |n large measure, these concern 
various approximations made to simplify the mathematics and to obtain, as we shall 
see, a generally useful expression for the '.!:cJ" transition probabilities for lanthanoid 
solutions. 

The effective operators in Eq. (51) depend upon the energy denominators and 
hence upon the energies of the components of the ground .I 'n configuration and of 
the components of the various excited . lN~ld t and f f ~ g ~  configurations. Judd 
considered a series of approximations in order to exploit the closure properties of 
the expressions EI . IN~(n ' / ' )~"J"M") ( . f f  ~ ~(n'/')~",/"M"l. One was the proposition 
that all states from a given excited configuration may be deemed degenerate ......... that 
is, independent of J". Considerably greater simplification of Eq. (50) was possible, 
however, if a similar independence of 0c" was also assumed. Further "averaging 
over n' was also considered ........... this being equivalent to an anonymous parentage for 
all j°N-~d ~ or all j '~- tgl  configurations-~-oo though not carried forward. It was further 
assumed that the ~/::f' transition energies of direct concern may be taken as small 
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compared with the inter-configurational excitations so that IA ) and [A') are deemed 
to be effectively degenerate within the ener~ denominators of Eq. (50) also. These 
various simplifying assumptions led to the derivation of a far more tractable expres- 
sion than Eq. (50) for the transition moment between IB) and [B'): 

1 2 t )  
<BID~UIB'>= ~ (22 + 1 ) ( -  1 )z'+'A,p 2(t, 2) 

p. tev~n,~ - q - p - q P 

x (AI~+,IA ') (52) 

where U~,+g is the (p+q)th component of the unit tensor operator U ~a~ which is 
itself a sum of unit tensor operators u~a~(j) acting on a single f electron; 2 spans 2, 
4, 6 to satisfy the vector triangle rule between the ( =  3 f functions of IA ) and IA'). 
The quantity --'(t, 2) is given by: 

"~( t ' 2 )=2~(2 /~+l ) (2 : '+ l ) ( - l ) :+e '{~  )~ i~}(0 1 0 ' ) ( 0 '  t 0 ) . ' : '  (' 0 0 

× (nflrln't'>(nglr'ln'~'>/A(n'f'), (53) 

where d(n't') is the mean excitation energy between the configurations ./'~ and 
f° l (n 'e ' ) .  

The dependence of Eq. (52) upon q reminds us that this expression is applicable 
to the computation of the various crystal.field states within the fN~l manifold and 
their polarizations. However, Judd was particularly concerned with lanthanoid 
sp~tra in solution (the most plentiful data then available) whose crystal-field 
components are frequently ~orly, or not at all, resolved. For these purposes, the 
dependence of Eq. (52) upon the M and M' quantum numbers can be removed. 
corresponding to forming a sum over crystal-field component intensities, and this 
led to his famous equation tbr the transition probability, P: 

P~ ~ O a v ( f N o d l ] ~ k ' t [ f N t t ' J ' )  ~. (54) 

In Judd's model, therefore, all 'f:f '  transition probabilities for solution bands are 
expressible in t e ~ s  of just three parameters. ~2~; 2 = 2, 4, 6. where: 

~a ®~X[8nzm/3h](2~ + 1) ~ (2t + l)B,2~(t. 2)/(2J+ 1 ) 
I 

(55) 

and 

p 

is the refractive irides of the medium. 
!niti~lly, Judd [22] put Eq. (54) to the test parametrically. Some 13 transitions 

each for solutions of NdC!3 and Nd(CiO~)~ having intensities ranging more than 
two orde~ of magnitude, were very well reproduced with (separate) Oa parameter 
sets; similar successes were achieved for eight transitions in both ErCI 3 and 



A.J. Bridgeman. M. Gedodl / Coordinalion Chemistry Reviews 165 (1997) 315-446 335 

Er(NO3)a. The efficacy of Eq. (54) in terms of parametrized effective operators was 
thus well demonstrated, for these systems at least. In a quite separate exercise, Judd 
attempted to compute the l'~a parameter values, ab initio. Notwithstanding his need 
to make bold assumptions about ehromophore geometry and matters relating to the 
radial functions in Eq. (53), he was able to calculate empirically optimized I2x values 
to within a factor of two for the neodymium systems and of eight for the erbium 
ones. As Judd [22] remarked, "the agreement is perhaps better than we might 
reasonably have anticipated". 

Another important contribution in Judd's paper [22] is his demonstration that 
the form of Eq. (54) is retained if the interconfigurational mixing derives from 
vibronic rather than static sources. He pointed out that a good parametric fit using 
Eq. (54) is thus no indicator of the origin of the required parity mixing, a point 
developed by Newman and Balasubramanian [24] in 1974 whose contribution we 
consider in some detail in due course. 

Judd also drew attention to the peculiar sensitivity of certain ~-f '  transition 
intensities to the chemical nature of the lamhanoid environment, identifying I22 as 
the parameter most dependent upon ligation type. This small detail of his paper 
gave rise to an important literature in this subject; it forms the subject matter of 
our next section. 

4.2. Hypersensitive 'f~of' transitions 

In 1964, Jorgensen and Judd [25] brought together some empirical observations 
on the solution spectra of various lanthanoid complexes in which aquo ligands were 
replaced by acetates, acetylacetonates, phenanthroiines, and of nitrate complexes in 
both the molten state and as solutions in organic solvents. They noted that while 
the intensities of most of the narrow ~f:F absorptions varied little with respect to 

coordm ~t on !igation (the complexation no doubt changing with regard to both " ' ~ i 
number as well as ligand type), some transition intensities varied by up to two 
orders of magnitude. These so-called hypersensitive transitions shared the selection 
rule dd~ ± 2, and, insofar that Russell~Saunders coupling obt,dns, AL~ 2 also. The 
converse was also true in that all transitions satisfying these conditions were observed 
to be hypersensitive. 

Selection rules for electric quadropole transitions are similar: AL<~2 and, if 
Russell~Saunders coupling is followed, AL<~2, AS=O. Judd's model [22], reviewed 
in Section 4.1. is predicated upon the hypothesis that all transitions are forced 
electric dipole in origin, however, so the first object of the paper by Jorgensen and 
Judd was to see if the pseudoquadrupole selection rules of the hypersensitive inten- 
sities in lanthanoid spectra are in conflict with the dipole model. The upshot of a 
little algebra we need not repeat here is that no formal conflict exists, but that 
hypersensitivity is uniquely associated with hypersensitive Q2 values in Judd's param- 
etrization [22]. Of itself, this did not prove that the empirical hypersensitivity is not 
truly quadrupolar in nature; only that it can be accommodated parametrically within 
the forced electric dipole model. 

As noted earlier, the usual neglect of true quadrupole interaction between 
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chromophore and radiation field derives from the small dimensions of the absorber 
relative to the typical wavelengths of an incident plane wave. Jorgensen and Judd 
put some flesh on this assertion by computing, in an approximate but entirely 
reasonable model, the magnitude of the ~2 parameter to be exacted for the 
17 300 cm-" absorption in aqueous solutions of Nd(III)  ions by a pure quadrupole 
mechanism; they found it to be some five orders of magnitude smaller than that 
observed experimentally. They went on to estimate how covalency might affect their 
estimate and concluded that f22 would be, increased by a factor of 20 at most. 
Altogether, therefore, a pure quadrupolar mechanism was considered to account for 
a negligible proportion of observed spectral intensities. 

Jorgensen and Judd [25] then investigated the possibility that the sensitivity of 
the O2 parameter might be accountable quantitatively within the formalism of the 
forced electric dipole model of Judd [22]. From the outset, the problem here is to 
provide a mechanism for the extreme variation in 122 without simultaneously predic- 
ting equal, or more likely larger, changes in i24 and ~6. We do not repeat their 
arguments here, however, for even after considering some unrealistic static or 
vibronic displacements of the lanthanoid ion from its equilibrium site in a complex, 
Jargensen and Judd were unable to conceive of more than a tenth of 1% of empirical 
hy~rsensitive i22 values arising from the original forced electric dipole model. The 
value oi" their efforts lay in demonstrating the absolute need for something new. 
This, they claimed, lay in a recognition of the inhomogeneous nature of the dielectric 
environment of the chromophore. 

4.3. t~'eudoquadrupoh, transitions in an hthom~geneous dieh, ctrh" 

The refi'active andex of tile medium in whicll tile I~ntllanoid dlromol~llores are 
located was incorporated me,~ely as a multiplicative constant in Eq. (55) of .fudd's 
original model [22]. The dielectric medium must be recognized, of course. Ibr the 
radiation field exl~rienced by the ehromophore is modified from that of the incident 
plane wave in vacuo. The mok.~zules of the medium are polarized and so establish 
small, ~condary ele,2tric dipolar fields throughout the volume. As the incident 
el~tri¢ field is oscillatory, so are these secondary fields and an embedded chromo- 
phore is subject to all these radiation sources. When the disposition of the polarizable 
mol~ules of the medium is cubically symmetric about the chromophore location 
(or, of higher symmetry yet) the secondary field gradients cancel identically. In these 
circumstances, the only surviving field gradient is that arising from the time variation 
which defines the wavelength of the incident beam. As discussed above, this gradient 
is too small to engender pure quadrupole transitions of significant magnitude. 

On the other hand, if the distribution of polarizable molecules of the chromophore 
environment po, ses.ess~'~s "" less symmetry with respect to the chromophore, the sum of 
local ( indued) field gradients does not vanish and, because of the close proximity 
of these mol~ules to the chromophore, caa be protbundly important. Then the 
chromophore is subject to a net field gradient sufficient to induce quadrupo!e 
transitions with signi|icant magnitude. As the origin of this extra field gradient is 
by induction of the inhomogeneous dielectric environment and is of a magnitude 
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that depends upon the frequency, we refer to such an intensity-giving mechanism as 
pseudoquadrupolar. 

Jorgensen and Judd [25] considered a very simple model in order to gauge the 
quantitative importance of the inhomogeneous dielectric effect. They envisaged a 
lanthanoid ion surrounded by a cubic array of environmental molecules ~ which 
may be considered as the ligands in a complex ~ with equal polarizabilities ~ except 
for one with polarizability 2at. With reasonable estimates of bond length and mean 
refractive index, they were able to compute a value for f22 some 5000 times greater 
than that for a pure quadrupole transition. Although about 30 times smaller than 
experiment, this estimate clearly demonstrated the possibilities of the proposed 
mechanism. In this paper, and subsequently, arguments were presented for obtaining 
much closer agreement with observed intensities. 

It was also pointed out that the enhanced intensities, though following electric 
quadrupole selection rules, are in principle distinguishable from those of pure quad- 
rupole transitions. Thus, while the latter vary as the inverse square of the wavelength, 
the pseudoquadrupole intensities are independent of wavelength (this stems from the 
dependence of the magnitude of the induced field gradient upon the incident wave- 
length which serves to cancel the wavelength dependency of pure quadrupole inten- 
sities); this is a further reason tbr the name pseudoquadrupolar. Some, albeit 
equivocal, experimental evidence in support of the pseudoquadrupolar nature of 
hypersensitive transitions of Er(l l l )  by these means was presented. 

4. 4. Ligand polari:ation mechanism 

Some 1i years later, Mason, Peacock and Stewart [26] proposed an apparently 
quite different model for the hypersensitive lanthanoid intensities. They adopted the 
soocal!ed "independent systems" representation, in which overlap (and hence cova- 
lency) are deemed negligible. They envisaged a two-system model of a lanthanoid 
complex involving zeroth-order functions of the metal, IMk), and of a single ligand, 
ILe), deemed not to overlap. The subsystems are then considered to interact in first 
order under the intersystem coulombh' pot~-,:~tial, V: 

V= ~. ~ e, ejrq, (57) 
JIM) ill.) 

where r~j is the distance between the charge e~ of the metal ion and the charge ej of 
the ligand. A sum over L is introduced for multiligand chromophores. Corrected 
functions to first order are written as: 

IM,,Lo)=iM,,Lo) + ~ (E,, -E~ - Ee) -1 (MkLrlVIM,,Lo)IMkLe) (58) 
k.¢ 

in which angle brackets refer to zeroth-order functions and round brackets to "true" 
functions. The ground state function is IMoLo). 

The incident light electric dipole operator is divided into parts acting upon metal 
electrons only and parts acting on ligand electrons on!y: 

D~"= O~"( M ) + D~"(L) (59) 
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Mason et al. [26] presented an expression for the el~tric dipole moment between 
states IMoLo) and IMaLo), corresponding to the transition IB)--,IB') in Judd's 
notation [see Eq. (50) et seq]: 

(MoLolDq(t)lMoLo)= ~ (--Ek) - ~ (MoLolV]MkLo>(,MkiD(~)(M)IM~) 
k#O 

+ ~ (E~ --Ek)-' (g~LoIVIg~Lo>(golD(~t)(M)lgk> 
k~a 

+ ~ (-E#-E:)  -t <MoLolVlM.L,><L:ID(~*)(L)ILo> 
¢@0 

+ ~ (E~ -Et)  -t <,goLtlVigoLo><LolD(~t)(L)lLt>, (60) 
t@O 

where energies are referred to the ground state, Eo = 0. The first two terms in Eq. (60) 
are exactly equivalent to the expression Eq. (50) in Judd's el~trostatic model [22]. 
The second two terms are new and provide the focus of the iigand polarization 
approach of Mason et al. They were de~ribed [26] as "the coulombic correlation 
of transient electric dipole moments in the ligands by the transitional charge distribu- 
tion of the metal ion". Some elaboration of this de~ription might be useful. Within 
the first two t e ~ s  of Eq. (~ ) ,  and by comparison with Judd's Eq. (50), we observe 
the ligand function Lo to "go along for the fide" and that the label M in D(qt)(M) 
to ~ superfluous. Each t e ~  then compri~s a product of linkages between Mo and 
M~ by V and D(~ t), as in Fig. 3. The situation within the second two terms of Eq. (60) 
is rather different. There, simultaneous excitations of the M and L subsystems under 
the tntersystem coulomb I~tential, V of Eq. (57) link the initial and final states with 

' r - - ' t  . . . . . . . . . .  the mt¢_meota°¢ states [M, Lf) or 1MoL:), and the total linkage is completed via the 
transient ligand dipoles under D~t)(L). In this, so°¢all~! @namic coupling (DC) 
m~hanism, the~fo~, the sources of the ,k~tric dipole intensity of the metal :i::f" 
transitions a~ transition moments based upon the ligands. 

Within the M L product basis, it is natural to factor the intersystem coulombic 
potential, Fro. ~ F, into parts ~ferring, as far as possible, to the metal and ligand 
subsystems separately. This is eff¢ct~ using a bipolar ex~nsion in products of 
multipole moments c e n t ~  on the two non-overlapping charge distributions: stan- 
dam tensor algebra is available [27,28]. The ex~nsion is restricted to the lowest- 
order non-vanishing multipol¢ in each system. For the ligand, this is a dipole (the 
ligand monopoles having b~n dealt with within the el~trostatic model discussed 
earlier), Muitipoles of order, A ~ 2, 4, 6 are considered for the metal system, commen- 
surate with transitions within a pure f"  configuration. With these ~strictions, the 
bipolar expansion of VML is given by: 

v~I, ~ ~-~  [(2~, + 3)(2~ + t)(~, + l )l~:'~[~,~t),~,o ",~ * ~)p ,  (6~) 

where 

</ 

M ~ E r~M 
t 

(62) 

(63) 
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G~I+ 1~ = (RML)-(a + 2~C~a + I~(0 ' ~)ML" (64) 

The C ~k~ are sets of spherical, irreducible tensors ~k~ defined in standard form to 
the spherical harmonics: 

C~q ~' =(4~/(2k + 1)) Y~q~'; q=k,  k -  1,.. . ,-k. (65) 

The scalar nature of VUL in Eq. (61), as part of the hamiltonian for the ML 
system, is established by taking the scalar coupling of the three tensors Eqs. (62~- 
(64), as indicated by the zero-rank superscripts in Eq. (61). Overall, the desired 
separation is evident, the ligand dipole tensor given by Eq. (62) and the metal 
quadrupole, hexadecapole and 26 tensors by Eq. (63). The so-called geometric tensor 
~ua~ t~ of Eq. (64) cannot be factored between the subsystems, of course, depending 
as it does upon the relative disposition of metal and ligands, reference frames for 
which are shown in Fig. 4. The advantage of the bipolar expansion Eq. (61) is that 
of allowing all ligand-dependent quantities to be collected together into a so-called 
environmental tensor/~t, leaving only the metal multipole operators D~a~; 2 = 2, 4, 
6, to connect pure f"  states. In this way, an effective, even-parity operator set for 
the DC mechanism, akin to the structure in Eq. (51), may be constructed. One 
further, powerful feature emerges. The problematic sum over excited ligand states 
within the DC terms of Eq. (60) is incorporated into an electric dipole polarizability 
tensor, ~ ,  which is, in principle at least, an experimentally accessible quantity: 

o: k' = - ~  ( -  I )k[<LolD~1~IL:)<L, !D~I~ILo)]k(E,, - E:)- l 

-[< LolDq'JILe >< LelIYtJlLo >Ik(E,, + L) )~ i . (66) 

The elfective electric dipole transition moment operator for i!le DC model, acting 
within a pure f" basis is given by: 

t'~]~ 'x: = E E c(2)1~" D'a'l 't', (67) 
1,o t,  ~ 

Z 

l ei 
,~ e i r (j ~ ~ t  

.o,.¢,j ~ L' ,-v 

M ~" v 

Fig. 4o Coordinates tbr metal and ligand electrons. 



340 A.J. BrMgeman, M. Gerhwh / Coordination Chemistry Reviews 165 (1997) 315-446 

where 

c(2) = [(22 + 3)(22 + 1 )(2 + 1 )]~/2 

and 

2+1 k t}[0~OOG~a+ 
/no = ( _  1)k[(2k + 1 )(2t + 1)/3] a/2 1 2 1 l~]~,~. (68) 

A sum over L for a multiligand complex has been included in Eq. (67). 
The foregoing sketch of the DC theory of Mason et aL [26], resting heavily upon 

an excellent review [29] by Stewart, has been presented at the present level of detail 
to highlight the role of ligand polarizabilities and to provide a link to important 
extensions we discuss later. We break off from our introduction of new ideas at this 
point, however, to assess the relative merits of the ligand polarizability and inhomo- 
geneous diel~tric approaches, 

4.5. Alternative views t f  dynamic coupling 

Mason et al. [26] applied their original ligand polarization model to hypersensitive 
transitions in some neodymium, erbium and holmium complexes and were able to 
report quite good reproduction of experimental intensities. They pointed to the 
"failure" of the Jorgensen and Judd model in suggesting an g2~ parameter of only 
about 1/30 of the corresponding empirical value ............ notwithstanding the acknowl. 
edged crudity of the early, exploratory ca!cu!atlons and asserted that the inhomo. 
geneous dielectric approach did "not take into account the correlalion between 
hgand pokr~atlon moments and the tlan~ltl~ n moment of the metal ion implied by 
[the DC terms of Eq. {60)1'", For a while, the inhomogeneous diel~ctric and ligand 
polarization m~-hanisms ibr hy~rsensitive transitions stood in comt~tition or, at 

ny t~ate, were complementary. Mason et al. clearly considered the eff~ts of the 
inhomogeneous diel~lric to ~ additional, but small, with reslx~ct to those of their 
ligand polarizability moehanism, In 1979, however, Judd [30] demonstrated in both 
general terms and in detail that the two mechanisms are one and the same. 

His general observation was to note that two perturbations are involved in each 
approach. One of them modifies the wavel~nctions which are then used to calculate 
matrix elements of the other: it makes no different~ which l~rturbation one begins 
with. To ~ sp~ific: in the inhomogeneous dielectric picture, light is considered to 
perturb (polarize) the ligands which are then taken to interact with the metal f 
electrons through the electrostatic potential; in the ligand polarization ~heme, the 
metalfelectrons ate deemed to perturb the ligands via the coulombic potential and 
the polarized !igands then interact wil, h the light. 

Judd went on to derive the exact same expression Ibr the effect from each 
standpoint: we need not r e , a t  the details here, Most importantly, having demon° 
st r~ed the identity of the two approaches, Judd emplmsized the:it one should not 
invoke both in any system for lhat would simply be a case of double counting, He 
also demonstrated that the reportedly greater e~cacy of the model of Mason el al. 
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in reproducing experimental intensities was really due to the approximate and 
undetaiied nature of the calculations originally offered by Jorgensen and Judd [25]. 
Henceforth, with Mason et aL [26] and Richardson et al. (vMe #hi'ca), we shall refer 
to this "two-in-one" model as the dynamic coupling (DC) mechanism. Judd's [22] 
(and Ofelt's [23]) original, electrostatic model will be called the static coupling (SC) 
mechanism. Thus, in the SC model, the ligand charge distribution is deemed unre- 
sponsive (not coupled with) the radiation field while the DC model relates to charge 
distributions on the ligand which are (dynamically) perturbed by the light. Both 
models were introduced as crystal-field models; neither incorporates overlap or 
covalency. In both eases, the metal environment provides the linkage between initial 
and final,• fimctions; in the SC process, it is established by fixed, hard point charges 
(in a classical electrostatic manner), while in the DC mechanism, it is the polarizabil- 
ity of the ligands that is considered. 

While the inhomogeneous dielectric and ligand polarizability views of the DC 
mechanism relate to the same physics, the latter seems more amenable to numerical 
evaluation. Stewart [29] makes the point that the exT#icit treatment of correlation 
was missing from the earlier model of Jorgensen and Judd [25]. One way to illustrate 
this begins with the expression Eq. (61) for the intersystem coulombic potential 
l~ku. The identical expression is used to describe the electrostatic potential between 
permanent moments. Within the ligand polarization view of the DC mechanism, il 
has an electrodynami(' interpretation as it relates to the correlation of transition 
moments in the metal and ligand subsystems. That correlation process may be 
represented pictorially and so help qualitative and intuitive assessmenl of resultant 
electric dipole intensities. Two examples arc presented in Fig. 5. 

The correlation result." ~" s from a first=order pertnrbalion and so leads to a lowering 
_ ~(a and b)indicate of energy o1" the MLN system. The representations in Figs. 5, 

inslmll~lneous I~hdses of l ransition momen|s in their lowest energy arrangements. 
One hnmediate ulili|y of .rich die, grams is evident fi'om Fig. 5(b), showing lhe 
negative interference between the resultant dipoles of the equatorial [ML3] lig~nd 
set and that of the [MLd trigona! prismatic set. The qllica(T ~l'the DC mechanism 
thus depemls <,h~se(v upon the geomettT attd .~Tmmeto' of the chr,,mophore. While such 
det~ndence is more generally and formally dealt with group theoretically, diagrams 
like these illustrate the concept in a direct and transparent manner. Stewart [29] 
properly reminds us of the philosophical shortcomings of such diagrams, however. 
but their utility as conceptual aids survives. 

4.6. Early aml extensive explorations ¢+['the SC + DC model 

The ligand polarization and inhomogeneous dielectric models describe the same 
intensity-giving mechanism and must not be taken together, but the SC and DC 
sources of lbrced-e!ectric dipole intensity relate to quite separate contributions and 
should be summed. 

Both mechanisms describe '°nonoovedap'~ conlombic corrc!alkms between me~al-- 
and ligand-centred multipoles. The SC contribution to the effective, transition dipole 
operator relates to the leading monopoles, or point-charges of the ligands; the DC 



342 A.J. BrMgeman, M. Gerloch / Coordination Chemistry Reviews 165 (1997) 315-446 

2 

" ~  y 

(b) 

\ ° 

and the ,¢y co~tal~Onent of ~ d d quad~upole t~a~itio~ n~o~,en~ in a le~ahed~d ~ys|em; (b} the ~an:~e for 
ligand~ in a nlneo~zoo~dinate tfigon~i lanlh~nold c~n~plex co~dalin~ with the r ~ = ),~ c o n ~ n e n t s  of the 
electric quadru~a31e f f  ~*an~ition m on~e~ 

contribution concerns the second (and, tk~r reasons of tractability, final) terms in 
the l i~nd multipole exl~nsion ........... the ligand dipoles. Let us emphasize also that 
both contributions are made to the transition dit~le moment operator, which is a 
vector, rather than to the consequent intensity, which is a scalar. A short communica- 
tion L} Richardson [31] at this time referred to "'inter|~rence efl~ts" be:ween "SC 
and ~ mechanisms". In eff~t, his point was that SC and DC contributions 
cc ntnbtite v~,cgorhdlv. The upshot is tb~it the net computed transition dipole moment 
can suffer" partial eaneelhtion eflL'cts. Consider, for exan~ple, that the phases (orienta- 
tion) of the calculated SC and DC com~3nen~ moments are either exactly aligned 
o~ oppos~ (inoph~|se or outooi~phase): their conlributions to the to1.~d intensity wilt 
then ,~dd or subtr~ct arith:metic~:dly, More generally, SC and DC moments-can 
~n,ented at any relative angle and so result in intensities that are pat, ..... ttally"~ attenuated' • ' ~ 
by these "interferent~ eff~ts". Particular examples presented by Richardson 
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indicated some significance of these effects and so emphasized the importance at the 
time of not seeking to interpret 'f-f '  intex~sities either by SC or DC contributions 
alone, or by any naive supposition that their intensity contributions would be 
arithmetically additive. 

Just before this note, Richardson et al. [32] published the first full-scale computa- 
tional exploration of g f '  intensities resting upon the mechanistic developments that 
we have described so far. The present review focuses particularly on the CLF model 
for "d-d' intensities although, e~ indicated earlier, that is best done against a back- 
ground of the important advances which have been made for f - f '  intensities. 
Accordingly, we make no attempt here to exhaust the extensive literature on lantha- 
noid spectra. Our review of the detailed study by Richardson et al. [32] is, therefore, 
oy way of a sketch and summary only. 

Their paper addressed three main issues: the relative importance of SC and DC 
contributions to various forced, electric-dipole ' f :f '  transitions; the varying magni- 
tude of magnetic-dipole contributions; and the role of chromophore geometry. All 
calculations of intensity were predicated upon point-charge, electrostatic modelling 
of transition energies. By and large, this was non-parametric 3 in that crystal-field 
splittings were computed from metal and ligand charges, ligand coordinates, and 
best ~wailable 4fradial wavefunctions tbr the various lanthanoid ions. Some problems 
with this procedure were identified by the authors and have been returned to in later 
years [33]. However, as all subsequently calculated intensities in this study were 
summed over each appropriate crystal-field multiplet, with random (solution) orien- 
tation of the chromophore ......... that is, "level-to-level" intensities ....... it was argued 
that a precise accounting of the crystal°field levels was less important than of the 
parent J levels. Computation of the SC and DC contributions to the forced electric 
dipole intensities were similarly non-parametric, relating to the same fixed point- 
ch~rges used fi:~r |he calculation of energies and to fixed estimates of ligand pobriz- 
abililies~ The !al|er were deemed isotropic, a point we return Io in due course~ 

' "~ , w ~, basis so that Magnetmc dipole transitions" ' are formally allo ed within the pure f" 
contributions t?om SC or DC sources were ignored at this time. 

The caicul~lllc ns related to various lanthanoid ions; Ln Pr, Eu, Tb, Ho; situated 
in several acentric environments (vibronic contributions were not considered). 
Several types of nine- and seven-coordinate sites were studied. Type 1 was the 
LnL9 tricapped, trigonal prismatic structure, subdivided into two variations. As 
shown in Fig. 6; IR refers to the regular geometry (D3h symmetry), and ID to the 
distorted geometry in which opposite triangular faces are rotated away from the 
exactly eclipsed geometry of the IR system to leave D3 symmetry. Type I1 describes 
an idealization of the known geometry of Ln(chelate)3 species, in particular of 
[Ln(oxydiacetate)3] 3- ions in which the tridentate chelates bind at both terminal 
triangular faces of a nominal trigonal prism and at an equatorial capping site. The 
point-group symmetry of metal plus donor atoms ranges from D3h, when opposite 
"axial" sites are eclipsed, to D:~, when they are l~ot. Type Ill geometry, for seven- 
coordination with C3,, symmetry, refers to the LnL,~ structure in which three "axiar '  

3We use "paramelric" to mean empirically variable. 
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!igands ar~: replaced by one+ lying on the C~ axis+ Variations tt~ the mc|ai ¢nvil+onmcnt 
were modelled by different rotation angles (~: in the iD and I I  structures) and by 
different charge dlst~tbutlon~ tbr the terdentate oxydiat~late chelates. Full details 
are given in the original pa~r  132]. 

The results of the calculations of Richardson et aL [32] were presented in more 
than 10 lengthy tables. Their main t:onzlus|ons are summarized by the selections 
presented in Tables I 3, We note the lk~llowing points, g l ~ Calculated magne|ic 
d ix ie  strengths, tl~ough frequently relatively small, are ~ ccasionally large and even 
larger than those fi;~r the forced electric dilx)le contribution: Richardson cta/. note 
that these results accord with ex~riment in all cases where data is available. (2~ 
The relative contributions of dynamic and static coupling |o th,, electric dipole 
strengths vary considert~bly: the first two entries in Table 3 directly show the order 
of magnitude of DC contributions h'~ the regular ty~  I geometry by comparing SC 
with SC + DC computations, lbr example. (3) The role of geometry is evident 
throughout the tables; in particular, the hy~ensitivi~y of the s !s-~s(;,:. transition 
in ihe seven~oordinate holmium chromophore is very large, though this derives in 
part from changes to the SC contribution brough~ about b). ~he changed geomelry 
(tR ~.I11 tyl~s). 
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Table ! 
Sel~ted dipole strengths for [Pr(ODAb] ~ ..... and [TbgODAh] 3 .... chromophores: ODA=oxydiacetate .  
Rotat ion  angle, r = 16: 

Complex Transition M D ~ ED ~' DC/SC 

[Pr(ODA )s] 3 - type 1 i b s H4"* 3 Hs 948 8030 0.012 
~'a H~, 2.3 1950 0.002 
--+3F 2 11.9 5180 0.101 
~ 3 F  3 9.3 9650 0.006 
"~3 F. l 14.8 6460 0.003 

[Tb(ODA):~] 3- type !1 b "TF~,--,,~ 1700 1230 0.290 
~'~F.~ 7 740 0.052 
-~F3  2.4 601 0.002 

" Dipole strengths/I 0 + ~'D ~'. 
~' See Eq. (32) tbr charge and polarizability distributions amongst the donor atoms. 

Table 2 
Selected dipole strengths lbr Eul+,~ chromophores 

Complex 7/(m ++ ~ D+ M IY' E D ~' DC/SC 

I D  ~' r =  1 6  0 = . I  181 I).14 < I 0  ~ 
0 -* 2 lk 1} I 8 2.4 0.01 

I D  ~ ~ ++ 8 0++,. I 181} (1.1)8 < lO ' 

':;+o2 < I0 ~ 94.2 0.05 
IR" 0~+I 181 < I0 " <10 2 

0+-.2 +~:I0 ~ !,13 35+8 

"Dipole strcng|hs,~ l0 "D ~, 
|~ ~ cqu~d cqmt|ol~ial and "axial °' ligaliol~s; :~cc 132! 

' I~quat l igations, 

+ 3 ++~ ~+ " ")  The last issue re.emphasizes an important point at out the calculatl~ n of 7::f' 
(and of 'd+d')in|ensilies. We have l~cussed our discussions most particularly upon 
the question of mechanism. However, the role of gross chromophore geometry and 
symmetry is equally important. The pseu&Jquadrupolar selection rules discussed 
earlier derive in part from the spherical symmetry of the free ion and determine 
which transitions may be hypersensitive. Whether they are or not, and to what 
extent, is then further determined by the chromophore point-group symmetry ..... 
the symmetry of the environment. The partial cancellation of the DC centribution 
in the tricapped, trigonal prismatic structure was illustrated directly in Fig. 5(b) lbr 
example. That both static and dynamic contributions may be sensitively dependent 
upon geometry and symmetry is similarly exemplified by the requirement that both 
naust vanish in centrosymmetric environments (we ignore vibronic contributions 
here). Overall, therefore, the wide range of some ' f f '  intensities (the hypersensitive 
ones in particular) is due as much to variations in cht om~ phore coordination number 
and geometry as to the efficacy of the dynamic coupling mechanism and the magni- 
tudes of the ligand polarizabilities. Naturally, both considerations are properly 
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Table 3 
Selected dipole strengths for HoL9 and HoLT chromophores [32] 

Complex Transition MD" ED a DC/SC 

IR s Is ~ s/7 2160 220 0.005 
~'~Ks 101 24 0.078 
.., s G6 0.7 94 1.74 
.., s Gs 0.1 27 0.004 
--*aK 7 2.1 6 0.011 

IR b 5Ia.51 ~ 2160 221 0 
~ K s  101 22 0 
~SG~ 0.7 43 0 
~,SG s 0.1 26 0 

3 K~ 2. ! 6 0 
Ill ~ls~l.~ 2142 220 0.572 

~3K a 102 87 2.21 
-*SG~, 0.6 5315 4.24 
~SG~ 0.1 158 0.19 
-*~K~ 2.1 11 1.24 

" Dipole strength/10 ° ~D 2. 
t, As lbr entries above, but with iigand polarizabilities set at zero. 

included within the formal algebra of the model. So these variations reflect the 
chan#ng character of the relevant wavefunctions rather than of some mysterious 
trends in the underlying physics. 

Richardson et al. [32] noted that: "Full scale quantitative calculations of 4f~4f 
intensiti~;~ in I o w - s ~ e t r y  lanthanide complexes remain a difficult undertaking ..." 

' 1111|e1!~ try and go on to claim, with justification, that their results *'s~,uggest that the ' s' 
model (SC + DC) provides a reasonably good basis tbr carrying out such calculations 
and within which new parametrization schemes can be develo~d," Part of that 
development arose out of an im~rtam contribution to the subject by Newman and 
Balasubramanian [24] that we now review. 

