Coordination Chemistry Reviews

EVI 165 (1997) 315-446

Spectral intensities of transition metal complexes

A.J. Bridgeman, M. Gerloch *
University Chemical Laboratories, Lensfield Road, Cambridge, CB2 1EW, UK
Received 11 November 1996; accepted 21 February 1997

Contents
N €L 172 S 316
Lo IREOdUCON . . o . i e e e e 37
2. Electronic and nuclear motions . . . ... . .. L i e e 320
2.1. The adiabatic Born-Huang and Born-Oppenheimer approaches . . . ... ... ... ... 321
22, Crudeadiabatic basis . . . . . .. o i e e e e 322
23. Herzberg-Tellercoupling . . . . . .. . . e 322
24. The harmonic approXimation . . . . .. ... it i e e 323
25, Optical transitions . . . . . .o L e 324
2.6. The Condon approXimation . . . . . .. . vt e 326
2.7. The Herzberg-Teller trapsition moment . . . . . ... .. oo e 328
3. Electric dipole transitions and parity mixing . . . . ... o oo 329
4. Spectral intensities of o transitions . . . ... o o oo 331
41, Thestaticerystalfieldmodel . . . . ... .. . 331
4.2, Hypersensitive fof transitions . . .. ... .. o oo 335
4.3, Pseudoquadrupole transitions in an inhomogeneous dielectric .. .. ... ..o 336
44. Ligand polarization mechanism . . . ... oo oo 337
4.5, Alternative views of dynamiccoupling . . .. . ... o 0 o oo 340
4.6, Early and extensive explorations of the SC+DC model . ... ... 000000 A1
4.7 Eflective operators and covalency . . ... o oo 346
4.8, Ligand polarizability anisotropy . . . .. .. ... oo e 352
49. Overview of f<f " intensities and introductionof ded”™ . . . .. .. . oo oo 358
5. The cellular ligand-field model for acentric chromophores . ... .. ... ... 000 360
5.1. Cellular ligand-field theory and ligand-field orbitals . . .. .. ................ 361
§2 P oroand Reontributions . .. .. o o 363
5.3, Parameterized local transition moments . . . . . ... L oo 365
54. Local multipole expansion withina pure d basts . . ... ... ... ... o0 30
5.5, The superposition . . . . ... vt 3
56. Spectral absorbance . . . . ... L e 376
5.7. The chemical and physical significance of the 'r, parameters . . . .. .. ... ... . .. an
$8. The signs of the ', parameters . . ... ... ... 377
$9. The Rcontribution . . . . . . . . i i e 31
5.10. The magnitudes of CLF intensity and energy parameters . . .. . .. ... .. ... 380
5.11. Qualitative implications of the two-centre expansion . . .. ... ..o 382

* Corresponding author.

0010-8545/97/$32.0C © 1997 Elsevier Science S.A. All rights reserved.
PIT $0010-8545(97)00020-9



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

5.12. A computational study of the two-centre expansion . . . . .. ................ 385
SA20L. General trends . . . . . .. ... e 385
5022 PiF ratios . . . ot e e e e e e e e e e e e 387
5.12.3. The importance of the ligand functions . . . .. .. ... ........ ... ... 387
S124. Amore realisticmodelling . . .. ... ... o i oo oo 388

5.13. Symmetry and degrees of freedom . . . .. ... ... Lo oo oL 388

5.14. The functional dependence of static- and dynamic- coupling parameters . . . . ... ... 391
5141 Staticcoupling . . . . ... e e 391
$.142 Dynamiccoupling . . . . . .. ... e e 391
5.14.3. Modelling polarizability contributions —~anexample . ................ 393

518, Covalency and the CLF approach . . . . ... .. ... .. ... .. . .. ... 395

5.16, Misdirected valency . . .. .. .. .. e e 98

5.17. Coordination voids . . . . . . .. . ... 400

6. The cellular ligand-field model for centric and near-centric chromophores . . . . .. ... ... 400

6.1, Effective operators . . . . . . . . . . .. 401

6.2, Bending vibrationalmodes . . . . . . .. .. ... e 402

6.3. Stretching vibrational modes . . . . . .. .. 407

64, Torsionalmodes . . . . .. .. . e 408

6.5. Relationships between the static and vibronic CLF parameters . . . ... ... ... ... 410

7. Asurvey of CLF analytical results . . . .. ... ... ... . ... .. . o 413

TL The chromophores . . . . . . . o 0 e e 413

7.2, Reproduction of experimental data . . . ... ... ... . .. ... . .. .. 415
72,1, Bis(iriphenylphosphine)dichlorocobalt¢ily . . . .. .. . ... ... . L. 435
7.2.2. Hexamethyltrendithiocyanatomckel(lly . .. .. ... ... ... ... . ... ... 413
723, Tetrakis(diphenylmethylarsincoxide)nitrato-cobalt(11) and -nickel(11) nitrates 416
724, (=) (a-isospartien)dichlorocobalt(lly . . ... .. ... ... L 417
7.2.5. Tetrachloroplatinum(Il) and -palladivmdy . . . . . ... ... ... ... .. .. 419
72,6, Trisethylenediamine)nickel(11) dinitrate . ., . . L oo 4
7.2.7. Reproduction of spectral traces . . . . L e e S 2
7.2.8. Temperature dependence of vibronic intensities . . . . e A 5

1.3 Parametes values . ... ... ... .. .. e e 423
731, Tetrahedral chromophores . . . . .. ... . . 424
7.3.2. Trigonal bipyramidal chromophores . . .. ... ... 428
733, Square pyramidal chromophores . . .. ... 0 0 0L 432
134, Plawar chromwephores 1 . . .. L L L L e 434
738 Planarchromophores 18 . 0 437
7.3,6. The reprodduction of sotatory strengths ... 0. oL L L 439

74 A correlation between bond character and an optical selection rule .. . .. .. L. 441

75 Concluding remarks . .. L 443

References . . .. ..o 444
Abstract

Electronic dipole "d-d" transitions in transition metal complexes, and *f-f> in lanthanoid
species, are formally disallowed. This article describes how they are forced. A broadly
chronological review of the literature on £~/ electric dipole transitions focuses upon mecha-
nisms which have been proposed to effect the required parity mixing within functions involved
in those transitions. 1t begins with the “static coupling” (SC) model and, following recognition
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of hypersensitive transitions, develops into an exploration of the “dynamic coupling” (DC)
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 covalency 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. © 1997 Elsevier Science S.A.

1. Introduction

This article addresses the electronic ‘d-d" spectra of coordinated transition metal
ions. In particular, it is concerned with the modelling of ‘d-d” intensity distributions.
Standard fare for the inorganic chemist includes the violation of the parity selection
rule by static means in acentric chromophores and by vibronic means in centric
ones; that vibronic intensities are generally an order-of-magnitude weaker and vary
markedly with temperature; that spin-forbidden bands are usually much weaker still,
and that, by application of group theory, spectral assignments and polarization
selection rules are often possible. By and large, however, quantitative reproduction
of these spectral intensity distributions has formed little or no part of standard
ligand-ficld analysis. To invert the point: the information content of spectal inten-
sities, as opposed to transition frequencies, has usually been discarded. The aim of
the cellular ligand-field model for *d-d’ spectral intensity distributions that we
describe here is to provide a chemically informative scheme with uniform applicabil-
ity regardless of metal ¢" configuration; coordination number, geometry or symine-
try: or ligand set. The model is parametric. As such, it is essential that it be well
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 crystal- and ligand-field theories which are characterized
by the manipulation of d orbital bases under effective hamiltonians that separate
two-electron d-d interactions from all others:

H cp = z ST "*"Z Vel + ¢o Z bies; (h
i<}j i i
for crystal-field theory, or
Hp=Y, UGN+ Vi) + ) ks, (2)

i<j
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for ligand-field theory. The shortcomings of crystal-field theory are very well known
and ¢ is mentioned here only to show the mapping of ligand-field theory onto
its parent. Interelectron repulsion (ier) is notionally dealt with by the two-electron
(d-d) operator U, integrals of which are parametrized with central-field parameters
F,, F, (or the Racah equivalents B, C) taking values which differ from their free-
ion counterparts under the Coulomb operator e?/r;; herein lies the nephelauxetic
effect. In )¢, the spin-orbit coupling (soc) parameter { similarly takes values that
mark it out from {,, the corresponding free-ion value. Both ier and soc operators
are “spherical” in that no recognition of molecular point-group symmetry is made.
By contrast, molecular geometry is built into the crystal- and ligand-field potentials,
Vep and Vig. The isomorphism of these two models, exemplified by Eqgs. (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 octahedron as between 7,, and e,
orbital subsets. The magnitude of the splitting, 4., relates to radial properties
which include the radial forms of various metal and ligand functions and bond
length. In high-symmetry molecules, the separation of radial and angular quantities
can be immediate and obvious; 4, in O, is architypical. That separation ceases to
be simple in complexes with little or no symmetry. It defines, in effect, a scrambling
of information relating to molecular angular geometry (the disposition of the ligands
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 ) [1-4], properly formulated as cellular ligand-
field (CLF) theory {5-9], goes a long way to deconvolute these different pieces of
information. At their heart lies a principle of spatial superposition — that the global
(molecular) ligand-field potential, V};. be represented by a sum of local (cellular)
potentials, vy, determined, as closely as possible, solely by locally situated sources
of the ligand-field. Those local sources relate to local M -L bonding and antibonding
orbitals in the complex so that within the whole UCLF structure, parameters relate
to discrete M-L bonding. Furthermore, in reflecting the local M-L pseudosymmetry,
the CLF parameter set subdivides into ,, ¢,,, ¢,,, which provide commentary on
bonding modes of different local pseudosymmetry. A detailed discussion of the CLF
parametrization and of its physicochemical significance has been presented
recently [9].

This recognition of the chemical function group — so useful, so long elsewhere
in chemistry — provides the power and wide utility of the CLF method. It has been
applied [8-10] with unbroken success to the analysis of paramagnetic susceptibilities,
electron spin resonance g values and ‘d-d" spectral transition energies, quantitatively
modelling these properties in molecules, regardless of metal, ligands or geometry,
with parameter values that are chemically informative and sensible. We have sought
to imbue our CLF model for spectral intensity distributions with these same advan-
tages. One may discern a parallel here between the historical developments of
the ligand-field modelling of transition energies with those of ‘d-d” intensities.
Recognition merely of global geometry and symmetry usefully 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 Lz,
variables which mirror the e; variables of the energy model; A=0, nx, ny. 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, 4/ = +1, for
electronic transitions. There follows 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 important contributions 10 an understanding of forced electric dipoie
transitions are to be found. The accent throughout is on wechanism. The section
includes accounts of the so-called static- and dynamic-coupling models, the construc-
tion and symmetry properties of effective transition dipole operators, of “*hypersensi-
tive™ *f /" tracsitions and the role of ligand polarizabilites. It ends with a comparison
between ‘/~/" 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
to acentric chromophores in the first instance. Several discussions and tables not
previously published are included here so as to facilitate 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 circular 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 Schrodinger
equation:

H(g QD¥(q D =€c¥(q, Q). (3)

The eigenfunctions, ¥(g, @), depend upon electronic and nuclear coordinates (g
and Q, respectively) and the hamiltonian may be divided as:

H(q, D=H(q9)+Ho(Q)+ V(q. Q) @
in which
H@= - -3V ®
2m 5
and
> olQ)= ~ he 0 (6)

25 o0,

are clectronic and nuclear kinetic energy operators in terms of electronic mass, m,
and mass-weighted nuclear coordinates, Q,. The potential energy operator:

Vg Q= Vil @) + Voo Q)+ Veul g, Q) (M

includes terms for nucleus-nucleus and electron-electron repulsions and electron-
nucleus attraction. Electronic spin-orbit coupling can be included in Eq.(7) if
desired.

Analytical solutions for Eq. (3) are not possible because the variables ¢ and Q
cannot be separated. Approximate solutions are sought following attempts to sepa-
rate electronic and nuclear variables according 1o various levels of approximation.
The general strategy is to expand the full molecular wavelunctions, ¥,(q. Q). in a
basis of electronic functions, ¥,(q. Q):

Vi(q. 0=t Q1ulO). (8)

in which the expansion coeflicients, g, are functions of nuclear coordinates only. If
the {Q} are taken as internal coordinates, so removing molecular translation and
rotations with respect to some laboratory-fixed frame, the {z} may be identified
as the vibrational parts of the wavefunction. Let us also define an electronic
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hamiltonian,

)f‘, m)ﬁ"((])-{- V(Q. Q)_ Vms(Q) (9)

and so write the full molecular Schrédinger Eq. (3) in the basis Eq. (8) as:
[e(q Q)+ H o(D)+ V(DN Y ¥u(q, D2 D) =€; 3. V(g D1 D)- (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
converscly 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 Schrodinger equation for each
nuclear configuration, 0, is:

H (g OWr(q, Q) =E(QW,(q. Q) (1

and the electronic wavefunctions {{)} depend parametrically on Q. Solutions of
Eq. (11) for each Q define the electronic energy functions {E}.

In the Born-Huang and Born-Oppenheimer approaches, {E} and {{/} are deemed
to vary slowly with change in nuclear displacements so that coupling between
clectronic and nuclear motions is ignored and the molecular wavefunctions of Eq. (8)
are expressible as single products:

Paig. Q)= (g Qpml Q). (12)

Functions of this simple product form are termed adiabaric, the superscript on the
vibrational wavefunctions label the adiabatic approximations involved in simplifying
Eq. (8) to Eq. (12) and the separation of variables effected thereby. The adiabatic,
Born-Huang (ABH ) and Born-Oppenheimer (ABO) approaches are similar, essen-
tially differing in their approximations for the vibrational wavefunctions, x. In the
Born-Oppenheimer scheme, for example, the vibrational functions are given as
solutions to:

[# o(Q) + E,(DNxni Q) = €0 Xui(Q) (13)

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 ¢ and Q variables renders the usual “potential energy well” 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”” Schrédinger equation,

H (4, QO)IIIR(‘L Q{))=En¢n(% Qo) (14)

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

Y(q, Q=Y ¥u(q Qo)rm(Q). (15)

Eqgs. (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:

it (g Q) =g, Qo) xs (O, (16)

analogous to Eq. (12).
The electronic hamiltonians of Eqgs. (11) and (14) are simply related:

H (4 Q)= H(q)+ V(g @)= Vo Q)= H(q) + V(g, Qo)+ 4V (g, Q) = V,a(Q)
= H (q, Q)+ 4(q. Q). (1

In passing, we note that, prior to the adiabatic simplifications, both bases, Egs. (8)
and (15), form complete sets and are therefore equally valid as bases for expansion.