4~ 7. Eff~ctt e ~ r a t o r s  and covalencv 

An important contribution [24] with implications for "d-d" as well as f - f '  trans- 
ition intensities ts that by Newman and Balasubramaman in 1974. It begins by 
addressing certain features of Ofelt's [23] parametri~tion scheme. Ofelt's model, 
and Axe's [34] subsequent modification of it, was developed from an identical view 
of el~trostatic configurational mixing as that taken by Judd [22]. It was somewhat 
more s~ific,  however, and establish~ a pa~metrization scheme that rdat~.xl to the 
symmetry of the electrostatic field in which the lanthanoid atom is situated. At a 
purely Imrametr~c level, Judd's three ~ (2~2, 4, 6) coefficients subsum~ the 
parentage of admixed configurations and the overall chromophore symmetry. Ofe ts  
scheme kept such matters par~aetrically separate with quantities labelled A~(f). 
The (k, q) In,Is refer to odd components of the crystal-field potential giving rise to 
the ~u i r ed  parity mixing, while t (= 2, 4) la~ls the d or g character of the admixed 
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configurations. The number of A~(f) required in any given system depends upon 
the chromophore symmetry but is always greater than three. Estimates of the relative 
signs and magnitudes of the A~(g) for different ~ can be made within a simple 
electrostatic model. Work by Krupke and Gruber [35] and Beeker [36], however, 
had not supported such estimates although good parametric reproduction of observed 
intensity distributions within the Ofelt and Axe schemes had been achieved. As 
emphasized by Newman and Balasubramanian, the electrostatic models of Ofelt and 
Axe were successful with respect to the number of parameters required in those 
particular species but not with respect to some of their relative magnitudes. 

Newman and Balasubramanian pointed out that Judd's parametrization really 
only depends upon the one-particle nature of the crystal field. They further reminded 
us of Judd's demonstration [22] that, parametrically Eq. (54) serves equally wall for 
any dynamic (vibronic) crystal-field contributions to the parity-mixing process. They 
posed the question, therefore, as to whether the Ofelt and Axe parameters provide 
the most general description of transition amplitudes between crystal-field-split 
states. In particular, Newman and Balasubramanian had in mind the possible role 
of covalency as an intensity generator. That suggestion had previously been made 
by Reisfeld et al. [37] and by Jaeger and Englman [38]; it sits well, in general terms, 
with the established relevance of covaleney and overlap for crystal-field modelling 
of transition energies. In passing, we note the different language used in this area 
and in mainstream inorganic chemistry. In the latter, we use Eq. ( 1 ) to summarize 
crystal-field theory as a purely electrostatic approach and Eq. (2) for ligand-field 
theory deemed to include all contributions including covalency (see [ 5, 7,18]). Within 
the lanthanoid literature currently being reviewed, the name "crystal-field" is taken 
to be general enough to encompass all field sources and must be interpreted within 
each given context. 

So Newm~ln and Balasubramanian sought to generalize Judd's approach. Before 
looking at their conlribution, recall the structure of Eq. (51) in which the terms 
between the long vertical bars describe, inter alia, an even-parity ~[]~,ctive operator 
coupling the like-parity bra and ket states under the light. The question for Newman 
and Balasubramanian was, in el'feet, to describe such an effective operator in the 
most general (that is, least specific) way. They observe that mixed parity states 
resulting from covalency, overlap and configuration interaction into the 4f N open 
shell states 14fNo~JJ.) can be written quite generally as: 

lot J J= ) = ( 1 + ~)14f NOtdJ= ~>, (69) 

where Q is a non-local operator. It is assumed only that Q can be taken as a 
one-electron operator. It may be divided into even (g) and odd (u) components: 

Q=Qs+Q,.  (70) 

Ligand-field splittings relate to the even part of Q via matrix elements of the kind, 
"N ~ p t 'N ] (4./ ct J JJQg]4j o~J, .). 

Static contributions (SC) ~- wl~ich include any vibronic contributions also ..... to 
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forced electric dipole transitions may be written as: 

(~'J'J'~lPol~JJ..) -- 4, 4fN ~'J'J'=IQ~Pp + Pt, Q,,I4fN ~J= ), (71) 

where Q,,Pp + PpQ,, is a non-local, one-electron vector operator, Vp, corresponding 
to the vectorial nature of the electric dipole operator Pp(p = 1, O, - 1 ). 

Newman and Balasubramanian then expand Vp as superpositions of components 
of locafized vector fields having the same matrix elements as the non-local operator 
in the open-shell states 1.4fNx1J~): 

V K- ) ~ K )  Q,,Po + PpQ,, -'-- vp = ~ otp Q (72) 
KQ 

where U~ ) is a sum of single-electron, unit tensor operators. This simple argument 
established the parameters V~(p) to have far more general validity than those of 
Judd or Ofelt in that contributions from overlap and covalency had not been ignored. 
Newman and Balasubramanian claim that the closure approximations required in 
the models of Judd and Ofelt are related to the present restriction to one-electron 
operators. By way of emphasis: the Judd and Ofelt models are specifically electro- 
static, configuration-mixing in kind; we shall discuss some equally specific, covalency 
type contributions in due course, but the arguments given above show that, paramet- 
rically, all kinds of one-el~tron parity-mixing may be properly subsumed within an 
effective vector operator like Eq. (72). 

The incompleteness of the electrostatic, point-charge scheme is dramatically 
illustrated by symmetry analysis of the vector field, 1~,. Newman and 
Ba!asubramanian offered two views. The V~, of Eq. (72) comprise three distinct 
expansions, one for each value of t) ........ the ek~tric dipole polarization. The number 
of parameters, l/°~(p), tbr each t) may be determined tk:~r a given chromophore si|e 
symmetry by finding lhe numl~r of occurrences of the irreducible Ivpresentaiions 
of that site symmetry corresponding to each component of the vector basis in each 
of the lull rotation group representations D ~,  D q4~ and D ~"~, Results ibr three site 
ymmetnes of interest are given in Table 4(a). The numbers of requisite V~ parame- 

ters a~  g~ater than those spawned by Ofelt's electrostatic model and successtkdly 
employed by Krupke and G r u ~ r  [351 or by Becket [36]. The reason for this 
mismatch is somewhat opaque in the presentation so l~lr. It was te,.~'~s ~lvcd- by Newman 
and Balasubramanian from an alternative but entirely equivalent formulation of the 
eff~tive vector ol~rator L 

In this, the vector field, tL is not expressed by three simply resolved components 
as in V(g) of Eq. (72) but rather in toto as an expansion in ve~'tm" spherical harmonics: 

J~.M 

where the vector spherical harmonics couple the tensors of the potential whh the 
base vectors and are deiin~ by Edmonds |39]: 

Ys~,~) = ~ )Pt~Q(O, ~)%(KQ, IptJM), 
Qe 

(74) 
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Table 4 
Vector tield parameterizations, after Newman and Balasubramanian [24] 

Site symmetry K (a) Parameters ,K |~ Q(p) { b) Parameters AjKn 

N umber  N umber Totals N umber N umber 
for p=tr for p=rr for J = K  for J=K_+I 

Totals 

D,,j 

D3h 

2 | ! 2 1 1 
4 i 2 3 I 2 
6 2 3 5 2 3 
All 4 6 10 4 6 

2 0 I I 0 1 
4 1 2 3 i 2 
6 1 2 3 I 2 
All _'~ 5 7 ,.~ 5 

4 i | 2 0 2 
6 1 I 2 0 2 
All 3 3 6 0 6 

2 
3 
5 
10 

where |he parameters, A.~K.~. are given by 

~" I/'K j' Aj~,~I =1~ I 1 " ~  (KQ. IplJM), o,- ,o) .  (75) 

An immediate advantage of 1his ibrmulation is that rotation of coordinates only 
all~cts the sulltx M. so sim~lp!il'ying the development of a superposition model, as we 
shall outline shortly, in 'l~able 4(b) are listed tile numbers of non°zero parameters, 
A~Ku, tot tile s" • . ame site symnletries considered in Table 4(a}, which emerge D, om the 
new tormulatlon These are ~:btamed by hndmg the number of totally symmetric 
irreducible represe,tations with even parity in D ~'~b lbr J = K 3t I a,d with odd parity 
ill O tJ~ It~r J =  K. As required by the equivalence of the two expansions Eqs. (72) 
and (73), the total number of parameters required is the same [tbr each site 
assignment in Table 4(a and b )]. However, those with J = K ± 1 are the only ones to 
emerge from the electrostatic models of Judd, Ofelt or Axe. Newman and 
Balasubramanian had thus identified the "extra" parameters of the general effective 
operator Eqs. (72) and (73 } to be those characterized by J = K. The question there- 
fore arises as to what physical processes these extra parameters can model. 

Newman and Balasubramanian first showed what the ./= K parameters cannot 
model. They considered the case that V might derive from the superposition of 
vector fields contributed by individual ligands represented as local point-charges or 
point,dipoles (we do not include any idea of polarizability of the ligands in this). 
Inspection of Table 4(b ) shows that no J = K parameters arise for the site symmetry 
C,~v (appropriate tbr the axial field of an individual electrostatic M L interaction). 
Superposition of several, discrete local fields involves the rotation of each into a 
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common frame, followed by summation: 

AjK(Ri)DMo (Oi, ~i) L, (76) 
i 

where L and G superscripts refer to local and global environments and the A~YK(R~) 
are local, "intrinsic" parameters for ligand i. As J=  K parameters are absent in the 
local C~ environment, the sum Eq. (76) inevitably excludes them from any global 
site symmet~ also. Newman and Balasubramanian therefore conclude that the 
successful parameteric reproduction of experimental intensities for the ethyl sulphate 
complex of Tm 3+ by Krupke and Gru~r  [35] using only five J=K+_. 1 variables is 
to be attributed to the validity of the superposition principle rather than to the 
relevance of the original electrostatic modelling of Judd or Ofelt. This conclusion 
rests, it must be emphasized, upon the assumption that all contributions to the local 
vector fields ~ from covalency as well as from configuration mixing via an electro- 
static process ~ are axially symmetric. Conversely and by way of emphasis, the 
need for the J=  K parameters that the most general forms of effective operator 
Eqs. (72) and (73) require will arise if either the superposition assumption is invalid 
(equivalent to interaction betw~n local ligations) or the local v~tor fields are not 
axially symmetric with r e s e t  to the local M~L bonds. All this was to be taken on 
board by Richardson et a/. in their later work, as we shall see. 

Newman and Balasubramanian, however, made one more important contribution 
in their 1975 paper [24]. Given the superposition assumption, which is widely 
accepted, and that the local fields in the object systems are axial ..... which may well 
be a reasonably good assumption ......... their argument above demonstrated that the 
relevance of the electrostatic model was not secure. That it is surely inadequate. 
however, only emerged t~om a more detail~ perusal of the detailed predictions of 
the el~trost~ttic ~heme~ We summarize it in barcst outline only. It was shown thai 
when the o~rator Q,,Po + P,~Q. of Eq. (72) is assumed hrther to involve a non° 
!ocal o~rator Q. which can ~ approximated by a superposition of local spherical 
ha~onics, as appropriate for an electrostatic model, the ratios between certain pairs 
of Aj+~s+ paramete~ are fully determined by the quantum numbers: 

rj ~ As, j~ n. M/Aj. jo 1. M = ~ ( J +  IH) tj2. (77) 

The phenomenologica! parameters from the analyses by Becker and by Krupke 
and Grubcr~ however, wen found to de~rib¢ positive such ratios, r~, in all cases. 
~¢s¢  workers had already recognized this problem and Beckcr [35] had suggested 
a possible solution to it. He had noted that Q, can be factored into a proj~tion 
operator ~ acting on an odd parity electrostatic field function V~. This is based upon 
the approximation that the projection is taken over a sufficiently extensive set of 
states to be replac~ by unity. However. P~,cker pointed out [36] that the occupied 
states involve a projection operator of! opposite sign to that from the ex¢it~ states, 
so that ,6+ should be r e p l a ~  by ~(excit+ed)-S(~cupied). He therefore proposed 
that the solution to the sign problem above lay in significant contributions from 
(~upicd)  3d and ~ configuration interact!on as well as from (unoccupied) 5d. 
N o - - a n  and Balasubramanian tested this proposition by explicit computation but 
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found such contributions to be negligible. So the failure of the pure electrostatic 
model remains. On the other hand, they pointed out that contributions from occupied 
ligand states could well be important enough to account for the sign reversal sought 
above; their suggestion was supported by other observations. Altogether, Newman 
and Balasubramanian concluded that while a pure electrostatic modelling of forced 
electric dipole transitions is unsupportable, indirect evidence for the relative 
importance of covalency and overlap contributions to parity mixing is to hand. 

Ten years later, in 1984, Pooh and Newman [40] returned to this theme. Their 
aim was to make more detailed estimates of the magnitudes of (K= J +  1 ) intensity 
parameters within an explicit covalency model; in particular, to compare parameter 
ratios calculated on an overlap basis with those derived from the electrostatic model. 
In the years between the Newman/Balasubramanian and Poon/Newman papers, the 
importance of ligand polarizabilities and the dynamic coupling mechanism had come 
to the fore. The failure of the static mechanism to account for various empirical 
intensity parameter ratios had been addressed by Richardson and his colleagues 
[41], claiming that the DC mechanism could successfully put the matter right. Their 
work, however, sharpened the focus of that by Pooh and Newman who noted that 
if intensity parameter ratios calculated by the SC and covalency models were found 
to differ significantly, the claim of Reid et ai. [41] for the importance of the DC 
contribution could be unsupportable. 

The basis of Poon and Newman's overlap model is very simple. The required 
parity mixing for forced electric dipole transitions is deemed to arise from the 
formation of molecular orbitals between ianthanoid 4./" functions (4') and ligand 
wavefunetions (X). For a single-ligand case, they write: 

oo " 2 ( , / , . .  - (78) 
T 

where the sum extends over various outer-shell ligand functions (~ ~ s, po, pn). The 
normalization lhctor is defined by: 

N,,, = I - 2  E 2,,,S,,, + ~ ,~,~,. (79) 
T 

where S,,, = (~,,,IX,). Unlike ~m, ¢~ does not have definite parity so that non-vanishing 
el~tric dipole transition matrix elements of the type (~,t lerl~z > exist: 

($~,t lerl¢~,2 ) =--(N.t N.z)-  t/z(_ ~ (2.2, ($,.t lerlz, ) + 2,.t. (Z, lerl$.,2 ) 

+ ~ 2~,t,A,,,z~.(z, lerlx,' )). (80) 
t .  A' 

Calculations of the magnitudes of such matrix elements rest upon estimates of the 
various overlap integrals and mixing coefficients appearing in these expressions. It 
is clear that these estimates and the adoption of so simple a model of covalency will 
limit the accuracy with which the intensity parameters which depend on them may 
be computed. The notions inherent in a point-charge description of the SC computa- 
tions are probably no less limiting. Nevertheless. it is of interest to compare the 
results. 
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Table 5 lists local or "intrinsic" parameter values [the .4~ of Eq. (76)] calculated 
by Pooh and Newman within their covalency and electrostatic models and compared 
with empirical values reported by Reid et al. The experimental values are all of the 
same sign, except for the very uncertain value of A76, as was the case for the data 
of Krupke and Gruber and of Becker, discussed earlier. Neither the covalency nor 
the el~trostatic (SC) models reproduce this feature although, as Pooh a~.5 Newman 
point out, "it is conceivable that a pattern of cancellation could exist between these 
and other contributions such as ~reening that would produce such a result". They 
go on, however, to acknowledge the more likely explanation, already advanced by 
Reid and Richardson [42,43], and by Reid et al. [41], that ligand polarization 
contributions within the DC m~hanism which only affect the J =  K - 1  parameters 
are su~ciently large to change their sign. This support for the relevence of the DC 
contribution does not rule out any contribution from covalency, however. The 
crudity of the models indicated above must be borne in mind. 

.~.8. L(gand polarizability anisotropy 

We return, meanwhile, to the ligand polarization model. In 1980, Kuroda et al. 
[44] extended this approach in an important way. As originally developed, and 
presented so far, it was suppo~d that the ligands could be represented by isotropic 
polarizabilities. While such a simplification might be supportable for monatomic 
halogen ligators, for example, it is called into question for more complex species 
who~ electron distributions are known to be anisotropic. While the development 
of the ligand polarization mechanism by Kuroda et ai. appears to be the firs~ to 
address this issue e.~TdMtly, i t  had ~ e n  signalled in the earlier work of Newman 
and Balasubramanian, as we shall see, Apart from the particulars ol' the work of 
Kuroda et ai, in application to [Eutdig!y):d -~' and [Eu(It~OM °~' chromophores, we 
note a central, incisive point in their c mtnbunon. That was their demonstration 
tl~at a nonovanishing, resultant electric dipole moment ....... as experimemally 
observed .... .... was satisfactorily reproduced with anisotropic ligands while a torte: 
sponding calculation based on isotropic po!arizabilities yielded an identically zero 
result, They went on to de~ribe extensions of the selection rules established by the 

Table 5 
Calculal~,xl Pr'~' CI sh@eqlg~m,d, "mmnsl¢ parameters ,~-#~ {ia I0' ~¢m)¢alculaled by Pooh and 
Newman |~ ]  for ~ovalency and electroslali¢ conligura|ion ia|etuclk~a mechanisms, The empirical dala 
are for Pr "~ * :LaAIO~ after Reid el aL [41 ] 

Covalency and overlap Ei~lrostafic +onfigura|ion imeraciiou Empirical fm ~ Pr'~' :LaAIO~ 

~~, 4,5,4 = 1,32 =, 30,0 =+: !,6 
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more restrictive earlier model. Overall, their demonstration of the importance of 
anisotropic ligand polarizabilities in general was therefore well founded on a 
clear-cut symmetry-based example. 

In 1983, Stewart [45], and Reid and Richardson [43,46], independently published 
generalized treatments of the DC mechanism with respect to anisotropic ligand 
polarizatien contributions in this way. Many applications to real lanthanoid chromo- 
phores, especially by Richardson and his group, have since exploited these detailed 
expositions of the theory. As indicated already, our goal in the present article is to 
describe the CLF model for "d-d'  intensities against the background of mechanistic 
understanding that has emerged from the 'f-f '  literature. A detailed description of 
the complete ligand polarization model is not appropriate here, therefore. However, 
a summary of it and its relationship to the work of Newman and Balasubramanian 
along the lines of the recent review by Stewart [29] - is informative. 

Recall Eq. (66), expressing the ligand polarizability tensor in terms of sums of 
dipole moments amongst the ligand states. In other contexts, it is usual to express 
the tensor a(k) as a second-rank Cartesian tensor. In spherical symmetry, however, 
it may be reduced into three irreducible components: the isotropic, mean polarizabil- 
ity when k=0;  an antisymmetric anisotropy for k =  1; and a symmetric anisotropy 
with k = 2. For the present purpose, the odd, antisymmetric component is irrelevant, 
but we need to consider the even k =0  and k = 2 tensors. For convenience' sake we 
note again earlier expressions for the effective DC dipole moment operator [Eqs. (67) 
and (68)]: 

l . (  I }DC 
,o." = 2 2 ''), 

L f,~ 

where 

c(~,),,, 1(22 + 3)(2), + I)(2 + I)1 t;~ 

and 

t a') ,.={ .... I )k[(2k + I )(2t+ I )/3] '/2 f,2 
+ I 

t 1 
k~ It } [~(~)G(a+ 1t],) 

For the isotropic polarizability: 

/~°(k = 0) = ( 113)a (°) G (a + t) = _ ( I IVr3)~G ('~ + t) ( 81 ) 

where ~=(~o,,, + ~).j.+ ~::)/3 is the mean ligand polarizability. 
Now, writing 

<altt~ln> = ~ ~ c(A)[P"<AIO(a)ln>] ''' 
I. t..a. 

(82) 

for a forced electric dipole matrix element between pure f states (AI and IB) is quite 
general in that it serves equally for electrostatic (SC) contributions as well as for 
dynamic (DC). The nature of the environmental tensor P') depends upon which 
mechanism is being considered, however, and the allowed values of t vary accord- 
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Table 6 
Contributions to SC and DC models ~ 

SC lsotropic DC General DC 

P'~ ~.--(t, 2)a~, ~ ~6 ~ ÷ ~ ~ [ ~ ) 6  ~a + t~]~'~ 
t 2:!:1 2+1  2,k_+l 

~First row d ~ r i b e s  the significant parts of  the environmental tensor ~ .  Second row lists the restrictions 

upon t. 

in gly. Firstly, the triangle rule places restrictions upon the coupling of the effective 
dipole operator, Eq. (67) such that t = 2 -  !, L 2 + !. Further restrictions are estab- 
lished by the parities of the coupled tensors in Eq. (67). Thus, the dipole operator 
# has odd parity and so dete~ines a similar odd parity for the coupling 
[P'~D~] ~. The multipole operator D t'~ 0,=2, 4, 6) is of even parity and therefore 
P'~ must have ~ d  parity. The odd parity of G ~ ÷ ~ in Eq. (68) then requires 0~ ~k~ to 
have even parity so leading to our neglect of the antisymmetric component (k = I ) 
of a above. 

For the electrostatic SC contribution, po is proportional to .~(t, 2)A~, where the 
A~, are odd parity crystal-field parameters. In this case, then, t must be odd and its 
range limited overall to t =), ± I as di~ussed earlier. For the isotropic DC contribu- 
tion, Eq. (81) establishes t = 2 + l only: again t is odd. On the other hand, for the 
~°+2, anisotropic DC contribution, application of the triangle rule and p++,rity in 
Eq. (68) establishes the full range for t: t~  2, 2 ± 1. These various relatio,:ships 
betw~n t and 2 are summarized in Table 6. 

conn~t~on, t~lween the multipo!arity An interesting pictorial summary of these " ~ s 
2 of a transition and the allowed va!ue~ of the rank ~ of the environmental tensor 
p,b is shown in Fig. 7. This highlights, tbr example, that a rank 3 parameter (t ~ 3) 
has contributions tYom both 2 ~ 2 and 2 ~4 transitions in the SC model but only 
from a A ~ 2 transition in the (original) isotropic DC model. We have seen that the 
~'quadrupolar" traoqitioas (as o p ~ ~  to hexadecapole or 2~-pole) are uniquely 
hy~rsensitls~. The figu~ makes plain how this unique sel~tion of 2 = 2 is possible 
in the SC scheme only for polar (~ ~ l ~ c~ys~al.fie~d parameters, as the t = 3 parameters 
contribute to both 2 ~ 2 a~d 2 ~4 transitions. Ex~rimentally, however, hy~rsensi° 
tivity is not ~str ict~ to chromophore sites ~ssessing polar crystal-field components. 

The full ran~ of contributions for the general, anisotropic DC mechanism is 
apparent from Fig. 7. In particular, the t ~ 3. terms are uniquely associated with the 
concept of anisotropic ligand polari~bilities, although these terms vanish identically 

t 1 

t t 

, , ,  

3 5 7 

i,,:o~'opic DC = - -  

Fig, 7, Possible va|ues of  t for SC and DC m ~ d s .  
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also for cylindrical ligation; that is, for anisotropic but axially symmetric ligand 
polarizabilities whose principal axis is directed along the local M-L vector. All this, 
of course, directly correlates with the contribution (the J =  K terms) of Newman 
and Balasubramanian [24] discussed earlier. Their development was purely group- 
theoretical, however, so that the present neglect of overlap and covalency is not 
essential. A corollary here is that selection rules cannot differentiate between an 
independent-systems approach and any overlap-based modelling of forced, 
electric-dipole intensities. 

4. 9. Overview of ' f - f '  intensities and introduction to 'd-d' 

An accounting tbr the spectral intensities of lanthanoid y : f '  intensities has been 
an ambitious program; a great deal has been achieved since 1962. One may discern 
a number of contrasting strands: symmetry and angular quantities versus radial 
properties; electrostatic versus covalency interactions between metal and environ- 
ment; "term" spectra versus detailed ligand-field components: magnetic dipole versus 
electric multipole contributions. Most of the development has been concerned with 
forced electric dipole transition moments in which the parity and orbital selection 
rules that deny pure ffintensities in free lanthanoid ions are partially circumvented 
by a variety of parity-mixing processes. We have taken a somewhat historical journey 
through these matters. With the benefit of hindsight, we might cut the cake 
differently, 

While in no way minimizing the magnificent contributions of Judd and Ofe!t or 
of the Mason and Richardson groups, one may look at those of Newman and 
Balasubr~manian as providing an insightful Jbcus from which to build an overview 

' ! !,:It all oneo.electron cont~lbut~ ns to totted electric of this techmcal!y complex field. "1 + . . . . .  ' ' ~ ,  + 
.... ~; !~cted within an eflectt e operator like Eq, (72) dipole transitions are tbrmally ~+ol ,+'~" +- ~+ " , +  'v 

provides a unity to the diverse ~+ ~"3+"~s . cntell~tlse~ outlined i n  the foregoing pages. The 
generality of the concept separates problematic radial features from pt~rely angular 
quantities which may be dealt with fuUy and explicitly. The latter provide ff~r an 
applicable, mathematical modelling of intensities and define all appropriate selection 
rules. The tbrmer leave the question of mechanism vague; this may be seen as both 
a strength and a weakness. The weakness is obvious, of course, given the natural 
desire to establish non-parametric, quasi ab initio, accounting of these open-shell 
spectra. In this regard, the importance of the various stages of the indel~ndent- 
systems approach are evident. One is to remembe~ that the hypersensitive ' f f+ 
transition intensities are observed experimentally to vary over three orders of magni- 
tude. it is clearly persuasive that their explicit modelling in terms of non-parametric 
ligand charges and polarizabilities has been able to reproduce all qualitative aspects 
of experimental intensity distributions and to account Ibr absolute intensities usually 
to within a factor of two or so. That more perfect agreements between observed 
and calculated oscillator strengths have not generally been achieved is surely an 
indication that theoretical restriction to the more tractable coulombic mechanisms 
is not wholly warranted and that the consequences of covalency remain to be 
assessed. Conversely, that the agreement is as good as it is suggests something real 
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in those mechanistic constructions. Nevertheless, to repeat an earlier point, the 
relevance of the angular theory and its associated selection rules does not, of itself. 
argue for or against overlap and covalency contributions. 

The non-parametric modelling within the SC + DC scheme, especially in the hands 
of the Richardson group, has naturally included a simultaneous modelling of "j-j~ 
transition energies. Earlier efforts in this direction were not without problems, but 
some more recent work [3~] in which various two-electron, ligand-field contributions 
are recognized, appear to be very successful. One is bound to recall however, and 
certainly with regard to corresponding 'd-d' transitions, that non-parametric compu- 
tations of ligand-field spectral energies have always met with limited success. There 
are even serious interpretative problems with parametric ligand-field schemes like 
the angular overlap model (AOM). We have discussed this at length in a recent 
review [9] and so do not r e . a t  these matters here except with r e s l~ t  to one 
centrally important issue. In modelling d electron pro~rties by ligand-field theory 
and, in particular, that variation which employs a spatial sup~zrposition over discrete 
!igations known as cellular ligand-field (CLF) theory .=- one is to recognize that we 
are seeking to account for experimental observations on a molecule as it is rather 
than on a promolecule ......... meaning the notional structure of the same geometry 
betbre chemical bonding has taken place, The promolecular situation is not I~tr 
removed from the zeroth orde~ ° state in an independent systems approach. An 
important assumption within the AOM is that of ligation additivity +-++ of the 
inde~ndence of local ~rturbations, ~~:,ilowing the give-and-take of decl.ron redistri- 
bution on chemicat l~mding, however, local bonding 1:~ rt:~ pet:" .... tles'""me v'ltably, reflect the 
remai~fing environmen|: the o~'apts effect is just one example of this. The c~, n, equence 
i~ th~_~! any melee|tint orbital description of a given M:~L bond in |earns of prior 
at,:m:~.ic or i~mic orbh~ds (of ~he !-~romo!ecule)must ncces~arily also inch~de such 
or| ital~ lr¢~m atoms ~l ° ligands other |hal{ |ha| {br which ~ uch a description is being 
forntod, In this ~¢1a~¢, tberolbl~¢, c|]le| |i |ical botldin~g ensures that, to s~ ~nl~' extent at 
lea,t, ~eparate ligalic~ns are not wholly iade~ndent. On d~e other hand, t a~atm, ti'~ize° 
non of the mok~ule as is ............ as lbm~¢d ...... ca~, adequatdy t~tctor the resultant ligand 
field as a sum of d i ~ t e  l.~erturbations. The problem then devolves into one of 
interpretation tbr, without the benefit of some accurate (and essentially presently 
unattainable) ah h~ith~ computation of the rearranged electron distribution, one no 
longer has ava~h~blc' ' ' ,  the knowledge ~o construct some non-parametric approach. 
Interpolations of e L F  paranw~ter up|imitations must then ~ made on a qualitative 
basis, With insight and intuition ~hey ca~ ~ ~'cwarding nonetheless. 

All of this seems ~rtinent ibr the interpretation of open-shell spe¢|ral hm~sitics 
also. The coupling of different liga~ions through claemical l~mding will t~',:ur via the 
appropriate valence shells. It has I~en argued ~h~l the participation of d orbitals in 
such shells is small ~ in complexes ~o ~-hich ligaad-field models are applied ................ Werner- 
tyr~ ~l~cies) and no doubt even_ sturdier lbrforbitais in kmtn~moid s ~ i e s ,  However, 
the small d o~forbi{~d overtaps wi~h ~he ligands in no ~ay diminishes the ligand,,~ 
liga~d coupling within tr:e bonding, The relevat~ce of this i,~ our present context is 
that estimates of the magnitudes and anisotropies of ligand polarizabilities ......... and, 
of course, of the radial part of the metal [ orbi~ais ............ c~mnot be made with great 
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confidence. It is only too possible that the considerable success to be had within the 
SC + DC independent-systems modelling with fixed (non-parametric) estimation of 
these quantities is owed to happy, partial compensation I~r the neglect of covalency 
by poor descriptions of the polarizabilities of bonded ligands. To emphasize these 
points: the ligands in a complex are bound to involve different electron distributions 
to the corresponding free ligands, and the effects of covalency are by no means 
limited to consideration of overlap with the metal f orbitals. Hints along these lines 
are to be found in the 'f-f' intensity literature from time to time. Both Judd [30] 
and Newman [40] have suggested that earlier modelling successes might have been 
somewhat fortuitous given the neglect of both "shielding" and "anti-shielding" 
contributions from electron densities elsewhere in a chromophore, 

We have mentioned the weakness of Newman's approach [24] leaving the question 
of mechanism somewhat vague. Its strength, on the other hand, is its ability to 
sequester all mechanisms even though subsequent interpretation must be qualitutive. 
We espouse the openness of the effective operator approach. The CLF intensity 
models of the next sections exemplify it. Bel'ore turning to that model, which has 
been developed for the 'd-d" transition intensities of the main transition block, let 
us review some of the differences between the d and f electron systems. 

The looks of ~/:,j" and 'd~d" spectra are quite obviously different. Compare, lbr 
example, that lbr a saturated aqueous solution of neodymium ions with that for 
tetrachlorocobalt(I1) ions, shown in Fig. 8. The 'd-~d" spectrum is characterized by 

I 

20 15 I~1 

Vtt l I i  I~ I l l  ~, 

t . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

h 

v/'<!~! I l ( i ;  

Fig, 8~ (~:l) Electronic : I : /" spectrum of a s~lltlll'~lled aqueous solution o11" Nd '~ ions; (b} electronic 'd d' 
s ~ c t r u m  of  a solution of  [CoC!4] 2 
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much larger extinction coefficients and very broad bands split in the ligand field 
by several thousand wavenumbers. The 'f-f" trace typically displays many more 
bands, which are narrow and with much smaller extinction coefficients. It is usual 
in inorganic chemistry teaching texts to account for all these differences in terms of 
the 4f electrons being much more core-like than the 3d. While this explanation is 
undoubtedly correct, it is superficial and is worth elaboration. 

Firstly, consider the question of splittings. The mean radii of 4f electrons in 
Ln 3 + ions is not too different from that of 3d electrons in M 2+ ions of the first 
main transition p e r i l .  On the other hand, bond lengths in lanthanoid complexes 
are probably some 25% longer than their counterparts in first-row, 3d, complexes; 
the 4f orbitais are indeed more "buffed" beneath the valence shell than are the 3d 
orbitals. An explanation of the small f electron, ligand-field splittings - -  measured 
in tens or hundreds of wavenumbers rather than the thousands for d systems 
readily comes to hand in t e ~ s  of a point-charge, crystal-field model. It also follows 
in cellular ligand-field theory where the sources of the splittings are recognized as 
the bonding electron density. In short, the longer lanthanoid bond lengths establish 
smaller energy splittings. 

Secondly, a view of band widths as reflecting the variations of ligand-field splittings 
with vibrations in the chromophore (in particular, with symmetric, bond-stretchihg,, 
"breathing" modes) immediately rational~es the narrower bands in the lanthanoid 
series as even a similar percentage variation of the ligand-field splitting necessarily 
~¢~uits in much smaller absolute variations in band width, Again, the longer lantha- 
noid bond lengths and more core-like character of the 4forbitals are, by and large, 
responsible for the narrow bands in the~ chromophores. 

The third issue, and of particular inte~st l~'Jr the present article, concerns the 
intensities of these s~tr~, Before discussing theoretical as|~'cts, consider the l~lcts. 
If we compare just one 7;::/~' band from Fig. 8(a) with one 'rid' from Fig. 8(b), we 
observe a change from ~ % 10, say, !~o ¢ ~ 500 together with an increase in band width 
(say, width at halt~height) t~om approximately 20 to approximately 10(~cm ~~. In 
short, the 'd~d' band is some 2500 times more intense. 3;aking different bands might 
vary this i'igu~ by about an order of magnitude. On the other hand, assuming that 
all these bands are predominantly of the forced electric dipole ty~,  a better compari- 
son ~tween 'f=f' and "dd' s ~ t r a l  intensities is probably made with resider to 
dipole st~ngths summed over all !igand-field bands. The argument here is that all 
ty~s  of coulombic, spin-orbit and ligand,field ~rturbadons serve to distribute the 
necessary parity-mixing throughout the relevant manifolds. Dipole st~ngths exclude 
the frequency decadence of oscillator strength, of course, but we might estimate 
that the total dipole strength in a typical lanthanoid s ~ t r u m  of the type shown in 
Fig. 8(a) is only approximately 200 times smaller than |ha~ of the "d~d' s~ctrum 
shown in Fig. 8(b). In other words, the f J "  intensity is spread over many more 
mu~sitions than is the ~d~d', We acknowled~ that these estimates are rough but 
they serve to demonstrate that the difference in 'd~d' :rod ' fJ"  intensities are not as 
g~eat as they fi~t ap~ar,  

Fatally, we turn to the theoretical p~diction of the~ relative intensities. In i975, 
Gale et aL [47] publish~ a note on the "d=d' intensities in a num~r  of tetrahedral 
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tetrahalocobalt (II) and -nickel( II ) species. They ignored the $C contribution, point- 
ing to the early calculations of Ballhausen and Liehr [21 ] whose electrostatic model- 
ling led to calculated oscillator strengths some two or three orders of magnitude 
smaller than experiment. Instead, they computed intensities just within the DC 
model of Mason, Peacock and Stewart [26]. Taking metal charges at the ionic limit 
of M 2+, Gale et al. [47] calculated intensities within a factor of about two of the 
experimental values and also showed that they had a further factor of 4.3 in hand 
should the metal atoms be given zero charge as a result of covalent bonding. As 
they put it, allowance for the nephelauxetic effect could bring calculated and experi- 
mental intensities into close correspondence. This agreement refers to overall inten- 
sity, by the way, for their reproduction of the intensity distribution was rather less 
good. Again, this is reminiscent of the quality of fit that had been generally achieved 
for lanthaaoid spectra. Nevertheless, the point here is that the DC approach used 
in a near-non-parametric manner, was essentially equally as successful in (this 
example, at least) the d block as in the.f Given our general proposition that "mean" 
'd-d" intensities are some 200 times stronger than "mean" f : f ' ,  it is of interest to 
pinpoint theoretically the main sources of this difference within the DC, 
independent-systems modelling that has been used in both types of system. 

For this, we refer to the bipolar expansion of the coulombic perturbation, ~,,~o~ ~ 'ML'  

given in Eqs. (61 )-(64). Let us consider the determinants of its magnitude as between 
a single M-L bond in a lanthanoid complex and one of the first d period, and with 
common ligand, L. Differences therefore relate to the metal multipole Eq. (63) and 
the geometric tensor Eq. (64). As shown earlier by Mason et al. [26], it is the 
quadrupole term (A=2) which contributes most to the DC process. Within final 
expressions for file intensity we must compare squares of r~M and R M ~r ' ~ ~ Values of 
(4/]r~14/') !br lanthanoid ions are not very different from those of (3dlr213d) !br 
the first row dob!ock ions; they are within a fi~clor of two of one another, depending 
upon the p~:!rtictdar ions considered. Metal~ligand bond lengths might be 25% 
greater in t h e f  series (ibr Ln~CI, say, 2.9 A might be typical; for CoU~CI, 2.5 A). 
So R~,(Co)/R~,(Ln) is of the order 5~10, say. Overall, therefore, an increase in 
intensity from the DC mechanism due to the intrinsic properties of the metal and 
bond-length on replacing a lanthanoid complex by a first-row, main transition block 
complex is unlikely to be by more than a thctor of 20, and quite probably by 
considerably less. Yet Gale et al. [47] were readily able to model the 'dod' intensities 
in [CoCI,d z- and similar ions. What, therefore, is responsible |br the significantly 
greater intensities in 'd-d' spectra? As mentioned several times throughout this 
article, our focus on mechanism should not blind us to the role of geometry. The 
point here is that most, though not all, commonly studied ianthanoid complexes 
approximate the tricapped, trigonal prismatic geometry of the nonahydrate. For 
these, the summation of contributions from separate ligations results in a significant 
degree of cancellation within the effective transition dipole moment operator and 

!ntensmes calculated for the tbur-coordinate d electron chromo- hence intensities. """  
phore of our present choice decrease rapidly and non-linearly as that geometry is 
changed from tetrahedral to square planar, for example. All in all, therefore, our 
general perception that 'd-d' intensities are much greater than 'f~f' is owed in large 
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measure to our making comparisons between systems with very different coordina- 
tion geometries, and, of course, to the more even intensity distributions over many 
more transitions in the felectron systems. Overall, therefore, we might expect rather 
similar models and mechanisms to be relevant in the two types of chromophore. 

We anticipate one exception to this generalization; this concerns magnetic dipole 
transitions. Subject to the detailed nature of the transition considered, these are 
potentially fully allowed within open d or f shells. Their intensities can be well 
estimated without recourse to configurational mixing. On average, it is to be expected 
that magnetic dipole intensities will ~ somewhat smaller in the d block than in the 
f (essentially due to the decrease of the azimuthal quantum number from { = 3 to 
[ = 2). Given the rather greater intensities due to the forced electric dipole mecha- 
nisms, one ext~cts, therefore, that the neglect of magnetic dipole intensities for non- 
circularly dichroic spectroscopy should be acceptable. Accordingly, we do not con- 
sider them further in this article. 

We turn at last to the CLF model that we have developed over the past decade 
or so and which has been successfully applied to more than 40 "d-d' spectra. The 
model considers forced, electric dipole transitions only and incorporates the concepts 
of a parametric, effective transition moment operator, and of a ligation superposition 
tailored closely to general concepts of bonding established elsewhere throughout 
chemistry. 

5. The cellular I|gend,fleld model for a~:en|rie ¢hromophort~ 

The rem~.tinder of |he present article ,:~ddresses our CLF model ~s applied so i~lr 
!o 'dd '  sp~c!r.,~; it is divided into two i~Mt! p:.tr~, The firs! concerns aeew~trk; 
chromophores in which breed eiec|ric dipole Iransi|ions require in|ei~sily |hrotlgh 
parity mixing that is pern~anenlty c~t,~bh, hcd by the coordinalion envirom!mcn! W¢ 
rct'~r to thi~ aS the CLF sm.~" model [111: not to be confiased wilh the slatic coupling 
mechanism of the previous pages. Later, h~ Section 6, we shall consider a CLF 
vlhronic model [12] directed towards centric chromophores in which 1he necessary 
parity mixing is establish~J by appropriate ungcmde vibrational modes. The possi- 

"3 ~tauc and dynamic sources in near-centric biiity of intensity arising trcm both s '- 
environments will also l~ considered in file S~xrtion 6. The "vibronic'" model shares 
a common structure and parametrization scheme with the "static" model. 

The CLF approach possesses three main characteristics. Firslly, it exploits the 
concept of an effective, even-parity, transition moment ol~rator acting within a pure 
d basis, us first described by Judd [22] and la|er generMi~ed by Newm~n and 
Bal~|subramaniar~ [24]. Secondly, i! employs lhe principle of spalial su~rposition 
as also lk~:mati~:¢d by the latter ~vorkci~s and carried lbrward by the Mason and 
Ri"  " r~msmon .eric.. Thirdly, and chardson groups in bolh l l~e lanthanoid and main i .... " '  s ~ ":~s 
crucially characteristic of the CLF approach, is a parametri~ation of each local 
h g a l l o n  ,~ contribution to I ~l~cx! electric dqx 1¢ moments in a manner lhat leflect, 
chemical i~mctionali~s~. Thus, a recognmcn of the ~ and ~ character of local metaL~- 
ligand bonding is built into the model from lhe outset. 
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In view of our remarks about the, essentially incalculable, role of covalency 
about which more in due course ~ the CLF model is parametric and so addresses 
intensity distributions rather than absolute oscillator strengths by any ab initio route. 
The aim, then, is to construct a description of relative "d-d' intensities from the 
computation of electric dipole transition moments within a pure d (t' = 2) basis using 
even-parity, effective operators. These are constructed for the complete, "global" 
chromophore as multipole expansions. The global multipole coefficients are built by 
superposition of analogous "local" multipole expansions which refer to transition 
moment contributions from each ligation. In turn, the local multipole coefficients 
are expressed in terms of local transition dipole moments that define the intrinsic 
model parameters. Our presentation conveniently begins with the definition of the 
CLF intensity parameters, proceeding stepwise to a global description of the 
approach that effectively corresponds to the starting point of the work of Judd [22] 
or of Newman and Balasubramanian [24] for the./'electron systems. First, however, 
we remind the reader of the character of cellular iigand-field theory in its broader 
context. 

5.1. Celluh~r ligand-tieM theory aml ligamt-/ieM orhitals 

The CLF model derived from attempts by Gerloch and Woolley [5-8] to compre- 
hend the successes of earlier ligand-field studies of transition energies and magnetic 
properties in transition metal complexes. The central idea was to trace a linkage 
between the well-established structures of quantum chemistry at large and those. 
rather ad hoc, procedures or ligand field theory. In so doing, tile sources of ttle 
eil~ctive ligaud-lield potential were identilied and a qualitative understanding of the 
chcnuc,iI signilicance of ligand-ticld ! al,lmct~a, was establish0d, lhcsc latter fe~ltures 
I~r d eleclron energies have been reviewed in considerable detail recently [9]. It is 
lhcrelbre inappropri,~te to repeat thai material in this article. Our remarks in the 
present section draw freely from lhat review and the earlier work of Gerloch and 
Woolley [58] .  

As hgand°llekl pal,matter, are oneoelectron integrals, we tbcus on a one°electron 
hamiltonian H comprising, as usual, a sum of kinetic and potential energy terms, 
i.e. T and U, respectively. Let U be taken as that ff)rmally eslablished by density 
fimctionai theory tbr the molecular ground state. Then orbital eigenvectors ~ of 
H =  T+ U satisfy the condition that molecular groundstate electron densities are 
given by the simple sum ~ , ~  over populated orbitals without additional terms for 
exchange and correlation. In this regard, the {~} may be regarded as c~t orbitals 
lbr the molecular groundstate [48,49]. in practice, of course, they are as ditiicuit to 
calculate as by other ab initio schemes. The parametric nature of iigand-field theory 
recognizes this unfortunate but overarching difficulty. "l h ~ molecular hamiltonian. 
H, includes aH relevant determinants of the ground state density, of course. Now 
ligand-field procedures conventionally separate d d  from d other hlteractions, in 
the manner of Eq. (l) .  To mimic that construction, wc replace U(p), which is a 
functional of the total electron density in the groundstate, by V(p ~-pa), a fimctional 
of all groundstate density except that of the d electrons. The d orbitals are delined 
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(cyclically) in a moment. We then define ligand-field orbitals. Ip LFO, as solutions to 
the equatio~: 

( , ~ -  E,)~. =0 (83) 

with 

~ = T + V  (84) 

The {~} may be written as linear combinations of fragment orbitals, but, unlike the 
familiar LCAO molecular orbital formalism, we choose fragment orbitals that refer 
to ~ divided into its mean spherical ~-- and aspherical ~ components: 

(85) 

corresponding to the functional V being divided into its spherical, <V>, and 
asphefical, V', parts: 

v~<v>+v'. (86) 

Solutions for 

(87) 

are of the usual centrabfield ty|x with angular parts which may be labelled by the 
letters, s, p, d, J i.. It is the electron density associated with these d orbitals which 
was notionally subtracted in V(p ~ Pd). Furthermore, it is these same d orbitals that 
lbrm the "pure" d orbital basis employed within all ligand-fie!d calculations, Their 
radial form is gelleraliy unknown to us ~catlse the ibregoing procedure is merely 
tbrmal. However, that tbrm is dictated by the mean of the total molecular hami!to. 
alan constructed for the groundstate. It differs from complex to complex. Its variabil. 
ity includes ~11 consequences of covalency throughout the complex including those 
arising from the nephelauxetic effect: the latter also affects the two-electron d~d 
interactions of course. Overall, then, the solutions for Eq. (84) are written as 

in which O.j are appropriate "mean" d orbitals ["mean" because they span the 
"mean" or spherical hamiltonian, W °j, in Eq. (87)], and ~ comprise all other 
hnctions required to span the rest of ,~<o~ as well as of , ~ ) .  These "rest" functions 
(meaning "remaining") include all metal-originating functions (other than the basis 
d orbitals) plus all ligand-origh~ating functions. Once again, the comph, le mol~ular 

amllloman for the mol~ular groundstate has been included in their formal 
definition, 

The significance of the adjective "mean" must ~e extended, however. In order to 
~generate the empirical efficacy of the ligand-field method in which the same ligand. 
field amdtoman Eq. ( ! ) is employed throughout the iigand-field domain (the o ~ n  h . . 

d shall), we must assume tha~ the "~s t "  orbitals defined by density functional 
theory ibr the groundstate will suffice also for all iigand-field states or, perhaps, that 
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these best orbitals are to be taken as some average over best orbitals for each 
ligand-field state. The mean is defined by the system, not by us. 

Subsequent parametric calculation of d orbital energies and other properties in 
terms of the pure, "mean", d orbital basis, together with interpretation in terms of 
the ligand-field orbitals, SLvo, of Eq. (90) thus includes all the "spherical" (central- 
field) d-d interactions, conventionally parametrized within the Condon-Shortley, 
F~,, or Racah schemes. It is to be emphasized that the parametric nature of all ligand- 
field calculations is forced by our quantitative ignorance of the detailed consequences 
of the primary bonding within a complex. Both the exact radial form of the basis d 
orbitals [$d in Eq. (90)] - -  which will assuredly differ from that in the corresponding 
free metal ion ~ and the detailed form of the "rest" orbitals, $,, are unknown and 
their characteristics must be subsumed within the system parameters. Parametric 
ligand-field models, including those tbr spectral intensities, therefore excuse us from 
the enormously difficult task of computing the primary bonding in object molecules. 
The best we can hope for, apart from good reproduction of observed ligand-field 
properties, is a semi-quantitative understanding of emerging parameter values in 
terms of broad-based chemical concepts. For 'd-d' intensities, we discuss this in 
due course. 

5.2. P, F and R contributions 

The cdlMar ligand-field model refers to a spatial superposition of the ligand-field 
over disjoint regions of space we call cells. Usually, and for our present purposes 
always, each cell encloses one !igation. 

Let us partition the global ligand-field orbitals, SLt~o described in the preceding 
section, into local, cellular orbitals {$a} which may be taken as real without loss of 
generality. For cell c, we write [l l l: 

where d [~¢~d in Eq. (88)] is the (metal-centred) mean d orbital and $ describes the 
"rest" orbitals (metal non-d plus all ligand functions, including those t~om all other 
ligands if, after bond formation, they contribute to the region of cell, c). Following 
recognition of the efficacy of ligand-field theory and its implications for the near 
uncoupling of d orbitals from the rest, as described in full elsewhere [5-9], we shall 
approximate the normalization constant N a as unity. In order to forge a close link 
with conventional views of chemical bonding, functions are labelled by 2 according 
to classifications in terms of real, Cartesian d parentage, or with respect to local 
C®,, or C2,, ligation pseudosymmetry: 

2= {~22, XZ,)'z, xy, x2- -y2};  or {0" ~tg}, Coo,,; oF {(f, ~x, l~y, 3xy, ~X2 r--~'2 }'~ ~'2V" 

(90) 

The mixing coefficients b~ are set to zero ha the case of local 6 interaction as is 
common practice in CLF energy analysis. 

The {tka} of Eq. (89) include ligand-centred components. We form equivalent 
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cellular orbitals all of whose constituents are referred to the metal atom: this is 
notionally achieved via a two-centre, multipole expansion: 

¢ 

¢l~xy ~ y  

The index .: la~ls  the azimuthal quantum number of the angular parts of those 
non-d functions originating either on the metal or, via the two-centre multipole 
expansion, on the ligand. The mixing c~fficients {a} subsume the {b} of Eq. (89~. 

Matrix elements of the electric dipole operator el', in this basis of cellular orbitals, 
each comprise three parts: 

A 

~C ¢¢, 

t + X <' 1," > 
t 

II 

¢ t '  

iti which radial and angular quantities are separated using the notation, r ~ r:, and 
all radial parts are ~questered into the coei~eients 

k ~" ~ e< d¢tr)lr¢td '~' (r)) ,  

i ~  ~ ea~;a <d(r)lr¢l: Z'~ (r) 3, 

and 

• ~ .~ ) 

ee'k,a~, ~ea~eaaCe,~,( x~(rllrq e X~[~lr)), {93) 

and where all functions and o ~ r a t o ~  are referred to the metal atom as origin; aU 
d functions have a conunon radial form. 

The matrix elements Eq. (92) are local electric dipole transition moments anti 
provide the basis of the parametrization scheme in our CLF model. The ek,~tric- 
d i~ le  s,,e!o.~tion, rule, M ~  ± i, removes term I in Eq. (92) as a source of intensity. 
It simflar!y establishes that terms 11 tnake contributions only f o r / ,  : ' =  I or 3: 
hencetbrth, we rei~r to these as P and F contributions, res~ctively. In term 111, a 
double, infinite sum remains, even though V - : ' I  must be unity, and we label 
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intensity deriving purely from the "rest" functions {Za} collectively as the R 
contribution. 

5.3. Parametr&ed local transition moments 

The CLF model [ 11 ] is developed for local ligation pseudosymmetry C2,,. This is 
sufficiently general at this stage in that it relates (a) directly to interactions between 
metal and ligands like pyridine where rt bonding properties parallel and perpendicular 
to the ring plane may differ; and (b) indirectly, to bonding with so-called "linear" 
ligators like the halogens where the relationship nx=ny  raises the local symmetry 
to C~,.. Extension of the model to local C~ symmetry or less is discussed later under 
"misdirected valency". In C,,, symmetry, components of the radius vector r, and of 
the da and Za parts of the cellular orbitals transform as shown in Table 7; ~-type 
non-d functions are omitted as before. Explicit angular forms of all relevant operators 
and functions required are given in Eq. (94): 

I:. = O d  ~ 
~x 

" tOOk)=[4n/(2k + l )l't-'.  ,,Y' k, 
,~. = ~(e.! ;  + c, ,") /V+~ + 

d. :  = ) '2  ) 

,~+,: = (>+".+; .:  > g ~ , ) / ~  

,?,+ = i ( r , ~ ;  + v~ +, ) /v '~  

,~,,, = ,+()',~, .... r~ : , ) /x /~  

, v<+)i/'V2 d,,:,+ ,+ +++ ( I+'~ + ,  ++, 
v(e) 

, ~.,,+ + ( ),,,,,,,, + )+y))/,v~2 ) ( 94 ) 

' 2.,, = i( P% + )g ')) lg?.  ~ / odd. 

' "  - S + ,  " ' 3  + "t" " ' 1 I he, e iunctl¢ ns, together with the neglect of <~ mixing in the ,:ellular o2 bt als al d 
by noting the selection rules implicit in Table 7, yield a reduction to just nine, unique 
non-zero matrix elements under r from the possible total 45, as shown in Table 8. 

+l~lble ? 

Transformation properties of components ol + the radius vector r +rod of nmtal d and lo,:al ligand orbitais 

('z, irrep, r, d~ /+A 

( t l  + ++2, X2 .... ),2 /T 

II~ S I' 

b 2 ), .v: rty 
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Table 8 
Occurrence of non-~ro transition moments in local C2o symmetry 

x z  3 z x y  x ~ -  y 2 

z z r~ rx r~ 0 0 

xz rx r~ 0 r~ rx 
yz r~ 0 r: r~ r~ 
xy 0 r~ r~ 0 0 
x ~-y~ 0 r~ r, 0 0 

Thus, <xylrlxy> and <x2-y21flx2-y2> vanish following the neglect of ~ mixing; 
(xyl~z2> and (x2-y:ldz2> ~ u s e  r does not connect functions with m~ values 
differing by more than unity; and the symmetry properties summarized in Table 7 
ensure that <yzl~:lxz> also vanishes and, further, that all remaining non-zero elements 
are mutually exclusive with respect to the components of r. 

To evaluate the local matrix elements on the LHS of Eq. (92), we first consider 
contributions of type II. Using the standard formula [8] for the evaluation of angular 
integrals: 

/ k' 
<k'q'lO~lkq> = ( -  1 )¢[(2k' + I )(2k + I )]t/~ { 

k ~'~ q ~ 

Q q)(%'Ko (95) 

we find, for example, that 

(96) 

or that 

Eleven such integrals arise and are listed in Table 9. 
Combination of these integrals within Eq. (92) then yields the matrix elements we 

require. For example, 

\ 1 5 /  ~ e,r ° 
(98) 

the first two terms describing the P and F contributions to 11 in Eq. (92) and the 
third, the R contributions of III. We now define the basic parameters of the CLF 
model as: 

and 

L= P, F (99) 

t, f 
(lOO) 
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Table 9 
Non-zero local transition moments in C~,, symmetry 

367 

{ 4 \,aa 

\35/  

al,,, \351 03,, 

" \ 1 5 1  

c-'v 
" \ 7 0 /  

( l ~  ';~ 
<d~,lrAx.,>=(~) '12 a , , ~ - \ ~ ,  a3,~ 

/1\'¢" / 3 \,,~2 

_(!y" 

<d.lr, lx,>~ it,, \3S/ a~o 

Following this. referring to Eq. (93), we express Eq. (98) as: 

<z2ler, lz~>~2e~o + 2v~o + ~To. 

Similarly, 

and 

(lOl) 

<xzler, lxz>=2 a~i,~+2\~/ ~,~+ ~ er'~x.,,x<rX,,,,I ~! X,,,~> 
¢.¢' 

(102) 

<yzler~lyz> - 2ei, y + 2v iv~y + a~y. (103) 

A further simplification is introduced in the expansion of the remaining six 
oil-diagonal elements in Table 8. Consider, for instance, the element (xzlerxlz2): 

+ ~ "'k~x. oCX~.,Irx('Z'g) (104) 
¢,  e ° 



368 A.J. Bridgeman, M. Gerloch / Coordination Chemisto, Reviews 165 (1997) 315.-446 

The first four terms arise from parity mixing contributions of the form 
<d,,zlerxl7.,> and <;6,,,ler.,Id..,), factors already contained within the definitions of 
eta and r't~. The last term in Eq. (104), however, is new and will be different for 
each of the six off-diagonal matrix elements in Table 8. In order to minimize the 
degree of parametrization in the CLF model, we neglect all contributions of this 
kind; that is, all terms of type III in Eq. (92) for which 2 # 2'. Support for this 
stratagem also derives from the following observations. 

We express the cellular orbitals in terms of metal-centred and ligand-centred parts: 

~ =M~ +c~L~ (105) 

once more setting the normalization coefficient to unity. Non-zero components of 
the L type transition moment in the local bond direction may be expanded as: 

<L~Ir~(M)IL~> = <L:.tRtL~> +c~ <L~.Irz(L)IL~>, (106) 

where R is the local M-L bond length and r.(M) and r.(L) are the z components 
of the transition electric dipole moment operator (in units of e) referred to metal 
and ligand centres, respectively. As the c~ are presumed to be small in ligand-field 
orbitals (in line with our approximating the normalization coefficient to unity), it is 
apparent that the <Lalr..(M )lLa> are dominated by <L~IRILa>. For the corresponding 
moments in directions perpendicular to the bond, we have: 

<L~Ir~(M)ILa,>~c~c~,(La]r~(L)IL~,> (1o7) 

because (L~IRIL~,> ~ R ~ , ~ O  when )~ # ~' as required for r, : : r .  Hence, the neglect 
of contributions of the type Eq.(107) is justified if c~ca,<LAIr~(L)IL~)<<R. 
A~:c)rdmgly, ty!~ !11 contribt|tiol°Js to Eq, (92)are ne ~lected tbr ligh| components 
i ,  local x and y directions, 

Following this simplification, Eq, (104) reduces to: 

The completed list of non-zero local transition matrix elements in Table 8, eval- 
ua t~  in this way, is given in Table 10, That no intrinsic parameters need be defined 
with respect to r,, or r~, arises t¥om the explicit evaluation of appropriate angular 
integrals using Eq. (97), 

In passing, we note that all analogous P and F contributions to matrix elements 
under r~ and r~, are opposed; lbr example, the signs with t't~ and ~'~,, are opposite 
in <xzlerdz2). This may be unex~ted ;  that the algebra of the angular integrals via 
Eq. (95), which yielded these signs, is correct, however, is confirmed by the following 
pictorial argument. Consider the contribution <d~:ler,J~) to the matrix element 
<xz{cr~[z:>; in particular, the operation of r, upon Z,,, The only parts of 2~o which 
are relevant !br the present purposes arc p,~ and ,f, referred to the metal centre, The 
action of r~ upon p,, is shown in Fig. 9(a) and upon j~ in Fig, 9(b). The phasing of 
r,:p~ exactly matches that of d,~, so yielding a positive value for <d~:lr~l~'Z~). However, 
the amplifying nature of the r~ o~ra tor  ........ multiplying more distant (greater x) 
parts of a Z function more than less distant parts ~o~ means that the "secondary" 
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Table 10 

Non-zero, forced electric dipole transition moments for a ligation with local C2,, p s e u d o s ~ e t r y  
expressed in terms of the intrinsic par~maeter set L,a; L = P ,  F, R; A=a,  nx, ~ty 

, I ~a ,,, '~ / l ' ~ t a  

I F <xZ-y"lerdx=)=eg,.~-~ g,.~ 

<xa _ v-~ier~.b,:) = _ i,-t, r + ~v~. r 

(xvlerdx->. = i,-t,,~ - ~l" i',., 

<x.vler,.. tv: > = i, t,,," - / v tq,, 

(a) 

( b )  

Fig. 9. {a)The results of operating with r,, upon p~ orbital and (b) upon an f :  orbital. 

lobes of the j~, tkmction (shown hatched) are amplified more than the '~primary" 
lobes directed about the z axis. Subsequent overlap of rff'~ with d,,. is now dominated 
by the amplified, "secondary" lobes of r J'o whose phasing is opposite to that of 
d~ and a negative value for (d=lr~,lfg,,) results. 

The matrix elements in "l~tble 9 are all expressed within the local cellular orbital 
basis. We now consider their equivalents within a pure d basis. 
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5. 4. Local multipole expansion within a pure d basis 

V~ ~ek to replace the odd-parity, electric dipole operators er" acting within the 
mi×ed-parity, cellular orbitals ffLrO by effective, even-parity operators, eTa, acting 
within the equivaient, locally-retOrted, pure d orbital basis: 

<~ler~l~))~<d~le~ld~); ~=x, y, x. (109) 

As the {¢} were defined in Cartesian form, as in Eq. (90), so also are the pure d 
functions in Eq. ( |~)~ Following tiffs, by reference to Table 9, we have, for example: 

<4~leT,.IdF)=2e?, + 2v~', + ~',. (I 10) 

This~ and analogous expressions are listed in Table l |  bm in a manner which 
~parates the P, F and R types. 

We now form three multipole expansions of lhe {T~}: 

k. q 

in which the {U ~}} are spherical tensor o~rators of rank k. Writing the pure, 
Cartesian d functions on the right-hand side of Eq. ( I ~ )  anu of Table Ii as 
{R(d). <~}, we consider the matrix elements: 

~q 

~q 

(I12} 

The common radial parts of ~he five d fimclions, R(d). ensure theft Eq~ ill2} is 
unclla||ged if the Cartesian d fimctions are replaced 1.hroughout by their complex 
equivalents l# +2, me> ++d,,. In this latter |'onn, they are easily evaluated using 
Eq. (95), 

The v~tor triangle ru!e implicit in both 34 symbols of Eq. (95) establishes the 
range of the tensor ranks in Eq. ( |  I 1 ). This, together with parity, determines k as 
2 and 4 only, within a pu~ d basis. The filrther requirement that ooq'+ Q+qo~O in 
the first 3oj symbol of Eq. (94) restricts the humor  of terms in the muir|pole 
expansion which can conner any twc~ given basis |~nctions° For example, only 
¢'~} and C~ '~ are eff~tive in the d matrix elements, <dzte~P;ld~) and <d~leTC, ldo). 
Using Eq. (97), we find: 

| 1 
(1!3) 

~md 

1 | 
4t~x" (!14) 
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Table ! I 
Matrices of the eff~tive transition moment operators within hhe pure Cartesian d basis. Only the lower 
triangles of the symmetric matrices are listed. Matrix elements with respect to the three spatial components 
{~ = x, .r, :) of the operators are mutually exclusive 

~ ,t: G: ,G ,G d:_: 

G-" 21'~. 

P~, o 
_e~, 0 

,r 

r/,~, d: G.. dx~ d~ ~ ~ 

d= ( I )  '~2 .. 

d, ~, 0 

2vG 

1 
tt,~ 

4 

4 

2 v t;,v 

! 

4 "~' 

,lvo d~v 

G~ 0 0 
d:  ,,~ : 0 0 

o o 
o o 

Solving Eqs. (I 13) and (114) as a pair of  simultaneous equations in c~l=(r) and 
c41~(r) yields: 

c21~(r) = 6 j/2 (¢12 ]e T~]dl ) +  (u'l leT~ldo ) ( 1 15) 

and 

c41,(r)= 3 [oo (dz ]eT~Jd , )+61 /~ (d l l eT~]do ) ] .  ( !16)  

Equivalent expressions for c coefficients with q negative can be found explicitly -= 
here, by considering the matrix elements (dl[" [d2) and (dol" [d~) ~ or from the 
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condition: 

c~,q~, = ( -  1 )qCk*.-q,; ~Z=X, y, :. (117) 

More u~ful for our present purposes is to express the ck~,(r) of Eqs. (115) and (116) 
and the like, in terms of the real Cartesian d basis. After some tedious algebra, one 
finds, for example: 

Re[c~t,(r)] = -  (~)1/: [3';2 <d,,.. i- ld~.. > + 3'/2 <dx~ 1" ld.~_ ~-" > + <d.,... I" id..~ >1 

(118) 

and 

/2 

[ - 3 ~<2 <d,.: I. td,.:_ r ~ > + 3 ~/2 <d.,.. I • td,.y > + <d,,: I. I~ >l, 

(119) 

where Re and Im are the real and imaginary parts of the complex quantity c,~,(r). 
A more complete list of ckq~(r) c ~ c i e n t s  derived in this way for an t = 2 basis is 
given in Table 12. In passing, note: ( I ) the expressions in Table 12 differ by a factor 
of (4rt/(2k + 1)) ~/~ from those given earlier [50] due to the present multipole expan- 
sion in ~pherical (i~ ~'~ tensors rather than in ~ .~  ", Y~}; (2  sl~hencal harmonics, and ) the 
same expressions serve for all oneoe!ectron o~rators so that. with appropriate 
dimensions, the dot can refer to the present effective transition dipole oi~rator or 
to the el|~tive ligandofield potential ibr which this table was originally construct~xl. 

The matrix elements on the ri#ltohand side of the expressions in Table !2 have 
been given, in the present context, by the en|ries in °lhbie l i  and so we have 
established the t~lationships l~tween the local multipole coefficients of Eq. ( 112 ) for 
each local, radiation polari,atioa. ~',, and the intrinsic local transition parameters. 
t'ta, of Eqs, (98) and (99). They are listed in Table 13. 

The multipole expansions listed in Table 13 refer to Cartesian components of th~ 
el~tric d ix ie  operator • ~ x, ),~ :. Equivalent ,~ ~.""'o • " ' cxpresstoas in the spherical basis may 

formed using the relationships: 

{120) 

and these are listed in Table 14 for TJ: I. 

3~5. The superposi~i~m 

Our ail~ is to find expressions which descri~ forced electric dipole moments in 
the whole~ multiligand chromophore for incident radiati.~ which is polarized in an 
arbitrary dir~xzlion. Eq, (1112), together whh °lhblc 13 provides one-electron matrix 
elements ~rlsmg from radiation ~ l a r i z ~  in the s~cific x,  y or : directions defined 
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Table  12 
Genera l  re la t ionships  between spher ical  tensor  coefficients and  any one-e lec t ron o p e r a t o r  within the real 
d basis 

(a) Real  pa r t s  o f  c~+{r) 

i 
coo = ~  [<d.-~ I" id.-: > + <d~:l" kt.~.- > + <d,,=l • kl,.- > + (d.,,,! • Id.~v ) + <d.~:- r~ I ' ld~-.,,-~ >l 

C_,o= ~2~d~k~.~+~d:~+.~.~d~.~+~d~.~d~-~-2~d~'~.~lC~.~-2~d~-~`~.~d~-~:~] 

c+:= [(d,,+.l.kt,,=)-<dr.l.ld,=>-4(3)']'+(d,,+_+,..+t.ld:+)] 
+ 

6 + 3  ! I q 
,'..,o +~ o+~<a°+,+, t,~+" >-<d,++t. td+,.+ > -<,#:+.+d+,+ > -+4<a,~,.t.ld+,,,>-~<d,++,.,++. ta+.,+ + ;., > J ,(, ),++, 
c.~,= ~-~ [(3)t~'"(d.,=l.ld.,:)-(d,.:l.ld,...)+(d,.,,.,.I.Id=:)] 

".z,~ 13 +" ('!,..:l" Id,,. ) +  3 ~ (d,+.I" Id,~" :" ) + (d,- I"  Id.+" )1 

c,+~ = 3 (d~.,: I" Id,,,~. ) +~(d,.:l" Jd++" ++ ,," ) - 1 3 1  'f+, (d,,: 1 Id++- ) 

( 7 '~"+ 
,'.~.~,=3 2 0 ]  [(d'+l 'Id '+)+( ' /"++l~id"+'  "+')] 

,( 7 )'J-" 
+:++ + + ~ i  [(d,,+, ,+~.l. ld,,+, + +,++ .", - <d, ,  I • Id,,,. )I 

Ib} Imaginary paris of c~{r) 

+~ ~ \ 2 2  !(,1,,I ~ld+~) ........ ~3~' zEd,°l ']'1',+)1 

f l , ' + [  i I ! ] 
+a . . . . .  Id°~ +;<d,+l Id,+ ..... ) 

,..,.+ 0+ ~ 3 t ,~ i  ) t~ 3 ~"+<a,,.l. i,,'°+. > + ++<,,,,+I. I,:,+. >I 

+ + ( L ' I  +++- t<,,,,+ll,+,,,> + <,+,++ + I,,,+,+ +,.+ >l 
+'+'~ + \ 2 0  ] + 

{ 7  \~/:  
+++ + ~ + -  'l,'l,,. 