2.3, Herzberg-Teller 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 electronic
wavefunctions in terms of the CA basis:

'Obi(q! Q)&Z “MQ)%(({» Q())- ( lS)

First-order perturbation theory then gives the approximate adiabatic wavefunctions
as:

V(g Q=y,(q O)+ Z a{(QW.(q. Q) (19)
with expansion coeflicients

a4(Q) = cld Vg, QNiINEAQo) — EAQy)). (20)
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The perturbation may be expanded as a Taylor series in Q:

Vg, P V(aq.
AV(q, Q)= Z( ZQ))Q 0 +- }:_(7@%@) 0,0, +... 1

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,

!!,z\ s Q)“’V!l'lx(‘;* 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
wavefunctions to recognize this as:

Wni(qﬁ Q) = [V’z(q’ QO) + Z aci(Q)'l’c(q’ QO)]x:nlnr(Q) (23)

2.4. The harmonic approximation

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. (11) are given by:

E,,(QHL..(QQH Vi Qy+ L

“ i

nh
/nm “i"' z‘

[ Vnm an
m#En E‘n(Q() *m(QO)

] 0,0,

(24)

The use of such an electronic potential for the nuclear motions constitutes the
harmonic approximation. Without loss of generality, we may chose coordinates for
each electronic state such that Q=0 at the potential minimum; that is, Qp=0 and
hence, by Eq. (18), @,=0 for all 5. 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, @, 0,, vanish
(n5¢ ). Such nuclear coordinates are the so-called normal coordinates. 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 4 (no symmetry label implied) in the
harmonic approximation, we have the general expression for the potential:

1
Ea(Q)mEZk;;‘Qﬁ, (25)
n
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1 /\V/\V/\A

2

—— 12

0
0y

Fig. 1. Vibrational hermite polynomials.

where ;' called the force constants (for the vibrational normal modes, #, in the
electronic ground state potential £,) are given by

A A 2%
ki=V3. (26)
Eq. (25) is a standard equation with well-known solutions. The eigenvalues are:
3Nﬂ; 6
€hi = Z (t’:? - ﬁ)}?\'" (27)
L}

and the eigenvectors comprise the set of Hermite polynomials. All of this is summa-
rized in the usual “potential-well” diagrams iike that shown in Fig. 1. Similar and
separate diagrams are drawn for each normal mode, ». Electronic excited state (B)
minima need not coincide with that of the ground state. If, following convention
and as above, normal coordinates are defined for the ground electronic state,
E(Q) will not take the simple form of Eq. (25) and the eigenvalues and eigenfunc-
tions of the vibrations in the excited states differ somewhat in value and form from
those in the ground state, 4. Of course, further departures, in both ground and
excited electronic states occur when anharmonicity is taken into account.

2.5. Opticai transitions

Electromagnetic radiation comprises simultaneous, orthogonal transverse oscillat-
ing electric and magnetic fields. In full detail, the interaction of light with matter is
a complex affair. For our purposes, two simplifications can be recognized. First, we
assume that the radiation field is weak so that its effects may be taken to first-order
by perturbation theory. Effects like two-photon absorption occurring in intense laser
fields cannot be treated so simply. In a weak radiation field, we consider [16) a
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quantity related to the probability of an optical transition between states « and £.
If the light is propagating in the = direction and is linearly polarized parallel to x
(meaning the plane of the oscillating electric field is xz), the probability of a transition
(the intensity), 7, is proportional to the square of the modulus of:

Celexip +<alupt B> + (27 iw/c)<alexz| B> (28)

where pp is the Bohr magneton, ¢, is the angular momentum operator and w 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 1:107°:10 ", Our second
simplification, therefore, is to neglect all but the electric dipole part.

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

a=p(q)+p(Q). (29}
The electric-dipole transition moment, hereafter referred to as the transition
moment, M*, for a transition between the vibronic states ag and bf, where ¢ and b
represent electronic functions and g and /. the associated vibrational functions is:

M:mn by = Caglelq) ”"“ﬂ(Q)V)/> (30)

In the adiabatic approximation, this may be separated into two terms:

M. by = CalbX(glp(@) ) + (g<alp(y)
Angle brackets, here, indicate integration over electronic coordinates and round
ouc 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, (Q) = <a(q. Dlu()lblq, Q). (32)
Using the HT molecular wavefunctions of Eq. (23), together with just‘the !inear
coupling of the first-order term in Eq. (21). the second term in Eq. (31) 1s written

Mug. by = <“(qa Q())Iﬂ((l)‘b(qa Q())>(gU)

vy Calgs Qo)a(@le(e, Qo)><clg, Q@Y (g, Q)/00,)g,lb(g. Co))(gQ,1)
¢ Ea(QO)WEc(QO)

bf). (31)
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+¥ <a(q, QoOV(q, Q0)/0Qy)g,lc(q, Qo)><c(q, Qo)lu(q)lb(q, Qo)>(glQ,|f)
¢ Eb(QO) - Ec(QO)

(33)

Note that vibrations g and f belong to normal mode, #, which is then known as the
inducing mode: the (g|Q,lf) are the inducing integrals. M, ,, has been written
without the ¢ superscript 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 neglected and
Mg, s5<a(q, Qo)lu(9)lb(q, Qo) (8l f) (34)

is independent of the nuclear coordinates. The vibronic intensity is then proportional
to the vibrational overlap integrals (g|/), also known as the Franck-Condon (FC)
Jactors. The FC principle, of course, is that electronic transitions take place so
rapidly in comparison with the vibrational motion that virtually no changes in
nuclear positions or momenta occur in the process; vibronic transitions are then
represented as vertical arrows between electronic energy wells in the well-known
fashion. The FC factors determine the distribution of intensity between different
vibrational excitations within a given electronic transition,

Vibrational wavefunctions vary according to the clectronic potential energy as,
for example, in Eq. (13). If the electronic states @ and b in Eq. (34) have identical
potential surfaces (vary identically with respect to nuclear displacements), the vibra-
tional wavefunctions, y, and y,, are identical (as are their frequencies, v, and v,).
In these circumstances, the FC factor in Eq.(34) yields a simple orthogonality
condition;

(8lS)=0(vg, v;), (33)

where the {v} are the vibrational quantum numbers of mode y. The vibronic
transition Eq. (34) then consists of a single line. In the case of low temperature,
when only the v, =0 vibrational state of the ground electronic state a is populated,
the transition corresponds to the 0-0 vibrational excitation (¢,=0; v, =0), known
as the no-phonon line.

Two important circumstances arise when the ground and excited electronic levels
are associated with non-identical potential surfaces. In the first, we consider the case
where they possess identical energy minima (equilibrium nuclear coordinates), but
different curvatures (corresponding to different vibrational force constants).
Although the orthogonality Eq. (35) no longer holds exactly, it has been shown to
be 2 good approximation for all realistic changes in force constant and, in practice,
a single no-phonon line results. The second case arises when the ground and excited
potential surfaces are shifted in Q, (different equilibrium configurations), with or
without a change in force constant. These circumstances can only arise for a normal
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vibrational mode, n, of 4, (generally, totally symmetric) symmetry.! In essence, this
is because only A4, displacements of the equilibrium geometry are symmetry-preserv-
ing. When the equilibrium geometries of ground and excited surfaces differ, Eq. (35)
no longer holds, cven 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 reiative force constants.

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

I, oc|M g PeS(S" /), (36)

where I, is the intensity of the nth vibrational excitation |b, n)«la,0>, M, 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 prcgression 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 4, progressions may
serve as an origin upon which a progression in another 4; mode may be built.

At higher temperatures, significan. populations of other than the v=0 vibrational
component of the ground electronic state develop. Furthermore, small differences in
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Fig. 2. Intensity distributions as functions of the excited state vibrational quantum number for various
values of the Huang-Rhys parameter, S.

"Unless there is a change in chromophore geometry and point group symmetry on 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, are normal in practice and
neithzr potential surface is truly harmonic. For any or all of thesc reasons, the spectral
absorption usually presents itself as many superimpossd progressions with different
trequency intervals but unresolved to yield a broad band. Again, we note that while
the shape of (intensity distribution inj such bands are determined by FC factors,
contributing 4, vibrations, and Boltzmann distributions within the ground state, the
integrated intensity is expected to be governed by the electronic factor | M.

2.7. The Herzberg-Teller transiticn 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
term in Eq. (33) is then zero and we must consider next the linear terms of HT
coupling. The second and third terms in Eq. (33) show that even though |bf") «Jag)
may be forbidden (by Laporte’s rule, for example), M, ,, may be non-zero if there
exists one or more vibronic states jcr) for which |er)d«Jag> or jerd«[bf) is allowed.
In effect, the vibrational deformation of the molecule modifies either ground or excited
state wavefunctions (or both) by coupling with an allowed transition. For a Laporte
forbidden ‘d-d’ transition, mixing with functions of ungerade parity is required.

In the harmonic limit, inducing integrals, (g/Q,1/), are approximately zero unless
vg=v,= 1, where v, and v, are the number of quanta in the inducing vibrational
mode, n. The electronic transition is thus accompanied by the creation or destruction
of one quantum of the enabling mode, 4, and the vibronic origin corresponds to the
no-phonon line plus (or minus) one quantum in the enabling mode. Symmetry allows
any number of quanta in any totally symmetric mode to change but none in any
other symmetry vibration mode. The resulting spectrum then normally comprises
an A, progression built on the vibronic origin,

Incorporation of the selection rule for the inducing integrals into Eq. (33) yields
the linear HT transition moments:

Mg (@) =0} + NQ, el + (0] = 1O, )] %
{ Z <atq, Qo)lr(iclq, ) ><elq. Qe Vg, /0, Jo,I6q. Q0>

e E Q0 — E(Qy)
+Z Lalq, Q¥ (g Q)/0Q,)g, letq, Qo) <l Qollatibly. Q«))}‘} (37)
. E(Q0) = EAQy) ' ‘

IT both ground and excited vibrational states are harmonic, the inducing integrals
in the square bracket of Eq. (37) are given by the simple expressions,

(e + 1O, ety =[h(et + 1)drden, ' (38)
and

(g — lQQ,QI%)m[h!‘r}/dnze*v,,]m. (39)
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where v, is the fundamental frequency (in cm ') of normal mode 5. Qther 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
vy #0 occur (the so-called “hot bands™). It can be shown that if HT coupling with
a single vibrational mode of frequency v, is solely responsible for the intensity of
an electronic band via Eq. (37), the integrated band intensity changes with temper-
ature according to the coth rule,

I=1I, coth (hm’z) 40
=1y CO ,
° 2kT ) “

where 7 is the intensity at temperature 7, and /g is the intensity at 0 K. Lohr has
shown [19] that Eq. (40) remains valid even if the excited state is anharmonic. When
the intensity 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 determine
the frequency of the enabling mode, when this is unknown, or even to estimate the
relative contributions of the inducing modes.

3. Electric dipole transitions and parity mixing

Absorption of light, incident as a plane wave, by chromophores with dimensions
typical of metal ¢ or f electron centres is utterly dominated by the electric dipole
process. We shall discuss electric quadrupole and magnetic dipole transiions in
special circumstances in due course but for now, and mostly throughout this article,
we address electric dipole excitations exclusively. 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 relate strongly to
the nature of the chromophoric states. For electric-dipole transitions, the Laporte
rule requires a change of parity and the orbital selection rule, deriving from the one-
photon absorption process with which we are exclusively concerned, then requires
a change in 7 of one unit; A47'= + 1. The familiar result is that s«p, perd, desf,
feg ete. are the only electric-dipole, orbital transitions which are allowed. Even
more pertinent for transition-metal and lanthanoid spectra is that the electric-dipole
transition moments {(dlerld’> and { fler}f"> vanish. The experimental fact that ‘d-d’
and ‘f~f" transitions are observed then requires an explanation. Some say the selection
rules are “violated™"; others, that the electric-dipole transitions are “forced”. 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” 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 # values not differing from three by
one are ignored. An ‘/~f” transition moment is given then by:

CPlexlf ™D =< flexlf"> +aldlex| [ +a'{flexld "> + b<gler| f"> + b' flerlg">.
(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” transitions are very much weaker than fully allowed transitions
directly attests the notion that these mixing coefficients are small; we have ignored
normalization in Eq. (42) accordingly. Actually, Eq. (42) is a somewhat misleading
description of the impurity of the ‘/” function, a point we will return to in due course.

In the late 1950s, Ballhausen and Lichr computed ‘d-d’ spectral intensities for
some octahedral [20] and tetrahedral [21] complexes within a point-charge model
of the metal environment. Violation of the electric-dipole selection rules was deemed
to occur through mixing of the odd-parity 4p orbitals into the 3d under a simple
crystal-field potcntial, In the case of the octahedral complexes, this was taken to
arise from wngerade molecular vibrations. Despite their use of iree-ion o orbitals
and of unsure estimation of the radial form of the 4p orbitals, their calculated
intensities differ from those observed by only a factor of about four.

Parity mixing in the tetrahedral [CoCl,]*~ and [CuCl,)*~ ions was presumed to
occur via the odd :omponents of the sraric crystal field. Agreement with experiment
for these systems was very poor. Inclusion of ligand valence orbitals improved their
results considerably and these authors concluded that “covalency” arising from
direct overlap of ligand and metal 34 orbitals is important so far as the calculation
of transition moments is concerned.

It is illuminating at this point to outline the relevance of covalency and overlap
for the degree of parity mixing. Let us represent the sets of metal ¢ and p, and
ligand y orbitals by just single functions. Let us further suppose that direct 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
e‘l‘fz 0 9

Pi0 B ¢ (43)
d € y
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where a= (dlx?cov'd‘}s ﬁ: <pl'ﬁpcovlp>a y= <x‘=ﬁﬁeo\!!x>s o= <d|*‘#ucov'x> and €=
{ Pl covlx>- The matrix Eq. (43) does not block off and so all associated eigenfun:-
tions necessarily comprise mixtures of @, p and y functions

Y=c d+cp+csy. (44)

In short, overlap between 4 and x, and between p and x ensures d-p mixing in ¢
cven though, by assumption, direct mixing is negligible.