"++ + t, , , , )  I("+" + "+" > 

for a single ligation. The local, elt~clive opera~ors in Eq. (!12) are: 

eT~ = ~ -'~ "r ~r~t'~ (121) 
k, +1~ 

where ~ ' - '  1. rimes emphasize the local relbrence frame. 
The relationships between local and global frames may be expressed either in 

terms of a set of Euler angles, (7'+, fl"+, 7") =/~', for short, or in terms of a matrix 
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Tabt¢ 13 
Relationships b e t w ~  local multipole coefficients and local transition parameters 

(a) For I'T~, rT~, 2~T~ 

c4o~(~)(3~. -2i . . -2 i . , )  

/2'~J/2 ( ) 

(b) For a'T~ 

_,:':( ) 

.:(n'"(~,,o~,,,,..~,, ) 

(d) For PT, 
d , y  ,~ 

o_,d~y" 

:(~)"° ( ) 
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Table 14 
Relationships between local multipole coefficients for T±t and local transition parameters 

(a) For T+ t 

c~, = 2 \ 3 /  [ 3~'i',, + 5P?,,, + 5ei~, - 2~i',] 

[ 12Pi',,- 8r~'.~- 8e~' . ,-8vi.  + 7F ~.,, + 7r t'~,] 
c~ - 4 \ 1 0 /  

3( 7 y~= 
+ %]  

(b)For T~ t 

[21'~,,.~--2ei,,--3F?,,,, + 3v~,r] c~t 4 \ 3 /  

cat - 2 \ ! 0 /  

C43 ~-- 0 

(c) For T~: 

c~. o . (± I ) = c~,q( ~= I ) 

of direction cosines, ~,c. The local effective operators of Eq. ( 121 ) are then expressed 
relative to the global reference lYame of the complete chromophore, either by: 

fi~r local Cartesian multipole expansions, as in Table 13, or by 

ntn k ,1~1~ 

ibr the spherical expansions of 'Fable 14. The Wigner rotations ~ transform the 
tensors of Eq. ( 121 ) into the global frame and either ~ct~ or ~) take account of the 
arbitrary (but fixed) polarization of the incident light. Finally, summir~g of 
contributions from all ligations yields the global, effective dipole operators: 

c ~ ,  k qq, 

Or 

¢ nn, k qq, 

Global transition moment matrix elements within a many-electron, pure d basis 
of states expressed as { L S J M j} are then evaluated using stana"rd tensor operator 
techniques [8]. However, we need to compute such integrals within the basis of 
ligand.field states { ~} deriving from prior ligand-field analysis of transition energies; 
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the cellular ligand-field orbitals of Eq. (89), to which the intrinsic CLF transition 
parameter definition Eqs. (100) and ( 101 ) relate, are established by that same ligand 
field. The ligand-field states { ~ are, of course, expressed as linear combinations of 
the {L S J Ms}: 

~ =~ ait(r)q~,; '~', =IL S d Ms)i (126) 
i 

where the expansion coefficients {a} are established by diagonalization under Eq. (2). 
Altogether, therefore, the global matrix elements of the effective transition dipole 
o~rators within the many-electron, ligand-field basis are given by: 

c ~tl~ k qq* ij 
(127) 

o r  

(~t',te'r.tv5 >=~ 2 ~ ~ ~ a,,( )a.(r).~...(R ),~,...(r)-,, ,,,(~ )(q,,ic~,lqS). 

(128) 

As Cartesian transition moments are the more convenient at this.s'tage,,~ Eq. (127) is 
our favoured exp~ssion. 

3,6, Spectmt ahsorbam,e 

We are g~:n~|ally interested in .p~ct~al transilions belween degenerate or near° 
degenerate nianiiblds; this is ~' " " . . . .  ~, ~" ! ai ttculal!y Irue i~r tile b!~ ad features ~ 1 "dd' bands, 
Consider, therelbre, transitions ~tween the N.~ members of an eil~'ctiveiy degenerale 
manifold d a~d the Nn mem~rs  of a similar manifold B. We do not know, a priori, 
along which di~-ctions principal optic~d ) '  absf rpttons occur in a general, low-symme. 
try chromophore. So we construct a second-rank (Cartesian) tensofial representation 
of spectral absorbance from which principal absorbances and their orientations may 

determined by diagonalization. For the transition manifold A=,manitbld B, a 
general element of the absorbance tensor A '~n is given by 

E E <v,,ter, lv,,>. ~129) 

where g= L~v/3eJw and L is Avagadro's number, This quantity has Ken shown 
[11] to be invariant to a unitary transformation that scrambles the eigenvectors 
within manifold A and within manifold B, separately: hence, principal ~bsorbances 
and their orientations so compute! ~v  inde~ndent of lhe choice oil" global refer- 
ence frame. 

Mean absorbant~s, to M comi~u'¢d with intensities derived from ex~riments on 
solutions are given by the traces of A :~n as usual. For polarization studies on single 
.... rystals, . . . . .  "" comt~msons ~twt~n calculation and experiment are made only after appro- 
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priate tensorial summation over crystallographically equivalent chromophoric units 
and transformation into the (experimental) crystal flame by conventional methods [8]. 

5. Z The chemical and ph.l~icai significance o f  the L t ~, parameters 

We have been occupied in the immediately preceding sections with a summary of 
the structure of the CLF intensity model as constructed for acentric chromophores. 
In due course, we will describe its extension for centric species and vibronically 
derived intensity. Before that, however, let us take stock and consider the parameters 
which are at the core of the approach. There are two broad classes of consideration 
we must make: the connections between the parameter values and chemical structure 
to be expected within the CLF structure itself, and the relationships between both 
parameters and model structure of the CLF scheme and of the SC + DC constructs 
which we have reviewed earlier. We proceed in this order. 

We begin with the signs of the CLF intensity parameters and their relationships 
with the signs of CLF energy parameters; a straightforward correlation emerges. 
This is followed by some general observations on the magnitudes of the L to and 
Lt~ parameters in relation to their e, and e~ counterparts, and on the relative 
unimportance of the ~ta contribution from Eq. (95). Of particular significance is 
the ratio of the P and F type contributions, which are discussed qualitatively at first 
and then with respect to some quantitative modeUing computations of the two- 
centre expansion which takes us fi-om Eqs. (89) to (91). Only after all this do we 
place the CLF model within the broader context of intensity theory described earlier. 

5.8. 7he signs o f  the t'ta paramewrs 

The CLF m~dcl' is cenh'ed around tl!e cellular orbitals Eq. (80). As explicit abrms. 
h l l | t  11 lbr these ~re unavailable without (currently llllldchl 1¢} prior compu of the 

electronic distribution throughout the ol~ject chromophore, their tbrm is notional 
and properties depending upon them are parametrized. In relation to the schemes 
in Fig. 10, which is only intended as a rough summary of the material reviewed in 
Section 5.1, we write a dominant contribution to a a bond orbital, 4~, as: 

~ M.,.+ Mpo - L , .  (130) 

in which the magnitudes but not the signs of the mixing coefficients are subsumed 
into the constituent metal s or p, and ligand o functions. The negative sign in 
Eq. (130) arises from our taking coparallel axis frames on metal and ligand with : 
being directed along the M-L w:ctor. The corresponding n bond orbital, ~/~, is: 

C ~  Mt,. + L.. (131) 

The same expression suffices even !br the higher-lying (mostly) ligand function on 
the right-hand side of Fig. lO(c) for while that may be antibondhlg withh~ the ligand, 
it is still bonding with respect to the metal. 

The corresponding ligand-field orbitals, {qjLvo}, arising after interaction with the 



378 A.J. Bridge~n, M. Gerloch t Coordination Chemistry Reviews 165 (1997) 315-446 

Ox b 

(a) primary (b) e~,>O (c) en<O 
bonding 

Fig. 10. (a) Bond orbitals, 6~, result from the primary bonding interaction of metal s and p orbitals with 
a ligand. The bond orbital s interact with the metal d orbitals to yield ligand-field orbitais, qJa, defining 
positive e~ values in (b) or ~.-gative e, values in (c). 

mean d orbita!s are: 

for e,  > O: 

for e~ > O: 

!br e~ <0: 

~b~ ~ Md~ ~ Ms ~ Mp~ + L~ 

(132) 

In these expressions, ti'~e metal d, s and p functions are referred to the metal centre, 
but the ligand L~ and L~ functions are referred to the ligand. Let us now refer these 
ligand functions to the metal as origin via. for now, an unspecified, two-centre 
multipol¢ expansion, retaining only metal-centred orbitals of p andfcharacter. The 
latter restriction is made ~ u s ¢  of the use of the {~} within integrals under the 
¢l¢¢tri¢~dipole o~rator, of coup .  For the same reason, the contribution from 
the Ms funct{on is also dropped. The remaining parts of the {q~LF°}, all referred to 
the metal centre and so equivalent to Eq. (91), take the forms: 

for e~>0: ~ " ~ M d a - M p a - ~ ' L a ~ = : L a  (133) 

wh+e~ [eLa} are the metal~ntred parts of I La} with p or f character. The signs 
ass~iated with the {L~} arise from the signs in Eq. (132) together with a reversal 
for the two,entre e x ~ s i o n  of the ~ function. 

Reference to the parameter definitions in Eqs. (99) and (100) then establishes the 
signs of I,+ t a and r~r as consistently opposite to those of the corresponding energy 
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parameters, ea; that of R/a will always be positive. For convenience and correspon- 
dence with the literature on the CLF intensity model, we now redefine the intrinsic 
parameters as: 

eta=-z'/ 'a; r t a=- r t ' a ;  ata=R/'a (134) 

and observe that the signs of both ea and Lt a (L=P, F) relate to ligand 
donor/aeeeptor function in the same way. The origins of this irritating sign change 
are not mysterious. In Eq. (89) et seq., positive signs were used throughout, without 
prejudice. The signs in Eqs. (132) and (133) recognize the major bonding role of the 
bond orbitals together with their subsequent bonding or antibonding status with 
respect to the mean d orbitals, according to circumstances. The ensuing definitions 
in Eq. (134) then form a natural choice. 

5.9. The R contribution 

In terms of the cellular orbitals, Eq. (89), the L ta parameters take the form 
¢ ¢ ~ C ¢ ba<dal*r..l$a) for L=P, F and b~(q~ler~i$[) for L=R. With the {$[} referred to 

the ligand ~s origin, <~lrgl$~> is of the order of the M-L bond length, say, 2-3 A. 
We present computations shortly which suggest that <d~lr~l$~ > integrals are of the 
order of 0.2 A or less. The cellular mixing coefficients, b[, are likely to be 0.1 or 
less. Hence, ~ta parameters are expected to be no more than about 10% of the 
corresponding v.v ta values. Often, therefore, the R contribution might well be negligi- 
ble. If, however, the global chromophore symmetry corresponds to that of a regular 
or a skewed bipyramid or antibipyramid, the overall R contribution will tend to 
vanish completely, as the following argument shows. 

As discussed after Eq. (104), R-type contributions for components of incb:~ent 
radiation oriented perpendicular to any local bond are negligible compared witl~ 
those lying parallel to the bond. Uniquely for the R contribution, therefore, we only 
include local transition moments that are parallel to the bond vectors. Let 0A etc. 
be the angle subtended by bond vector A etc. and some fixed global vector. The 
resultant transition moment a Q arising from local R contributions is then: 

RQ=qa cos 0,t +qn cos On + ..., (135) 

where the {q} are the local R.type transition moments. The sum R Q will vanish 
when the geometrical arrangement of ligations in a complex is characterized by oo,~ 
of two symmetries, namely: (1) when the whole complex possesses Cnh symmetry 
(n ~ 2); or (2) when exactly half of the ligations possessing C,, (n ~ 2) symmetry may 
be related to the other half, after an arbitrary rotation about the principal axis, by 
renection in a mirror plane normal to that axis. These geometrical descriptions 
identify two ty~s of coordination polyhedron; regular bipyramids and regular 
antibipyramids, whether skewed or not. Included amongst these are trigonal and 
pentagonal bipyramids, the tetrahedron, and planar, equilateral triangles. Many real 
molecular geometries conform exactly or approximately to these types. Altogether, 
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following the reasoning in both preceding paragraphs, CLF intensity analyses to 
date have almost always omitted further reference to the a t,~ parameters. 

5.10. The magnitudes of CLF intensity and energy parameters 

The CLF model considers "d-d' s ~ t r a l  intensity as a ligand-field property with 
some conn~tions with 'd-d' transition energies or various paramagnetic attributes 
of the ligand-field regime. It is to be e x i t e d ,  therefore, that experimentally deter- 
mined e~ and ~ t~ parameters will reflect aspects of the same electronic distribution 
within a given complex, albeit in different ways. 

The dominant parts of CLF energy parameters are given [7-9] by: 

e,t ~ I<d,~ ! Wlz,~ :>t: l(~a -~), (136) 

where V' was defined ir~ Eq. (86) and the {Z} are bond orbitals, as compared with 
the P or F type intensity parameters taking the form 

Lt~ ~(daler,.Ixa); 2=P, F. (137) 

One determinant of there being a significant contribution to e~ is the existence of 
one or more, spatially and energeticaUy proximate bond orbitals Z~ to the mean d 
orbitals. Many of the subtleties in this proposition have been reviewed at length 
recently [9] and will not ~ repeated here. One obvious example, however, with 
particular relevence to our pre~nt subject is the case of a near-vanishing e~ value 
for amine ligators which lack any low-lying n fimcti¢" :~n. The same circumstances- • ' "" 
would lead us to exp~t the lack of any significant n contribution within the local 
ligand°field orbital, q ~ o  I n  short, we anticipate t!atv vanishing u,t~ and rt~ intensity 
parameters should accompany vanishing e~ energy parameters. As any CLF intensity 
analysis is predicated upon a p11¢1 ligandofieid analysis of energies, it mighl ,cem 
~asonable to neglect ~,t~ parametrization in a//systems characterized by near zero 
e~ values~ Such a simplifying assumption might be reasonable in the case of amine 
ligations, for example, for there are good theoretical (b~ndmg) reasons suggested 
from outside the model in support. In general, however, a parallelism between the 
magnitudes of intensity and energy parameters may not be secure. This doubt ~sts 
on the diffe~nt natures of the two o~n~tors in Eqs. (136) and ( 137 ). The o~rator  
V arises from those l~al parts of the mol~ular ligandofield potential that do not 
form part of the mean, spherically symmetric, term <V> in Eq. (86): it is exl~cted 
to be maximized in roughly those regions of space where ~ is maximal. The integral 
in Eq. (136) might thus ~ considered, very approximately, as a scaled overlap 
integral, (d~l~). By contrast, the electric dipole o~rator, er:. in Eq. (137), increases 
linearly with distant',: from the metal centre and so (d~ler~lt'~} might Lye viewed as 
a similar overlap integral weighted progressively towards the ligand centre. In this 
sense, we ~ the intensity parameters as more "outer" pro~rties than their energy 
c ~unterparts. In praetit~, the~lb~, it is to be e x i t e d  that ~:t,, ~aaos will often be 
greater than the cor~sponding e~:e~, ratios. Examples presented in Section 7 of this 
article provide empirical support ibr this proposal. 
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Generally, both e~ and L ta (L= P, F) parameter values should decrease with 
increasing bond length and, other things being equal, such is observed to be the 
case. Both types of parameter should reflect the same symmetry functionality (a, rr) 
in the chemical bond. However, the properties being parametrized by the {e} and 
the {t} are different and it is to be expected that these parameter sets will reflect the 
underlying bonding in different ways. We can thus hope that an analysis of intensity 
distribution will provide a more informative probe of the ligation chemistry than 
one of transition energies alone. The key for exploiting the broader technique lies 
in the nature of the "double layer" of intensity parameters relative to energy 
variables. By this is meant that, even neglecting the R type intensity contribution as 
noted earlier, there remains a "working set" of intensity variables which exactly 
doubles that of the corresponding energy analysis, as shown in Table 15. 

Our next topic, therefore, is the relative roles of the P and F contributions to 
intensity. Much is to be learned from a study of the two-centre expansion of ligand 
functions onto the metal. Before doing this, however, recall the general form of the 
ligand-field orbitais ~" v,'~'m'I~°'~ of Eq. (89) and our remarks in Section 3. The {~Lr.'otj 
comprise mean d orbitals together with small admixtures of the bond orbitals -~ 
the { ~ } of Eqs. (130) and ( 131 ). The mixing coefficients { b } in Eq. (89) a r e  expected 
to be small in view of the weak coupling between the d functions and all others; the 
weakness of that coupling is evidenced by the efficacy of the whole of iigand-field 
theory, as dl, cussed in [%9] Variations in the magnitudes of the b coefficients from 
ligation to ligation will afl'ect P and F intensity co.ntributions proportionately equally. 
As these coefficients cannot, at present, be commaed with suitable accuracy, connec- 
tions between tile overall magnitudes of t,.F ta parameters and chemistry must remm 
emph'ical and be estabhshed by -x .~ "'' ~. e t-cllcnce. Next, we recall how the admixed bond 
orbita!s the "rest" lunct!c ns of Eq. (88) ............... comprtse both metal-originating and 

" ' Sectton 3, the metal.originating fimc- ligandooriginating luncwms. As dascus, ed in ~ ' '  . . . .  ~r 
clccIIO, l'~|!C (cryslal41e!d) means or by " ,' e . " |ions can arise by • " • s ' ' .... . " ' co~ al~nc.y . For complexes 

of the main transition ~' "~' series it is unlikely that serious consideration to f orbital 
admixtures by these means need be given. The extent of such p orbital mixing will, 
no doubt, depend upon the global, molecular symmetry and is a point we will 
illustrate in Section 7.3.5. In general, however, we anticipate that the greater part of 
any bond orbital will derive from the ligand because (a) metalo-/igand bonding is 
much weaker than most intraligand bonding (weaker dative covalency in the lan- 
guage of yesteryear) and (b), another aspect of (a), just one (s) metal orbital (plus 
some small contributions from the p set) is shared by many ligands while the latter 

Table 1 
Parameters hi the CLI: models {excludinb, ut~) 

Energy parameters Inlensily paramelers 

P 
{'~r lnr" l" Inl' 



382 A.J. Bridgeman, M. Gerloch / Coordination Chemistry Reviews 165 (1997) 315-446 

devote one orbital (or possibly more) wholly to the metal. The dominance of tigand 
functions within the bond orbitals {~} thus suggests that the major influences over 
the e'rta intensity parameters might be gauged from a focus upon the ligand-centred 
components in Eq. (133). So we look now at the multipolar expansion of ligand 
functions onto the metal ~ntre. Once more, we draw attention to one further caveat 
which warns us that a complete understanding of the relative roles of P- and F-type 
contributions to intensity is not to be e x i t e d  from the approach we are about to 
d~+cd~. The ~ i n t  here is to recall that all ligand-field phenomena are properties 
of real ~ formed ~ molecules rather than of promolecules. As a result of the usual 
~ve.and-take in bond fo~at ion,  the character of any one bond will depend in part 
upon all bonds, not just upon the 1 ~ 1  atomic constituents ° -  the trans effect 
illustrates the point. Con~uent ly ,  we are to expect that the "best orbitals" within 
a given cellular region will include contributions from orbitals originating from all 
ligands in the system. All these may, of course, ~ ~ferred to the obj~t  ligand 
centre as origin, in which case all that follows notionally includes these contributions. 
Our warning, therefore, is that while trends may be deduced from the following 
analysis, empiricism remains the ultimate arbiter for what are, after all, parameters. 

5. ~ I. Quafitative +nlplications of  the two-centre expansion 

Multipole expansion of a ligand-centred function onto the metal can be made in 
two ways. In one, the expansion functions are defined with resl~+Ct to fixed radial 
parts and so might comprise the set i ls, 2s, 3s,...; ~ ,  3p+ @,...; 3+1, 4d+...; 4j; 5J;...}. 
In the other, we take just one angular function of each kind (f value) ...... {s, p, d, 
]~... } +-with radial parts defined by the expansion pr~ess. In ~ later s~tion, explicit 
expressiol~ for this will be de~ribed, The s~ond pr(~edure is more convenient ibr 

~ .... our pre~nt purposes as we wish to (~us on those expansion functions of'ju,sl/, or 
f chaPacter, and, as the exact form of any !igand l~nction is unknown to us in 
practice, the c o n ~ u e n t  transition moments are parametrized anyway. 

For concreteness' sake, let us consider the expansion of a l igand,  function: 

L+ +a+s +aop+ +ajd+ +aj:f+ + ..., (~38) 

where the functions on the fight are referred to the metal, The ultimate success of 
this expansion may be visualized as in Fig. l l, Two a s ~ t s  of this construction are 
of immediate interest. First, we note how the loss of amplitude near the metal arises 
from can~llations of odd. and even-parity metal functions in the sum. S~ondly, 
we observe the increasing directedness of the ligand-pointing lobes with increasing 
azimuthal quantum number: ~uivalently, we note the decreasing angle subtended 
at the metal by the nodal cones of the e, !o~s. In essence, this is forced by the ever 
inet~a+ing h u m o r  of lobes to he a~ommodated within the metal sphere with 
increasing ~ value. This s~ond feature provides a guide *?or qualitative p~dictions 
about the relative magnitudes of P and F tyl~ contributions to |~rced electric-dipole 
transition moments. 

The point here is that the ex~nsion c~fiicients, a+, %, aj, a2+ etc. in Eq. (138) 
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Fig, I I, Illustrating how a sul~rposition of metal-centred l~nctions can reconstruct a ligand-centred 
function, 

arc determined by both bond length and the character of the L,, orbital. Both bond 
length and lateral spread of the ligand i~nction are relevant. Consider the contribuo 
lion nap0, in Eq. (138). We might suppose the reproduction of a chlorine 3s t~nction, 
say, at ~,~hort and long distances to be achieved in part by small and large radial 
coefficients tat,, respectively, as in Fig. 12. However, at the same time that we satisfy 
the reproduction of the more distant ligand function, we form a ligand orbital of 
greater lateral diffnseness. While the same is true of all the expansion functions in 
Eq. (138), it is less so for the more highly directed j~ function, for example. 
Qualitatively, theretbre, we expect that, other factors being constant, longer bond 
lengths involve relatively greater contributions from higher-order multipoles in the 
two-centre expansion. Note how this conclusion about bond length is intimately 
bound up with the nodal cone angles of the expansion functions themselves. 

Similar reasoning may be applied when comparing less and more directed ligand 
functions. A chlorine (3)sp~ hybrid donor function approaches the metal more 
closely on average than a (3)s at the same bond length, for example. Other factors 

Fig. 12. Smaller mixing coefficient % for shorter M,~,L bonds on the left and a larger one far longer M-L 
bonds on the right. Both radial and lateral dimensions are affected. 
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being constant o n ~  more, a two-centre expansion of a more metal-directed, or 
polar~ed, ligand function will result in a relatively greater contribution from a 
metal-centred p,, function and a relatively smaller one from an f,, function than for 
a less donating ligand. 

The s a ~  conclusions can be reached from a different, but equivalent, viewpoint. 
In Fig. 13(a and b) we sketch the n ~ a l  cones of the metal Po and f,, expansion 
functions. From Fig. 12(c), we o b ~ , e  how that (hatched) part of a ligand er 
function which falls outside the f,, n ~ a l  cone cannot be represented by a metal f ,  
expansion function but can by a metal p~. It is also clear that this re'~ult will l~rtain 
es~cially to ligand orbi~ls which are more diffuse laterally. 

To the extent that the relative magnitudes of the Pt,, and rG parameters directly 
follow the two.centre expansion which transforms Eq. (89) into Eq. (91), we may 
list three qualitative trends based on the foregoing arguments: 
Increasing contributions from p expansion functions and decreasing ones from f 
functions, so leading to increasing ~'t,~: rr,, ratios, will be associated with: 
( I)  shorter bond lengths; 
(2) ligand functions which are more directed, or polarized, towards the metal: and 
(3) ligand functions which are laterally more diffuse. 

As ever, other factors being constant. 
The last two trends might operate in opposition on occasion. Consider a series of 
ligations involving increasing ligand=,melal donation .............. ~rhaps following appro- 
priate subslitutions on the donor ~||om. Fits|ly, we anticipate the greater d~ meaty 
to be m~nife~ted by grea~er polarization of the !igand function toward the metal 
and so, by (2), expect an incre~ 2 in the t'~,:rt, ratio° As the donicity increases 
fi~rther, howeven elect|'on densit> dri!}s i'u~lhel • fi~on| the spherical, atomic field of 
the donor a~om into the bond regio|~ whose field is increasingly es|ablished by the 
mel~t ~nd lig~nd toge!her. The bond elect~oon density wilt tend to conce,~t,~ale mo~oe 
about the metal, ligand vector and so characterize a "tight" bond. This narrower 

nodal plane 
1801 

C 0  
P 

n o d a l  c o n e  

~78,4~ 

i 
i ~ } i b } (c } 

tig~nd function lying o~,l|~ide I~¢ n ~ d  cone ~f,t~ ~we beue~ a "~ep~u~.-ed° .... ~, b~'. ~ mc~d.cen~red~ ~ p~ expan- 
sion l]~n¢lio~, 
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bond orbital will then be modelled in the two-centre expansion by increasing f 
character more than increasing p and, by (1.3), we expect to observe a d~rease in 
the et,,:r t,, ratio. We shortly present some computational studies in support of this 
qu~ditative argtmlent. 

Qualitatively, we expect similar trends to those listed above for a interactions to 
be relevent for n bonding. One may discern factors, however, which suggest that 
the relative contribution of F terms should be more pronounced for rr bonding than 
for tr. Thus, ligand n functions will genera!ly overlap with metal p,, functions less 
than ligand a functions do with the metal s or p,, functions. Migration of ligand rc 
electron density towards the metal may frequently be less than tr, therefore, and its 
greater mean distance from the metal will, by (1.1) above, favour larger rt,:Pt~ 
ratios. S~ondly, reproduction of more distant ligand orbitals within the two-centre 
expansion is, as discussed above, partly effeeted through larger radial functions 
the {a} of Eq. (138). The consequent, but unwanted, lateral expansion is of greater 
significance for rt t~nctions than for a, however, and will be offset by relatively 
larger contributions from.[~, r~ather than p,. Opposed to these two factors favouring 
relatively greater F contributions fi)r the rt modes, of course, is the relative lack of 
any tendency of n bond orbio!s to concentrate about the metal=ligand vector. 
Overall, theretb~, we discern the principles governing r t,:~'t, ratios relative to 
~'t,,: ~'t., bat allow empiricism to establish actual results. 

.~. 12. A computational study of the two-centre expansion 

Sharma [ 51 ] has described a two-centre expansion of the type, Eq. ( ! 34 ), h~ terms 
oi'a multipohr series of Slater-type orbitals (STO) wit,fin the expression: 

/ 

in which the STO are referred to one centre ....... which we take as the ligand ..... by 
the coordinates {R, O, ~} and the expansion functions to another centre ............ the 
metal ........ separated by distance a from the first, by the coordinates {r, 0, ~}. He also 
provides analytical expressions for the radial factors, at. 

In the computations [52] we review, the ligand functions were represented by the 
double-zeta atomic functions of Clementi [53], expanded as in Eq. (135). Double- 
zeta fimctions for metal d orbitals were taken from the same source. Using standard 
numerical integration methods, integrals of lbrm <dalr=l e L~) ...... relating to Eq. (131) 
and the intensity parameters Eq. (134) ~-~- for/ '  = 1 at~d 3 were evaluated lbr a range 
of circumstances. Throughout the results summarized in the present section, these 
integrals will be labelled P or F according t o / =  1 or 3, respectively. We review 
them under lbur headings. 

5.12.1 General trends 
A representative sample of the computational result5 is shown in Fig. 14. Plots 

show variations in the P and F integrals with bond |ength for various orbitals of 
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lensth l b~ ,  twM e~nsi,ons, a|ter [$21~ 

c o . I t  with a chlorine ligand, The resu|ts refer to valence orbitals ~ ~ "o a s~ la t ed  with 
two widely extreme metMo~ligand charge distributions.' ' .... "" M"'* . . . .  L and M°L*. The 
latter distribution is d~med to have ~ n  achieved by donation of a pair of el~trons 
into the metal 4s orbital, so retaining the ~me d" configuration, in lh¢ two |imits. 

Flatly, we note that contributions to P and F intensity paramete~ ~ of the 
same order of magnitude~ confirming that neither ~t  of & parameter may be 
negl~'~ted. S~ond|y, we observe steady d ~  in the magnitudes of both P and 
F integrals with incensing bond length, regaMtess of mei.al. |igand, atomic charge 
or o,bttal tyt~. EquMly general is the fact that the integrals for n interactions are 
smaller than those o f ,  t y ~  and d ~ a ~  with bond length more sharply: both these 
featu~s are shared with t:he cor~s~nding overlap integrals, obtained by replacing 
the o~ra tor  r~ by unity. 
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5.12.Z P:F ratios 
The ratios of the integrals, P:F, which should serve as a good guide to the ratios 

eta:rta as discussed above, decrease with increasing bond length in all ~ses. This 
result di,'ectly confirms the qualitative prediction (I) of the preceding section. In 
terms G" the present atom-based computations, polarization of ligand orbitals 
towards the metal will be mimicked somewhat by shorter bond lengths and support 
for prediction (2) follows. 

5. IZ3. The importance o f  the ligand functions 
Simultaneous variation of metal and ligand functions were included in the calcula- 

tions summarized in Fig. 14. It is also revealing to consider the effects of such 
changes taken separately. A representative sample is presented in Fig. 15 for the 
combinations Co a +, Co O with CI- and CI +. Once again, we observe that values of 
both P and F integrals, and of the ratio P:F, all decrease with increasing bond 
length. Both P and F integrals increase with increasing negative charge on the metal 
as one would expect. Of particular interest is the way that the ratios P:F decrease 
markedly as the ligand 3p.. orbital contracts with the change CI---.CI ÷ but hardly 
alter at all with contraction of the metal 3d,2 orbitals. Thus, we conclude that P:F 
ratios are dominated by bond length and the ligand function; that is, by the multi- 
polar expansion of the ligand orbitals. In essence, the metal d orbital and electronic 
dipole operator, er,, act roughly as multipliers so far as P:F ratios are concerned. 
Analogous conclusions emerge from similar computations for n interactions. 
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Fig. 15. Trends in P and F integrals for o expansions as functions of metal and ligar, d ch::~rge 
separately [52]. 
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5.12.4. A more realistic modell;ng 
Thus far we have considered only expansions of outer ligand valence orbitals 

although possible charge variations have also been investigated. All this has been 
done within a simple atomic/ionic representation of the ligand functions. As discussed 
earlier, Imwever, ~ n d  orbitals are expected to concentrate more about the bond 
v~tor  than free atomic orbitals. This notion lies behind the greater lone pair-lone 
pair than lone pair-bond pair repulsions in valeiJ : ~ ' - '  / ,  ~,~>p~,-~epulsion 
(VSEPR) theory, for example. Simulation of tighter bond orbitals may be effected 
in part by inclusion of inner orbitals into the valence shell. A donor tr orbi'.al for a 
chlorine ligand, for instance, will ~ better represented by some combination of 
3p~ and 2p: functions than by 3p.. alone. Fig. 16 illustrates the de~ndence of the P 
and F integrals, and their ratio, upon such a change. The most important conclusion 
to be drawn from these results is that, not only do the F and P integrals decrease 
in magnitude on replacing the chlorine ion 3p.. function by 2p., but the ratio P:F 
also decrea~s markedly. Herein lies the numerical support for proposition (1.3) 
described in Section 5. I1. 

Altogether, while bearing in mind the role of metal-originating functions within 
ligand-field orbitals, the computational exercise summarized here fully confirms all 
qualitative prtxtictions made earlier. Those predictions provide the guide to the 
bonding interpretation of the ~'ta parameter values obtained from a given analysis 
of intensity distribution in "d~d' SlX~ctra. They have been remarkably well borne out 
empirically, as will ~ descried in Section 7. 

This concludes our review of the CLF intensity model as applied to acentric 
chromophores [! 1,52], In due course, we will show that ils extension to include 
inten~iiy dc~0ivi~g by vibronic means does not require a corresponding increase in 
parametri~ation, I~ i~ therei~re , ..... ~°' ,  ~ appr~!~!,~ c a! this point to compare the CLF 
approach trod i~s parametric structure with the |:|tode]liltg ot' (mostly) ~1:1" |.rRnsi|ioils 
th~l we h~ve ~cv~ewed at ,t~ch lenglh i~ Sec|ioa 4, 

~$) ,.mlet~ ) amt degrees of  l}"eedom 

First, let us supplement Table 4 ibr the case of C~.,~ symmelry, as in Table 16. 
Table 13 listed Cartesian multil~ale coefficients ........ equivalent to l,'~(p) ibr p=x.. ,v - 

< 

. . . . . . .  3 :t ~ ............ 
d, f~ ..... ae,\  

2 p e 

...................... _ , (  m -  . 

....... ~ M  ................ L., .......... 

Fig, i~, i °he  m a r k c d | y  sm~Jl,er P : F  n~tios | b r  tuner  orbi~Ms [521 
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Table 16 
Vector field parameteriz~tions fi~r C:,, site symmetry 

{a~ Parameters l"~{p) Parameters Aj~ ~ 

Number Number Number Totals Number Number 
tbr : for x lbr y for J =  K for J =  K+ 1 

Totals 

2 2 l ! 4 1 3 4 
4 3 2 2 7 2 5 7 
6 4 3 3 10 3 7 10 
All 9 6 6 21 6 15 21 

in Ca,. symmetry. Compare the entries in Table 13 with those in Table4(a) and 
Table 16{a) for C~:,. and Q,, local ligation symmetry, respectively. In C®v symmetry, 
L t,~.~ = ~'t~.~, and we find non-zero muitipole components in Table 13 (ignoring Coo, 
which is without significance for observable transitions) with Czo and C4o for T~, and 
with ¢'~ and c4t for T,. ,,, in agreement with the accounting in Table 4(a). Lowering 
the ligation symmetry to Q,., ~'t~., @ l'tnr and we find two non-zero multipole coeffi- 
cients in Table 13 with K= 2 (czo, cz2) and ~wo with K=4 (c4o, c4D for 7~; for each 
of T, and 7~., there is one with K=2 {czt) ~nd two with K=4  (c4~ and c43~. These 
numbers of symmetry-required variables agree with those in Table 16{a)except that 
thr~  are expected there tbr 7~ instead of tl~e two a,p~aring, in the CLF Table 13. 
The shortfidi in the CLF scheme arises fi'om our neglect of 6 interactions in Eq. (9!) 
et seq. The '~" mtssmg entry !br T~ would involve the real par| of ¢'44{r) in Table 12{a} 
of the tk~|'m c.~o~- (t,,~,~ r" ...... t,~.~,.). Altogether, therelbre, we observe the CLF parame- 
trizalion to be properly behaved with respec~ to symmetry. 

We discussed in Section 4.7 how the expression of the multipole expansions of the 
effective dipole operators in terms of vector spherical harmonics is especially reveal° 

8 

ing with respect to various intensityogenerating mechanisms° The coefficient, of these 
Balasubramat tan [24], or A~t, by harmonics are labelled A j~ M by Newman and * . . . . . .  1" 

Richardson and Reed [43,46], and by Stewart [2%45]. Using Eq. (75), we may 
construct AjK M coetficients in the Cz,., CLF scheme from either Tables 13 or 14; they 
are listed in Table i 7. Once again, the entries in qhble 17 correlate with the accounting 
in q[ktbles 4(b)and 16(b). A,~4 and As,,4 are deemed negligible in the CLF approach 
following neglect of 6 bonding interactions within the cellular ligand°field orbitals. 