Electric-dipole transition moments between orbitals y and ' expanded as in
Eq. (42), yield contributions of the type {dler|p), {pler|y), and {dler|y), for example.
The latter two do not vanish as the following simple argument makes clear. The y
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:

r=a,M+apM+aydM+a M4+ (45)

It follows that a contribution to the transition moment {(dler|y)>, for example,
comprises terms of the form {dler|p) and {djer|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 @-5 iixing as in Eq. (44) — the p
contribution originating on the metal — and alsc J-p rixmg via kq. (45) — the p
character originating on the ligands. Within a parametric meodel, of course, the
different origins of the parity-mixing that forces the ‘d-d’ transition are inseparable.
The CLF model that we shall introduce /s 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 format to place the CLE 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" transitions in lanthanoid com-
plexes. This subject provides the substance of the next section which ends, however,
with a discussion of the important similarities and differences between ‘f~f" and
‘d-d’ transitions.

4. Spectral intensities of ‘/~f" transitions
4.1. The static crystal-field model

In 1962, Judd [22] and Ofelt [23] published simultancous but independent models
for ‘f-f” transitions that are now regarded as seminal 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 forced 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 electric-dipole transitions as linear combinations of free-ion functions,
|f¥aJM ), where M= M,, and « labels any further quantum numbers required to
define the state uniquely; for state 4, for example:

IA>=JZM oypl fr I M. (46)
A ﬁrst-ordel: approximation to the true states is then given by:

IB>mJ§;“ ”JMVN“JM>+}'; bl /N T M, (47)
where |

<fN - l(n'fl)auJ”Mu‘ %r!fNaJM>
bk = z Ajm "y *
-~ E(u)— E(@"J")

The expression Eq. (46) thus includes functions from configurations® /¥~ 'd' and
SN 1gt, required to yield non-vanishing electric-dipole transition moments, as in
Eq. (42). Expansion of the crystal-field potential, Vy, in spherical tensor operators
takes the usual form:

Vep=Y, A,,DV, (49)
Lwp
where DY) is the pth component of the operator of rank r. Admixtures of /¥ ¢!
or /¥ 'g' are effected by odd components of the crystal-ficld potential, of course.
By contrast the a;,, in Eq. (46) er seq. derive from the even components of Fey.
The transition dipole moment operators may also be written in tensorial form as
eDV, where ¢ depends upon the direction of the incident radiation. The transition
dipole moments between states |B) and |8') are then:

1
eBIDPIBY =Y XY amdiw A,

kL MM Lp

(43)

SNy T MDD SN T M
E@\JY—E(n'?'2"J")

X {ij]‘ Nad MIDID SN Yt )a S My

N NI MDD SN Y Yo" M
E(a))~EW'7/'a"J")

where k represents the quantum numbers #’ /" a” J° M" of the excited state configura-
tion /"' (w' 7’) «" J” M" being mixed into the zeroth-order state |4).

The structure within the braces of Eq. (50) might be represented pictorially as in
Fig. 3 in which we have taken liberties in the shorthand and ¢y represents the odd
D™ components of the crystal field. The “linkages” between initial and final states
(/Y and /™) in the upper route relate to the first term in the braces of Eq. (50) and
in the lower route to the second term. While the algebra says it all, some prefer to

N )T MDD NI M } (50)

*And of the form @™ **,
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i Niar)
W\ < N

Fig. 3. Linkages between initial, /¥, and final, /", 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 /¥~ 'd" and/or ¥~ 'g' functions to the f or f". The light electric dipole couples
the intermediate states to the |4) and |4") similarly. Each two-link route can be
described as providing the ‘f~f" transition by stealing intensity from an allowed
interconfigurational [ /™« ™~ !(n'¢")] transition.
By regrouping the terms within the braces of Eq. (50) we obtain:

ot a0 MY 't " M| DY
| l E(@'J)=E@m''a"J")
J PRV MO o MDY
E(@J)~E@®'('a"J")

[N’ M, (51)

which formalizes the equivalence of the double linkage between {A| and |4"> with
a single linkage describing an effecrive transition moment operator. The effective
operator (between the long vertical bars) is of the required even parity to couple the
same-parity states (A and |4,

We have laboured our discussion so far, 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. In large measure, these concern
various approximations made to simplify the mathematics and to obtain, as we shall
see, a generally useful expression for the *f/~f" 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 /™ configuration and of
the components of the various excited /¥ 'd' and /¥ 'g' configurations. Judd
considered a series of approximations in order to exploit the closure properties of
the expressions Z|/N 't Ya"J"M"> NN n'ta"S"M"|. 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 «” was also assumed. Further “averaging”
over n' was also considered — this being equivalent to an anonymous parentage for
all /¥ 1" or all VN~ 'g! configurations — 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 |4} and |4") are deemed
to be effectively degenerate within the energy 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 |B) and |B'):

1 t
(B!Df,"|3'>= Z (2A+ 1)(—-1)‘”"/!,,, ( ) 2, 4)
p.t even A -q —p—q p
x (AU 147 (52)

where U,., is the (p+q)th component of the unit tensor operator U™ which is
itself a sum of unit tensor operators #*)( /) acting on a single f electron; A spans 2,
4, 6 to satisfy the vector triangle rule between the /=3 f functions of |[4) and |A").
The quantity Z(z, 4) is given by:

2(, =2 Y, (2 +1)(20"+1)( 1)”,'{‘ A t}(f ! r‘)(c” t [)
a{l, A)= f _
" ¢ ¢ ¢J\o o o/\o 0 o

x nf|en'e Sl in'e" >/ An't’), (53)

wl;ere A(n'¢") is the mean excitation energy between the configurations fV and
SN,

The dependence of Eq. (52) upon ¢ reminds us that this expression is applicable
to the computation of the various crystal-field states within the fa/ manifold and
their polarizations., However, Judd was particularly concerned with lanthanoid
spectra in solution (the most plentiful data then available) whose crystal-field
components are frequently poorly, 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 10 his famous equation for the transition probability, P:

P= Y QM| UM | a0y, (54)
A=2, 4,6

In Judd’s model, therefore, all ‘/~f" transition probabilitics for solution bands are
expressible in terms of just three parameters, Q,; 4=2, 4, 6, where:

Q, =81 m/3N 24+ D) Y. (2t + DBEX 1 AN2T+1) (55)
¢

and

Bt@Z ’Am‘zﬂz’“‘“l)z» (56)
P

x is the refractive index of the medium.

Initially, Judd [22] put Eq. (54) to the test parametrically. Some 13 transitions
each for solutions of NdCl; and Nd(CiO,), having intensities ranging more than
two orders of magnitude, were very well reproduced with (separate) Q, parameter
sets; similar successes were achieved for eight tramsitions in both ErCl; and
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Er(NO;);. 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 Q, parameter values, ab initio. Notwithstanding his need
to make bold assumptions about chromophore geometry and matters relating to the
radial functions in Eq. (53), he was able to calculate empirically optimized 2; 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 lanthanoid environment, identifying £, 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" transitions

In 1964, Jorgensen and Judd [25] brought together some empirical observations
on the solution spectra of varions lanthanoid complexes in which aquo ligands were
replaced by acetates, acetylacetonates, phenanthrolines, 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
ligation (the complexation no doubt changing with regard to both coordination
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 4J= +2, and, insofar that Russell-Saunders coupling obtains, 4L =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, 4L <2, 48=0. 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 £2, 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 ecarlier, 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 expected for the
17 300 cni~* 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 experirmentally. They went on to estimate how covalency might affect their
estimate and concluded that ©, 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 2, 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 £2, without simultaneously predic-
ting equal, or more likely larger, changes in 2, and 24, 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,
Jorgensen and Judd were unable to conceive of more than a tenth of 1% of empirical
hypersensitive £2, values arising from the original forced electric dipole model. The
value of 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. Pseudoquadrupole transitions in an inhomogeneous dielectric

The refractive index of the medium in which the lanthanoid chromophores are
located was incorporated merely as a multiplicative constant in Eq. (55) of Judd's
original model [22]. The dielectric medium must be recognized, of course, for the
radiation field experienced by the chromophore is modified from that of the incident
plane wave in vacuo. The molecules of the medium are polarized and so establish
small, secondary electric dipolar fields throughout the volume. As the incident
electric 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
molecules 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 possesses less symmetry with respect to the chromophore, the sum of
local (induced) field gradients does not vanish and, because of the close proximity
of these molecules to the chromophore, can be profoundly important. Then the
chromophore is subject 1o a net field gradient sufficient to induce quadrupole
transitions with significant 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 2a. With reasonable estimates of bond length and mean
refractive index, they were able to compute a value for 2, 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-
sitics); this is a further reason for the name pseudoquadrupolar. Some, albeit
equivocal, experimental evidence in support of the pseudoquadrupolar nature of
hypersensitive transitions of Er(111) by these means was presented.

4.4. Ligand polarization mechanism

Some 11 years later, Mason, Peacock and Stewart [26] proposed an apparently
quite different model for the hypersensitive lanthanoid intensities. They adopted the
so-called “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, |1, ), and of a single ligand,
|L.>. deemed not to overlap. The subsystems are then considered to interact in first
order under the intersystem coulombic potential, V:

Ve Z Z eié’j/rgj. (57)

iM) ()
where r;; is the distance between the charge ¢; of the metal ion and the charge ¢; of
the ligand. A sum over L is introduced for multiligand chromophores. Corrected
functions to first order are written as:

|M,Lo)=|M,Lo>+ Y, (E,—E,—E;)" "KM L \VIM,Lo)\MiL> (58)
k¢

in which angle brackets refer to zeroth-order functions and round brackets to *“true”
functions. The ground state function is |MyL,).

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

DY’ =DM (M) + DM (L) (39)
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Mason et al. [26] presented an expression for the electric dipole moment between
states |M,L,) and |M,L,), corresponding to the transition |B)—|B’) in Judd’s
notation [see Eq. (50) et seq]:

(MoLolDgV | M, Lo)= Y, (—E;)™ ' {MoLolVIM, Lo )<M,| D" (M) M,

K#0

+ § (E, — E) " (M Lol M, Ly >{ M| D (M) M, >
k#a

+ Z:o (—E,—E;) A MyLo|VIM, L, Y<{L,\D{(L)|Lo )
¢

+ go By~ Ep) ' AMoLAVIM, Lo > Lo\ DIP(LIL, >, (60)
/

where energies are referred to the ground state, E,=0. The first two terms in Eq. (60)
are exactly equivalent to the expression Eq. (50) in Judd’s electrostatic model [22].
The second two terms are new and provide the focus of the ligand polarization
approach of Mason er al. They were described [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 description might be useful. Within
the first two terms of Eq. (60), and by comparison with Judd’s Eq. (50), we observe
the ligand function L, to “go along for the ride” and that the label M in D{(M)
to be superfluous. Each term then comprises a product of linkages between M, and
M, by Vand D", 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 intersystem coulomb potential, V of Eq. (57) link the initial and final states with
the intermediate states |M,L,) or |M,L,), and the total linkage is completed via the
transient ligand dipoles under D{V(L). In this, so-called dynamic coupling (DC)
mechanism, therefore, the sources of the electric dipole intensity of the metal /"
transitions are transition moments based upon the ligands.

Within the ML product basis, it is natural to factor the intersystem coulombic
potential, ¥y, = V, into parts referring, as far as possible, to the metal and ligand
subsystems separately, This is effected using a bipolar expansion in products of
multipole moments centred on the two non-overlapping charge distributions: stan-
dard tensor algebra is available [27,28]. The expansion is restricted to the lowest-
order non-vanishing multipole in each system. For the ligand, this is a dipole (the
ligand monopoles having been dealt with within the electrostatic model discussed
earlier). Multipoles of order, 4=:2, 4, 6 are considered for the metal system, commen-
surate with transitions within a pure /® configuration. With these restrictions, the
bipolar expansion of ¥, is given by:

VQ = mz (244324 + 1) (A + D)PDV DI GA+ O, (61)
A
where

DV =—eY rp OV, $),. (62)
J

Qﬁ) = e S‘: FiM@“(G» %)iM» (63)
i
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Gl =Ry ) @20, D)y, - (64)

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

C® =(4n/(2k+ 1) Y; g=k, k—1,...,—k. (65)

The scalar nature of V. in Eq. (61), as part of the hamiltonian for the ML
system, is established by taking the scalar coupling of the three tensors Egs. (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 2° tensors by Eq. (63). The so-called geometric tensor

A 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 F leaving only the metal multipole operators DV 1=2, 4,
6, to connect pure /™ 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 = =3 (= D*[CLIDVIL YLDV |LME, — E)
¢
= [{Lo|DP L YLD Lo YT (E + E) 7 (66)

The effective electric dipole transition moment operator for the DC model, acting
within a pure /™ basis is given by:

pEPE =Y Y e(AFO DI, (67)
L ota
¢ il —— !
%ﬁ »)
( ri 0, ¢,) Rb @L' q)' | D e v
M .,w-;m_wp 3 /\./
/

Fig. 4. Coordinates for metal and ligand electrons.
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where
c(A)=[(2A+3)(2A+ DA+ 1]

and
A+l k¢t
FO =(— D2k +1)(2r + l)/3]”2{ | ; l} [a® GA DO, (68)

A sum over L for a multiligand complex has been included in Eq. (67).

The foregoing sketch of the DC theory of Mason ez 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 dielectric approaches.

4.5. Alternative views of 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 £, parameter of only
about 1/30 of the corresponding empirical value — notwithstanding the acknowl-
edged crudity of the early, exploratory calculations — and asserted that the inhomo-
geneous dielectric approach did “not take into account the correlation between
ligand polarization moments and the transition moment of the metal ion implied by
[the DC terms of Eq. (60)]”. For a while, the inhomogencous dielectric and ligand
polarization mechanisms for hypersensitive transitions stood in competition or, at
any rate, were complementary. Mason et al. clearly considered the effects of the
inhomogencous dielectric to be additional, but small, with respect to those of their
ligand polarizability mechanism. 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 wavefunctions which are then used to calculate
matrix elements of the other; it makes no difference which perturbation one begins
with. To be specific: in the inhomogencous dielectric picture, light is considered to
perturb (polarize) the ligands which are then taken to interact with the metal /
electrons through the electrostatic potential; in the ligand polarization scheme, the
metal felectrons are deemed to perturb the ligands vie the coulombic potential and
the polarized ligands then interact with the light.

Judd went on to derive the exact same expression for the effect from ecach
standpoint: we need not repeat the details here. Most importantly, having demon-
strated the identity of the two approaches, Judd emphasized that one should not
invoke both in any system for that would simply be a case of double counting. He
also demonstrated that the reportedly greater efficacy of the model of Mason et al.
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in reproducing experimental intensities was really due to the approximate and
undetailed nature of the calculations originally offered by Jorgensen and Judd [25].
Henceforth, with Mason et al. [26] and Richardson et al. (vide infra), we shall refer
to this “two-in-one™ model as the dvramic 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 relaies 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 cases, the metal environment provides the linkage between initial
and final f functions; 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 explicit 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
V- The identical expression is used to describe the electrostatic potential between
permanent moments. Within the ligand polarization view of the DC mechanism, it
has an electrodynamic 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 assessment of resultant
clectric dipole intensitics. Two examples are presented in Fig. 5.

The correlation results from a first-order perturbation and so leads to u lowering
of energy of the MLy system. The representations in Figs. 5(a and b) indicate
instantancous phases of transition moments in their lowest energy arrangements.
One immediate wtility of such diagrams is evident from Fig. 5(b), showing the
negative interference between the resultant dipoles of the equatorial [ML;] ligand
set and that of the [ML,] trigonal prismatic set. The efficacy of the DC mechanism
thus depends closely upon the geometry and symmetry of the chromophore. While such
dependence 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 and extensive explorations of 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 forced-clectric dipole intensity relate to quite separate contributions and
should be summed.

Both mechanisms describe “non-overlap”, coulombic correlations between metal-
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
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Fig. 5. (8) The coulombic correlation between the = components of the ligand dipole trunsition moraents
and the xy component of a o-d quadrupole transition momeni in a teteahedral system; (b) the same for
ligands in a nine-coordinate trigonal lanthanoid complex corrclating with the +? = ¥ components of the
electric quadrupole f-1 transition moment,

contribution concerns the second (and, for reasons of tractability, final) terms in
the ligand multipole expansion — the ligand dipoles. Let us emphasize also that
both contributions are made to the transition dipole moment operator, which is a
vector, rather than to the consequent intensity, which is a scalar. A short communica-
tion by Richardson [31] at this time referred to “interference effects™ be:ween “SC
and DC mechanisms”. In effect, his point was that SC and DC contributions
contribute vecrorially. The upshot is that the net computed transition dipole moment
can suffer partial cancellation effects. Consider, for example, that the phases (orienta-
tion) of the calculated SC and DC component moments are either exactly aligned
or opposed (in-phase or out-of-phase): their contributions to the total intensity will
then add or subtract arithmetically. More generally, SC and DC moments can be
oriented at any relative angle and so result in intensities that are partially attenuated
by these “interference effects”. 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" intensities 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 ‘/~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, ¢ indicated earlier, that is best done against a back-
ground of the important advances which have been made for ‘/~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” 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® in that crystal-field
splittings were computed from metal and ligand charges, ligand coordinates, and
best available 4/ radial wavefunctions for 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-
charges used for the calculation of energies and to fixed estimates of ligand polariz-
abilities. The latier were deemed isotropic, a point we return to in due course.
Magnetic dipole transitions are formally allowed within the pure /" basis so that
contributions from SC or DC sources were ignored at this time.

The calculations 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 I was the
LnL, tricapped, trigonal prismatic structure, subdivided into two variations. As
shown in Fig. 6; IR refers to the regular geometry (D,, 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 D, symmetry. Type 11 describes
an idealization of the known geometry of Ln(chelate), species, in particular of
[Ln(oxydiacetate);]*~ 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 Dj,, when opposite
“axial™ sites are eclipsed, to D, when they are not. Type I geometry, for seven-
coordination with Cy, symmetry, refers to the LnL, structure in which three “axial”

We use “parametric” to mean empirically variable.
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Fig. 6. Geometries in regular and distorted  mine-coordinate, and i seven-coordinute  inthanoid
complexes,

ligands are replaced by one, lying on the C, axis, Variations in the metal environment
were modelled by different rotation angles (¢ in the 1D and I structures) and by
different charge distributions for the terdentate oxydiacetate chelates. Full details
are given in the original paper [32].

The results of the calculations of Richardson er «l. [32] were presented in more
than 10 lengthy tables. Their main conclusions are summarized by the selections
presented in Tables 1-3. We note the following points. (1) Calculated magnetic
dipole strengths, though frequently relatively small, are occasionally large and even
larger than those for the forced electric dipole contribution; Richardson ¢f /. note
that these results accord with experiment in all cases where data is available, (2)
The relative contributions of dynamic and static coupling to the electric dipole
strengths vary considerably: the first two entries in Table 3 direcly show the order
of magnitude of DC contributions in the regular type 1 gecometry by comparing SC
with SC+DC computations, for example. (3) The role of geometry is evident
throughout the tables: in particular, the hypersensitivity of the * /=G, transition
in the seven-coordinate holmium chromophore is very iarge, though this derives in
part from changes to the SC contribution brought about by the changed geometry
(IR =111 types).
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Table 1
Selected dipole strengths for [Pr(ODA)} " and [Tb(ODA)) chromophores: ODA = oxydiacetate.
Rotation angle, t=16°

Complex Transition MD* ED* DC/SC

[Pr(ODA)J~ type 1I® SH,—3H; 948 8030 0.012
-YH, 23 1950 0.002
>3, 11.9 5180 0.101
-3F, 9.3 9650 0.006
=3F, 14.8 6460 0.003

[TH(ODA),*~ type II® "Fy—"Fs 1700 1230 0.290
=7F, 7 740 0.052
-"F, 24 601 0.002

* Dipole strengths/ 107 °D?.
® See Eq. (32) for charge and polarizability distributions amongst the donor atoms.

Table 2

Selected dipole strengths for Eul., chromophores

Complex F,-Th, MD? LD DC/SC

DY r= 16 01 181 0.14 <10
(-2 0.01 824 0.01

DY r=§ O+ 180 0.08 <1072
R <102 94.2 0.05

IR 01 181 <10 <10

) 2 <10 ? 113 358

“Dipole strengths/10 "D2
"Unegual equitorial and “axial” hgations; see [32).
“Equal ligations,

The last issue re-emphasizes an important point about the calculation of *f-f
(and of ‘d-") intensities. We have focussed our discussions most particularly upon
the question of mechanism. However, the role of gross chromophore geometry and
symmetry is equally important. The pseudoquadrupolar selection rules discussed
carlier 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) for
example. That both static and dynamic contributions may be sensitively dependent
upon geomeiry and symmetry is similarly exemplified by the requirement that both
must vanish in centrosymmetric environments (we ignore vibronic contributions
here). Overall, therefore, the wide range of some ‘/~/" intensities (the hypersensitive
ones in particular) is due as much to variations in chromophore 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 HoL, and HoL, chromophores {32]

Complex Transition MD* ED* DC/SC

IR SIg-51, 2160 220 0.005
—° Ky 101 24 0.078
—3Gg 0.7 94 1.74
—+3Gs 0.1 27 0.004
-3K, 2.1 6 0.011

IR SIg=51, 2160 221 0
—3K, 101 2 0
-+5G, 0.7 43 0
-+5Gy 0.1 26 0
-=-=03K-, 2.1 6 0

i Slg-51, 2142 220 0.572
—3Ky 102 87 2.21
~+5Gy 0.6 3315 4.24
-+5G, 0.1 158 0.19
—3K, 2.1 11 1.24

* Dipole strength/107°D?2,
 As for entries above, but with ligand polarizabilities set at zero.

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

Richardson er al. [32] noted that: “Full scale quantitative calculations of 4/-4f
intensities in low-symmetry lanthanide complexes remain a difficult undertaking ...”
and go on to claim, with justification, that their results “suggest that the intensity
model (SC + DC) provides a reasonably good basis for carrying out such calculations
and within which new parametrization schemes can be developed.™ Part of that
development arose out of an importani contribution to the subject by Newman and
Balasubramanian [24] that we now review.

4.7, Effective operators and covalency

An important contribution [24] with implications for ‘d-d" as well as /~/" trans-
ition intensities is that by Newman and Balasubramanian in 1974. It begins by
addressing certain features of Ofelt's {23] parametrization scheme. Ofelt's model,
and Axe’s [34] subsequent modification of it, was developed from an identical view
of electrostatic configurational mixing as that taken by Judd [22]. It was somewhat
more specific, however, and established a parametrization scheme that related to the
symmetry of the electrostatic field in which the lanthanoid atom is situated. At a
purely parametrc level, Judd's three 2, (A=2, 4, 6) coeflicients subsumed the
parentage of admixed configurations and the overall chromophore symmetry. Ofelt’s
scheme kept such matters parametrically separate with quantities labelled A§(¢).
The (&, ¢q) labels refer to odd components of the crystal-field potential giving rise to
the required parity mixing, while # (=2, 4) labels the & or g character of the admixed
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configurations. The number of A{(/) 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{(¢) for different ¢ can be made within a simple
electrostatic model. Work by Krupke and Gruber [35] and Becker [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 well 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 er al. [37] and by Jaeger and Englman [38]; it sits well, in general terms,
with the established relevance of covalency 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 1o encompass all field sources and must be interpreted within
each given context,

So Newman and Balasubramanian sought to generalize Judd’s approach. Before
looking at their contribution, recall the structure of Eq. (51) in which the terms
between the long vertical bars describe, inter alia, an even-parity ¢ffective operator
coupling the like-parity bra and ket states under the light. The question for Newman
and Balasubramanian was, in effect, 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 4/™ open
shell states |4/VaJJ.)> can be written quite generally as:

ldJ, > =(1+Q)4f ), >, (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 (1) components:

QmQ3+Qu- (70)

Ligand-field splittings relate to the even part of Q via matrix elements of the kind,
Af N I QA N
Static contributions (SC) — which include any vibronic contributions also — to
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forced electric dipole transitions may be written as:
(TP 0T ) = AN T T |Q, Py + P, Q141 N0l D, (71)

where Q,P,+ P,Q, is a non-local, one-electron vector operator, V,, corresponding
to the vectorial nature of the electric dipole operator P,(p=1, 0, —1).

Newman and Balasubramanian then expand V), as superpositions of components
of localized vector fields having the same matrix elements as the non-local operator
in the open-shell states |[4f Ve J.>:

Q.P,+P,0,=V,=Y VE(PUYP, (72)
KQ

where Uy 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-¢lectron 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, V,. Newman and
Balasubramanian offered two views. The ¥, of Eq.(72) comprise three distinet
expansions, one for each value of p — the electric dipole polarization. The number
of parameters, V§(p), for each p may be determined for a given chromophore site
symmetry by finding the number of occurrences of the irreducible representations
of that site symmetry corresponding to each component of the vector basis in each
of the full rotation group representations D', D and D', Results for three site
symmetries of interest are given in Table 4(a). The numbers of requisite V'§ parame-
ters are greater than those spawned by Ofelt’s electrostatic model and successtully
employed by Krupke and Gruber [35] or by Becker [36]. The reason for this
mismatch is somewhat opaque in the presentation so far. It was resolved by Newman
and Balasubramanian from an alternative but entirely equivalent formulation of the
effective vector operator V.

In this, the vector field, ¥, is not expressed by three simply resolved components
as in ¥(p) of Eq. (72) but rather in toro as an expansion in vecior spherical harmonics:

Ve Z ﬂMM YJKM‘ (?3)
JKM

where the vector spherical harmonics couple the tensors of the potential with the
base vectors and are defined by Edmonds [39]:

Yixm =Y, Yxol0, )e,(KQ, 1plJM), (74)
Qp
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Table 4
Vector field parameterizations, after Newman and Balasubramanian [24]
Site symmetry K (a) Parameters F§(p) {b) Parameters 4,
Number Number Totals Number Number Totals
for p=¢ for p=n for J=K for J=K+1
[ 29 2 i 1 2 1 1 2
4 1 2 3 I 2 3
6 2 3 5 2 3 5
All 4 6 10 4 6 10
Dy 2 0 I 1 0 1 !
4 1 2 3 1 2 3
6 1 2 3 1 2 3
All 2 5 7 2 5 7
Ca 2 1 1 2 0 2 2
4 I 1 2 0 2 2
6 1 1 2 0 2 2
All 3 3 6 0 6 6
where the parameters, 4y, are given by
Apgar =(=1)" Y KO, 1plIMYVG(—p). (75)

Qp

An immediate advantage of this formulation is that rotation of coordinates only
alfeets the suflix A, so simplifying the development of a superposition model, as we
shall outline shortly. In Table 4(b) are listed the numbers of non-zero parameters,
A yxas Tor the same site symmetries considered in Table 4(a), which emerge from the
new formulation. These are obtained by finding the number of totally symmetric
irreducible representations with even parity in D' for /= K+ | and with odd parity
in DY for J=K. As required by the equivalence of the two expansions Eqs. (72)
and (73), the total number of parameters required is the same [for 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 Eqgs. (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 J= K parameters cannot
model. They considered the case that ¥ 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.., (appropriate for 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:
Afxn =Y, Ajx(R)DS (6:, 4", (76)

where L and G superscripts refer to local and global environments and the A% (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 symmetry also. Newman and Balasubramanian therefore conclude that the
successful parameteric reproduction of experimental intensities for the ethyl sulphate
complex of Tm** by Krupke and Gruber [35] using only five /=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
Eqgs. (72) and (73) require will arise if either the superposition assumption is invalid
(equivalent to interaction between local ligations) or the local vector fields are not
axially symmetric with respect to the local M-L bonds. All this was to be taken on
board by Richardson et al. 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 from a more detailed perusal of the detailed predictions of
the electrostatic scheme. We summarize it in barest outline only. It was shown that
when the operator Q,P,+ P,0, of Eq.(72) is assumed further to involve a non-
local operator @, which can be approximated by a superposition of local spherical
harmonics, as appropriate for an electrostatic model, the ratios between certain pairs
of A,y parameters are fully determined by the quantum numbers:

ry=Ay oy mlAy g1 w ==+ 1), (77)