Let us consider the numbers of degrees of freedom within the CLF model. It is 
apparent that the nine significant A.tsu in Table 17 are functions of nine ~'t,~ (L = P, 
F, R; 2 = a, nx, ny) basic CLF parameters in local Cz,, ligation symmetry. For the 
linear ligation of C,~:,,~ symmetry, lbur AjKM remain to be expressed in terms of six 
t. t~ (L = P, F, R; 2 = a, n) CLF parameters. With neglect of the CLF R contribution, 
there are six and four ~*t~ parameters for Cz,, and C~,~,., respectively. So the numbers 
of AjKM and r*t,~ variables may or may not be equal, depending upon the nature of 
(reasonable) simplifying assumptions made. While a c~mputation of the {AjKM} 
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Table 17 
Non-zero vector harmonic multipole coefficients in the CLF scheme 

1 y n  
A,zo=\-~/ [-s ' i ' .  + 3t'?,~, + 3v?~r-6r?.-2r?~,-2r / '~r]  

5 
Az:z2 ~= "i'2" [2e F'~x - 21' F"' + 3r ?"  - 3r ?'~1 

[1 ,~,,z 
A3:o=~'~) [9~'?, +SVt,, +8t'?,~, +4F?, + 3rl,,, + 3v?~ .1 

A~2~ 6\21 [s"G =s t,, +3~'iG-3%,] 

1 
~== =~8 t~, ~SV?,,r =88v?, +67rF,., +67t'7,,r] A ~.~ 20 [ 12 I'?~, ' v- 

A ~  ~ \ 2 1  

l ( l ~  t''~ I ' "  

from the I~-'b~} is always possible (and unique), the rever~. ~ process is generally 
unavailable, Shortly, we consider the parametrization in the SC and DC models 
defer|bed in ~ t i o n  4. That has ~ n  implemented largely for "fool" s ~ t r a  while, to 
date, the CLF modal has b~n d e v e | o ~  only for "d...d'. We can, however, anticipate 
the outline of a CLF m~elling of ~l~[" electric dipole strengths. 

Qualitatively, the bonding in lanthanoid complexes should resemble that in higher 
oxidation state com~unds of the main transitio~ metals. The bond orbitals are 
e x i t e d  to be similar to those rcpre~nted by the 4~ in Eq. (89); once more we 
would recognize a and n contributions, but neglect ~! and ~. The required parity 
mixing to be parametrized within the ligand-field orbitals now involves contributions 
from d and g functions, of course, so that we would take L& parameters for ~1~:1" 
transitions for L ~ D, G, R. Although the detailed forms of the effective multipole 
e×!~ansion~ have not ~ n  derived at the time of writing, their general form will 
re~mb|e those in Table 17 but will extend to the numbers given in Table 16. In 
C~ |~al  symmetry the 21 As~m (or a few less upon negl~t of $ interactions) will 

f o x e d  from just nine u't~ parameters or, again, from six if the R contributions 
can be neglected. In C~,. symmetry, six A jK?d variables will ~ constructed |Yore six 



A.J. Bridgeman, M. Gerloch : Ct~mtination Chemistry Reviews 165 (1997) 315-446 391 

or four L ta parameters depending upon the inclusion or neglect of R contributions, 
respectively. 

5.14. Thejunctional dependence of static- and dynamic-coupling parameters 

5.14.1. Static coupling 
Reid and Richardson [46] have expressed the Atap[SC] parameters in terms of the 

S(t, 3.) of Eq. (53): 

= - A,v_ (t, A)(2A + l )/(2t + 1 )a/2 (140) 

The 3(t, ,t) quantities are indei~ndent of ligand properties. They involve only 
angular factors and radial integrals relating to the electrostatic configurational 
mixing on the metal The ligand dependence of the A~v[SC ] is contained within the 
A,p parameters which are the odd parity components of the crystal-field potential 
that are responsible for that configurational mixing. Within the crystal-field scheme, 
the {A,,} are modelled in terms of ligand point charges {eq}, sometimes with the 
addition of ligand polarizabilities, taken as mean, static polarizabilities, {~}. The 
polarizability refinement is problematic in practice, being fraught with the question 
of convergence, and is usually ignored. The functional dependence of the point- 
charge, crystal-field parameters, {A~v[SC, chg]}, for a single ligand, then involves 
the magnitude of the point charge, q; its distance from the metal, R; and the radial 
integrals (n/IrlnT) and (nilr'ln7'). Within the philosophy of the crystal-field scheme, 

"~-n w " all of these quantities are taken from K o n data and, in this sense, the 
{A,~SC, chg]} parameters are nol really variables. On the other hand, practical 
applications of the model ..... one of which will be reviewed shortly ....... treat one or 
more of the basic properties parametrically. 

In the C~,~,~ 1oc'~il symmetry of the pou'~l-charge '° ' ~ model, A~, vanish unless p ~ 0, and 
t ~ ~ ±1 only. For 'd=d' iransitions, therefore, we find lbur non-zero A~:~ ~. o coeffi- 
cients and for 'j:f' transitions lhere are six, as in '|hb!e 4(b). These may be modelled 
in each case by a single charge magnitude, q: or by q, (hi]tinT) and (nltr~lnT) 
depending upon the degree of confidence placed in the radial functions of the metal 
orbitals (d. p and f ;  or j~ d and g). 

5.14.2. Dvnamic coupling 
Reid and Richardson [46] derived a general expression for the eil}ctive transition 

dipole operator for the DC mechanism: 

I = ( r a > R i l  ~{~ + 2} {C~( j )C  ~ + ' ( L ) }  q 
~ q ,  jL 3 " 

× ~ (Iq, 1 -q']nm)*(~o l)q'o~.",(L). ( 141 ) 
H, H| 

Their Vq corresponds, in our notation, to 7;,; that is, to one '~sphericai" polarization 
of the efl'ective transition operator: (r ~) is the radial integral (eRlra(R) where eR 
is the radial part of the orbitals between which the transition is taking place (dR or 
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SR, as appropriate). The {a~,(L)} are components of the dynamic, electric dipolar 
polarizability tensor for ligand L. Eq. ( 141 ) is for the most general circumstance in 
which there is no special orientation of a most generally formulated polarizability. 
Various special cases for Eq. (141) may be constructed. The first concerns the 
exclusion of n = 1 within the range n=0,  1, 2. This omission relates to ligands with 
S ground states and corresponds to the irrelevance of the antisymmetric polarizability 
tensor discussed just before Eq. (67). The components with n = 0  and 2 relate to the 
symmetric mean and anisotropic tensors, there labelled with k =0, 2. A~, parameters 
for the isotropic (n = 0) case de~nd upon ~, the mean polarizability, and are labelled 
A~p[~,  ~]. A commonly favoured special case relates to the anisotropic (n=2)  
polarizability when this is taken to be cylindrically symmetric; that is, when the 
polarizability ellipsoid is a figure of revolution. Parameters tbr these circumstances 
are labelled A~p[DC, ~ where fl relates to the single anisotropy (~tl-~±}; tl and .!. 
refer to the principal axis of the tensor. 

From Eq. ( 141 ), we observe that A~,[DC] parameters are functions of the radial 
integrals for the metal atom, (r~); the bond length, R, and the ligand polarizability, 
~. That Eq. ( 141 ) relates to a sum of contributions from several perturbers (L) does 
not confu~ this assessment of the functional de~ndency of the A~, parameters. We 
have already discussed the number of A,'~, parameters which may arise in C~,, or 
C~,~ l~al pseudosymmetry. Regardless of the symmetry, they are all functions of 
(r~), R and ~. There arises, however, the question of how many system variables 
are invo!ved~ Tills can be a comp!ic~:~ted matter de~nding upon how much is 
modelled and how it is done. 

Consider first, C.~,~ liga|ion symmetry~ Here there are one, or two, polarizability 
i: al ame.e~ s, ~ ,~l~d .B. The radial mlcglah ' ,,r-). are either lwo or three in nu~r:ber 
according |o the modelled transilions bch~g of " d d '  o ~, "[:f' lype, resl~'Ctively, 
Within an "ab flfftio" philosophy, these quanlilies are taken as known bu| they can, 
neve~ the!~ss, ~ consldered as variables in a iooser modelling scheme. In C ~,~ symmeo 
try, we _equwe three polarizability variables, corresponding to tlae three major axes 
of a general, symmetric polarizability tensor. Their orientations are surely not to be 
treated as variables for they are defined by the symmetry elements of that point 
group. In lower symmetry, however, six polarizability variables are required, 
although these may be taken in the form of the thr~  principal polarizabilitie~ plus 
three Euler a~agles describing their orientation with rest-el to the local ligation or 
global molecular° frame. One may anticipate that the complications for such low 
symmetry a~  not worlh the candle. In due course, we briefly consider one low 
symmetry case within |he CLF m~tet. For the presem i~ is enough to stay with 
C:, ~hich serves as a usefid symnae~ry classiiication ft~r very many chemical ligations. 

!~ application, s of the DC mechanism generally, prt~blems arise in ~he n~odelling 
of lig~nd polari~bi!ities. One, of course, is that the l ~] of Eq. (|41 } are ~/vmtmic 
prol~rties rather than static and, within an ~b in#io approach, appropriate values 
may not ~ r,~adily available. Th~s problem is particularly severe for polariz~bility 
anisotropies~ One measure of the difficulty is provided by the following brief review 
of a study by Dallara et al. [54]. 
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5.14. 3. Model!ing polari:abilio, contributions ~ an example 
Following their presentation of the theory of :t'-f electric dipole intensities [from 

which Eq. (141) was quoted], the Richardson group described its first application 
for two acentrie lanthanoid chromophores. The study [54] involved a more refined 
analysis of the [Eu(ODA)a] 3- and Eu(DBM)aH20 chromophores that were the 
subject of earlier work [32] using the isotropic DC model: the chromophore geome- 
tries are of the ID and III types of Fig. 6. The oxydiacetate (ODA) and ~diketonate 
(DBM) ligands are shown in Fig. 17. Dallara et al. [54] list the ligand properties 
they require to model the appropriate A~p parameters. They are: (1) identification 
and selection of ligand perturber sites; (2) positional coordinates and, in some cases, 
spatial orientations of those perturbers: (3) ligand charges: and (4) ligand 
polarizabilities. 

Their consideration of perturbers was remarkably comprehensive. Ligations were 
not represented as single entities, instead, all atoms in the ODA ligands were 
included, and each assigned fractional charges, qL, and isotropic polarizabilities, ~L. For 
the DBM system, all chelate ring atoms and the water oxygen atom were included, 
while the phenyl groups were each described by a single perturber site. All of these 
had already been considered in their earlier study [41 ]. In the Dallara et al. paper 
[ 54], this already-comprehensive list was supplemented with various sets of chemical 
bonds. Both isotropic (~D and anisotropic (//D polarizability values were assigned 
to each chemical bond and positioned at the bond midpoints. The phenyl groups of 
the DBM ligand were assigned ~ and fl values also. The spatial orientations required 

S '  for all anisotropic DC perturbers were fixed from appropriate X-ray cry~ta!lo- 
graphic data. 

Initial modelling with all these perlurbers quickly indicated that a large subset 
made liule significant conlribulion to lhe calculated A,~, palamclc~.. The bulk of the 
sludy of Dallara el a!. therefore relates to a so-called "'reduced" basis of strucluu'al 
perturber sites. We reproduce these for the DBM chromophore in T~rlble 18 lO 

illustrate the detail of this work [54]. 
A major objective of the study of Dallara et al. [54] was to demonstrate the 

empirical need ik)r non°zero parameters of the kind A~, (especially A~o) that reveal 
the relevance of the anisotropic DC mechanism. This they did. Their success in 
reproducing the experimental dipole strengths in these chromophores is illustrated 
in Table 19. A corresponding comparison of modelled and empirical A '~,, parameter 
values is presented in Table 20. Note that these values refer to the chromophores 
complete rather than to single ligation perturbers. 
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Fig. 17. 
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Table 18 
Ligard perturber site properties for Eu(DBM )aH~O (after Dallara et al. [54]) 

Perturber site (L) Positional coordinates Orientation 

R,. CA) O, (°) ~,. (°) q~ (e) ~ (A ~) & (A ~) o',~ (°) ~'t (°) 

H20 2.390 0 0 -0.30 1.490 
Ot 2,27'0 73.54 40.72 -0.625 0.026 
Oz 2.300 130.72 348,95 - 0,625 0,026 
Ct 3,317 86.39 31.91 0.10 0.037 
C~ 3.322 119.78 2.86 O.lO 0.037 
C:~ 3,72i 103.57 18,54 0.05 0.878 
Ph~ 5.994 74.22 42.54 0 10.60 
Phz 5.918 1~.96 347.91 0 10,61) 
C~=O~ 2.850 81.40 3,4.22 0 0.987 
Cz=O~ 2,868 123.31 357.73 0 0,987 

5,85 6 7 , 3 4  134A5 
5,85 55~98 112,95 

0.26 109,79 15.88 
0.26 96,77 22.22 

Table 19 
Compari~n of relative dipole strengths within multiple~.omultiplet transition (after Dallara et a/, [54]) 

Transition Relative d ix ie  strength 

Model calculation Empirical fit Experimental 

(a) for [Eu(ODA h] ~: 

d~ (v I~)~ E~( ~ D~ ) 0,94 4,25 4.43 

(b) I~ ~u (DBM hH~O 

A( ~ Fo) ~ A( ~ O~) 734 6~70 L38 
A( ~F0)~,E~(~D~ 1~89 |1~ol 2222 
A( ~FI)~E( ~ DI) I i I 
A( ~ F~ )~ A( ~ D~ ) 109 2.38 2.21 
~'(~FI )~E~A(~Dt) 59,7 4,28 6,52 
E~( ~ F~).~ ~(~/)o) ~ ~ 
~() F~),~I(~t)~) 3,49 ~5~ 3.8o 
~a( ~ F~)~ A( "~ Do) 0,S9 14,53 5,91 

We make just two broad observalions~" about the results summarized in Table 19 
and Table 20. While the import~u~ of the d ~ (t ~ ,~ 1y~) parameter has ~ e n  well 
demonstrated in ihese systems: (I~ the qu,antilalive agreement ~ t w ~ n  modelled 
and empirical parameters and dipole st~ngths is, at ~ t ,  modest; and (2) even the 
quality of the empirical fits to e×~riment is not ~rfect. The empirical ~rame|ers 
am m~hanism-inde~ndent, of eourm; not only do they not del~nd upon the SC 
and ~ modelling, but their derivation is inde~ndent of any notion of superposi- 
fion. It seems likely that the diffe~nces ~tween the last two columns of Table 19 
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Table 20 
Comparison of calculat~ intensity ~rameters  with those determined by part.meter fits (after Dallara 
et al. [54]) 

Parameter A~/IO- ~ acm 

[Eu(ODAh] 3- [Eu(DBM )3]HzO 

Model calculation Empirical fit Model calculation E~apirical fit 

A~o - 4 6  - 4 0  
A]o 15.3i 15.8i 8.49i 70i 
A~o 69.5 50 
A~3 ~ 39.2i - ! 5.6i - 16.4 + 38.9i - 10 + 4 ~  

derive from imperfect modelling of the ligand-field energies upon which the intensity 
analyses are predicated. As for the comparisons between the modelled and empirical 
fits, Dallara et al. comment, amongst other matters, upon the possibility that other 
mechanisms, not considered in their study, may play their part. We agree but reserve 
our commentary for the overview of a comparison we now make between the CLF 
approach and the SC + DC modelling of the Richardson and Mason groups. 

5.15. Covaleno, and th"z, CLF approach 

The SC and DC mechanisms for forced electric dipole transitions are both exam- 
ples of the "independent systems" approach. There is no recognition of the covalency 
and overlap between metal and ligands. The possible importance of these effects. 
however, was strongly argued for by Newman and Ba!asubramanian [24]. and 
acknowledged re~ated!y by Richardson and his group [43,55]. In 1983, the !alter 
pointed out [43] that: '~Whi!e it seems certain tllat overlap effects will contribule to 
the intensity,..it is not at all clear how large these eil~cts will ~ or how they should 
be modeled and calculated." The activity in this field was such that just one year 
later in 1984, Pooh and Newman [40] made the first explicit attempt to consider 
c ovalency. Their results did not agree well with ex[~riment, however, as we saw in 
Section 4.7 but one might not have expected too much of so simple a modelling 
within an ab initio approach; as was admitted by these workers at the time. 

The CLF approach, though parametric, does attempt to incorporate all effects of 
covalency and overlap based upon an assumption that ligand-field theory is a 
generally successful pset~dopotential model for d- or ./= electron properties. The 
ligand-field orbitals {OLVO}, from which the present intensity model is derived, 
correspond closely with the "best orbitals" notionally defined by density functional 
theory - allowance figr the separation of d=d (off=f) interactions having been made, 
as outlined above and elsewhere [7=9]. The ligand-field orbitals thus include the 
effects of all covalency, overlap and configurational mixi~g ~hat go to make the 
molecule as it is. These italics emphasize the crucial distinction between the formed 
molecule and the promolecule comprising metal and ligands in their electronically 
free tbrms but located in the geometry of the real molecule. The optical (and other) 
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quantities that we seek to model are properties of the mol~ular ensemble after the 
electron redistribution we call bonding has taken place. Furthermore, since bonding 
varies betw~n one molecule and another, the forms of both bond orbitals and d 
(or f )  basis functions vary. An obvious corollary of this is that the magnitudes of 
all ligand-field parameters - -  both ea and Lt~ - -  will generally vary from system to 
system, and that exact, or even occasionally approximate, transferability of these 
parameter values ~tween systems is not to ~ expected. For the energy parameters, 
ez, this question has been discussed at length recently [9]. No doubt there is rather 
little direct overlap ~tween lanthanoid forbitals and the ligands (or between higher 
oxidation state transition metal d orbitals and the ligands). However, that does not 
deny the relevance of covalency and overlap between metal and ligands in general 
they are bound after all. Although the metaHigand overlap presumably involves the 
metal s and p orbitals in particular, the cunsequences for covalency, in general, and 
for the d or f electron properties, in particular, must be e x i t e d  to ~ important. 

The centrally important contribution by Newman and Balasubramanian [24] was 
their demonstration that, within the single restriction to one-electron operators, all 
kinds of parity-mixing (which enables the electric dipole transitions that are our 
concern) will be subsumed within an effective vector operator like Eq. (72). The SC 
and ~ mechanisms are constructs to model some contributions to that operator 
in terms selected by the theoretician. We argue that the CLF approach models all 
contributions in tet~s selected by nature. The SC terms refer to configuration mixing 
between functions of an imagined (promolecular) free ion. T~ae DC terms relate to 
the construct of inde~ndent sy,• stems~, that are coulombically coupled transiently in 
the presence of the incident radiation field, These are ways of setting up a calculable 
scet~ario given the enormity of the t~sk of some complete ab initio, all-electron 
computation, ~nd, of cour t ,  c ~valency and overlap a ~,re explicitly excluded l.tow~evo ~. 
the eff~ts of co' valency,- a' t!d overlap are ~dso implicitly excluded. Our point, here, is 
that estimates of perturber charges and polarizabilities musl relate to the bound 
structure rather that~ to various free unils, To some cxle at, of course. Daiiara et al. 
[54] attempted to take account of this by consideri~g some bond~ as pertu~rs: 
othe~ise, however, their modelling referred to uncomplexed atoms. There arises 
the question of how much charges and poiarizabilities change on complcxatl~ n. No 
doubt tho~ for the mo~  distant entities ........ those outside the first coordinalion 
shell ......... will often ~ somewhat similar in bond~ and promolecular structures, On 
the other hand, the DC contributk~n to intensity from the more distant ~ r t u r ~ r s  
will generally ~ less im~rtant  than those tYom the immediate metal environment., 
and it is there where the largest changes to charge distribution on complexation are 
eXl..~¢t~, Our discussions of the factors affecting trends in CLF ~°t~ parameters 
centred around bond polarization etl'~ts and the "tigh|ening" of bonding electron 
density about the metal Aigand line of centres. It is at least likely that the polarizabili- 
ties of ligand donor atonls will I~ 1 ~ttch~ . . . . . .  reduced relat~ c ~ ' ,  " v, |o those in ~i~e corresponding 
free ligands, Without ~he ~nefit of all-electron ~.,l~ i~#i~ c~dcutafions fi)r objec| 
ciaromophores, however, it is obvious that we can do no more than n~ake educ~ted 
guests,  Our guess would ~ that previous "'ab ~n~tio'" estimates of the DC contribu- 
tions to forced elt~tric d ix ie  intensities are too larg¢,~ ~ ~ This opinion lies ~hind  our 
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suggestion in Section 4.9 that the successful accounting tbr the 'd+d' intensities in 
[CoCl4] 2- and the like is owed to cancellations ~tween the neglect of covalency 
and overlap, and an ovelxstimation of the polarizability of bound ligands; in effect, 
to cancellations between the explicit and implicit neglect of covalency. 

The CLF approach merely recognizes that, in~er alia, the functions involved in 
electric dipole transitions ase of mixed parity and the model simply parametrizes 
the consequences of that. It might be objected that, in the absence of some prior 
calculation of that mixing from first principles, nothing has been put into the model. 
If so, we would observe that neither have there been included any unnecessary 
preconceptions that are artefacts of the independent systems proposition. Our asser- 
tion that the CLF approach is selected by nature derives from an observation that 
ligand-field theory works well, by and large, together with theoretical studies [5+9] 
of why it should. Those studies were made by tracing connections between tile 
empirical procedures of ligand-field theory, on the one hand, and the well-established 
concepts of quantum chemistry at large, on the other. In so doing, it was possible 
to discern what ligand-field parameters must monitor and, hence, how they may ty~ 
interpreted. This stance is to be contrasted with a "front-loaded" model that imbues 
parameters with meanings by assumption and definition. The former reveals the 
constructs of nature, the latter imposes the prejudices of the theoretician, however 
necessary they may be felt in the interests of tractability. 

There can, of course, be no direct mapping of the SC and DC mechanisms onto 
the CLF modelling. It is pc stable, however, to see vaguely how the concepts of the 
lbrmer relate to tile latter. Consider first, the SC contribt~tion. The essence of Judd+s 
[++2] and o f d r s  [23] electrostatic modelling was to evaluate the conseqttc ~{;c~ of 
parity mixing within 1he "op t i ca r ' f  +.'~ states arising fi+om configurational interaction 
wi|h excited ~t u ++It or +I+ ~g~ states brought about bY+L the c~+:+_+y~l+tls "' tield+ All such 

+ part of the (implicit) description of the ligand+!ield orbitals t,+~ixi+~g is just ~nc 
+ ] in the formed m~ kx+t ic. ]'t+e dominant cont+ribut+on to tile {el+v+)} im expected 

' ) . . . . .  + + + S '+ ~o c+ mpl+s+ tho++e metal and ligand orbit+its mosl hlvolvcd in ov¢i+l+ip+ Of tour+.  
tune|ton.+ whose There will, however, be lc~+ex+ss+" contributions l~om higher-lying metal + +' s 

overlap with the !ig+mds may be slight or vanishing° As in the Judd and Ot~lt 
contttbuttotL will lake a ++'~rm~lisms, ~:ttch " +' ' s sign determined by energy separations 

like E(4 f )  E(5+I). The sign opposition of SC and DC contributions to intensity has 
been noted many times. Our discussions of the CLF ~'t~ parameters repeatedly 
rel~rred to parity-mixing originating on the metal or originating on the ligand. The 
" S first of these resemb&s the SC contributions of the Judd and Ofelt models. We have 

emphasized the word resembh, h)r it must not be |brgotten that the diflbrences 
between real molecules and promolecules render tile exact Ibmas of appropriate 
radial integrals and orbitals energies as unknown to us in practice. 

Connections between tile (?let: :+.theme and tile DC mechanism are hard to find. 
!n principle, one could envisage a |brm of algebra that would achieve some artificial 
ieseml+lance++" ~ ' ~ betw +een tllem. One might ,;+ " . . . . . . . . . .  s propo e a diflbrent mdependent°system~ 
structure relating not to metal and ligands but to metal d (or f )  functions and to 
the ++rest +'e++ orbitats of Eq. {88). Expressions akin to Eq. <60) would resul , + +  t but 
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s u ~ u e n t  relationships with polarizabilities appear to be without conventional 
meaning ~ and surely without utility. 

There is a central poin¢ here to do with the question of drawing arbitrary bound- 
ad~: where does a chromophore begin and end? For the SC approach, the chromo- 
phore is the meal ion itself. For the DC model, we might say the same, but that 
intensity afi~s from coupling with atoms, groups and bonds surrounding the metal. 
As the ligand polarization mechanism is the same as the inhomogeneous dielectric 
up,ouch, one may view it as a sto~ about secondaw radiation sources. The 
magn~" des of such contributions decrease rapidly with the distances of those sources 
from the central metal and with their number establishing an ever-closer approach 
to effective spherical symmetry in the lattice. How well does the CLF approach 
model the whole ~vironment? There are two direct types o? approximation involved. 
One is the restriction in the number of cells within the superposition to the number 
of ligand donor atoms in the first coordination shell (plus any void cells for the 
energy parametrization). The other is the neglect of 6 (and perhaps ~ etc.) bonding 
with the metal. Both are chemically reasonable assumptions that have proved totally 
satisfactory for the analysis of transition ener~es and various ma~etic properties. 
Then there are indirect approximations, Given the "'empirical" fitting of intensity 
distributions to the basic CLF model, including mi l i t a t ed  valency where appro- 
priate, there follows the interpretation of the optimal L t~ ~rameter values. Those 
values will, of course, subsume effects originating in (radially) distant parts of ~l°,e 
molecule as well as in tho~ close by that are the usual focus of our attention, h,~ 
that ~ n ~  the CLF model is complete (accepting always the basic ligand-field prtmis 
about m~n d (f)  orbit als and so on, as d isused  in Section 5.1 and elsewhere [3= 
9]). Whether one is able or is bothered to resolve the undoubtedly small contribution:~ 
from the ~riphery of the molecule or, indeed° i¥om the lattice is another question. 
It ~ems neither ~ i b l e  nor attractive to risk dog, hie counting by adopting a mix 
which one might la~l CLF + DC, 

In S~tion 7 we will survey the successful application of the CLF approach to 
some 43 ehromophores. The ~'ta parameter values deriving t¥om both the static CLF 
model and the vibronic one we descfi~ in ~ t i o n  6 consistently correlate well, 
though qualitatively, with broader issues of chemistry and bonding. The quality of 
reproduction of ex~fimental intensity distributions is uniformly good and rather 
better than that ~por t~  so far for the indel~ndent systems analy~. It must be. 
aeknowled~, however, that the reproduction of the generally broad .... and usually 
spin°altow~ .... features of 'd-d' s ~ t r a ,  which have been the sole focus of CLF 
studies, may be less exacting than of those usually sharp and well-resolved transitions 
typical of "f:F s~ctra, 

~, 16, ~sdi~erted vokot~cv 

The !~al l~&symmetry  i%r many iig~fions is lower than Cz,,. This circumstance 
tends to arise in two main ways: ( I ) when i he constraints of chelation or inte~olecu- 
!at hydro~n ~nding within the lattice result in ~n t  bonds; and (2) when the ligand 
field of a non4ative lone pair on the donor atom lying to one side of the l~al 
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Fig. 18. Misdirected valency: (a) tbr bent bonding. ~rhaps due to chelalion; and (b) from the effects of 
the non-dative ligand lone pair. 

metaHigand vector is significant. These situations are sketched in Fig. 18 and are 
collectively referred to by us as "misdirected valency". The local pseudosymmetry 
is C,. The consequences for CLF analysis of transition energies have Ken studied 
extensively, both theoretically [9,10] and experimentally [10]. The local energy 
matrix ceases to be diagonal on lowering the symmetry from C:,,oo, C~ and an extra 
oilLdiagonal parameter e,,~ is incMded in the parameter set: 

drz 0 e~,. 0 e,,,.] 

(142) 

The consequences of these types of ligation for intensities are likely to be compli- 
cated. For the DC approach, the situation corresponds to the most general case 
studied, as in Eq. ( 141 ), and is an unappealing subject for analysis, It is equally, or 
perhaps even more, unappealing within the CLF model, though one study has been 
made [56]. We do not go over the tedious algebra here, however, confining ours~ Wes 
to some general remarks. (1) I"t,,,, parameters, akin to e,, fbr energies, Eq. (142), 
are not required. (2) The main consequences of misdirected valency for the intensity 
parametrization are modified t't,x (if the misdirected valency is defined within the 
I~a! xz plane) values. These correspond to a positive contribution and will be most 
visible |br the case of a foca l l y  non.n.bonding ligand when Lt.,, values will be non- 
zero in the presence of a bent ML tr bond. Modifications to Lt, values are expected 
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to be small. (3) The detailed forms of Tables 9-11, 13, 14 and 17 are all changed in 
the lower, C,,, symmetry but evidence to date suggests that neglect of these changes 
will not be too serious. (4) In summary, a practical modus operandi for systems with 
misdirected valency is to parametrize fully so far as energies and the ligand field are 
concerned (with e,, e,v,; and eo,,~, and e,~ r, of course) and to let L t~x values subsume, 
as best they might, the con~uences  for the subsequent intensity analysis - -  in 
particular by allowing for non-zero ~t,,x values in cases of pure a-bonding chelates 
like ethylenediamine, for example. 

5.17. ¢L~ordination voids 

An important concept in the ligand-field analysis of planar and other sparsely 
coordinated complexes is that of the coordination void. The consequences for the 
CLF e~ parametrization have ~ n  described many times and reviewed in great 
detail recently [9]. Our remarks here follow that discussion. The effective ligand- 
field ~tential associated with a coordinationatly void region is not zero; as for a 
region or cell containing a ligand, the ~tentia~ is established by any locally situated 
"rest +' orbitais [see Eq. ( 88 )]. In a void cell, the effective "rest+' orbitals are dominated 
by an energetically high-lying s function. This cannot, of course, affect forced electric 
dipole moments because of the orbital selection rule d f  = ± !. Overall, therefore, 
the pre~ng~ of coordination voids must be pro~rly accounted tbr within prior 
ligand°field analysis but otherwise is without consequence for intensities. 

The addenda of this and 1he preceding section complete our description of the 
CLF intensity model for acentric chromophores+ We now consider the c,,~se of 
vibroni¢ ¢ouplil~g in hich parity nfixing ~.lnd !ile generatton of effect+re electsit 
dipole operato~0s arise dynan~ically during the course of molecular vibrations. 

6, T ~  ~llular iiga~+~W m~¢l for ~ c  m.~ ~ a r . ~ n | r k  ehromoplmres 

As discuss~ in ~+ction 2, the Condon transition moment Eq. (34) will vanish in 
~ntric chromophores, Electric dipole intensity may arise in centrosymmelric species 
if induce~! by appropriate vibrational modes. In the harmonic approximation, the 
complex motions undergone by a vibrating molecule can always ~ resolved into a 
combination of inde~ndent normal modes. This indel~ndence means that normal 
vibrations are uncorrelat~ so that, in general, they coincide in neither fi'equency 
nor pha~. Electric dipole intensities induced by several normal modes are then 
simply given by the sum of the inlensities of each. Thet~ is no question here of 
forming the square modules of the sum of transition moments i~r each vibration. 
The uncor~!~tted nature of these inde~ndent intensity sources ensures that cross 
terms ~tween diffe~nt transition moments vanish over t~me. In the following 
development [ 12], the~fo~, we consider electric d ix ie  intensity for a single normal 
vibration mode, q, modelling ex~riment by a simple sum of intensities at the end. 
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6.1. Effectiveoperators 

As in the "'static" CLF model of Section 5 ("static" referring to the enviromnent 
being acentric), we seek to construct effective operators, eT, acting upon pure 
(electronic) d N (or f,v) states that replace pure electric dipole operators el" acting 
upon "true" states. Within the electronic-nuclear space that we must now consider, 
however, those effective operators will also be functions of the nuclear displacements 
Qn of the normal mode q. We begin by writing matrix elements of effective operators 
eT' acting in the electronic-vibrational basis of the Born-Oppenheimer approxima- 
tion as equivalent elements of operators eT acting within the pure electonic basis: 

(xa(r. 0, ~)V(Q~)IeT'(Q,; r, 0, ~)lx,~(r, 0, ~) V'(Q,~)) 

(zd(r, 0, ~b)leT(Q,~; r, 0, ~)lL](r. 0, ~)), (143) 

in which the approximation sign expresses an assumption that the vibrational wave- 
function V' is effectively independent of which excited electronic state is involved in 
the chosen transition. In addition, the vibrational overlap integral is taken to be 
unity in recognition of the fact that the model will be applied to the reproduction 
of the broad features in 'd=d' corresponding to vibrational envelopes. We have thus 
assumed that the eT may be constructed by folding in the same vibrational product, 
V(Q,~)F'(Q, t) throughout the ligand-field domain. This assumption is of the kind 
already used in the CLF model for acentric systems, in which one presumed that 
the description of any one d orbital is independent of the particular transition in 

....... ') ' ' ' ..... S which it is involved the concept of the "mean" d ~ rbltal d,scu~ sed earlier, One 
|hus considers averaged parameters in parallel with the central strategy of !igand- 
field analysis of transition energies, 

Exp~inding T in mullipolar ibrm: 

T(Q,,: r. 0. Z wk..(Q,,;, 4),'. 144 
k q  

where e is a unit vector referred to Cartesian directions, ~ ~-~ x, y, z, yields matrix 
elements in the basis of pure d (or f )  electronic wavefunctions as 

(Lt(r. 0, O)IT(Q~i I~ O, ~)[z~(r, O, ~)) 
k 

k q . . . . .  k 

kq 

= ~ ~ q,a,(Q,; r)<Z, IC~,~'l~,])e~ , (145) 
kq 

in which ~ denotes the angular part of •, and the {c}, given by 

ck,r~(Q,l; r) = ( Ra(r)lwk,,(Q,1; r)lRa(r)), (!46) 

are functions of the nuclear displacements Q, and of the radial functions Rd which are 
common to all the ligand-field states and d orbitals for the chromophore in question. 
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Once again we invoke a celluhr su~rposition. T= Z', T', writing: 

T¢((~T~; r ~, 0 ¢, ¢~)=~ ~ w~,,~,=,(Q~; r*)C~a~,"(0~, $¢)e~,,, (147) 
et~ k ,q '  

for the ~llular multipolar operators, T ~. The global matrix elements Eq. (145) then 
take the forms [121: 

• " k'): . ^~ '  

x (Zdt~, tZa>, (1481 

w ~ r ¢  

d,,a,=,(~; r~) = <Ra(r)lwLa,=,(~; rglRa(r)>. (149) 

The multipolar coemcients {c~,} for each 1~1 Cartesian polarization, ~'=x', y', z', 
are similar to those evaluated in Table 13 for the CLF "static" model except in two 
crucial resp~ts. They defend upon the local orientation of cellular nuclear displace- 
ment, ~ ,  and, as a second consequen~ of that, these {cq differ even for cells 
involving othe~ise identical ligations, as the nuclear displacements at a given instant 
in time gene~'aJly vary from ~I1 to ~!! within any given normal vibration. In this, 
we recogni:te a global pha~ structure in the {~} determined by the mol~ular 
normal vibration mt~le which ~rsists even after resolution of that mode into the 
cellular components. A~ordingly, the projection of Q~ to form the {~} is an 
important feature of the parameteric structure in this vibronic CLF modei~ 
Furthe~ore, each Q~ describes a v~torial displacement with, generally, different 
components relative to the l~al!~: defined axes, x', y', :'. 