The phenomenological parameters from the analyses by Becker and by Krupke
and Gruber, however, were found to describe positive such ratios, r,, in all cases.
These workers had already recognized this problem and Becker [35] had suggested
a possible solution to it. He had noted that @, can be factored into a projection
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 replaced by unity. However, Becker pointed out [36] that the occupied
states involve a projection operator of opposite sign to that from the excited states,
so that $ should be replaced by S(excited)— S(occupied). He therefore proposed
that the solution to the sign problem above lay in significant contributions from
(occupied) 3d and 44 configuration interaction as well as from (unoccupied) 5d.
Newman 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, Poon 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 Poon 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 al. [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 lanthanoid 4f functions (¢) and ligand
wavefunctions (). For a single-ligand case, they write:

‘i’r’nmN;lﬂ(‘,’mmZ AmeXe)s (78)

where the sum extends over various outer-shell ligand functions (t=s, pa, pn). The
normalization factor is defined by:

Ny 1 =25 ZeS + 3 A2, (79)

where S,,. = {Plx.>. Unlike ¢, ¢, does not have definite parity so that non-vanishing
electric dipole transition matrix elements of the type (¢, lerldz> exist:

<¢:nl Iffflff’:r:z) = (le Nm;’.) B ”2(““" Z (AmZt <¢ml leﬂx: > + A’:ll? <X‘l Ié’l‘|¢m2>
+ Z ‘I:alr‘lnlzr(blé'rmr‘ >) (80)
£ 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 A% of Eq. (76)] calculated
by Poon 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 4., as was the case for the data
of Krupke and Gruber and of Becker, discussed earlier. Neither the covalency nor
the electrostatic (SC) models reproduce this feature although, as Poon ar:d Newman
point out, “it is conceivable that a pattern of cancellation could exist between these
and other contributions such as screening 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 er al. [41], that ligand polarization
contributions within the DC mechanism which only affect the J=K—1 parameters
are sufficiently 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.

4.8. Ligand 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 supposed 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
whose electron distributions are known to be anisotropic. While the development
of the ligand polarization mechanism by Kuroda e¢r al. appears to be the first to
address this issue explicitly, it had been signalled in the carlier work of Newman
and Balasubramanian, as we shall see. Apart from the particulars of the work of
Kuroda ef al. in application to [Eu(digly),]** and [Eu(H,0)e]'* chromophores, we
note a central, incisive point in their contribution, That was their demonstration
that a non-vanishing, resultant electric dipole moment — as experimentally
observed — was satisfactorily reproduced with anisotropic ligands while a corre-
sponding calculation based on isotropic polarizabilities yielded an identically zero
result. They went on to describe extensions of the selection rules established by the

Table 3

Caleulated Pr** -Cl single-ligand, “intrinsic™ parameters 4,4 (in 107 ' cm) caleulated by Poon and
Newman {40] for covalency and electrostatic configuration interaction mechanisms. The empirical data
are for Pr'*:LaAlO, after Reid ef af. [41)

Covalency and overlap  Electrostatic configuration interaction  Empirical for Pt LaAlO,

Ay 126 ~ 856

Ay 154 3.0 ~36108
4’1\34 253 —6.39 » lgﬁi“l
A =283 046 ~17010.7
Ay, 454 -1 ~30041.6

Ay 490 0.00 62450
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more restrictive earlier model. Overall, their demonstration of the importance of
anisotropic ligand polarizabilities in generali 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
polarizaticn 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" 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 ¥ 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 & =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)):

ﬂc(z}‘l)‘bc mz z ('(A)[F"DM)](“.
I 64

where

and

Adl kot
pn m(m | )k[(.?,/\ + ] )(2’+ | )/3]”2 .{ | ; ‘} [a(kl(‘;udf n]m'

For the isotropic polarizability:
FOUk=0)=(1/3)a"G** " = —(1/V3)aG** ", (81)

where &= (o, + oy, + a..)/3 is the mean ligand polarizability.
Now, writing

CAPIBY =Y Y c(DF<ADM B (82)
Lot A

for a forced electric dipole matrix element between pure f states <A| and |B) is quite
general in that it serves equally for electrostatic (SC) contributions as well as for
dynamic (DC). The nature of the environmental tensor F depends upon which
mechanism is being considered, however, and the allowed values of ¢ vary accord-
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Table 6
Contributions to SC and DC models®

SC Isotropic DC General DC
A ~EZ(1, DA, ~aGAtY ~[aR G I
t Atl Atl AAE1

*First row describes the significant parts of the environmental tensor F. Second row lists the restrictions
upon 1.

ingly. Firstly, the triangle rule places restrictions upon the coupling of the effective
dipole operator, Eq. (67) such that r=1~1, 4, A+ 1. Further restrictions are estab-
lished by the parities of the coupled tensors in Eq. (67). Thus, the dipole operator
u has odd parity and so determines a similar odd parity for the coupling
[FOD™)M, The multipole operator D' (A=2, 4, 6) is of even parity and therefore
F must have odd parity. The odd parity of G**! in Eq. (68) then requires o™ to
have even parity so leading to our neglect of the antisymmetric component (k=1)
of o above.

For the electrostatic SC contribution, F is proportional to Z(1, )4}, where the
A}, are odd parity crystal-field parameters. In this case, then, ¢ must be odd and its
range limited overall to r=4+1 as discussed earlier. For the isotropic DC contribu-
tion, Eq. (81) establishes r=4+1 only: again ¢ is odd. On the other hand, for the
k=2, anisotropic DC contribution, application of the triangle rule and p.rity in
Eq. (68) establishes the full range for ©: 1=4, A+ 1. These various relationships
between 7 and A are summarized in Table 6.

An interesting pictorial summary of these connections between the multipolarity
4 of a transition and the allowed values of the rank ¢ of the environmental tensor
F" is shown in Fig. 7. This highlights, for example, that a rank 3 parameter (1= 3)
has contributions from both 1=2 and A=4 transitions in the SC model but only
from a 4=2 transition in the (original ) isotropic DC model. We have seen that the
“quadrupolar” transitions (as opposed to hexadecapole or 2%pole) are uniquely
hypersensitive, The figure makes plain how this unique selection of 4=2 is possible
in the SC scheme only for polar (¢ = 1 Y crystal-field parameters, as the ¢ = 3 parameters
contribute to both 4=2 and i=4 transitions. Experimentally, however, hypersensi-
tivity is not restricted to chromophore sites possessing polar crystal-field components.

The full range of contributions for the general, anisotropic DC mechanism is
apparent from Fig. 7. In particular, the =4 terms are uniquely associated with the
concept of anisotropic ligand polarizabilities, although these terms vanish identically

? !
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Fig. 7. Possible values of ¢ for SC and DC models.
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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 for the spectral intensities of lanthanoid ‘/~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 pariiy and orbital selection
rules that deny pure f~f intensities 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 Ofelt or
of the Mason and Richardson groups, one may look at those of Newman and
Balasubramanian as providing an insightful focus from which to build an overview
of this technically complex field. That all one-electron contributions to forced electric
dipole transitions are formally collected within an effective operator like Eq. (72)
provides a unity to the diverse enterprises outlined in the foregoing pages. The
generality of the concept separates problematic radial features from purely angular
quantities which may be dealt with fully and explicitly. The latter provide for an
applicable, mathematical modelling of intensities and define all appropriate selection
rules. The former 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 independent-
systems approach are evident. One is to remembe: that the hypersensitive ‘/-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 for 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 simuitaneous modelling of /~f”
transition energies. Earlier efforts in this direction were not without problems, but
some more recent work [33] 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-ficld 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 repeat these matters here except with respect to one
centrally important issue. In modelling d clectron properties by ligand-field theory —
and, in particular, that variation which employs a spatial superposition over discrete
ligations known as cellular ligand-field (CLF) theory — one is to recognize that we
are secking to account for experimental observations on a molecule as it is rather
than on a promolecule - meaning the notional structure of the same geometry
before chemical bonding has taken place. The promolecular situation is not far
removed from the zeroth order state in an independent systems approach. An
important assumption within the AOM is that of ligation additivity — of the
independence of local perturbations. Following the give-and-take of electron redistri-
bution on chemical bonding, however, local bonding properties inevitably reflect the
remaining environment: the rrans effect is just one example of this. The consequence
is that any moleculay orbital description of a given M-L bond in terms of prior
atomic or ionic orbitals (of the promolecule) must necessarily also include such
orbitals from atoms of ligands other than that for which such a description is being
formed. In this sense, therefore, chemica! bonding ensures that, (0 some extent at
least, separate ligations are not wholly independent, On the other hand, parametriza-
tion of the molecule as is — as formed — can adequately factor the resultant ligand
field as a sum of discrete perturbations. The problem then devolves into one of
interpretation for, without the benefit of some accurate (and essentially presently
unattainable) ab initio computation of the rearranged electron distribution, one no
longer has available the knowledge to construet some non-parametric approach.
Interpretations of CLF parameter optimizations must then be made on a qualitative
basis. With insight and intuition they can be rewarding nonetheless.

All of this seems pertinent for the interpretation of open-shell spectral inensities
also. The coupling of different ligations through chemical bonding will occur via the
appropriate valence shells. It has been argued that the participation of  orbitals in
such shells s small (in complexes to which ligand-tield models are applied — Werner-
type species) and no doubt even smaller for forbitals in lanthanoid species. However,
the small o or f orbital overlaps with the ligands in no way diminishes the ligand-
ligand coupling within t"e bonding. The relevance of this in our present context is
that estimates of’ the magnitudes and anisotropies of ligand polarizabilities — and,
of course, of the radial part of the metal f orbitals — cannot 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 for 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 qualitetive,
We espouse the openness of the effective operator approach. The CLF intensity
models of the next sections exemplify it. Before 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 « and f electron systems.

The looks of *f~f" and ‘d-d’ spectra are quite obviously different. Compare, for
example, that for a saturated aqueous solution of neodymium ions with that for
tetrachlorocobalt(11) ions, shown in Fig. 8. The ‘d-d” spectrum is characterized by
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Fig. 8. (a) Electronic *f-f" spectrum of a saturated aqueous solution of Nd* " ions: (b) electronic *d -d
spectrum of a solution of [CoCLJ* .
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much larger extinction coefficients and very broad bands split in the ligand field
by several thousand wavenumbers. The ‘/~f" trace typicaily displays many more
bands, which are narrow and with much smaller extinction coeflicients. 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
Ln3* ions is not too different from that of 3d electrons in M*" ions of the first
main transition period. On the other hand, bond lengths in lanthanoid complexes
are probably some 25% longer than their counterparts in first-row, 3d, complexes;
the 4f orbitals are indeed more “buried” beneath the valence shell than are the 3d
orbitals. An explanation of the small f electron, ligand-ficld splittings — measured
in tens or hundreds of wavenumbers rather than the thousands for o systems —
readily comes to hand in terms 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-stretching,
“breathing” modes) immediately rationalizes the narrower bands in the lanthanoid
series as even a similar percentage variation of the ligand-field splitting necessarily
1esults in much smaller absolute variations in band width. Again, the longer lantha-
noid bond lengths and more core-like character of the 4f orbitals are, by and large,
responsible for the narrow bands in these chromophores.

The third issue, and of particular interest for the presemt article, concerns the
intensities of these spectra. Before discussing theorctical aspects, consider the facts.
If we compare just one '/~/" band from Fig. R(a) with one *d-d" from Fig. 8(b), we
observe a change from € 2 10, say, to € 2 500 together with an increase in band width
(say, width at half-height) from approximately 20 to approximately 1000 cm ™', In
short, the *d~d" band is some 2500 times more intense. Taking different bands might
vary this figure by about an order of magnitude. On the other hand, assuming that
all these bands ure predominantly of the forced electric dipole type. a better compari-
son between 'f~f" and ‘d-d’ spectral intensities is probably made with respect to
dipole strengths summed over all ligand-field bands. The argument here is that all
types of coulombic, spin-orbit and ligand-field perturbations serve to distribute the
necessary parity-mixing throughout the relevant manifolds. Dipole strengths exclude
the frequency dependence of oscillator strength, of course, but we might estimate
that the total dipole strength in a typical lanthanoid spectrum of the type shown in
Fig. 8(a) is only approximately 200 times smaller than that of the ‘d-d" spectrum
shown in Fig. 8(b). In other words, the 'f-/" intensity is spread over many more
transitions than is the ‘d-d’. We acknowledge that these estimates are rough but
they serve to demonstrate that the difference in *d-d” and ‘f-f” intensities are not as
great as they first appear.

Finally, we turn to the theoretical prediction of these relative intensities. In 1975,
Gale et al. [47] published a note on the ‘d-d" intensities in a number of tetrahedral
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tetrahalocobalt(1l) and -nickel(11) species. They ignored the SC 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 M2*, 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 lanthanoid 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 /. Given our general proposition that “mean”
‘d-d’ intensities are some 200 times stronger than “‘mean” ‘/~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, Vi,
given in Egs. (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 4 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 er al. [26], it is the
quadrupole term (4=2) which contributes most to the DC process. Within final
expressions for the intensity we must compare squares of r,, and Ryt Values of
<4141 for lanthanoid ions are not very different from those of {3dir?|3d) for
the first row d-block ions; they are within a factor of two of one another, depending
upon the particular ions considered. Metal-ligand bond lengths might be 25%
greater in the / series (for Ln-Cl, say, 2.9 A might be typical; for Co"-Cl, 2.5 A).
So RY%,.(Co)/RY.(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 factor of 20, and quite probably by
considerably less. Yet Gale et al. [47] were readily able to model the ‘d-d” intensities
in [CoCl,*~ and similar ions. What, therefore, is responsible for 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 lanthanoid complexes
approximate the tricapped, trigonal prismatic geometry of the nonahydrate. For
these, the summation of contributions from scparate ligations results in a significant
degree of cancellation within the effective transition dipole moment operator and
hence intensities. Intensities calculated for the four-coordinate d electron chromo-
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" 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 be somewhat smaller in the d block than in the
S (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 expects, 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,

8. The cellular ligand-field model for acentric chromophores

The remainder of the present article addresses our CLF model as applied so far
1 *d-d’ spectra; it is divided into two main parts. The first concerns acentric
chromophores in which forced electric dipole transitions acquire intensity through
parity mixing that is permanently established by the coordination environment. We
refer to this as the CLF sraric model [ 11]: not to be confused with the static coupling
mechanism of the previous pages. Later, in Section 6, we shall consider a CLF
vibronic model [12] directed towards centric chromophores in which the necessary
parity mixing is established by appropriate ungerade vibrational modes. The possi-
bility of intensity arising from both static and dynamic sources in near-centric
environments will also be considered in the Section 6. The “vibronic™ model shares
a common structure and parametrization scheme with the “static™ model.