The co~ of the °'static" CLF inten.~ity model, of ~u~,~, was the expression of the 
oeilular multople eff~tive o~rato~ in terms of the ~sic t h l~rameters. Analogous 
exp~g:~|ong within the p ~ n t  wbron~ CLF m~el de~nd upon the nature of k~al 
a~ /~ r  d i sp~~n t s .  We ~nsider t ~  tyl~s of motion .... ~nds, st~tch~ and torsions. 

6.2. Bending vibrational modes 

The ~llular superposition of Eq. (148), like that of Eq. (127) for the "static" 
m~el,  involves o~rator multipole ex~nsions re fer~  to mean or ¢~uilibrium 
ligation frames which are defined in practi~ by X-ray dgffraction data, Let us 
consider a bending vibration mode in which an obj~t ligation o~illates in the local 
.xz plane and define a reference frame D associated with an instantaneous angular 
displa~ment of the ligation by O ~ from the equilibrium frame E, as shown in Fig. 19. 
It is recogni~d, of coupe, that the o~illation plane of a ~al bending motion need 
not coincide with a principal plane of the k~d ligation #seudosynlmetry; the displace- 
meat 0 '~, here, the~fo~ ~presents merely the component of the ~al ~nd  in the xz 
plane. The sen~ of the angular displacement, as indicted by the arrow in Fig. 19, 
is such that a ~sitive ~ is associat~ with frame D being displaced into the positive 
quadrant of the x: plane of frame E, In the harmonic approximation that we 
consider he~, angular displacements are taken to be small, when cos ~ 0~--,1, 
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X ~ 

L' D ~  z' 

L ' ~  E ~-z 
V 

Fig. 19. Equilibrium, E, and displaced, D, frames for bending modes. 

sin 0 -~--*0 x and sin" 0 "~0  (n > 1 ), and the two frames are related by: 

E E 

D 

x y .7 

, ,  ° o , - / o o* ° / i . o  ' - : t  o* . 
z' sin0 ~ 0 cos0 x . m . .  0 

(150) 

We further assume that small vibrational displacements do not significantly alter 
the character of the local electro~, density distribution. Therefore, effective electric 
dipole operators for the displaced ligation may be taken, with respect to frame D, 
as those given in Table 13: we write, 

(151) 

oo ' L , ,~ , '  t f ~ { , t )  41 I'Tr, h6'I(C~:) + C~2~ )+ Lc~t(C~ 4~ + ~ t ) +  ,~,'~3 + C~ 3), 

where, for 'd=d" transitions, L= P or F as betbre, and the {c} coefficients are given 
in terms of the basic CLF "static" parameters L tL~ as in Table 13. 

We now refer the operators of Eq. ( 151 ) in frame D to the equilibrium frame E 
[the reference frame for the later superposition, Eq. ( 148)]. The rotation by 0 x about 
the local y axis in Fig. 19 is implemented by the Euler rotation, R(O, - 0  ~, 0), using 
the conventions of Brink and Satchler [57]. The Wigner rotation simplifies as: 

~(~)ia Ox,O) ack)t_OX), (152) 

so, using the tabulations of Buckmaster [58] for the {d} and assuming small 0", we 
construct the transformations shown in Table 21. 

Sv, bztitution of the ~'e!ationships in 1~ble 21 into Eq. ( 151 ) would yield effective 
transition moment ol~rators for the light electric dipole oriented along the x', y', z' 
axes of frame D but referred to frame E. We require expressions for the base vector 
e referred to the equilibrium frame also. These are constructed with the aid of the 
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Table 21 
Transfommtions of nmhipole operators upon small angular rotations 0 -~ about .:.~, D--.E) 

Frame D Frame E 

[3"X t:z 
~_~--, c~+_-'~ TI - /  o-~0o :' +o-'~-" 

\ 2 /  • - ± l  

. .~ i ls/ '~14) 

~ ~ ' ~ ± 4  

With vanishing displacement, 0 ', in Eq. (153) we recover Eq. (151), but referred to 
frame E. 

Note particularly that the expressions in Eq. (153) involve parts that are indepen- 
dent of the displacement, 0 '~, and parts that are linear in 0 z. Vibration,s in the global, 
centrosymmetric molecule ~r|re even (g) or odd (u). We therelbre consider pairs of 
ligations which are centrosymmetrica!ly disposed about the metal atom in their 
equilibrium ~ondltl~:" ~' "3n. Gerade and tmgera&,~ bending displacements of such a ligation 
pair are shown in Fig. 20. Fbllowing procedures like those detailed above, we have 
established [12] three relevant conclusions: (I) the superpositioa of operators 
Eq. (153) ibr two diametrically opposite iigations suffering gerade angular displace- 
ments as in Fig. 20(a) vanishes identically, as required by the Laporte rule; (2) a 
similar superposition for ligations undergoing ungerade bending does not vam~h, 
(3) only the 0X-dependant parts of Eq. (153) contribute to that ungerade-ty~ super- 
position. This latter is, of course, to be expected, for any vibronic intensity must 
derive from the changes associated with ligand displacement. 

Within any harmonic vibration cycle, the displacement angle 0 "~ varies symmetri- 
caUy about the equilibrium position. However, the intensiO' arising from a displace- 
ment of o-0 x will be identical with that from a displacement of + #~. Accordingly, 

L2 M L! 

(a) (b~ 

Fig. 20. (a) Gerade and (b) ungerade bending modes. 
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effective o~rator expressions like Eq_. (153) are replaced by analogous expressions 
involving 0" rather than 0L where 0 x defines a root-mean-square (rms) vibration 
amplitude. In this way, we recognize the time-averaged nature of experimental 
electronic transitions. As such rms amplitudes are unknown a priori, we parametrize 
them at this stage of development of the CLF vibronic model by their incorporation 
within the static l:t~ parameters as follows. 

The surviving 0"-dependent parts of Eq. (153) form multipole expansions of the 
T a ~ =  x, y, z) with coefficients of the form ~cf~0 ~ (~ = x so far but will be generalized 

to include a = x or y shortly). Let us define: 

Table 13 defined the {rc~} as functions of the "static" parameters t~-t~}; )~=cr, ~x', tO,: 

L4,=LE,(L',). (Is~) 

Because of linear dependence of the surviving terms in Eq. (153), and hence of 
Eq. (154), upon 0", we may concatonate the parametric natures of the {t} and the 
{0} and write: 

(156) 

Thus, intensity parameters {Lt~} appearing without a right-hand superscript refer 
to the usual "static" parameters of Eq. (134), while those tLt]l appearing with a 
right-hand super~ript ret~r to "vibronic" parameters relating to the ligand bending 
displa~ments in the ~z plane of the local equilibrium ligation frame. Within that 
equilibrium frame, the effective transition moment operators for bending in the local 
x: plane take the !~rms: 

, , T o  o t + < , , , ,  ...... , 

•l..,l t¢ f ) l l l (q4 t  O~t I + <4ot~J - )] 

~L.~[ 3 _ ( 7 h  I:~ O4,)] 

+ *" ~I, (c~ - cI ~) + *~',% ida; o° 0:')+ *'o,% (c% - c? ~ ) (157) 

t, T~ = ~''°¢; C~ ~ + C ~  + 
~, ~ 2 \ 2  ] 

+.~Lc~oO~ ~ + ~'°e~(c~}~ + c~2') +"-c~oc~'. + -*~c~(O~ + q~)  
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L T v -  21~ .. - ( 

- + ( - cL% ) ] .  

By way of emphasis, the {~a.~} bear the same functional relationships to the {"tl} 
as the {Lc~} of Table 13 do to the {Lh}. The right-hand superscript x on the {Ltj} 
in Eq. (157) refers, once more, to the ligand movement in the local ~ plane. These 
expressions are thus the (xz) vibronic analogues of the "static" expressions in 
Eq. (151). Equivalent expressions for {Lt~} relating to ligand angular displacements 
in the local yz plane have been derived in a similar manner and are given 
elsewhere [ 12]. 

6.3. Stretching vibrational modes 

Throughout pure stretching vibrations, or equally for components of more com- 
plex motions parallel to the metal iigand vector, the relationships between effective 
electric dipole multipole operators and e L F  L ta parameters remain exactly as given 
in Table 13. However, the magnitudes of the t't~ parameters vary throughout the 
vibration cycle. The variations will not be linear with respect to vibration amplitude 
but rather something like that sketched in Fig. 21. Superposition of effective opera- 
tors for a pair of diametrically opposite ligations will comprise only those parts 
arising from the d(fferences in ~'ta parameters for the displaced ligations. G, ad  
modes accordingly yield a null result in agreement with Laporte's rule. At some 

1°12' 

Lt yt(eq)+ l't x' 

l't ~ eq) 

/t At eq~-t't  a' i i . 

re bond 

vibration 
amplitude 

Icng lh  

Fig. 21. The variation of t't~ values in stretching modes. 
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J' .~" X 

.V~ ., up 

Fig. 22. Equilibrium and displaced (unprimed and primed, respectively) frames for a iibrating ligation. 

non-equilibrium instant within an ungerade stretch, the differences between oppo- 
sitely referred CLF parameters will be (Lta(eq)+t°t~')-(s~t~(eq)-l~ta")=~ta'+~ta " 
in the notation of Fig. 21. In the harmonic approximation, therefore, we assign CLF 
parameters to one ligand as: 

t.t~ =(I t.~ + l't~)rm ~ (1158) 

and ~t~ =0 for the other. This ensures that the global {LT:} operators do not vanish 
within the cellular superposition. 

6.4. ?brstonal'f mo&,s 

These vibrations describ,: oscillatory rocking motions of a ligand about the metal 
donor atom vector° They are not. of course, defined ibr an atomic ligand. As our 
original' ' presentation of the CLF vibronic model was developed tbr vat' "':~l~ us" M X, 
species: X ~: halogen, torsions were irrelevant. The discussions below are presented 
for the first time. 

We consider a rotation of a single ligatioa by 0 ° about the M L ( z j  axis. The 
displaced, D, and equilibrium, E, t?ames in Fig. 22 are related as in Eq. (159): 

E E 

D y' ~osin0: costF 0 ~ D ~0: I 0 . 

(159) 

Equivalent to 1~able 21 lbr a bending t tsl klc~mcnt, we have tbr this rotation the 
simple relat!onshlps. 

Transl2~rmation of the opera~:ors Eq. ( 151 ) from frame D to frame E, equivalent to 
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D~ X A ' ,~  - ' X 
E2 L*:L# x :0 ~ . 

--.- ? v 

v 

Fig. 23. Equilibrium (E)  and displaced (D) frames for opposite ligands engaged in a torsion. 

the "bend" expressions Eq. (153), yields: 

'~ r :  -~'.,,~.oC~o , + Lc~.2(~'-, + ¢~'-_~)+ '~do ¢~o ~, + '-,.~,, ~ ,  + o~,., ~ 

--2iO=t'cSz(U2z'-C~?~)-2iO=Lc~z(Cq,,4'-~) (161) 

L Yx = LcXl ( C ( ? ' -  Cq~ ?~1 ) + / ° c ~ |  (C~? ' + CI4Jl ) +  1"¢'~3{(~ 4 '  _ (~{4~) 

-o : ' . ¢~ , (0~ ,  + o ? , , ) - o = ' . d , ( c y  , + c ~ ) - o = ' . d 3 { ~ ¢  , + c '%)  

~" L = ~'d, {03' + 07~ )+  ~'dt {c~ '~ + 0~!',) + ~-d3~c~3 ~' + 0 ~ )  

- ~0 = " d ,  {cV' - o~  ~' ) -  ~0 ='- ,.~, ~cy, - ~ ) -  3w = '. d3  ~c~ 4 , -  c~%) 

Now consider the counter-rotations of two identical liga|ions sited diametrically 
opposite to one another relative to the central metal. The displaced and equilibrium 
fi'ames fi~r ligands undergoing this torsion are shown in Fig. 23. The relationship of 
the displaced t~amc 1)~ lbr !igation ~ ~ ~'clalive to E,,o is identical to thai of I)~ relative 
to E~. Hence, the expressions in Eq. (161) for th,: operators lbr ligation 1 in t~ame 
E~ .'~s,- serve lbr the operators tbr ligation 2 in frame Ez. Iranstormatkn from Ez 
to E~ involves rotation by n about their common axis x: that is, R{O, n, n). Now: 

~,vq,--, n, n)=exp = (162) 

so that the C] k~ in E2 transtbrm to + C'~ in El for all q. The Cartesian transtbrmation 
from Ez to El is given by: 

Et 

A" l ~ " 

X(i ' !) E2 y o- 1 

" 0 I 

{ 163) 

In transforming the operators Eq. (161) fi'om E2 to El, we use Eqs. (162) and (163) 
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together and find that: 

for LTx: C(k) ~ + ~_k~ (164)  

for L T., L T/ C~q k' -~ - ~k~, 

and hence that the 0~-independent parts of Eq. (161) transform to their negatives 
while the 0~-dependent parts transform to themselves. In forming the superposition 
over the two centrieally related iigations, therefore, only the 0~-dependent terms 
survive so that, for the reference ligation undergoing a torsion, we have: 

Z,T~ ~ --2iOZLc~2(C~) -Ca~2)-2iO=Lc~2(C~2 ~) -C~2~2) (165) 

Z.T  = + ) + + 

Note, however, that from Table 13. LC~ 22 and Lc~2 coefficients are each of the 
fore (Lt~x-t't~), and, similarly, that (iLc[t + Lc~t), (iLc~t + Ldt), (3iLc'~3 + Ld~), 
( i ~ d t + t ' d t ) ,  ( - i L d t + Z ' c ~ t )  and ( - 3 i % + ~ c ~ )  all take the form (~G~-z't.~). 
Thus, we see that the effective multipole operators for torsion depend solely upon 
the ligation tt anisotropy. They will survive for torsions of opposite pyridine ligations, 
for exampl¢, but vanish for linear ligators like the halogens. 

Equivalent to Eq. (154) we may define: 

where O' is the rms value of 0 ~ (the semiotorsion angle lbr the ligation pair) and 
employ four torsional interiorly parameters, ~'t[; L ~ P, ~, 2 ~ nx, ny. 

6.£ Relationships between the static and vibronic CLF paramewrs 

In Table 22, we summarize the variables that are engendered by the CLF vibronic 
model as describ~ so far. L ~ R parameters arc not included in the CLF vibronic 
model on the assumption that their effects will tend to cancel in centric and near- 
centrie geometries. The parameter lists in Table 22 relate to the three different kinds 
of ligand displacement rather than to discrete types of normal vibration mode. In 
general, normal modes may involve contributions from one or more of these kinds 

Vibroni~ CLF |~at~amet¢~ 
. . . .  

(b) For stretches ( Ion~tudinal di~ph~m~n~) 
(~) For torsions (rotational disp|accm~ms) 
All for L ~ ,P~ F ('d~-~/') or L ~ D~ G (:f-f) 
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of displacement, and, even for pure bends, the normal mode may comprise displace- 
ments in both tangential directions (x and y) normal to the metal-ligand v~tor. 
Potentially, therefore, any one real normal mode may require up to 11 CLF variables 
per ligation, and since a complete vibronie analysis would include consideration of 
several normal modes m by summing the intensities associated with each m the 
number of degrees of freedom are increased considerably. Practicality demands that 
this freedom be curtailed dramaticaUy. 

One criterion by which to judge any discounting of these variables is that of the 
magnitude of ligand displacements. Definitions like Eq. (154)establish the CLF 
vibronic parameters to be linearly dependent upon rms displacements. As discussed 
in Section 2, these tend to be smaller for higher frequency vibrations. Stretches are 
generally of higher frequency than bends or torsions so an immediate simplifying 
strategy for vibronic intensities is to discard all but the softer torsions and bends. 
Our first applications of the vibronic CLF model was to square planar, 
tetrahalocopper(II) [ 54] and -platinum(ll ) [60] chromophores. For these, consider- 
ation of normal mode contributions to intensity was limited to the three, ungerade 
bending m o d e s -  of b2u, a2u and eu symmetry (torsions are irrelevant in these 
systems, of course). Within each mode, many fixed relationships exist between the 
different displacements of each ligation: for example, all ligands move away and 
essentially normal to the coordination plane by equal amounts in the a2, mode, or, 
in pairs, by equal but opposite amounts in the b2, mode, as illustrated in Fig. 24. 
There are, however, no fixed relationships between the magnitudes of the displace- 
ments for the different modes. A large parameter list remained even for this simple 
model. The analyses were tedious and lengthy, and characterized by many correla- 

:~ ~ n tions between optimal parameter values - -  otte , though not always, the indicator 
of an overparametrized model. Nevertheless, good reproductions of observed inten- 
sity distributions were obtained for several different chromophores in this series and 
the relative magnitudes of the various t parameters for o nercnt modes qualitatively 
correlated inversely and well with known vibrational frequencies. We do not review 
these studies in any further detail; their importance lay in providing confidence in 
the CLF approach enough to implement the next phase in its development that we 
now describe. 

The parameters of Table 22 subsume both electronic and vibrational characteristics 
in the various ligations, the latter being particularly responsible tbr the proliferation 
of variables. However, the theoretical development that we have reviewed defines. 
for each angular displacement, a simple proportionality between the vibronic and 

¢12 tt b2 u 

Fig. 24. The az~ and bzu bending modes in square planar coordination. 
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static {t} parameters: viz that a vibronic L t~ parameter equals the equivalent static 
L t~ parameter times the appropriate rms ligand displacement. Rather than parame- 
trize these rms displacements, as done implicitly within Table 22, we predicate our 
vibronic analysis upon a prior vibrational a~alysis that provides them as fixed. 
known quantities. Normal coordinate analysis (NCA) of the vibration frequencies 
(from IR and/or Raman spectroscopy) provides the means by which the necessary 
ligand displacements are dete~ined. Though modelled through an assumed force 
field, the process of NCA is utterly independent of the ligand-field analysis it 
precedes. 

The combination of NCA +CLF vibronic analysis constitutes the present stage 
of development of the ligand-field model. We can discern a number of significant 
gains over the bare CLF vibronic model. ( l ) For bends and torsions, the parameters 
of "Fable 22 are proportional to the corresponding "static" parameters, the constants 
of proportionality being furnished by prior NCA. Accordingly, the only CLF vari- 
ables u s~  for bending and torsional components of any normal vibrational mode 
(however complex otherwise)are the "static" parameters Lta; L = P ,  F, 2=a .  nx, 
~y. (2)This  parameter set is not increased as more (bending and/or torsional) 
m ~ e s  are included, for the dynamics of each are determined by the same NCA and 
the parameters of Table 22 (bends and torsions) all relate to the same "static" t 
parameter set. In this way, a rather comprehensive description of the vibrational 
character of a chromophore can be included in the overall model without ~nai ty 
so far as the vibronic degrees of freedom are concerned. (3) Not only can the 

' S  ° S'  ~ ° ' "  de~riptio, of the vibra!iona! motion be so ea.dy extended but a .m'ulai lack of 
~nal ly  attaches to an an~dysis of near-era(rio chromophores in which intensity 
a¢crt~es from both s~atic and dy,amic sources. In practice, these are common 
¢irct~ms|.ances; we review o,e such ~taOy [6!] in See!ion 7 of [Ni(en):d ~*. which 
is only approximalely octc~hedral° The same set of ~'t~ pa.rameters suffice for the 
"~tati¢ '° co,tri~ufion as for all vibronic bends and torsio,s. 14) The |:emperature 
depeadeoee8 of all iigand displacements arc calculable t?om the NCA and so 
predictions about the tem~rature del~ndence of the CLF vibronic intensities may 

made and compared with ex~fiment. (5) Only for stretches (or the stretching 
co|r|~ments of normal modes) are extra t parameters required. An important 
and surely reasonable ...... assumption made within the CLF modelling of ~ n d s  and 
torsions is that the el~.:tronic character of the bonds ~mains essenliall) ons|ant; 
ultimately this ~ ~ . . . .  ~ . . . . . . .  " a~ sumpt|on is t~sponstble for the proportionality between static and 
bending or torsional t parameters. For stretch~, on the other hand, that bonding 
character is all that can change so thai the simple proportionality dt,~s not result in 
this case. The relationship betw~n *°t~ (static) and l°t~ [Eq. ( 158)] is unknown and 
must be parametd~t~l; nor need we cx l~ t  exactly the same relationship for L = P 
as |:or L ~ ,~ Allogelher, lherel\~, a consideration of stretching modes or compo- 
hen(so r~utres° ' " ~°t~ ptirameters in addition to the sel: of "s~atic" ~o¢~. parameters 
~qu~red for either "static" contributions or ~ndmg/to~tonal  modes, or both. As 
,~tretchmg normal modes a~  usually of rather higher |requency than bends or 
to, ions,  s~ tchmg displacements are relatively .,mall. Similarly. the stretching dis° 
ph~cements within impu~ bends or to , ions  are frequently small. We suggest that 
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the neglect of all stretching modes or components - -  in the interests of minimizing 
parameterization might not be too serious. The analyses summarized in Section 7 
have incorporated such an assmnption. (6) Finally, for all NCA +CLF vibronic 
analyses parametrized solely in terms of "static" ~t~ parameters (i.e. stretches being 
neglected ~, all remarks concerning the significance of static-type parameters discussed 
in Section 6 carry over in toto to the vibronic systems. 

7. A survey of CLF analytical results 

Our focus in this article has been on the CLF modelling of transition metal 'd -d '  
spectral intensities and we end with a brief but cemprehensive summary of its 
application to some 43 chromophores. All CLF intensity analyses to date are from 
this laboratory and all have been conducted in a similar tashion. Each intensity 
study is built upon detailed CLF analysis of transition energies. We do not describe 
these ligand-field analyses here, however, although appropriate discussion of opti- 
mized e a parameter values will be given. Similarly, we do not provide sources for 
the . . . . . . .  3" spectroscot: Ic and crystallographic data upon which each study depends; these 
are to be fouled within the cited CLF intensity papers. Our presentation is as follows. 

First we list all chromophores investigated within the CLF intensity approach. 
Then we exemplify the quality of reproduction of experimental data with a few 
typical examples~ There tbllow several subsections in which optimized CLF {t} 
parameter values are collected and discu~,sed with reference to the theoretical predico 
tion~ of Section 5, We end with an illuslration of the relevance of these studies to 
selcc|ion tulc,~ ~s and spectral ~lssignment, 

7~ I. Ttt~, ~'hromophores 

The 43 chromophores studied within tile CLF approach are listed in °lable 23. 
They are assembled according to coordination number and geometry type. There 
are 12 complexes with approximately tetrahedrai geometry; one with a highly com- 
pressed tetrahedral geometry that der, arts only a little from pla,aar; 13 with exactly 
planar coordination geometry; 14 five-coordinate species witll essentially trigon~d~ 
bipyramidal geometry; 2 five-coordinate systems with near square pyramidal geome- 
try; and one nominal octahedron with D3 trischelate symmetry. Also listed are the 
lypes of data that have been reproduced: solution spectra, linearly polarized spectra 
fi'om ~,mgle-crystal studies, or circularly polarized spectra |?ore solution or crystal 
work. Some CLF studies were performed within the "static" model alone, some 
within the ~vibronic" model, and some included both parity.,mixing sources. For 
convenience, we also provide labels of subsections in the present review io which 
more detailed discussion is made. 



414 A.J. Bridgeman, M. Gerloch / Coordination Chemistry Reviews 165 (1997) 315-446 

Table 23 
Chromophores analysed within the CLF intensity model 

Index" Geometry b Chromophore ~ Complex d Data CLF Analysis Section 
type ~ type ~ reference reference ~ 

I Tet. CoC14 Cs3CoCls S, C S [62.63] 7.3.1 
2 Tet. NiO4 Cs~NiCls C S [62,63] 7.3. i 
3 "let. CuCI~ Cs,CuCI4 C S [62,63] 7.3. !, 7.3.5 
4 TeL CoP2CIz Co(PPh~)2Cl2 C S [62,63] 7,3.1, 7,2.1 
$ Tet. CoP~Br2 Co( PPh3)zBr2 C S [62,63] 7.3. I 
6 Tet, NiP~CI2 Ni( PPh3hCI2 C S [62,63 ] 7.3. I 
"/ Tet. NiPzBr2 Ni( PPh3hBr2 C S [62,63] 7.3. I 
8 Tel. CoN2S~ Co(amt)2 C S [64] 7.3. I 
9 Tet. CoO2S2 Co(etu):(OAe)~ C S [62,64] 7.3. i 
10 Tet. CoN2Ci 2 (-)Co(~-i~s~r)Cl: S. CD S [65] 7.2.4, 7.3,6 
11 Tel. CoN2C12 (~o)Co(spar)Cl2 S, CD S [65] 7.3.6 
12 Tet. CoN2C12 (+)Co(tmpd)Ci, S, CD S [65] 7.3.6 
13 T e L / p l a .  CuCI4 NBZP C S + V [59,66] 7.3.4 
14 Pla. CuC14 METH C V [59,66] 7.3.4 
15 P|a, CuCI4 CREAT C V [59,66] 7.3.4 
16 Pla. CuCI4 NMPH C V [ 59, 66 ] 7.3.4 
1"7 Pla. CuCI4 NAEM C V [66] 7.3.4 
18 Pla. PdCI4 K~PdCi4 C V [66] 7.3.4, 7.2.5 
19 Pla, PtCI4 K:PtCi4 C V [~,66] 7.3.4, 7.2,5 

Pla, PIBr4 g~PtBr4 C V [60,66] 7.3.4 
2| Pla. P ICI~N KPtCI~NH~ C S + V [671 7.3.4 
22 Pla, CuCI~N: PDMP C V {6~ i 7.3.5 
~3 Ph, C~CI~N~ 2,3oLUT C V 168] 7,3,5 
~4 Pla. CuCI:N~ 2,6oLUT C V {68} Z3.5 
~$ Ph, Ct~CI+O~ 4oPICNO C V {68] 7+3 5 
~6 Phi, (~CI~O~ D1AQ C V {68] 7.3.5 
17 TBP CoNN~Bt Co{ M¢:,d~en) B% S S [62,63] ?.3,2 

TBP NiNN~B~_' Ni( Medcen)B% S S [62 ,631  7.3.2 
TBP CoNN~N Co(Medrea)NCS~ C S [62 ,631 7,3,2 
TBP NiNN~N N i ( M % t ~ ) N ~  C S [62.63] 7.3.2, 7.2.2 

31 TBP CoNS~Br Co(Sotren)Br, PF,, C S [62 ,631  7.32 
3,~ TBP NiN~O~ Niisaln~pt ) C S [56] 7,3,2 
33 ~ P  CoNNsN Co{Sqan)NCS.CIO~ S, CD S [691 7.3.2. 7.3.6 

I'BP CoNN~CI C~,(S~n)C|oCK)~ S, CD S [69] 7,3,2~ 7,3,6 
3~ TBP .~ ~NN~|~r Co(~gq~n}Bt,C10~ S, CD S [69] 7¢ "L2. 7 36 

TBP (TENN,!  Co(So{~r)LCIO,~ S, CD ~ [691 7.3,2~ /.3,6 
37 TBP Ni~N>N Ni{S~.~',NCS,CIO~ S, CD S [69] ? L 2  7~3,6 
38 'I~BP N~N -~CI Ni(So~,~?~CIOa S, CD S {69] 7 ~,2, 7,3.6 
39 TBP NiN~~.~Br  N~S--.~ ~r~CIO~ S, CD S i69J 7 ~2~ Z3°6 

l'BP N~.NN~I NiiSqan)|.( lO~ S. CD S t69] 7.3.2. 7.3°6 
41 SP ~ ' o O ~ O  Co{~.Oh~ NO~b C S 170l 7.3.3, 7.2.3 

SP NiO,~O Ni{a~O~.~{ NO0: C S 170] 7,3,3, 72.3 
Oct, N i N e ,  Ni(¢nh{NO~)~ C, (X?D S + V [61 ] 7.2.6, 7.3,6 

~ U ~  th¢o~hout ~ t i o a  ? 1o idenfi~ sy~(ems, 
b!~sc~b~ng ~pp~o~i~t~t¢ geometry of |h~t coo~nadoa shdl (exa¢~ for phmar), 
~First coordination shdk all M(II L 
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7.2. Reproduction of  experimental data 

The following exemplify the quality of  reproduct ion of  experimental  intensity 
distributions. While spectral transition intensities, or  oscillator strengths, may  be 
measured  absolutely, they are frequently not; sometimes absorbance  is reported on 
an arb i t ra ry  scale, sometimes polarization studies are dependent  on poorly deter-  
mined crystal thickness. Accordingly,  we are more  concerned with intensity distribu- 
tions than  with absolute values. 

7.2.1. Bis ( triphenyiphosphine ) dichlorocobalt (II) 
Molecules of  ch romophore  4 (Table 23) are ideally aligned in the monoclinic 

(P2/c) lattice such that  equivalent axes of  the (nearly exactly) C2,, chromophores  are 
coparallel  and oriented along the crystal a' ,  b, c directions ( a ' =  b ^ c). The observed 
polarizat ion ratios for absorbances  determined parallel to these three directions are 
maximal  in consequence. There are six discrete (spin-allowed) transitions. Optimizing 
the fit between these ~ throughout  the three polarizations together  -~  and relative 
intensities calculated within the "stat ic"  C L F  intensity model  has yielded the 
agreements  shown in Fig. 25. The bar  graphs represent intensities integrated over 
the band  intervals: 5.0=7.0, 7.0=9.0, 9.0-12.0,  12.0-15.0, 1 5 . 0 - 1 9 . 0 c m - a x l 0 3 .  
Parametr izat ion of  the prior energy analysis included both interelectron 
repulsion and spin-orbit  coupling as well as the ligand field proper  
[B, ~, e.(Cl), e,,(P), e.(Cl), e.(P)]. 

7.2.2. Hexamethyltremlithiocyanate nickel( ll ) 
Polarized sl~etra parallel to two principal axes of  the or thorhombic  crystals of  

ch romophore  30 have be~n reported. Optimizing fits between the "stat ic"  C L F  
model and the three observed, spin-allowed bands yielded the results given in 

(Tabte 23 continued) 
~Further identification with abbreviations given ~low; tbr counter ions in ionic species see CLF analyo 
sis references. 
~S ~ solution, C ~ linearly polarized single-crystal, CD =~ solution circular dichroism, CCD ~ crystal CD. 
~S ~ "static" contributions to parity-mixing, V = vibronic contributions. 
~Section labels locate discussions in this article. 
Abbreviations: amt --  3.aminoo2-methylpropane-2-thiolato; etu --  ethylenethiourea; OAc o= acetato; 
~hsospar ...... ~°isospartein; spar ~-~ spartein; tmpd .... (+)N,N,N',N tetramethyl°l,2-propylenediamine; 
NBZP ~ bis(N.benzylpiperazinium)tetrachlorocoppcr(ll); METH ~o~ bis( l.methylo4-oxoo3,3- 
diphenylhexyldimethylammonium)tetraehlorocopper(li); CREAT ~ bis(2.imino.l.methyl-4-imidazoli° 
dinium)tetrachlorocopper(i|); NMPH o=-~ bis(Nomethylphenylethylammonium)tetrachiorocopper(ll); 
NAEM ..... bis(N.2-aminoethylmorpholinium)tetrach|orocopper¢ll); PDMP o-~ bis(l-phenyl-3,5-dimethyl- 
pyrazc'~e)dichlorocopper(ll); 2,3-LUT ~o. bis(2,3-dimethy|pyridine)dichlorocopper(ll); 2,6-LUT 
bis{2,6°dimethylpyridin¢)dichlorocopper(l|}; 4-PICNO == bis(4.methylpyridine-N-oxide)diehloro- 
copl~r(II); DIIAQ ..... Cu(HzO)2CI~A(CoH.~)3PO; Me6tren ~ tris(2-dimethylaminoethyl)amine; 
S-tren o~ tris(2.tert-butylthioethyl)amine; salmedpt ~o~ bis(salicylidene-~,-aminopropyl)methyi- 
aminato; S-tan ~ MezNCHzCH(Me)N(CHzCHzNMez)z; ars.O o-~ diphenylmethylarsineoxide; en o--~ 
ethylenediamine. 
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Fig, 25, Ob~r~cd and cakul~cd ~ha~ched ~ ,m:~!s~ies f o r  CoPpiCes. 

Table 24. An entirely similar quality of fit was obtained for other chromophores in 
this ~ries (27, ~ ,  29, 31 ), 

L2.3. 7~,traMs(¢~#/~,~O'Inwa~)qewsineoxMe ) nitr~nto~c~d~¢dt( II ) and mh'ke/( II ) nitrates 
The near°square pyramidal coordination in chromophores 41 and 42 is established 

' ' ' abbot puon s ~ t r a  by four ba~l  a~me oxide hgands plus all apical nitrate. Po!arized ~ s ~ " 
pa~!!e! and ~r~:mdicular to the tetrad of thes~ tetragonal cry.,tals ~rpendicular 
to which lies the M(a~ine oxideh plane ....... have ~ n  r¢~:orded at 80 K for the 
niekel(ll) complex and at 20 K for the cobalt(I| ). F~ur spin-allow~ regions were 
fitted witMn the "static" CLF ~heme for each system. Polarizadon rados for the 
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Table 24 
Observed and calculated intensity distributions in the [Ni(Me6tren}NCS] *, chromophore 30 

Spectral range (cm-R) Polarization tlb Polarization llc 

Observed Calculated Observed Calculated 

4000-11 000 8 8 4 3 
11 000-.20 (~)0 9 6 16 15 
20 000-30 000 30 27 33 41 

nickel compound are particularly strong. The excellent reproductions of intensity 
distributions are shown in Table 25. The ligand-field analysis of transition energies, 
paramagnetic anisotropies and esr g values upon which these intensity analyses were 
based were very detailed and incorporated a study of misdirected valency with 
respect to all ligations ~ non-dative lone pairs on the arsine oxides and bent bonding 
with the apical nitrates. 