The CLF approach possesses three main characteristics. Firstly, it exploits the
concept of an effective, even-parity, transition moment operator acting within a pure
d basis, as first described by Judd [22] und later generalized by Newman and
Balasubramanian [24). Secondly, it employs the principle of spatial superposition
as also formalized by the latter workers and carried forward by the Mason and
Richardson groups in both the lanthanoid and main transition series. Thirdly. and
crucially characteristic of the CLF approach, is a parametrization of each local
ligation’s contribution to forced electric dipole moments in a manner that reflects
chemical functionality. Thus, a recognition of the ¢ and x character of local metal-
ligand bonding is built into the model from the 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 inirio 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 (¢ =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 coeflicients
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 f electron systems. First, however,
we remind the reader of the character of cellular ligand-field theory in its broader
context.

5.1, Cellular ligand-field theary and ligand-field orbitals

The CLF model derived from attempts by Gerloch and Woolley [5-8] to compre-
hend the successes of earlier ligand-field studies of transition energics 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 hoe, procedures of ligand field theory. In so doing, the sources of the
effective ligand-field potential were identified and a qualitative understanding of the
chemical significance of ligand-field parameters was established. These latter features
for o electron energics have been reviewed in considerable detail recently [9]. Tt is
therefore inappropriate to repeat that material in this article. Our remarks in the
present section draw freely from that review and the carlier work ol Gerloch and
Woolley [5-8].

As ligand-field parameters are one-clectron integrals, we focus on a one-electron
hamiltonian H comprising, as usual, a sum of kinctic and potential energy terms,
i.e. Tand U, respectively. Let U be taken as that formally established by density
functional theory for the molecular ground state. Then orbital eigenvectors ¢ of
H =T+ U satisfy the condition that molecular groundstate clectron 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 “best” orbitals
for the molecular groundstate [48,49]. In practice, of course, they are as difficult to
calculate as by other ab initio schemes. The parametric nature of ligand-field theory
recognizes this unfortunate but overarching difficulty. The molecular hamiltonian.
H, includes all relevant determinants of the ground state density, of course. Now
ligand-field procedures conventionally separate d-d from d-other interactions, in
the manner of Eq. (1). To mimic that construction, we replace U(p). which is a
functional of the total electron density in the groundstate, by V(p —p,). a functional
of all groundstate density except that of the d electrons. The d orbitals are defined
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(cyclically) in a moment. We then define ligand-field orbitals, yF©, as solutions to
the equation:

(# - E)Y,=0 (83)
with

H=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:

a}gf;.s%(m_*,#m’ (85)

corresponding to the functional V' being divided into its spherical, <{V), and
aspherical, V', parts:

VedVY+ V', (86)
Solutions for
HO%=(T+<{V>)p=¢ (87)

are of the usual central-field type with angular parts which may be labelled by the
letters, s, p, d, f... It is the electron density associated with these d orbitals which
was notionally subtracted in ¥(p - p,). Furthermore, it is these same d orbitals that
form the **pure” d orbital basis employed within all ligand-field calculations, Their
radial form is generally unknown to us because the foregoing procedure is merely
formal. However, that form is dictated by the mean of the total molecular hamilto-
nian constructed for the groundstate. It differs from complex to complex. Its variabil-
ity includes all 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

wLF@ mcﬂ¢d ‘+Cr¢r9 (88)

in which ¢, are appropriate “mean™ d orbitals ["mean™ because they span the
“mean” or spherical hamiltonian, H, in Eq.(87)]), and ¢, comprise all other
functions required to span the rest of ' as well as of ", These “rest” functions
(meaning “‘remaining”) include all metal-originating functions (other than the basis
d orbitals) plus all ligand-originating functions. Once again, the complete molecular
hamiltonian for the molecular groundstate has been included in their formal
definition,

The significance of the adjective “mean” must be extended, however. In order to
regenerate the empirical efficacy of the ligand-field method in which the same ligand-
field hamiltonian Eq. (1) is employed throughout the ligand-field domain (the open
d shell), we must assume that the “best™ orbitals defined by density functional
theory for the groundstate will suffice also for all ligand-field states or, perhaps, that



A.J. Bridgeman, M. Gerloch | Coordination Chemistry Reviews 165 ( 1997) 315-446 363

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 4 orbital energies and other properties in
terms of the pure, “‘mean”, d orbital basis, together with interpretation in terms of
the ligand-field orbitals, YF°, 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 [¢, 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 for 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 cellular 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 ligation.

Let us partition the global ligand-field orbitals, y'*© described in the preceding
section, into local, cellular orbitals {y,} which may be taken as real without loss of
generality. For cell ¢, we write [11]:

Q= Nald + i), (89)
where 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 from all other
ligands if, after bond formation, they contribute to the region of cell, ¢). 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, as unity. In order to forge a close link
with conventional views of chemical bonding, functions are labelled by 4 according
to classifications in terms of real, Cartesian d parentage, or with respect to local
Cy, Or C,, ligation pseudosymmetry:

A= {22, xz, pz, xy, X2 —y?}; or {6 1 8}, Cyyi OF {0, mx, my, Oxy, 8x% = y?}, Csy.
(90)

The mixing coeflicients b, are set to zero in the case of local J interaction as is
common practice in CLF energy analysis. .
The {¢,} 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:

Yiz=d:2 +}; e’ X

Voo =d5e +§ s Lo

y =d§'= +§: aﬁxy(ﬁy

oy =diy

oy =diay. o)

The index 7 labels 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 coefficients {a} subsume the {b} of Eq. (89).

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

e INIFIY (N> =k KA IFelds > I
+ Y @b, S5
” 1
+§m«ﬁwm»
+ L LR R e (92)
s 7

in which radial and angular quantities are separated using the notation, v =/, and
all radial parts are sequestered into the coefficients

ke = edd(n)rld (r)),
a5y =edl, <AL 5 (D,

and
R = eahad e RSO 15 (), (93)

and where all functions and operators are referred to the metal atom as origin; all
d functions have a common radial form.

The matrix elements Eq. (92) are local electric dipole transition moments and
provide the basis of the parametrization scheme in our CLF model. The electric-
dipole selection rule, 47 = + 1, removes term I in Eq. (92) as a source of intensity.
It similarly establishes that terms I make contributions only for 7, ¢/'=1 or 3:
henceforth, we refer to these as P and F contributions, respectively. In term 111, a
double, infinite sum remains, even though |/ —¢'| must be unity, and we label
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intensity deriving purely from the “rest”™ functions {y;}! collectively as the R
contribution.

3.3. Parameirized local transition moments

The CLF model [11] is developed for local ligation pseudosymmetry C,,. This is
sufficiently general at this stage in that it relates (a) directly to interactions between
metal and ligands like pyridine where n 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=my 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 d, and x; parts of the cellular orbitals transform as shown in Table 7; d-type
non-d functions are omitted as before. Explicit angular forms of all relevant operators
and functions required are given in Eq. (94):

Fo=C
o= - C")V3
Fo= IOV + G2
da=Y®
d.. =Y - V)2
b =iV, 4 YP)3
doy =i — Y@V
de =Y 4 Y9)\V2

“fo = YE
 ux = (Y, = YYV2
B =Y, + YY)V

These functions, together with the neglect of § mixing in the <ellular orbitals and
by noting the selection rules implicit in Table 7, yicld a reduction to just nine, unique
non-zero matrix elements under r from the possible total 45, as shown in Table 8.

}Cff' =[4n/(2k+ D Y

(94)
} ¢ odd.

Table 7

Transformation properties of components of the radius vector r and of metal d and local ligand orbitals
'y, wrep. r, d, I
@ z 22 N2 y? o
(e Xy

b, X Xz X

hz % ye y
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Table 8
Occurrence of nor-zero transition moments in local C;, symmetry
2 xz ¥4 Xy x2—y?

72 r. ry r, 0 0

Xz s T, 0 r, r.

yz r, 0 r, r, r,

xy 0 r, s 0 0
x2—y? ] Iy ry 0 0

Thus, {xylflxy> and {(x?—)%f|x?>—y*> vanish following the neglect of & mixing;
{xylfiz?y and (x2—-y?#|z*) because r does not connect functions with m, values
differing by more than unity; and the symmetry properties summarized in Table 7
ensure that {yz|f|xz) 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:

V , kK K k\/k K k
K1 kg> == 1+ Dk ), o o) ©®
~¢ 0 ¢/\0 0 0

we find, for example, that

' 4 12 9 172
(d@lé”;&,;) @(”i’"g) iy ’*”(T;g) s (96)
or that
1\!2 8 \!”2
<dxa ‘Q'}'XW > = (g) a‘;u»x + (3‘;) a%m . (97)

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,

4 i/2 9
(22lery|z?) =2 ('i?) &, +2 (-;;) Ao + Y, Koo aolr " K (98)
e

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

LE, = edy(Irlasa ) IR, L=P F (99)

and

Riy=e go apadyx O L O CRBIRI RS (100)
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Table 9
Non-zero local transition moments in C,, symmetry

367

4 12 9 12
(dzz Ir :‘XO> = ("{'S') alc + ('—) 630

1\2 1\2
<dxy Ir xlx" )= ('S') alny - ('_') dany

. (l\uz 3\12
xellxidle 7=\ 2 a - 36
“alrdie>=\5) (35) ®

| U
1\12 6 \12
'(dﬂ lr y'Xay> = - (Tg) & ay (3‘3) dauy

1\ 1\
{da 21ty litey ) = “(g) a"y*'(:;(-)) dow

1\12 1 \12
<dxx|ry|x“> = (;) gy — (:,'6) Ayax

1\2 3\
<dya|ry|Xa d= (;) o -~ ('3‘§) a4

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

(zHler,|z®y = 27T, + 217, + X1,

Similarly,

| 1/2 8 12 ' ) ‘ .
{xzler|xz) =2 (—5) Ay +2 (,,._.) Wi+ Y, ko, nel Al l Xen
4

35
=20y + 2 s + M,
and
(yzler,lyz)y =2P i, + 281, +R1,,.

(101)

(102)

(103)

A further simplification is introduced in the expansion of the remaining six
off-diagonal elements in Tabie 8. Consider, for instance, the element {xzler)2?):

) 1\¥2 1\V2 3 \ 12
zle =(=] diy—|- L P
{xzlerylz®) (5) i (5) iny <35) d3 <35

+ Y, ke, o Aol A
s

(104)
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The first four terms arise from parity mixing contributions of the form
{d,lerdy,> and {x.erid.2>, factors already contained within the definitions of
Py, and Fr,. 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#4". Support for this
stratagem also derives from the following observations.

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

lz’;_mM)"{”‘C;lLA (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:

(Lalro(M)IL, > = LRI, + < Lylrz(D)IL, ), (106)

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

CLlr s (ML > = e, KLl (LIL D (107)

because (L,|RIL;,> = Rd,,,=0 when A# 4" as required for r, #r.. Hence, the neglect
of contributions of the type Eq.(107) is justified if ¢, ¢ {Llr (LIL )< R
Accordingly, type 111 contributions to Eq. (92) are neglected for light components
in local x and y directions,

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

| NG /3N I\
‘{\3“’?&'33}%(%) (E "I, ““p'w,v)'*”(;) (; ! Tuy “’“ki«f)' (108)

The completed list of non-zero iocal transition matrix elements in Table 8, eval-
uated in this way, is given in Table 10. That no intrinsic parameters need be defined
with respect to r, or r, arises from 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; for example, the signs with "7, and ¥i, are opposite
in {xzler,|z2>. This may be unexpected; 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 {dleryx,> to the matrix element
<xzlerydz?); in particular, the operation of r, upon y,. The only parts of y, which
are relevant for the present purposes are p, and f, referred to the metal centre. The
action of r, upon p, is shown in Fig. 9(a) and upon £, in Fig. 9(b). The phasing of
ryPs exactly matches that of d, .. so yielding a positive value for {d,.|r|"x,>. However,
the amplifying nature of the r, operator — multiplying more distant (greater x)
parts of a y function more than less distant parts — means that the “secondary”
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Table 10
Non-zero, forced electric dipole transition moments for a ligation with local Gy, pseudosymmetry
expressed in terms of the intrinsic parameter set *¢,; L=P, F, R i=a, nx. wy

(Pler |2ty =277, +2F7, + 87,
{xzler |xz) =2P7 + 20 + R0,
Qcler.yzd> =21, + 277, +Ri,,

R 1)1/2 (3 pe ps ) (1)1/2 (3 )
NEler=m o=\ 7 ok PR P & - Finx—F?o
{xzl > (3 5 e \ 3 5
. 1\12 /3 . . 1\ /3 N N
<,1»:|ery|z*).—:-.(.1.) (.; Pi __P'Ky) +(§) (5 F tg,.-F?,)

N P
x?—y¥erxo) =P, —-Z’ Fox

|
2 oo - S
X =erlyzd = =Fi, +=Fi,,
4
. o | e i l ¥y
CxMer sy =Pi -t i,
4
" 'l ~ ' r -
{xvlerglvz) =", —-‘Z Tny

(b)

Fig. 9. (a) The results of operating with r, upon p, orbital and (b) upon an /s orbital.

lobes of the f, function (shown hatched) are amplified more than the “primary”
lobes directed about the z axis. Subsequent overlap of r.f, with d,. is now dominated
by the amplified, “‘secondary” lobes of r,f, whose phasing is opposite to that of
d,. and a negative value for {d,,|r.}/ x,> results.