7.2.4. (-) ( ot-iso,~partein ) dichlorocobalt ( ll) 
Chromophores 10, I I, 12 comprised a series for the study of (solution) circular 

dichroism: we review just one here, namely 10. The unpolarized and circularly 
polarized solution spectra of this compound are shown in Fig. 26. Drake et al. [71] 
selected these systems for study because the rigid, bicyclic spartein ligands impose 
a chirality upon the coordination, as shown in Fig. 27, which is not lost by racemiza- 
tion in solution. Our ~eproductto a of the relative band areas under the unpolarized 
trace are shown at the top of Fig. 26 together with calculated transition energies 
from the prior ligand-fie!d analysis. A simultaneous reproduction of the CD signs 
and areas is sllown at the bottom of the figure; note the much smaller magnitudes 

°filble 25 
Observed and calculated intensity distributions in the spin.allowed bands of {MlOAsPhzMehNOd*; 
M ~ooCo{ll~, Ni{lll; 41, 42 

Sl~ctral range {¢m ~) Polarization IIc Polarization ~L t, 

Observed Calculated Observed Calculated 

M ~ C o { ! I )  
50(~! 9500 6 6 7 6 
9500~, ! 5 500 8 8 ! 4 13 
! 5 500~ 18 500 I I ! I 14 14 
19 201),,,23 tX)O 24 25 18 ! 8 

M ~ N i ( I I )  
50(~ ~, 10 000 3 3 5 5 
10 0 0 0  16 000 12 1 ! i 8 18 
18 500-~ ! 9 800 2 3 I 0 10 
19 800~26 900 9 9 41 41 
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Fig~ 26, Co(~oiso~parteh~)Cl~: Unl~lari~ed (top} and circularly polarirzd Sl~.~ctra with reproductions of 
band areas, 

C1 

Fig, 27. The bulk of tl!e rigid, bicydi¢ sparteiu ligand imposes a twisting of lhe CI~Co-CI plane away 
flora the norm~d to iae N.Co,N plane, 

of the differential absorbances (¢~-¢D in the CD experiment than of ~ in the 
unpolari~ spectrum, 

The literature on the theory of circular dichroism is extensive: Richardson has 
published a review [721 on the subject and focusses upon the SC + DC modelling of 
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the electric dipole transition moments appearing in the Rosenfeld [73] expression 
for the rotatory strength R o that is measured by the CD experiment: 

(168) 

where Im signifies the imaginary part of the product between electric dipole and 
magnetic dipole matrix elements (/~o and mji), respectively. Within the CLF model, 
the electric dipole matrix elements are calculated as described in Section 5 and the 
magnetic dipole matrix elements as for any other study of paramagnetic properties 
(see, for example, [8]). Apart from an orbital reduction factor k appearing in the 
magnetic moment operators, l~=kf~ + 2s~; ~t= x, y, z, no further parameterization 
is required for the evaluation of rotatory strengths. However, as described fully 
elsewhere [65], a satisfactory and simultaneous reproduction of the unpolarized and 
circularly polarized spectra, as demonstrated by Fig. 26, requires a detailed recogni- 
tion of the misdirected valency present in those chromophores. This misdirected 
valency arises, in the present systems, from ring strain in the chelation to the spartein 
(or propylenediamine) ligands and from the relative twisting of the CoN2 and 
COC12 planes caused by the steric constraints imposed by the bulky sparteins, as 
exemplified in Fig. 27. 

7.2.5. Tetrahaloplatinum( II ) and -palladium( ll ) 
Rather few ligand-field studies of second- and third-row transition metal complexes 

have been reported. Within those that have, KzPtCI4 and K2PtBr4 have been the 
subjects of much detailed work, mostly concerned with the question of spectral 
assignment. That question is now resolved [60]. We have reproduced the relative 
intensities of chromophores 118, 19, 20 within the vibronic CLF approach. As shown 
in Table 26, excellent fits have been achieved for five absorption regions in each 
platinum complex and for two in the less rich spectrum of KzPdCI4; in each case, 
Ibr incident light polarized parallel and perpendicular to the crystal tetrad. All 
caleulatton~, including those for the energy analyses upon which the intensity work 
was based, were performed within the lull d s basis. The large magnitude of 
spin-orbit coupling in these second- and, particularly, third-row species causes con- 
siderable mixing of spin character amongst the states involved in the spectroscopic 
transitions. These more exacting circumstances provided no special difficulties for 
the intensity analyses, although computation times were naturally much longer. The 
fits summarized in Table 26 were obtained within the "complete" vibronic CLF 
model, meaning NCA +CLF. It is interesting to note that closely similar fit~ with 
similar t parameter values (described later) were obtained earlier in the more freely 
parameterized vibronic CLF scheme, thus lending considerable support to the 
NCA + CLF approach. The histograms in Fig. 28 summarize the relative contribu- 
tions to overall intensities in these three chromophores from the three inducing 
bending modes. 

L2.6. Tris(ethy&nediamine) nickel(ll) dinitrate 
The molecular symmetry of [Nien3] 2+ is D3 and chiral; the complex spontaneously 

resolves on crystallization. The dinitrate chromophore 43 crystallizes in the hex- 
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Table 26 
Observed and calculated intensity 
[PtC14] 2-. [PtBr4] 2- and [PdCI4] 2- 

distributions in the 15K polarized crystal spectra of 

Spectral range {cm-~) Polarization a (x, y) 

Observed Calculated 

Polarization c (-) 

Observed Calculated 

[ ~ , 1  ~- 
16 000~ 19 000 
19 ~ , = 2 3  000 
23 0C~%25 tRR) 
25 t~}0=28 000 
28 1~,~31 O0O 

15 000~17 500 
17 500~ 21 {:~)0 
21 iX)O, 23 500 
23 5,t~), 25 50{) 
25 50tL29 t){~ 

[PdCla]: 
15 t ~  20 0iX) 
20 {~} ,:, 25 000 

4 
22 
21 
41 
!15 

9 
30 
22 
63 
138 

8 
318 

9 
33 
24 
24 
99 

il 
20 
43 
67 
132 

6 
317 

4 
21 
!! 

0 
129 

0.1 
35 
32 
0 
126 

3 
103 

I 
13 
25 
0 
140 

O.I 
10 
35 
0 
137 

3 
106 

:ii!i~ililili~i!ili!i i: 

IPIBr4t 2 

i ii i 

IPdCl,t] 

|:'ig~ 28, Relative ¢oltt~'ibulions of the three u~ge~'adc bondin~ modes t o ~ n  |\~r a~, h;tlched tk~r b:_~ and 
shaded tbr e,~ to the intensity ia the ligand°field sl~'ctra {inlegrat~ over all ' d d '  b~mds} Ibr 
[PtCI4l ~ , [PtBra] ~ .... and |PdCla] :~ , 

agonal class. The linearly polarized, single-crystal1 "rid" six'ctrum comprises three 
spin-allows| transitions in each of the two unique polarizations but the highest 
energy transition is marked by the charge-transfer s!x~trum in the lie polarization. 
A s igle-crystal, axial CD l~ctrum of the chromophofe has ~ a  reported inde~n- 
dentiy by two groups and is characterized by thrc~ rotatory strengths of the same 
sign, one very much greater than the other two, Both linearly and circularly polarized 
s ~ t r a l  intensities have b~n ~produced within the CLF s"cheme., 
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The departure of the chromophore symmetry from centric octahedral is significant 
so that parity-mixing to force the electric dipole transitions arises by both static and 
dynamic means. The CLF analysis was therefore of the "static + vibronic" type 
described at the end of Section 6. All vibronic t parameters were related to the 
"static" t parameters by prior NCA. The latter was performed as a full 37-body 
problem, fitting to IR frequencies observed over the range 120-3267 cm-t  with a 
force field defined for the geometry of the [Nien3] --'+ ion. Significant nickel-nitrogen 
bend contributions are made to the I0 lowest energy vibrations. The vibronic CLF 
modelling included bending displacements of the ligands for each of these 10 vibra- 
tion modes. However, the vibronic and static parameterization in this system was 
as simple as the NCA was complex. Thus, all ligations are identical and involve 
metal-ligand tr bonding only. For the energy analysis, only one CLF parameter is 
required (e,,) in addition to the usual Racah B and spin-orbit coupling ~. For the 
complete vibronic + static intensity analysis, only two CLF parameters are needed 
.(~'t,,, ~'G). However, as absolute intensities are not calculated within the parametric 
CLF scheme, only the ratio Pt.: ~'t. survives as a system variable. The fits to the 
linearly polarized intensities in Table 27 were obtained in short order. The signs and 
relative intensities of the axial CD spectrum were calculated concurrently without 
further parameterization; the excellent agreement with experiment is shown in 
Table 27 also. 

L2. 7. Repro¢hwtion qf ~spectral traces 
The present article is about spectral intensities. These correspond to the areas 

under absorption bands and, for much 'd~d' spectroscopy, those bands are envelopes 
of many components like spin-orbit splittings and, in particular, vibrational pro- 
gressions. The analysis of band,shapes' ~ forms no [,nt~' " of our discussions. However, 
for dei!'~ons!ration and teaching purposes [74] it might be desirable to append an 
analysis . . . .  of band areas wi|h a simulation of an_ experimental spcctla" ' I Irace. We have 
considea~d |his within an extremely simple model. 

We suppose all bands to be gaussian in shape and synthesize a spectral trace by 
superposition ot" one sucll gaussian for each electronic transition. Each gaus,' s',lan is 
defined by its total area and its half width. Relative areas are proportional to 
computed intensities and are thus directly available at the end of a CLF (or other) 

Table 27 
Observed and calculated intensities Ibr [ N i e n d : '  

Spectral range (cm ~ )  Linear polarizations 

¢t n 

Axial CD 

Observed Calculated Observed Calculated Observed Calcul:tted 

9 0 ( ) )  15 000 24.2 23.0 30. I 30.6 -~ 957 oo 952 
15 000, ~ 24 000 18,6 20.7 9.9 10.2 oo 36 oo 42 

28 0 0 0 3 2  000 ! 7.3 ! 5,5 a 7.~ -~ 7 -~- 6 

"Transition obscured by charge-transfer feature. 



422 A.J. Bridgeman, M. Gerloch / Coordination Chemistry Reviews 165 (1997) 315-446 

intensity analysis. Band widths are estimated as follows. We assume that relative 
band widths are proportional to the relative energy dependences of the transitions 
upon the ligand-field strength. This supposition is based upon the idea that transition 
frequencies vary most strongly with respect to the bond length changes that accom- 
pany a symmetric breathing mode. Our calc~ations are implemented by comparing 
transition energies computed with optimized ligand-field parameters (for example, 
the CLF {e} variables) with those deriving from the same parameter values but 
i n c r e a ~  by 5%. In effect, we are computing slopes in a Tanabe-Sugano-like 
diagram. Finally, we estimate the absolute bandwidths required for spectral simula- 
tion by multiplication of the relative band widths by a "mean bandwidth" scale 
factor. Altogether, therefore, progress from the intensity analysis proper to a simula- 
tion of a spectral trace requires just the one extra variable. We illustrate a particularly 
favourable example in Fig. 29. These traces relate to the experimental polarizations 
lib and at 45 ° to a in the (010) plane of chromophore i6. The intensities in this 
planar, centric [CuCI4] 2- system were reproduced within the vibronic CLF model. 
It is to be emphasized that the computation of spectral traces does not affect the 
prior calculation of intensity distribution. Though rather successful in this example, 
it is not universally so pleasing; one could have expected little more from so crude 
a simulation. 

7.2.8. Temperature dependence of vibronic intensities 
Hitchman and his colleagues [75-77] have measured the 'd-~d" spectra of several 

centric, planar [CuCI4] ~° chromophores in different lattices over extended temper- 
ature ranges (14-17)0 Their intensities have been analysed within the vibronic CLF 
model. Our practice has been to fit the ex~rimental data recorded at the lowest 
tem~rature for two reasons: ( 1 ) the band resolution is greater at the lowest tem~r- 
atures; and (2) essentially only the lowest (v~0) mem~r  of the vibrational series 

II b 

Fig, 29, Reproduction of spectr~d traces in NMPH { 16}. 
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Fig. 30. Observed (hatched} and calculated intensities in NMPH 116) at several temperatures, All plots 
are on a common, but arbitrary, scale. 

of each inducir~g mode is then populated and one expects the closest approach to 
harmonicity. Following such a CLF optimization, 'd-d' intensity calculations at 
higher temperatures used the same "static" t parameter set together with variation 
of ligand displacements as functions of temperature and determined from NCA. In 
short, we sout~ht to reproduce the temperature dependences of the various spectra 
by reference t~ the ligand dynamics alone. The results of one such ana lys i s -  on 
chromophore 16- -  are illustrated in Fig. 30. 

7.3. Paramewr values 

We refer to the CLF energy and CLF intensity models because they both parame- 
terize aspects of the same ligand-field domain. It is therefore appropriate to discuss 
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the energy and intensity parameter values that reproduce experiment at the same 
time. This was performed fully in the primary literature cited in Table 23. As our 
accent in this review is on intensities, we reduce discussion of the energy parameter- 
ization to a minimum although we must emphasize the connections between the two 
sets of variables. 

Throughout the summaries presented below we keep to the fore the various 
theoretical ideas and predictions described in Section 5. For ease of reference, 
these are: 
( 1 ) The signs of the ~.t~ values are expected to be the same as those of the correspond- 

ing e~ values. Such has ~ n  found to be the case in all CLF analyses to date. 
(2) Ratios of l't.:Lt,, will often be larger than corresponding e,:e, ratios because the 

electric dipole o~ra tor  is a more "outer" function than is the effective ligand 
field o~rator.  This expectation has also been borne out in practice. 

(3) The effects of misdirected valency must be properly accounted for within energy 
analyses. The main consequence for intensities will be a positive contribution 
to ~'t, values (for ligand donors) even if the ligands have no formal n bonding 
function. There are several examples of this throughout the analyses cited in 
Table 23. 

(4) P:F ratios, meaning eta :vta, are e x i t e d  to be affected mostly by the two-centre 
expansion of ligand functions onto the metal. Our earlier discussions predicted 
that P:F ratios will be larger for: 

(/) shorter bond lengths; 
(2) ligand functions which are more polarized toward the metal; and 
(3} ligand t~nctions which are laterally more diffuse. The role of direct rnetal 

p~ metal d mixing may also be important and is a question we consider later. 
(5) Etlr!y ~lttempts [ ! t ] to reproduce intensity distribu|ions of octahedral and near- 

octahcdrai chromophores within the "static" CLF model fitiled utterly, This 
was, of course, a constructive fifiiure showing that the effects of vibronic couplin~ 
could not ~ subsumed within the inappropriate static scheme. Similarly, prelimi- 
nary attempts to model the vibronic field in [Nien,d ~* with octahedral or Don 
symmetry modes instead of the normal modes determined by NCA were unsuc- 
~,~ssful. In the last ~ t i o n ,  we illustrate the crucial importance of accurate 
representations of both ligand field and spin-orbit coupling within the prior 
energy analyses, 
At the end of this section, we collect together the various examples in which 
CD has been modelkM and emphasize the simplicity of the CLF approach to 
rotatory strengths. 

7.3.1. ~:'tmh~l,'al chromophores 
Chromophores 101-2 in Table 23 are discussed undel ~ the CD heading later, The 

remaining nine tetrah~ral a~!ecules comprise the simple chlorides of cobalt, nickel 
and t o p e r  (1~3), the bishalobisphosphine complexes of cobalt and nickel (4o7) 
and the pair, CoN~S~ and CoO~Sa (8~ 9), CLF e~ values for 1=7 are presented in 
Table 28 and *'ta values in "Fable 29, Chromopho~s 8 and 9 are discussed shortly. 
While e~. parameter values have been determined on an absolute scale, ~°t~ values 



A.Z Br~dgeman, M. Gerloch / Coordina~/on Chemistry. Reviews 165 ( 9 9e ~ 315-446 425 

Table 28 
Optimal ligand-field parameler values (cm -~) l~r chromophores 1-7 

(a) Complex B ~ e,( X ~ e~( X ) e,,{ P) e,~(P) 

[CoCL]" ~ 750 500 3600 1000 

[NiCI4]"- 780 550 3800 900 
Co(PPha)zCI., 575 500 3400 2000 3800 
Co(PPha).,Br_, 575 500 3500 1500 3500 
Ni(PPh3)2CI.., 550 350 4600 2000 4600 
Ni(PPh~)zBr2 550 300 4000 1500 4000 

- 1500 
-1000  
-2500  
- 1500 

( b ) Complex ( e~, e,~it e ~  e~, e, (void) 

[CuCla] ~ ~ 700 4475 950 750 200 -o ,q50 

are only relative, having been established by reproduction of intensity distribtttions. 
Reference *'t~ parameters are marked with an asterisk. 

CLF e~ values do not vary markedly throughout the short series of tetrachlorides 
(11 ~3) although there is some tendency towards larger e,(Cl ) values as cobalt(l |  ) is 
replaced by nickel(ll) and the copper(li). The more extensive parameterization 
[78] for [CuCI4] ~'- is associated with its more distorted geometry. For tl~e CLF Lt~ 
values, we note generally that each takes the same (positive) sign as its e~ counterpart 
and that *'t~:s't, ratios are considerably greater than e,~:e,. The most obvious trend, 
however, is the sle~dy increase in e to:~'t,, along the series Co, Ni, Cu. ~1~ some 
extent, the underlying increase in the effective nuclear charge on the metal atoms 
~dong this series, which we presume lo be the cause of that trend, also appears to 
increase the metal character in the n bonds as evidet~-cd somewhat by the increasing 
m't~ :l ' l  n t'aliOSo 

The CLF t'ta values for the phosphine chromophores reflect their ligand fields 
and bonding especially well. The small and negative ~'t~(P) values accord with r~ 
accepter phosphines having n electron density well polarized away fi'om the metal. 
The much greater F:P ratio for the phosphine tr bonding in comparison with the 
halogen a bonding presumably reflects a greater polarizability of the tbrmaily 
negatively charged halogens compared with the neutral phosphorus donors. Early 
ligand-field analyses of transition energies and of single-crystal paramagnetism in 

| ~ • the bisphosphine complexes established two naln conclusions, as indicated by the 
e a values in Table 28. The phosphines act as significant ~ accepters, and, in conse- 
quence, the halogens in these complexes have much enhanced n donor tkmction, 
relative to the tetrahalides, reflecting the operation of the electroneutrality principle 
as they act to compensate the central metal for its consequent loss of negative 
charge. This has been reviewed recently [9]. This view of the electron density 
distribution in the bisphosphine complexes is nicely confirmed by the intensity ~'t 
parameter values in Table 29. Thus, we observe much larger et~:et~ ratios for the 
halogens indicating their greater polarization towards the metal as compared with 
the halogens in the [MCI4] 2 - species. A similar result is to be seen for the P:F values 
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Table 29 
Optimal intensity parameters for chromophores 1-7 

(a) For [MCIa] 2- species 
Complex rG(CI ) v t.(C! ) v t.(C| ) v t,(Cl ) 

[CoCI,] z ° 10(P 54 65 110 
[ NiCl~] z - 100" 155 120 125 
[CuCl,] ~- 1 ~  300 40 400 

(b) F~r MP~X: species; P ~  PPha 
Complex *~ ,',(P) i" t,,(P) vt,,( X ) vt,( X ) ~t,(P) ~' r,(P) ~t,( X ) ~'t,( X ) 

tP~CI~ 10~P 0 45 I ~" ,.~ 10 ~ 0 5 70 
CoP~CI~ 1 O0 ~ 10 80 200 - 40 ~ 50 ! 0 i 20 
CoP2Br2 100 ~ ! 0 120 ~ - 20 ~ 40 0 120 

*F~xed (referent) values. 

for the Lto (halogen) ratios. Much smaller P:F ratios are evident for the n bonding 
of  the phosphines, again to ~ associat~,~ with their more distant acceptor orbitals 
(which are probably the P=R a antibonding functions). 

The pair of  chromophores 8 and 9 rfi~ly illustrate the conflict between trends 4.2 
and 4,3, d i s u s e d  more full) in Section 5. Their C L F  ea and Lt a values are collected 
together in qihble 30. Molecular geometries and some coordination dimensions are 
shown in Fig. 31. The e,  values attest a greater basicity of  the thiolate than of  the 
amine in CoN~S~ and _much greater than ~br the thiourea in CoO~Sv Neither su!|~r 
!ig~nd show~ q . . . .  s~ t l ,~,  overM!, the |hioketon¢ turrashes ~ 
very weak iigand field, This net we~k donor ~ thnclion a p ~ , t r s  to b~, c o m ~ n s a t e d  
for by strong donicity in both a ~tnd n modes from the acet~ttes in CoO~S~, The 
large n donicity no doubt  draws u ~ n  the dei, x a l i z ~  n electron density in the 

lhb~ 30 
Op,timai ¢ncr~ (era ~) and intensity (arbitrary units) ~rameter vMues for CoN~S~ ~md CoO~Sa ehromo~ 
phores (~ 91 

CoN#~ CoO~S~ 

e,.AS) 0 

**(IS) ItX)* *:'**(S) 25 
0 

e , (o)  58cx) 
e, Ao) 2(x~o 

B 690 

*'~,(O) 83 ~:t.(O) 

~'t.(S) 4 ~%(S) 

I(MP 
0 
17 
0 
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II" ~ Co "'" H 
FI~'(" ~ I ~  )I  / - ~ ~ :  , / '  N - - - C H 2  \ 

H~,C C ~ S  S ~ C  ~A~?|t~ ' 
° "/ ""N-- ° 

H H 
( 'o0  2 S 2 

}zig. 31. Chromophorcs 8 and 90 

carboxylate anions. The metal-iigand bond lengths in the two chromophores broadly 
c~:m~e!a|c" ~'" . . . . .  with these ligat.~d..fie!d strengths. . . . .  Now consider the ~°t~ vMue~' s eslablished 
indel~ndent!y fi'om the s!~clral intensities. As the spectra for lhe CoO~S~ chromo° 
phore were reported on arbitary scales, it is not possible to compare the m,~gn|tudes', ' ~" 
of the part, mete::" values between the two systems. Once again, the ~'ta values are 
reported, in Table 30, relative to fixed values for one parameter in each system, as 
red,ca_cal. We observe, however, that large e~ values are consistently associated with 
large L ta values, small with small, and even middle with middle. The lack of any 
significant n bonding role of either sulfur ligand is confirmed as is the greater basicity 
of thiolate than of amine in CoNzSz and of acetate over thiourea in CoO~Sa. Of 
particular interest are the P:F ratios determined by these analyses. 

The greater P contributions for tAN), to(thiolate), and t,~(O) all attest the 
relatively short bonds and good electron donation towards the metal atoms. 
Similarly, the relatively greater F contribution tbr to(thiourea) accords with a longer 
bond and poor ligand donicity. All of these features illuminate propositions 4.1 and 
42  above. By contrast, the very strong a donor function of the acetates in 
CoOzSz are associated with ¢ t,(O) < v to(O). We consider this result to illustrate 4.3, 

circumstance in which bond "tightening" about the M-L vector arises relating to the " '  ~ " 
when a electron donation away from the atom-like field of the donor atom is more 
pronounced, as discussed in Section 5. Confidence in the reality of this result derives 
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from the consistently good correlations observed for all the other ea and L t;. values 
in these analyses. 

7.3.2. Trigonal bipyramidal chromophores 
Of the 14 TBP complexes in Table 23, all but one (32) involve tetradentate, 

tripodal ligands. Twelve of these ligands furnish pure amine ligation, NN3, and 
one (31) provides an NS3 donor set. Optimal energy parameter values for all 
tripod-containing complexes are listed in Table 31. We will discuss Ni(salmedpt)- 
chromophore 32 - -  in due course. 

The i3 complexes listed in Table 31 involve the d ~ cobalt(II) and d s nickel(II) 
meal  c~ntres. We have di~ussed elsewhere [79] the changing pattern of axial versus 
eq~torial metal=amine bond lengths along the transition metal series. In the strong- 
fizld limit, the d orbital configurations for ions in TBP coordination are (d,.. ~,..)4 
(d~, ~: =~)2(d:~) t for d ~ and (dx... ~,:)4(d~,~,. ~ = ~,:)3(d:0~ for d s. The increased occupancy 
of the equatorial orbitals frustrates ligation with the equ;~torial amines more in the 
nickel complexes than in the cobalt ones. However, the general increase in effective 
nucl~r charge as one traverses the periodic table from left to right combines with 
this factor to yield the overall trend that axial bonding increases in strength as 
cobalt(II) is r e p l a ~  by nickel( II ). Bond lengths ~ f l~ t  this trend [79] as do the 
ligand-field paramete~ in Table 31. 

The corresponding L ta values for the 13 chromophores in Table 31 are presented 
in Table 32. Thorn for the S-tan complexes are given as absolute values being derived 
from analysis of solution s~ctra on absolute scales. The remainder are given relative 
to reference value~ marked with an aotensk,s '" All the CLF analyses are of the "static" 
ty~,  Parity mixing for the diametrically oppos~ axial ligations would cancel for 
identical ligation~, The )'t;(ax) va!ue~ ac¢ordingiy )'ei~r to differences of )'t~ parame- 

Comp l¢x  e,,iax)~ e.(ax )~ e.(eq ) {,,(~q ) 

.2? [Co N N .~ Bd" 42~) 2~XIX) 4250 

.~ [ NiN N,~NCS] * ~x)O ~000 40a~) 
311 [CoNS~Br]" 42~) | ~OU 30~X) 
M [Co (S4an) NCS ] * 4~)50 | 000 37(X) 
?,4 [Co (S°lan)CI ] ° 43~X) ! 200 381M) 

[Co(S.tan)Br] ~ ~I~M) |250 3 ~ )  
.~ [ColS.l~¢,}| ]' 3S~) 12~o 4100 
3? [ N i (S-lan) NCS ]" 53(}0 7t~) 35(X) 

[Ni(Sqan)l ] * 4700 950 32~} 

• = 5(X) 

" M ~ n  ~ lue  for axial ligand~; ~,{ax) = {e,{ N,,)  + e.~ X)}/2. 
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Table 32 
Optimal CLF intensity p~ameter values for the chromophores 27-31 and 33-40 

429 

Compk:x vto(ax) ~'t,,(ax) vt,,(eq) et~(eq) r t . ( a x )  etdax ) vt.(eq ) et.(eq) 

(a) For [ MNR3Br] ~"; ax = (Br-amine) 
27 [CoNN3Br] + - 100 ~ - 9 0  50 0 0 0 
28 [NiNN3Br] + - 1 0 0  a - 1 0 0  60 0 10 10 
31 [CoNSaBr] + - 100 a - 80 25 3 0 0 

(b)  For [MNN3NCS]+;  ax=(NCS-amine )  
Complex vto(ax) Ptn(ax) r t . (eq)  et.(eq) f t .  (ax) e t.(ax) 

0 - 3  

29 [CoNN3NCS] + 100 ~ 50 
30 [NiNN~NCS] + 10(P 20 

(c) For [M(S-tan)X ] +; ax = (X-amine) 
Complex vto(ax ) 

100 50 0 0 
45 0 50 20 

vt,,(ax) vt,,(eq) t't,,(eq) Vtdax ) t ' tdax) 

33 [Co(S-tan)NCS] + 43 b 0 l ! 0 8 16 
34 [Co(S . tan)Cl ] '  - 9 2  - 9 2  12 0 12 0 
35 [Co(S-tan)B~ i + - 70 - 70 14 0 7 7 
36 [Co(S-tan)l ] + ~83 ,=83 16 0 16 0 
37 [Ni(Sqan)NCS]  + 86 34 34 5 17 17 
38 [Ni lS- tan)Cl ] '  - 2 6  - 2 6  34 0 0 0 
39 [NilSqan)Br]  ~ - 36 - 36 36 0 0 7 
40 [Ni(Sqan)!  ]~'~ - 37 - 37 37 0 0 0 

"Fixed (rd~ren~:e) values. 
1'All values as Ltj l i} ~°D~ 

!ors associated with the apical amine and the non-tripodal ligand. This has obvious 
et n~cqucnce, lbr Ihe quoted signs of all t~!;{ax) alucs. Thus, lhroughout qhb!e 32, 
we note that positive t't, values are to be as~:ocmted with the n donor, non°tripodal 
ligations if it is assumed that there is no n bonding role ibr the apical amines. 
Similarly, the signs of all t't,,{ax) parameters are comprehensible if axial contributions 
follow the sequence NCS > amine > halogen. Furthermore, assuming that the signs 
of ~'t~ parameters are the same as those of their e,~ counterparts, as theoretically 
predicted in Section 5, this ordering establishes a similar ordering of ligand.field 
strengths which is identical to that indicated by the relative e,,(ax) values in Table 31. 
This ordering of ligand a bascisity accords with general chemical experience. It is 
worth noting, however, that the energy analyses for these systems cannot, of them- 
selves, firmly establish that ordering because the e,,(ax) values of Table 31 merely 
record the averages of e,,(amine) and e,,( X ). 

With this ordering in mind. we note from the e,~ values of Table 31 that the 
equatorial ligations are generally weaker than the axial. |n line with this conclusion, 
are the somewhat smaller t't,,(eq) values in 'Fable 32 as compared with L t,,(ax). More 
significant is the characterization of these weaker equatorial ligations by dominant 
F contributions over P; F and P contributions to the L t,, are more equal for the 
more strongly donating axial ligands. 
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Finally, we note that the relative magnitudes of t~ and t~ parameters for the 
eq~tofial sulfur dono~ of [CoNS3Br] + and their small magnitudes with r e s e t  to 
those for the axial ligations are once more qualitatively consistent with the weak 
donor function of these ligands evidenced by the e,, and e,, values in Table 31. 

In several r e s e t s ,  then, the Lta and e~ parameterizations for these 13 TBP 
correla~ well with each other and with geometric features quoted in the 

pfima~ literature. ~ m e  lack of clafi~ is e~dent, however, which stems in part 
from many of the analyses being based u ~ n  un~larized, solution spectra [80] or, 
in the case of [CoNN3NCS] +, u ~ n  the unavailability of precise structural parame- 
ters [62]. Overall, however, there can ~ no doubt that the theoretical predictions 
of Section 5 have ~ n  reasonably well confirmed in these species. 

The ligand-field and intenfity analyses for chromophore 32 - -  Ni(salmedpt) 
illustrate some of the complexities associated with misdirected valency. The coordina- 
tion geometry of this complex is summarized in Fig. 32. Ligand~field analyses of the 
'd-d'  transition energies optimized values for the parameter set: Racah B and C for 
interel~tron repulsion; and for the ligand field proper, the CLF parameters, 
e~(im), e~(im) for the Schiff-base imines lying at the axial sites of the trigonal 
bipyramidfl coordination, e~(am) for the equatorial amine, and e~, e~j., e~ u and 
e ~  for the equatorial phenolic oxygen donors; I1 and ± refer to directions parallel 
and ~ n d i c u l a r  to the ~licylidene rings, respectively; the spin.orbit coupling 
cocmcient, ~, was held fixed at 450 cm -~ throughout. The parameters e~ u and eo,,u 
were r~uired to account for the misdirected valency arising from the non-dative 
oxy~;e:n lone pairs lying in the planes of the ~1 rings. Good representa|ion of the 
ex~rimental transition energies yielded the optimal parameter values listed in 
Table 33, 

The axial imines are approximately eentrosyrn|'netricaily related through the metal. 
Were this pr~i~, contributions to intensities in this "static" CLF analysis from 
th¢~ ligations wouM canal es.actly. The main departure from this centric r¢iationo 
sMp li~ in the iae~-aet paratMism of the N ~ C  bonds. We thercibre omitted Lt~(im) 
paomet¢~ from the intensity analysis and only included to t,~dim) towards the end 

Fig, 32, Chromopho~ 32, 

Ni~N 

N 
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Table 33 
Optimal energy parameter values (cm~ ~) for ehromophore 32 

Parameter e.(im) e~(im) e~(am) e.(O) e~±(O) e~dO) e.=~(O) B C 

Value 5100 0 3300 4000 1 lO0 25 1200 820 3000 450 

of the process. However, contributions from this source were found to be trivial. 
The optimal values for rtx parameters, given in Table 34 thus refer only to the 
equatorial ligands. R-type contributions were considered explicitly in this analysis 
but found to be very slight due, no doubt, to the triangular coordination, as discussed 
in Section 5. 

The eo values in Table 33 describe M-L tr bonding which decreases along the 
series imine>oxygen >amine. We suppose the much larger eo(im) value to reflect 
the greater d electron density and its repulsive role in the equatorial plane of the 
TBP coordination, as for the tripodal complexes above. The larger fields of the 
phenolic oxygens relative to those of the amines, on the other hand, appears to 
describe a greater electron donation from the formally negatively charged oxygen 
donors. The dominance of rto(O) over r to(O) in Table 34 supports this conclusion 
and indicates, as for the acetate ligations in chromophore 9, a tightening of the 
M-O a bond as electron density tends to leave the atomic field of the donor atom. 
The lesser donation from the amines, on the other hand, is characterized by a 
laterally more diffuse a bonding density when Pto(am) > r to(am). 

The positive sign found for eo~dO) places off.axis t~rturbation in the Ni~O 
ligation on the same side as the non-dative lone pair. This situation is quite typical 
of misdirected valency from such sources [10]. The misdirected valency is also 
strongly evidenced by the relative magnitude of the ~'t~,l(O) par[ameter. That the P 
contribution here so overwhelms the F cannot be understood in terms of a strong 
pc mn~.auon towards the metal, but rather in terms of a relatively wide lateral spread 
of the non-dative lone pair that would concur with its expected diffuseness. 

The CLF intensity analysis of this chromophore included a detailed theoretical 
consideration of the consequences of misdirected valency upon the t parametrization. 
Wide ranging empirical variation of the many extra parameters spawned in these 
circumstances suggest that the efl~ts of misdirected valency are adequately moni- 
tored by the energy parameters, eo~ll and e~tj, and just the pair of intensity variables, 
P tnn and F tttll. 