The matrix elements in Table 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 withii: a pure d basis

We seek to replace the odd-parity, electric dipole operators er{ acting within the
mixed-parity, cellular orbitals Y'F° by effective, even-parity operators, TS, acting
within the equivaient, locally-referred, pure 4 orbital basis:

(ilersiid =L dileTild5); a=x,y, x. (109)

As the {} were defined in Cartesian form, as in Eq. (90), so also are the pure d
functions in Eq. (109). Following this, by reference to Table 9, we have, for example:

(daleT.|d;2) = 21);0 + 2?;’0 + Ria' (110)

This, and analogous expressions are listed in Table 11 but in a manner which
separates the P, F and R types.
We now form three multipole expansions of the {T%}:

Tom Y 0iu(CP; a=x,y z (111)
k. q

in which the {C™} are spherical tensor operators of rank k. Writing the pure,
Cartesian  functions on the right-hand side of Eq.(109) anu of Table 11 as
{R(d)- d}, we consider the matrix elements:

(dsleTS1dSy = (R()AY. ew, (NTRIR(),)
kq
= (R e ()| R |Cd)
kg
= Z f‘iw(f’)i‘?;m;“if;;>» (12)
by

The common radial parts of the five o functions, R(d), ensure that Eq. (112) is
unchanged if the Cartesian o functions are replaced throughout by their complex
equivalents |/ =2, m,> =d,. In this latter form, they are easily evaluated using
Eq. {95).

The vector triangle rule implicit in both 3-f symbols of Eq. (95) establishes the
range of the tensor ranks in Eq. (111). This, together with parity, determines & as
2 and 4 only, within a pure d basis. The further requirement that —¢’+ Q+¢ =0 in
the first 3-j symbol of Eq.{(94) restricts the number of terms in the muliipole
expansion which can connect any twe given basis functions. For example, only
O and Y are effective in the « atrix cleraents, (doeT5d,) and <dyle Ty
Using Eq. (97), we find:

KepyleTild, > = ? (6, ) — ;/;i‘ (), (13

and

‘, | r
ChleTyldod = - )+ 5 (00 (114)
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Table 1i

Matrices of the effective transition moment operators within the pure Cartesian o basis. Only the lower
triangies of the symmetric matrices are listed. Matrix elements with respect to the three spatial components
(x=ux, p, 2) of the operaters are mutually exclusive

Ty d.: dy. d,. dy, de_y2
d.a 2F7,
dye i )“’2 (3 . ) 2P,
N =T lg =" gy
3 2
i Py
dy. (l)l : (E P PF,“‘) 0 2",
3. 2
dy, 0 Pt P 0
da_ 0 Pl =iy 0 0
F n de-’ du dy, dm» d, 2~ yd
d.a 2f%,
dy; 1\ 73 257
(“) (“ "i‘mmFiﬂ\)
3 2 /
2 Fs
dy. (,!.)” (3 . *‘i,) 0 iy
3 2
4 4
d, 0 v 0 0
o -4 ?« 5 Zr fﬁ)
b d,: ., oy, d,, dea .y
d, 287,
ey 0 285
dy 0 0 2k,
dyy 0 1) 0 0
do. 0 0 0 0 0

Solving Eqgs. (113) and (114) as a pair of simultancous equations in ¢,,,(r) and
Cara(r) yields:

C212(r)=6"2Ldyle Tyl > + Ly e Toldo (113)

and
l 1/2 N
Cara(r) =3 (2) [~ Ldsle T, > + 6" Ldyle Ty dy ). (116)

Equivalent expressions for ¢ coefficients with ¢ negative can be found explicitly —
here, by considering the matrix elements {d,|"|d,) and {do|-|dy) — or from the
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condition:
Cogr =(= 1100 s X=X, . (17)

More uscful for our present purposes is to express the ¢;,,(r) of Egs. (115) and (116)
and the like, in terms of the real Cartesian d basis. After some tedious algebra, one
finds, for example:

1 1/2
Re[cflla(r}] = - (;) [3”2 <dy;'| : ld.\:: > + 31/2 <d\:l ’ |d2 --23> + <d\:| ' Idz"* >]

4

(118)

and

l 1/2 /
lm[‘%la(’“)] = (5) [ - 3‘J2<d)':! ldy2 . y? >+ 31/2("1:;::‘ ’ Idxy> + <dy:| |d.2 L

(119)

where Re and Im are the real and imaginary parts of the complex quantity ¢,,,(r).
A more complete list of ¢,,,(r) coeflicients derived in this way for an /=2 basis is
given in Table 12. In passing, note: (1) the expressions in Table 12 differ by a factor
of (4n/(2k +1))" from those given earlier [50] due to the present multipole expan-
sion in spherical C§" tensors rather than in spherical harmonics, Y% and (2) the
same expressions serve for all one-clectron operators so that, with appropriate
dimensions, the dot can refer to the present effective transition dipole operator or
to the effective ligand-field potential for which this table was originally constructed.

The matrix elements on the right-hand side of the expressions in Tuble 12 have
been given, in the present context, by the entries in Table 11 and so we have
established the relationships between the local multipole coefficients of Eq. (112) for
each local, radiation polarization, ', and the intrinsic local transition parameters,
"1,, of Eqs. (98) and (99). They are listed in Table 13.

The multipole expansions listed in Table 13 refer to Cartesian components of th
electric dipole operator a = x, y, =. Equivalent expressions in the spherical basis may
be formed using the relationships:

T.=T,. T,,=F(T, thry)/@ (120)

and these are listed in Table 14 for T+ 1.
3.5 The superposition

Our aim is to find expressions which describe forced electric dipole moments in
the whole, multiligand chromophore for incident radiation which is polarized in an
arbitrary direction. Eq. (112), together with Table 13 provides one-electron matrix
clements arising from radiation polarized in the specific x, v or = directions defined
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Table 12
General refationships between spherical tensor ceeflicients and any one-electron operator within the real
d basis

(a) Real parts of ¢ ()
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for a single ligation. The local, effective operators in Eq. (112) are:
ey =Y CuuICY, (121)
k. qr

where primes emphasize the local reference frame.
The relationships between local and global frames may be expressed either in
terms of a set of Euler angles, (o, f*, y)= R, for short, or in terms of a matrix
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Table 13
Relationships between local multipole coefficients and local transition parameters
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Table 14
Relationships between local multipole coefficients for T, and local transition parameters

(a) For T,,

11\
e =i§) 137, + 577, + 57Fy —2F1,]
31

12
Ca= 35) [127F, — 8°F,, —8PF,, — 87, + TFi,, + TFi,,]
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c43=0

(c) For Ty,
G -g(E D=0 o(F1)

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

eTi= 3, Z Y LouChaun NP (ROCY (122)
LA i q
for local Cartesian multipole expansions, as in Table 13, or by
eTy=3, 2 Y, DR )i ND (ROCP (123)
nn kb oqq

for the spherical expansions of Table 14. The Wigner rotations 2" transform the
tensors of Eq. (121) into the global frame and either 2V or % take account of the
arbitrary (but fixed) polarization of the incident light. Finally, summing of
contributions from all ligations yields the global, effective dipole operators:

eTo=3 3 Z Y Ll NDE(ROCP (124)

e anr qq¢

or

eTy=y Y Z > @ i,‘,,’,(R")c'i,,,,.,(f”)ﬁ’ﬁf,",;(ﬁ‘)Cf,"’. (125)
¢ mw qq’

Global transition moment matrix elements within a many-electron, pure d basis
of states expressed as {L S J M,} are then evaluated using stand~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 SJ M,}:

Y=Y an(N®; $;=|LSJIM,>, (126)

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

<’1’I|€TQ‘VIJ>‘“Z Z Z Z Z a?l(r)aj,l(r):f;va('EQJar(r)QL%(RC)<¢ilqmld)j>
¢ a2 k qq if

(127)

or

T D=3 Y Y ¥ Y an(Na(NDR )iy (VDG RNKDICP|D; ).
o

e nwn ko qq

(128)

As Cartesian transition moments are the more convenient at this stage, Eq. (127) is
our favoured expression.

5.0, Spectral absorbance

We are generally interested in spectral transitions between degenerate or nears
degenerate manifolds; this is particularly true for the broad features of *d- " bands.
Consider, thercfore, transitions between the N, members of an effectively degenerate
manifold A and the Ny members of a similar manifold B. We do not know, « priori,
along which directions principal optical absorptions occur in a general, low-symme-
try chromophore. So we construct a second-rank (Cartesian) tensorial representation
of spectral absorbance from which principal absorbances and their orientations may
be determined by diagonalization. For the transition manifold A -manifold B, a
general element of the absorbance tensor 4% is given by

A=K Y Y (PeT W, W, leT ¥, (129)
feAddeB
where K= Lav/3ephe and L is Avagadro’s number. This quantity has been shown
[11] to be invariant to a unitary transtormation that scrambles the eigenvectors
within manifold 4 and within manifold B, separately: hence. principal absorbances
and their orientations so computed are independent of the choice of global refer-
ence frame.
Mean absorbances, to be compured with iniensities derived from experiments on
solutions are given by the traces of A4*¥ as usual. For polarization studies on single
crystals, comparisons between 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 frame by conventional methods [8].

5.7. The chemical and physical significance of the "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 “7, and
Ly parameters in relation to their ¢, and e, counterparts, and on the relative
unimportance of the ¥, 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 modelling computations of the two-
centre expansion which takes us from Egs. (89) to (91). Only after all this do we
place the CLF model within the broader context of intensity theory described earlier.

5.8, The sigus of the "1, paraineters

The CLF model is centred around the cellular orbitals Eq. (89). As explicit forms
for these are unavailable without (currently intractable) prior computation of the
clectronic distribution throughout the object chromophore, their form 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 ¢ bond orbital, ¢}, as:

¢h ~ Ms+Mp, —L,, (130)

in which the magnitudes but not the signs of the mixing coeflicients 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 vector. The corresponding n bond orbital, . is:

ot ~Mp, + L,. (131)

The same expression suffices even for the higher-lying (mostly) ligand function on
the right-hand side of Fig. 10(c) for while that may be antibonding within the ligand,
it is still bonding with respect to the metal.

The corresponding ligand-field orbitals, {y/'°}, arising after interaction with the
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H)
7%

O

(a) primary (b) e»0 (C) en<0
bonding

Fig. 10. (@) Bond orbitals, ¢4, result from the primary bonding interaction of metal 5 and p orbitals with
a ligand. The bond orbitals interact with the metal d orbitals to yield ligand-field orbitals, ¢, defining
positive e, values in (b) or n~gative e, values in (c).

mean d orbitals are:
fore,>0: Y4~Mds-Ms=Mp,+L,
for e, >0 Y4t ~Md,—Mp,-L,
fore, <0: Y2~ Md, +Mp, +L,. (132)

In these expressions, the 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
multipole expansion, retaining only metal-centred orbitals of p and f character. The
latter restriction is made because of the use of the {i} within integrals under the
electric-dipole operator, of course. For the same reason, the contribution from
the Ms function is also dropped. The remaining parts of the {¢"F}, all referred to
the metal centre and so equivalent to Eq. (91), take the forms:

for e, >0: Y~ Md, - Mp, ~"L, 'L, (133)
for e, <0 P~ Md, —~Mp, +"L, +'L,.

where {*L,} are the metal-centred parts of {L,} with p or f character. The signs
associated with the {L,} arise from the signs in Eq. (132) together with a reversal
for the two-centre expansion of the ¢ function.

Reference to the parameter definitions in Egs. (99) and (100) then establishes the
signs of *7, and Ff, as consistently opposite to those of the corresponding energy
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parameters, ¢;; that of ®7; will always be positive. For convenience and correspon-
dence with the literature on the CLF intensity model, we now redefine the intrinsic
parameters as:

Pf1='“Pf;'; Ftl=—Ft~,1; Rt;=Ri‘A (134)

and observe that the signs of both e, and %1, (L=P, F) relate to ligand
donor/acceptor 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 Eqgs. (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 %r, parameters take the form
bs<dslers|¢s) for L=P, F and b5 {¢5lers|¢S) for L=R. With the {¢$} referred to
the ligand s origin, {¢5|r¢|#%) is of the order of the ML bond length, say, 2-3 A.
We present computations shortly which suggest that {d5|r¢|¢ > integrals are of the
order of 0.2 A or less. The cellular mixing coefficients, b4, are likely to be 0.1 or
less. Hence, ®r;, parameters are expected to be no more than about 10% of the
corresponding P¥r, 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 incicent
radiation oriented perpendicular to any local bond are negligible compared with
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 6, etc.
be the angle subtended by bond vector 4 etc. and some fixed global vector. The
resultant transition moment ®Q arising from local R contributions is then:

RO=q, cos0,+qycosOp+..., (135)

where the {gq} are the local R-type transition moments. The sum ®Q will vanish
when the geometrical arrangement of ligations in a complex is characterized by one
of two symmetries, namely: (1) when the whole complex possesses C,, 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
refiection in a mirror plane normal to that axis. These geometrical descriptions
identify two types 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 ®z; parameters.