Table 34 
Optimal intensity parameter values tbr chromophore 32 

Parameter rt,(am) t'~to(am) rto(O) ~'to(O) Pt~ (O) Ft~ (O) rt~ll (O) vt~u (O) 

Value 100 • 64 0 53 45 8 61 2 

"Fixed (ret~rence) value. 
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7.3.3. Square pyramidal chromophores 
Our examples of SP coordination are the pair of arsine oxide complexes 

[ M (diphenylmethylarsineoxide)4NO~] ÷ NO~; M = Co(II), Ni(II) - -  chromophores 
41 and 42. These systems have been extensively studied. CLF energy analyses have 
s reproduced "d-d' transition energies and single-crystal paramagnetic 
susceptibilities over the temperature range 90-300 K for both corraplexes, and single- 
crystal, esr g tensors for the cobalt system. The molecules are isostructural and 
crystalli~ isomorphously in tetragonal lattices. The metal atoms are sited on crystal- 
lographic four-fold axes but the apical nitrates are disordered. Some details of the 
coordination geometry of the nickel complex are given in Fig. 33. Misdirected 
valency effects are associated with all ligations; with the non-dative lone pairs of the 
arsine oxide donor oxygen atoms and with bent bonding betw~n metal and nitrate. 
Optimal CLF ea values affording reproduction of all the ligand-fieid properties listed 
above are presented in Table 35. Throughout, significant magnitudes for the various 
e,~lt and e~, parameters evince the expected misdirected valency. It is particularly 
obvious, however, that the characters of the metal-nitrate ligations differ markedly 
between these two molecules. This is to be understood in terms of the steric role of 
the d,,~. orbital again, being doubly filled in the nickel complex, but only singly filled 

0 

0 

' ~  ........ (i I ) 
N ~ 

: ~  ( )  '~AsI'h~'Mc 

/o " \A Ph/M M c P h ~  A s  ~ c 

Fig, 33, Chromopho~ ,12, 

Table 35 
Oplimal CLF ea values (cm ~' t) for chromophores 41 and 42 

Parameter M ~ Col I1 ) M.Ni( | !  ) 

Ar~ine oxide Nitrate A~ine oxide Nitrale 

e~ 35~) 100 3550 17t~) 
e ~  980 ~ 2i~) 950 100 
e~ 875 6~1 675 350 
t '~l 945 950 880 1650 
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in the cobalt. Bond strengthening that is to be expected with increasing effective 
nuclear charge on replacing cob',dt by nickel is frustrated for the basal coordination 
by the extra d~y electron and must be compensated for by a shorter bond and 
increased ligand field of the nickel-nitrate ligation. In both chromophores, of course, 
the low value for e,,(NO~-) also reflects the negative ligand-field contribution from 
the coordination void opposite. 

CLF intensity parameter values yielding optimal reproduction of the polarized 
crystal spectra are collected together in Table 36. We have generally opted in the 
present review not to recount details of the analytical processes that have yielded 
the various ea and L ta parameter values. Table 36 includes mention of R ta parameters, 
however, for which a brief commentary is appropriate. As discussed in Section 5, R 
contributions for the incident electric dipolar field oriented normal to any local bond 
are discarded. The remaining R(z) contributions yield local transition moments 
oriented parallel to each M-L vector and their sum will vanish for the global 
chromophore symmetries of bipyramids and antibipyramids. There will be some 
tendency for similar cancellation in the present square pyramids also. The basal 
ligands are oriented at about 101 ° to the formal molecular tetrad, so that the axial 
contribution from the nitrate R terms will cancel those from the four basal ligands 
when ~ ta(NO3) ~0.73 R t a(AsO). The ligand-field energy analyses established weaker 
interactions between metal and nitrate than for metal and arsine oxide and the 
Ni-ONO2 az~.d Ni-OAs bond lengths are 2.01 and 2.12/~, respectively. It was 
anticipated from the beginning of the intensity analyses that overall R contributions 
would be small and not well-defined. The analyses were therefore carried out in two 
steps. In the first, all R contributions were ignored. Surprisingly and fortunately, an 
esseahally unique region of P + F parameter space lbr each chromophore provided 
good reproduction of the experimental intensity distributions, in the second step, 

1~lble 36 
Optimal CLF intensity parameter values for chromophores 41 and 42 

Parameter M ~Co( l l  ) M°Ni(Ii ) 

Arsine oxide Nitrate Arsine oxide Nitrate 

I, t,, 100 * 0 100' ! 5 
~'t,, 20 0 25 50 
I't,a 20 0 25 0 
• t~x 70 - 20 85 0 
et,,~ 35 0 35 0 
r t~l i 0 10 0 !0 

A a ta ~ a ta(AsO) - ata(NO3) 

A~ta 10 0 
A~tnx 10 - 1 0  
A~tatt 0 0 

~Fixed (reference) value. 
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the responm of these regions to variations in the differences between R contributions 
for arsine oxide and nitrate ligations, ARt~, were investigated. Little correlation 
between the model's response to these JR values was noted and values quoted in 
Table 36 are subject to estimated uncertainties of about + 10. 

The Lt~ values in Table 36 accord with the ea values in Table 35 and associated 
discussion reasonably well. The go~ ,  but not exceptional, donor function of the 
arsin¢ oxides are characterized by a ere parameter which dominates over rto. The 
contrary domination of the F contribution over the P for the ct,t(AsO) parameters 
merely reflects the greater distance from the metal of n functions relative to tr 
together with the only modest n donor role of the arsine oxide ligand. The dominance 
of the x, t~H(AsO) over r t~(AsO), on the other hand, like that in Ni(salmedpt) above, 
refl~ts the lateral diffuseness of the non-dative lone pair on the oxygen atom. 

The energy analyms provided a view of weak metal-nitrate bonding in the nickel 
complex, but weaker still in the cobalt one. The intensity analyses confirm this 
result. While a significant contribution to the spectral intensity arises from the 
niekel~nitrate coordination, rather little derives from the cobalt-nitrate interaction. 
Furthermore, vt~> pt~ for the Ni~NOa ligation, in contrast to the situation for the 
metal~arsine oxide bonding, once more attesting the relative weakness of the nitrate 
coordination. That same wetness is presumably responsible for the dominance of 
~ t,~u(NO3) over i, t,~H (NO3). 

7, 3,4, Planar chromophores I 
Here, we particularly address the square planar, tetrahalo complexes of 

t o p e r ( I f  ), palladium( |I ) and platinum( II ) ......... chromophores 14-20 - -  but include 
a near-planar [CuCI4] 2~ system (13) and the acentric, planar s ~ i e s  [PtChNH3] ~ , 
.21. Chromophores | ~ ! 7  comprise [CuCL] ~= ions in different lattices. Their polar- 
ized crystal sl~ctra differ b~ause of the varied environment of the tetrachlorocopp,~r 
ions, S~ t r a !  resolution throughout the group varies and the detail of their ex~ri. 
mental spectro~opic study varies also~ Each system has ~ n  subj~ted to indepen- 
dent CLF analysis. Unsurprisingly, their ~rametrizations are clo~ly similar; this 
does, of course, go some way to support the general .integrity of the analytical 
process, in the present review, we repre~nt the group by a single chromophore. 
The [CuCI4] 2° group, and K2PtCI4 and K2PtBr4, were the first systems to be analysed 
within the CLF vibronic model, In tho~ early studies [59] the vibronic t parameters 
were not relat~ to an underlying set of static t parameters by NCA, The optimi~tion 
proc~ures were very lengthy and complex and are not reviewed here. Nevertheless, 
they furnished conclusions that were well supported by the more refined, "complete", 
CLF + NCA vibronic analysis [66] we describe now. The opportunity was taken in 
this study to make com~risons with some relat~ but non-planar chromophores 
and also to include an analysis of K~PdCI, The ex~rimental data base for the 
latter complex is far less rich than tho~ for the platinum chromophores, K2PtCI4 
and K~PtBr4, and would not support analysis within the highly parameterized CLF 
v' ' ~bromc variables to a common static set. ~bromc model that did not link all v' ' ' 

In addition, then, to the square p l~ar  platinum and palladium tetrahalides, the 
present group of chromophores includes the planar CREAT complex (15): NBZP 
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(13), which possesses a strongly compressed tetrahedral coordination with two 
CI-Cu-CI angles averaging 166 ° and four averaging 90 °, and, as reported in 
Section 7.3.1, Cs2CuCl4 (3) being much more nearly tetrahedral with the two larger 
CI-Cu-CI angles averaging 129 °. The CLF intensity analyses for these complexes 
were of the vibronic + NCA type for [PtCI4] 2-, [PtBr4] 2-, [PdCI4] 2- and the planar 
[CuCI4] 2- of CREAT; static+vibronie+NCA for the compressed tetrahedral 
[CuCI4] 2- ions in NBZP; and static only for the "tetrahedral" [CuCI4] 2- ions in 
Cs2CuCI4. All ungerade bending modes were included in the vibronic contribution 
to these analyses. Values of the L ta parameters for the chromophores are compared 
in Table 37. Let us first consider the t to values. 

The ratio P t,:~'t¢ for the planar ehromophore CREAT is about 0.3; for 
[PtCI4] 2- and [PtBr4] 2-, it is 1.6 and 0.9, respectively. The values for Pro and rto 
for the d s planar species are absolutely larger than those for the d 9 planar 
[CuCI4] 2- complex. Both of these observations correlate well with the magnitudes 
of nephelauxetic effects that have been observed in these, and related, species. Thus, 
F2:Fz(free ion) ratios for [PtCI4] 2- and [PtBr4] 2- chromophores have been estimated 
[60] to lie within the bo~mds 0.49-0.78 and 0.35-0.54, respectively. For the planar, 
low-spin d 7 complexes, Co(salen) and Co(clamben), [salen=N,N'-ethylenebis- 
(salieylideneaminato)] and clamben- N,N'-ethylenebis(2-amino-5-chlorobenzyl- 
ideneamin,',,to)], F2:F2(free ion) values are 0.41 and 0.28, respectively [81]. In all 
these low-spin d ~ and d a species, the empty d~2_y2 orbital is similarly reflected in 
larger ~'t,,: ~to ratios. The smaller P:F ratios for [PtBr4] 2- with respect to [PtCI4] 2~ 
does not conflict with the opposite trend for nephelauxetic effects as longer M-L 
bonds are otherwise a~socnated with lower P:F ratios. 

¢ i Similar reasoning applies when we compare et~:~,to rat os for the planar d s and 
d 9 specles.~ -'- The d~ o ~,~ orbital houses no electrons in the d ~ molecules but one electron 
in the d ~. The steric activity of this nearly non-bonding electron tends to loosen the 
d 9 M~CI bonds relative to those in the d 8 metals and this is reflected in the marked 
decrease in intensity P:F ratio from 1.6 tbr [PtCI4] ~ to 0.3 for [CuCI,] 2~. 

Having argued that trends in Zotf account tbr the variation in P:F ratios for 
tetrahedral chloro Co(l l) ,  Ni(ll)  and Cu(ll)complexes in Section 7.3.1 and that 
variations in the steric role of the open d shed rationalize those for the planar chloro 
Pt( l l )  and Cu(ll)chromophores, we focus now on the marked differences between 
intensity parameter values for tetrahedral and planar chlorocuprates. Insofar that 

Table 37 
Optimal CLF ~'ta values' for chromophores 3, 13, 15, 11t-20 

Parameter [PtCla] 2 - [Pt Br4] z - [ PdCI4] z ~ CREAT NBZP CszCuCl4 

et~ 225 249 229 19 246 452 
Fto 142 281 46 69 73 70 
et.  0 0 0 21 176 374 
f t .  247 4!! 286 62 115 70 

aAll values in units of D × I0- z except for CszCuCI4 whose arbitrary values have been scaled, as described 

in the text. 
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the Cu-CI tr bonds are built from Cu 4s plus ligand tr functions, no first-order 
variation with CI-Cu-CI angle is to be expected. We similarly expect no first-order 
variations in either the magnitudes of the Ltd. parameters nor in the et.:vt,, ratio 
with respect to the CI-Cu-C1 bond angle. On the other hand, however, contributions 
to the bond orbimls from Cu 4p functions are expected to vary with the geon~etry 
change from planar to tetrahedral. No such contribution can occur at all in the 
centric planar environment, of course. As discussed in Sections 3 and 5, contributions 
to a p t .  parameter arise from the multipole expansion of the ligand function onto 
the metal centre and from the admixture 4s-4p brokered by covalency with the 
ligands. While similar contributions to v t. are expected from the multipole expansion, 
analogous 4s=4fmixing will be trivial. Altogether, therefore, we expect to see similar 
r t. parameter values in plana~ ° and tetrahedral [CuCI4] 2= species, but larger Pt. 
values in the acentric tetrahedral environment than in the centrosymmetric planar 
one. The vt,, value for the near-planar NBZP is similar to that for CREAT. All 
t't~ values for CszCuCI4 in Table 37 have been scaled to the value 70 for r t., 
accordingly, and we observe a dramatic increase in p t. as the chromophore geometry 
of the chiorocuprates changes from planar to "tetrahedral". The magnitude of this 
trend is by no means to be laid at the door of the SC mechanism discussed in 
~ction 4, however, for, as de~ribed in Section 3, the magnitude of 4s-4p mixing is 
greatly enhanced by covalency. 

We now consider the intensity parameters relating to n bonding. Firstly within 
the chlorocuprate sixties, we discern a somewhat similar pattern for the ~*t~ values 
in Table 37 as for the t't~, The vt~ values do not vary markedly while those of the 
Pt. increase dramatically with the trend tYom planar to tetrahedral, Again, we ascribe 
this to an increasing participatioa ~t ~ the Cu 4p orbita!s within the bond orbitals. 
Turning to the d ~ chromophores, the dominance of ~t~ over el, appears to reflect 
their low-spin coniiguration. Thus, we emphasized above how the unoccupancy of 
the d~:~,~ orbital facilitates increasing M~=L a donation, In the same way, the 
double occupancy of all other d orbitals tends to frustrate M ~= L n donation. Precise 
e~ values for these complexes are unavailable because of inevitable parameter correla. 
lions that characterize analyses of the transition energies. Nevertheless, "midrange" 
CLF e~ values [60] do support a relatively minor n functionality in these d s bonds: 
for [PtCI4] ~°. e .~  11980cm ~°1 and e~=2300cm ...... t; for [PtBr~] ~°, e .=  10000cm .... t 
and e,~941)cm ~: i\~r [PdCI4] 2~, eo=9200cm .... t and e.=1300cm ~°t. A lesser 
polarization of the halogen n functions towards the platinum and palladium metal 
atoms is then reflected in the dominance of yr. over r t. intensity parameters. 

We conclude this s~tion with a bri~ff mention of a static + vibronic CLF intensity 
analysis of complex 21 .......... [PtCI~NH~]~ . .... ....... ~ing the only other s.uch study of a 
platinum chromophore. The acentric, planar -~ ' , "~ c~ ordmauon requires consideration of 
cis and tratts Pt:~Cl bonding as well ~s PtoN; cis and tr~ms relate, as usual, to Pt=CI 
bonds"l'ymg adjacent or op~site the Pt=N bond, resp~ctively. The consequently 
high . . . .  degr~ of parameterization resulted in CLF e~ and ~°t~ parameter' . . . .  values that, 
were less well established than t~3r the tetrahalo complexes above. Best estimates of 
the t~t a a~  given in Table 38. As detailed elsewhere [67], most of the observed 
intensity arises from the static environment. The more strongly bound ammine is 
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Table 38 
CLF intensity parameters" lbr  chromophore 21 

Parameter  b Range 

e to( N ) 165-225 
r to (N)  0 +  15 
eto(Clt} 103-185 ¢ 
rt~(Cl') 108-99 a 
I't~(Cit) 0 + 8 
rt~(Clt) 140+_23 
et~(Cl¢) 150 
vt,,(Cl¢) ! ! 8 ± 23 
I't.(Cl¢) 26 + 18 
r t,,(Ci ~) 90 + 8 

a In units of  D × 10 -2. 
b C l t =  rams CI, CI¢= cis CI. 
': Correlation: 1.33vt~,( N ) - 1 ! 5. 
d Correlation: - 0. I eta(n) + 122. 

associated with a vt,,:r to ratio that strongly favours the P contribution. The ~maller 
P:F ratios for the chlorine tr bonding resemble those in Table 37 for the tetra- 
chloreplatinate. Once again the Pt-CI ligations are characterized by ~t,, parameters 
dominating over ~'t,,. 

7.3.5. Phmar chromophores il 
In this section, we look at a series of five CuCIzX~ complexes .............. chromophores 

23-26 ........... all of whic!a possess exact or near-exact tmns, centric planar coordination 
of tile metal. The 'rid" intensities of each have been analysed within the CLF + NCA 
vibronic scheme, in three complexes, the X ligands are cyclic amines ....... lutidines or 
a pyrazole ........ and in two, they are oxygen donors ...... water or a pyridine-N-oxide. 

The study of these five chromophores is very detailed. We confine ourselves here 
to three main issues. One concerns the question of band assignment and selection 
rules for the DIAQ complex 26 and is a matter we return to in Section 7.4. The 
others relate to the CLF ea and Lt a values. The emphasis here is on the unusually 
large e,, values for ligations with the nitrogen heterocycles and we shall see how the 
conclusions from the energy analyses are supported by the reproduction of spectral 
intensities. 

Optimal CLF e a values for the five CuCI2X2 systems are listed in "Fable 39 and 
Table 40. The d,,:_y2 orbital in these systems is uniquely shifted by interaction with 
both Cuo~.CI and Cu~X bond orbitals; accordingly, separate e,(CI ) and e,,( X ) values 
cannot be determined. It is obvious, nevertheless, that e,, values for the C~C12N2 
species are unusually large; those for the CuC1202 complexes are more typical. At 
the same time the values for e,~(void) lbr the first group are significantly less than 
for the second, the latter of which are again more normal for planar copper(il) 
species. Values tbr the ligand-field trace, Z', being the sum of all diagonal ea parameter 
values in a complex have been found [9,82] to be about 23 000 cm-~ in very many 
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Table 39 
Optimal CLF ea values (cm-t) for chromophores ~ - 2 4  

Parameter PDMP 2,3-LUT 2,6-LUT 

6550 6550 6350 
e~(Cl) 1800 1280 1280 
e ~ ( N )  950 940 940 
e~(void) - 2500 - 2690 - 2690 
Z ~ 30 300 27 820 27 020 

• ~o ~ [e,(N ) +e,(CI )]/2 
b The ligand-field trace. 

~11~ 

27~ g' (e~ +e,,~ + e ,  lt)i 
t 

Table 40 
Optimal CLF ea values (cm °~ t) for chromophores 25 and 26 

Parameter DIAQ Parameter 4-PICNO 

~ 5700 ~ 5450 
e~(CI ) I ~  e~ 830 
e.~.(O) 1800 
e.,(O) 0 h 
e.~,(O) 0 ~ e~,(O) 700 
e~(void ) :~ 31 l~  e~(void ) - 3110 
£~ 24 180 ~ 22 220 

% ~ [e,(O) ~ e,(Cl )IlL 
~Fised value~. 
~Set equal to e~(void) for 4oPiCNO, 

six~, five. and fourocoordinate molecules of Fe(ll ), Co(ll), Ni(II ) and Cu( 11 ). 
Trace values tbr the CuClaO2 s ~ i e s  in Table 40 fit this pattern while those for the 
CuCI2N~ s~ ie s  do not. Arguments presented in the original paper [68] suggest 
that these unusual features derive from particularly large ligand-field strengths for 
the M-N # interactions in these molecules. The strong ligand fields derive not so 
much from an une×~tedly large tr donicity, but from an intact ligand polari~tion 
that puts significant negative charge on the donor nitrogen atom. 

The optimal CLF intensity parameter values (D × 10 °~) for all five CuCI2X2 
chromophores are listed in Table41. Although all Lt~ values are presel:ted on an 
absolute scale, comparisons between chromophores must be made with care as the 
values have involved the difficult measurement of cryst~ thickness. All values for 
the 2,3°LUT are similar to the corresponding ones for 2,O-LUT. In view of the 
rather different appearan~ of the experimental s ~ t r a  of these systems (for reasons 
of polarization dic t ions  and ex~rimental crystal planes), it is gratifying to ~ the 
chemical similarity of the~ two compounds reflected in this way. The most obvious 
difference betw~n the lutidin¢ and pyrazole cotnplexes is in the ratio ~'to(N):~'G(N ), 
being about 3 in the LUT species, but only about 1/30 for PDMP. On the other 
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Table 41 
Optimal CLF intensity parameters (D × 10-~) for CuCI2X., chromophores, 22-26 

Parameter PDMP 2,3-LUT 2,6-LUT DIAQ 4-PICNO 

ete(Cl) 87 45 33 126 166 
r t,(CI ) 24 38 30 1 0 
e t,(Cl ) 5 3 2 57 118 
r t~(C! ) 5 3 2 19 35 
+'t,,(X) 3 100 72 68 158 
PG(X) 87 32 31 116 10 
Pt,,(X) O" O" (P (P 48 
~'t,,( X ) (P O" 0 ~ O' 0 
rt~( X ) 25 l ! 0 24 48 b 
Ft~I(X) 21 9 2 125 0 b 

"Fixed. 
bU set equal to ±+ 

hand, the e,, values for these three complexes are virtually identical. The pK,~ values 
for pyridine and pyrazole are 5.2 and 2.5, respectively. A less good donor tr function 
for the pyrazole ligation would be expected to be reflected in a lower P:F ratio, as 
observed. At the same time, however, we anticipate a somewhat greater polarity on 
the pyrazole ligand than a pyridine (or lutidines, here) so that their similar e,, values 
probably result from a compensation of poorer donor functions in the pyrazole by 
a larger ionic contribution to the M-L bonding. Turning to the copper+chlorine 
ligations in the CuCI2X~ complexes, we observe the Pt~(CI)/vt,,(Cl) ratio for the 
pyrazole complex to be significantly larger than those for the L UT systems. This 
presumably reflects a larger CI~Cu donation in the PDMP molecule than in the 
LUT s • "+s peele, to compensate for the poorer tr donor function of the pyrazole rel~tive 
to the lutidines in concert with the operation of the electroneutrality principal at 
the metal. The unusually strong donieity of the nitrogen ligands as a group compared 
with the water and pyridine-N.oxide ligands also appears to b~ evinced by ~!1 ~+t 
(CI) values throughout the five CuCIzX~ ehromophores. In recognition once more 
of the operation of the eleetroneutrality principle at the metal centre, the chlorine 
ligands appear to be better donors in the CuClzOz species than in the CuClzNz as 
indicated by larger t't+,(CI) and Lt,(CI) in the former and by large Pta:Fta ratios 
also. The global view of the electron distributions throughout the series of five 
CuCIzXz chromophores is consistent only upon recognition of the "ionic" contribu+ 
tion to the large e, values leo(N) underlying] in the CuClzNz systems. Here is a 
good example of how the combined analysis of transition energies and intensities 
can illuminate our understanding of the bonding in transition metal complexes. 

7.3.6. The reproduction of rotatory strengths 
Circular dichroism was the locus of studies on three formal tetrahedral chromo- 

phores, 10-12, eight trigonal bipyramidal chromophores, 33-,~, and of incidental 
interest for the "octahedrar' system 43. As the present article addresses the repro- 
duction and understanding of forced electric dipole strengths in 'd-d' and °f+f' 
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spectra, we will not dwell upon the calculation of rotatory strengths, except to make 
one general observation about their origins in these chromophores. 

The sources of the chirality in these complexes are seemingly obvious. In the 
spartein complexes, discussed in Section 7.2.4, the twisting of the CI-Co-CI and 
N-Co-N planes, arising from the stefic roles of the bulky spartein ligands, defines 
an obvious structural chirality. An equally clear, though obviously smaller, structural 
chirality is evident in the propylenediamine complex, illustrated in Fig. 34. Similar 
and familiar twisting of the diamine chelate rings in the tripodal ligand, S-tan, define 
the structural handedness in chromophores 3 3 ~ .  In the six-coordinate complex, 
[Niens] ~*, the structural chirality is evident both in the rot, fion of opposite "octa- 
hedral" faces normal to the molecular three-fold axis and in the ethylenediamine 
twisting itself. 

In all cases, however, good reproduction of the magnitudes of rotatory strengths 
was possible only upon recognition of the bent bonding that these geometrical 
features imply. The "purest" illustration of this was provided by chromophore 12 - 
the propylenediamine system shown in Fig. 34. In that molecule, the CI-Co-CI and 
N~Co.N planes are nearly exactly orthogonal so that any ligand-field modelling 
expres~d, as usual, in terms of the first coordination sphere with local M oL iigations 
of Cz,~ pseudosymmetry will necessarily yield null rota|ory strengths. Within an 
inde~ndent-system~ approach, the source of the optical chirality in such a chromo- 
phore is viewed as a physically separated perturber located within the propylenedia- 
mine backbone. Th~ lilerature on this subject is very large and has an extensive 
provenance; Mason, for example, has provide¢~! a delighffu!lj readable account [83] 
~nda Richardson a |horoughgoing_ review t72] at' a more |echnical level. The 
hadependeniosys!em~ ~!ppro~ch is. of course, only :~ model and, ~ls we h~ve discussed 
.,_~t !e~slh, explicitly neslects corpulency and overlap. We have argued lhat the CLF 
~tpproach, though n~essarily paramel|oic, should t~ke ~l~couni of all contribuiions 
to oneoeleetro~ processes contributing to the et|~ctive Ol~'*'¢lat~ is}'" of ibrced electric 
dipole transitions. In chromophore 12, tbr example, the structural chirality imposed 
by the chelate obliges the nitrogen a donor orbitais to ~ inexactly directed towards 
the central metal atom (a} because of the tendency of the nitrogens to be tetrahedrally 
bound and (b} in view of some degr~ of chelate ring strain. Misdirected valency in 

N 

N / \  
Fig 34, Chromophol~ 112, 
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the Co-N bonding results, monitored in the CLF model by appropriate e, , .  e~ and 
L t, parameters, and non-zero rotatory strengths ensue. In the spartein chromephores, 
it has been argued that the electronic chirality is much tess than the structural 
ehirality defined by the donor atom coordinates because of the effects of misdirected 
valency arising from both ring strain and the misalifl~ment of cobalt and nitrogen 

functions due to the primary twisting of the coordination geometry. Much smaller 
effects, but ones originating in the same way, are responsible for the electronic 
chirality observed in the S-tan chromophores 33-40; the same consequences of 
ethyienediamine chelation probably contribute to the circular dichroism in 
[Nien3] -'+. 

These effects are small, but rotatory strengths respond sensitively to them. 
Unfortunately, none of the analyses surveyed in this section were able to define the 
parameters of misdirected valency very accurately. In each case, however, the signs 
of the e,,, parameters were such as to concur with the physical siting of the bent 
bonding proposed. The reader is referred to the original papers, cited in Table 23, 
for t'ull details. 

For completeness' sake, we list best estimates of the ~'ta parameters for the 
"tetrahedral" chromophores, 10-12, in Table 42. All P:F ratios are greater than 
unity and appear to describe '~normal'" ligand-.metai electron donation throughout. 
Typical CLF ea values lbr the group are e,(Cl)~4000cm -~, e,(Cl)~1300cm -~ 
and e,(N )~4800 era-~: details of other ea values will be tbund in the original paper. 
CLF t't~ values for the S-tan complexes were discussed in Section 7.3.2. As described 
in " ~ ' "  Scctmn 7.2.6, after lengthy NCA. only one variable was required (in first-order, 
at !east) t'or [Nien d ~+. it was found that the ratio yr,( N ):Yr,( N ) was about 4. again 
in line with a ~ypically good N-+Ni o" donation. 

7. 4, °4 ~'orrelctliopt between bond  t 'hart. ' tcr and  an ~q)tic./ se!ec'tion rub, 

CI!romophore 16 provides an interesting example of how the ¢htll~lc i t  ol'chronmo 
phore bonds can talsfly bond assignments made by convenlional application of 

~ii~ble 42 
Optimal CLF l't~ values [br chromophorcs I 0  12 

Parameter Spartein :~-isospartein I ropylencdiammc 

a, t . (C!  ) 85 120 I (i)2 
r t.(CI ) 22 9 0 
~'t.(C[ ) 78 ~2 86 
r t~(CI )  9 12 18 
~' t.( N ) 100" I ()(P i 00" 

et~,(N ) 57 74 64 
~:t~..{ N ) 18 19 19 
et..~,( N ) 58 83 52 
Yr.,,( N ) 3 12 ! 7 

"Fixed (rcl}rence) values. 
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synanetry alone; we do not, of course, haply any violation of group theory. The 
central issue here is the observed weakness in crystal b polarization (which corres- 
ponds very closely with the molecular z polarization, where z lies parallel to the 
C u ~  bonds in the coordination of the DIAQ chromophore) of what our analysis 
assigns as the xz~x2-y  2 transition. This transition is formally enabled by a b3. 
vibration and, because of this, Hitchman and M c ~ n a l d  [84,85] had favoured an 
alternative assignment. This alternative assi~ment did not yield a satisfactory 
int~sity analysis, as detailed in the original pa~r .  The issue we review here is the 
rea~n for the weakness of this transition even though the chromophore does 
undergo the defo~ations of a b3~ bend. 

The transition moment (xztezlx~-y 2) involves el~tronic displacement in the xz 
global frame alone. As shown in Fig. 35, the b3u bend involves tangential displace- 
ments of the chlorine atoms lying along the global y axis, parallel to z. This ligand 
motion is the source of vibronic parity mixing into the d orbital basis that ultimately 
generates spectral intensity. The odd-parity functions admixed into the d that circum- 
vent the orbital ~lection rule df  = ± 1 are of p or f type. If p, the chlorine atom 
displacement admixes p~ into d~ o ~. However, the resulting py - d~ ~.,2 hybrid differs 
from the pure d~2o,: function only in spatial regions on either side of the xz plane. 
The (xzlez[x2> transition moment is not, therefore, exl~cted to be affected or enabled 
by this particular parity-mixing p r e s s .  The same is not true for d~f mixing. 
Consider~ for esamp!e, the admixture o f fx (z~-y  ~) character into the d~2 o~-" orbital 
as will be facilitated by the b:~ ~nd.  As shown in Fig. 36, the f function is concen- 
trated in both ~T and xz p!anes~ C h a n t s  in the d~f mixing in the xy plane brought 
about by the disp!a~ment of ~he chlorine atoms are necessarily accompanied by 
¢hange~ in d:f 'xi ~oo ~ ~o ~,o o~ ' " m~ ng in the ~:o  plaae~ Accordingly, the <s~l~ls ~y'> trans,lma 
moment ts exacted to ~ ~ ~°~ sen~m.~ve to the h~ bend via the d~f mi×ing but not, as we 
have ~en, by any d=p mixing. However, the CLF tt~ values of'l~able 41 are cl~ara¢o 
tefi~ed by a total dominance of ¢'t.(Cl ) over ~'t.(Ci ), a s ~ i a t e d  with good CI~,Cu 
a donation, as de~rib~ui in SectionT.3.5. The inevitable result is that the 
(xzlezlx:~),:> transition is veu weak~ The relevan~ of bond character in deciding 
~iection ules is not normally considered when evaluating appropriate direct 

O 

t t 
CI ......... C u ................ CI 

O 

Fig, 33, The ~ bend in the planar CuCl~O~ moieties, 
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f 
7x 

Fig. 36. The/~x'( :~ -y  z) function in relation to the global molecular frame for DIAQ (26). 

products at the outset of (or in the absence of) an intensity analysis. This intriguing 
example illustrates how one may be misled. 

7.5, Concluding remarks 

The past 40 years ~la e seen an impressive ~t,ack on the intensiti('s of open d. and 
ioshell s|~ctra with imaginative and technical contributions from m~ny laboratories. 
it is now apparent that intensity distributions can be well reproduced for a wide 
range of chromophores in_ which the parity mixing required to force formally 
disallowed, electric dipole transitions may arise statically within acentric environ- 
ments or vibronically in centric ones. It is probably true that relative intensities of 
'd-d' transitions have been reproduced more accurately by the CLF model than 
~/~f' by the independent-systems approach. It is, however, only lair to acknowledge 
that the main-block studies have addressed the broader envelopes of less-well 
resolved transitions while those of the lanthanoids have mostly been concerned with 
typically sharper and more fully resolved transitions. In our CLF analyses, for 
example, we have often noted the insensitivity of calculated intensities to the magni- 
tude of the spin-orbit coupling coefficient. This must be due, in large measure, to 
our seeking to reproduce intensities of spin-orbit coupling coetlicient. This must be 
due, in large measure, to our seeking to reproduce intensities of spin-orbit-split 
components within a single band. No doubt variations in the magnitude of 
spin.orbit coupling would redistribute intensity amongst appropriate unresolved 
components of the band and so be invisible to the analytical process. 

In common with other contributions to this field, we have been much concerned 
with the question of mechanism. Of central importance to that issue is the paper by 
Newman and Balasubramanian [24] in identifying the essence of Judd's early work 



A.£ Bridg~mn, M. Gerl~h / Coordination Chemistrr Reviews 165 (1~7) 315-4~ 

[22] as the construction of a quite general effective electric dipole operator for one- 
electron processes. Within that effective operator will be contained, albeit implicitly, 
contributions to dipole intensity from all one-electron sources, including covalency. 
Problems of dealing with covalency and overlap ab initio are horrendous and it was 
only natural to ~ their explicit and hopeful neglect by those espousing the indepen- 
dent-systems models. An accounting for them parametrically, however, within the 
CLF approach is not fundamentally difficult and appears to be generally remarkably 
successful. It is, of course, sad that the well-founded, theoretical generalities of the 
CLF model cannot be illustrated numerically and explicitly. This limitation is broadly 
the same as that governing the computation of molecular wavefuncdons in these 
complex open-shell systems. Nevertheless, it is the case, that optimal values for the 
system variables generally make good qualitative sense in relation to chemistry and 
bonding theo~ in general. This s u ~ s s  is undoubtedly to be ascribed to nature 
having (seemingly adventitiously) establish~ the ligand-field regime itself in which 
d and f orbitals remain sufficiently uncoupled from all others. 

As for future work, it is obviously desirable to apply the CLF model within the 
lanthanoid f b l ~ k  and to address the details of ma~etic circular dichroism. Clearly 
there is much work ahead. Richardson ended at least one of his papers [46] with a 
p!ea for more, and detailed, experimental studies of ~[-f'- and, by implication, of 
'd-~d'.spectra. We concur. 
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