5.10. The magnitudes of CLF intensity and energy parameters

The CLF model considers ‘d-d’ spectral intensity as a ligand-field property with
some connections with ‘d-d’ transition energies or various paramagnetic attributes
of the ligand-field regime. It is to be expected, therefore, that experimentally deter-
mined e, and ¢, 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~ Kd |V P Neg—€y), (136)

where V' was defined it Eq. (86) and the {3} are bond orbitals, as compared with
the P or F type intensity parameters taking the form

Lty ~<dyler.|xa)s A=P,F. (137)

One determinant of there being a significant contribution to ¢; is the existence of
one or more, spatially and energetically proximate bond orbitals y, to the mean ¢
orbitals, Many of the subtleties in this proposition have been reviewed at length
recently [9] and will not be repeated here. One obvious example, however, with
particular relevence to our present subject is the case of a near-vanishing ¢, value
for amine ligators which lack any low-lying n function. The same circumstances
would lead us to expect the lack of any significant # contribution within the local
ligand-field orbital, "™, In short, we anticipate that vanishing 1, and ", intensity
parameters should accompany vanishing ¢, energy parameters. As any CLF intensity
analysis i3 predicated upon a prior ligand-field analysis of energies, it might seem
reasonable to neglect “1, parametrization in all systems characterized by near zero
¢, values. Such a simplifying assumption might be reasonable in the case of amine
ligations, for example, for there are good theoretical (bonding) 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 rests
on the different natures of the two operators in Eqs. (136) and (137). The operator
V7 arises from those local parts of the molecular ligand-field potential that do not
form part of the mean, spherically symmetric, term {F) in Eq. (86); it is expected
to be maximized in roughly those regions of space where y; is maximal. The integral
in Eq. (136) might thus be considered, very approximately, as a scaled overlap
integral, {d,|x,>. By contrast, the electric dipole operator, er., in Eq. (137). increases
linearly with distance from the metal centre and so <{d,jer.|" z,> might be viewed as
a similar overlap integral weighted progressively towards the ligand centre. In this
sense, we see the intensity parameters as more “outer™ properties than their cnergy
counterparts. In practice, therefore, it is to be expected that 7,:¢, ratios will often be
greater than the corresponding e e, ratios. Examples presented in Section 7 of this
article provide empirical support for this proposal.
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Generally, both ¢; and %r; (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 (o, )
in the chemical bond. However, the properties being parametrized by the {e} and
the {¢} 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 orbitals {{*T°} of Eq. (89) and our remarks in Section 3. The {¥/*7°}
comprise mean d orbitals togethar with small admixtures of the bond orbitals —
the {¢} of Eqgs. (130) and (131). The mixing coefficients {5} in Eq. (89) are expected
to be small in view of the weak coupling between the  functions and all others; the
weakness of that coupling is evidenced by the efficacy of the whole of ligand-field
theory, as discussed in [7-9]. Variations in the magnitudes of the b coeflicients {rom
ligation to ligation will affect P and Fintensity contributions proportionately equally.
As these coeflicients cannot, at present, be computed with suitable accuracy, connec-
tions between the overall magnitudes of *¥r, parameters and chemistry must remain
empirical and be established by experience. Next, we recall how the admixed bond
orbitals -— the “rest™ functions of Eq. (88) — comprise both metal-originating and
ligand-originating functions. As discussed in Section 3, the metal-originating func-
tions cin arise by electrosiatic (erystal-field ) means or by ““covalency”. 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) metal-ligand 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 in the CLF models (excluding *r,)
Encrgy parameters Intensity parameters
Co "t a0 ¥y a
» ,4‘
Q"!?.\ ! ’ﬂx’ ,ﬂ,\
P ¥
Cpy lyys "y
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devote one orbital (or possibly more) wholly to the metal. The dominance of ligand
functions within the bond orbitals {¢} thus suggests that the major influences over
the PF¢, 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 centre. 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 expected from the approach we are about to
describe. The point 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
give-and-take in bond formation, the character of any one bond will depend in part
upon all bonds, not just upon the local atomic constituents -— the trans effect
illustrates the point. Consequently, 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, be referred to the object 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.

5.11. Qualitative implications 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 respect to fixed radial
parts and so might comprise the set {1s, 25, 3s....; 2p, 3p, 4p....; 3d, 4d..... 4, 51....}.
In the other, we take just one angular function of each kind (/ value) — {s, p, d,
S} — with radial parts defined by the expansion process. In a later section, explicit
expressions for this will be described. The second procedure is more convenient for
our preseni purposes as we wish 1o focus on those expansion functions of just p or
J character, and, as the exact form of any ligand function is unknown to us in
practice, the consequent transition moments are parametrized anyway.

For concreteness’ sake, let us consider the expansion of a ligand ¢ function:

Ly=as+ayp, +agd, +asfo+..., (138)

where the functions on the right are referred 1o the metal. The ultimate success of
this expansion may be visualized as in Fig. 11. Two aspects of this construction are
of immediate interest. First, we note how the loss of amplitude near the metal arises
from cancellations of odd- and even-parity metal functions in the sum. Secondly,
we observe the increasing directedness of the ligand-pointing lobes with increasing
azimuthal quantum number; equivalently, we note the decreasing angle subtended
at the metal by the nodal cones of the o lobes. In essence, this is forced by the ever
increasing number of lobes to be accommodated within the metal sphere with
increasing ¢ value. This second feature provides a guide for qualitative predictions
about the relative magnitudes of £ and F type contributions to forced electric-dipole
transition moments.

The point here is that the expansion coeflicients, a,, a,. a4, @, etc. in Eq. (138)
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M L

Fig. 11, Hlustrating how a superposition of metal-centred functions can reconstruct a ligand-centred
function.

are determined by both bond length and the character of the L, orbital. Both bond
length and lateral spread of the ligand function are relevant. Consider the contribu-
tion @,p, in Eq. (138). We might suppose the reproduction of a chlorine 3s function,
say, at short and long distances to be achieved in part by small and large radial
coeflicients a,, 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 diffuseness. While the same is true of all the expansion functions in
Eq. (138), it is less so for the more highly directed f, function, for example.
Qualitatively, therefore, 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

C

Fig. 12. Smaller mixing coeflicient a, for shorter M-L bonds on the left and a larger one for longer M-L
bonds on the right. Both radial and lateral dimensions are affected.
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being constant once more, a two-centre expansion of a more metal-directed, or
polarized, 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 same conclusions can be reached from a different, but equivalent, viewpoint.
In Fig. 13(a and b) we sketch the nodal cones of the metal p, and f, expansion
functions. From Fig. 12(c), we observe how that (hatched) part of a ligand ¢
function which falls outside the f, nodal cone cannot be represented by a metal f,,
expansion function but can by a mcial p,. Ii is also clear that this result will pertain
especially to ligand orbitals which are more diffuse laterally.

To the extent that the relative magnitudes of the Pz, and Fr, 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
functions, so leading to increasing ”7,:¥r, ratios, will be associated with:

(1) 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 -»metal donation — perhaps following appro-
priate substitutions on the donor atom. Firstly, we anticipate the greater donicity
to be manifesied by greater polarization of the ligand function toward the metal
and so, by (2), expect an increase in the "r.:"r, ratio. As the donicity increases
further, however, eleciron density drifts further from the spherical, atomic field of
the donor atom into the bond region whose field is increasingly established by the
metal and ligand together. The bond electron density will tend to concentrate more

nodal  plane nodal cone
(180) (78.4)
Pa
) (b ()

Fig. 13, (a) The nodal plane of a p, orbital. (b) The nodal cone of an £, function. (¢) Those parts of a
ligand function lying outside the nodal cone of £, are better reproduced by a metal-centred p, expan-
ston function.
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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 decrease in
the *7,:F1, ratio. We shortly present some computational studies in support of this
qualitative argument.

Qualitatively, we expect similar trends to those listed above for ¢ inieractions to
be relevent for = bonding. One may discern factors, however, which suggest that
the relative contribution of F terms should be more pronounced for = bonding than
for ¢. Thus, ligand = functions will genera'ly overlap with metal p, functions less
than ligand ¢ functions do with the metal s or p, functions. Migration of ligand =
electron density towards the metal may frequently be less than o, therefore, and its
greater mean distance from the metal will, by (1.1) above, favour larger F¢,:t,
ratios. Secondly, reproduction of more distant ligand orbitals within the two-centre
expansion is, as discussed above, partly effected through larger radial functions —
the {a} of Eq. (138). The consequent, but unwanted, lateral expansion is of greater
significance for n functions than for &, however, and will be offset by relatively
larger contributions from f, rather than p,. Opposed to these two factors favouring
relaiively greater F contributions for the » modes, of course, is the relative lack of
any tendency of m bond orbuals to concentrate about the metal-ligand vector.
Overall, therefore, we discern the principles governing Fr,.:t, ratios relative to
Pt.:Ft,. but allow empiricism to establish actual results.

512, A computational study of the two-centre expansion

Sharma [51] has described a two-centre expansion of the type, Eq. (134). in terms
of a multipolar series of Slater-type orbitals (STO) witain the expression:

: e ; ;
RY Yo HRYL(O, d)=} (*) a ANCLM)ar) Y (0, ), (139)
7 \r

in which the STO are referred to one centre — which we take as the ligand — by
the coordinates {R, @, @} 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, a,.

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 functions for metal d orbitals were taken from the same source. Using standard
numerical integration methods, integrals of form {d,|r,\ L,> — relating to Eq. (131)
and the intensity parameters Eq. (134) — for /=1 and 3 were evaluated for a range
of circumstances. Throughout the results summarized in the present section, these
integrals will be labelled P or F according 1o /=1 or 3, respectively. We review
them under four headings.

5.12.1 General trends -
A representative sample of the computational results is shown in Fig. 14. Plots
show variations in the P and F integrals with bond iength for various orbitals of
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Fig. 14. Trends in P and F integrals, and in their ratios o3 functions of charge distrsbution and bond
length for 4 ard expansions, after [52).

cobalt with a chlorine ligand. The results refer to valence orbitals associated with
two widely extreme metal-ligand charge distributions: M** L~ and MOL*. The
latter distribution is deemed to have been achieved by donation of a pair of electrons
into the metal 45 orbital, so retaining the same " configuration in the two limits.

Firstly, we note that contributions to P and F intensity parameters are of the
same order of magnitude, confirming that neither set of ¢, parameter may be
neglected. Secondly, we observe steady decreases in the magnitudes of both £ and
F integrals with increasing bond length, regardless of metal, ligand, atomic charge
or o.bital type. Equally general is the fact that the integrals for x interactions are
smaller than those of o type and decrease with bond length more sharply; both these
features are shared with the corresponding overlap integrals, obtained by replacing
the operator r, by unity.
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5.12.2. P:F ratios

The ratios of the integrals, P:F, which should serve as a good guide to the ratics
Py.:Fe, as discussed above, decrease with increasing bond length in all cases. This
result divectly confirms the qualitative prediction (1) of the preceding section. In
terms ¢ 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.

5.12.3. The importance of 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 sampie is presented in Fig. 15 for the
combinations Co?*, Co? with Cl~ and Cl*. 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 Cl “—Cl* but hardly
alter at all with contraction of the metal 3d.: 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 = interactions.

0.15 -4
Cr
0.08 -2
L o
ke
a,- 3
0.15 “14
Ccl*
d
0.05 2

a/A alA

Fig. 15. Trends in P and F integrals for ¢ expansions as functions of metal and ligand charge
separately [52].
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5.12.4. A more realistic modelling

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, however, bond orbitals are expected to concentrate more about the bond
vector than free atomic orbitals. This notion lies behind the greater lone pair-lone
pair than lone pair-bond pair repulsions in valen: - «.-!" oootivi-pau-iepulsion
(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 ¢ orbital for a
chlorine ligand, for instance, will be better represented by some combination of
3p. and 2p, functions than by 3p, alone. Fig. 16 illustrates the dependence 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, noi 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 decreases markedly. Herein lies the numerical support for proposition (1.3)
described in Section 5.11.

Altogether, while bearing in mind the role of metal-originating functions within
ligand-field orbitals, the computational exercise summarized here fully confirms all
qualitative predictions made carlier. Those predictions provide the guide to the
bonding interpretation of the 1, parameter values obtained from a given analysis
of intensity distribution in ‘d-d’ spectra. They have been remarkably well borne out
empirically, as will be described in Section 7.

This concludes our review of the CLF intensity model as applied to acentric
chromophores [11,52]. In due course, we will show that its extension to include
intensity deriving by vibronic means does not require a corresponding increase in
parametrization. Ii is therefore appropriate at this point to compare the CLF
approach and its parametric structure with the modelling of (mostly) *f-/" transitions
that we have reviewed at such length in Section 4.

5.13. Symmetry and degrees of freedom

~ First, let us supplement Table 4 for the casc of C,, symmetry, as in Table 16.
Table 13 listed Cartesian multipole coefficients — equivalent to V§(p) for p=ux, y, =

Y
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Fig. 16, The markedly smaller 2.5 ratios for inner orbitals [52].
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Table i6

Vector field parameterizations for C,, site symmetry

K (a) Parameters lﬂ'ﬁ(p) Parameters 4,y
Number Number Number Totals Number Number Totals
for = for x for y for J=K for J=K+1

2 2 1 I 4 1 3 4

4 3 2 2 7 2 5 7

6 4 3 3 10 3 7 10

All 9 6 6 2 6 15 21

in C,, symmetry. Compare the entries in Table 13 with those in Table 4(a) and
Table 16(a) for C,, and C,, local ligation symmetry, respectively. In C,,, symmetry,
Lo ="1, and we find non-zero multipole components in Table 13 (ignoring cqq,
which is without significance for observable transitions) with ¢,y and ¢, for T, and
with ¢,y and ¢y, for T, in agreement with the accounting in Table 4(a). Lowering
the ligation symmetry to Cs,. “1,, #"1,, and we find two non-zcro multipole coefli-
cients in Table 13 with K=2 (€29, ¢32) and two with K=4 (¢4, ¢42) for T.; for cach
of T, and T,, there is one with K=2 (¢3;) end two with K=4 (¢4, and cg3). These
numbers of symmetry-required variables agree with those in Table 16(a) except that
three are expected there for 7 instead of the two appearing in the CLF Table 13.
The shortfall in the CLF scheme arises from our neglect of o interactions in Eq. (91)
et seq. The missing entry for 7, would involve the real part of ¢, (r) in Table 12(a)
of the form eyy~ (152 - 2 = 14y,). Altogether, therefore, we observe the CLF parame-
trization to be properly behaved with respect 1o 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-
ing with respect to various intensity-generating mechanisms. The coeflicients of these
harmonics are labelled 4,4, by Newman and Balasubramanian [24], or A}, by
Richardson and Reed [43,46], and by Stewart [29,45]. Using Eq.(75), we may
construct 4, coefficients in the Cs,, CLF scheme from cither Tables 13 or 14; they
are listed in Table 17. Once again, the entries in Table 17 correlate with the accounting
in Tables 4(b) and 16(b). 4,4, and 4,44 are deemed negligible in the CLF approach
following neglect of & bonding interactions within the cellular ligand-field orbitals.

Let us consider the numbers of degrees of freedom within the CLF model. It 15
apparent that the nine significant 4,4y, in Table 17 are functions of nine Lt, (L=P,
F, R; /=0, nx, ny) basic CLF parameters in local C,, ligation symmetry. For the
linear ligation of C,,, symmetry, four 4., remain to be expressed in terms of six
bt (L=P, F, R; i=0, n) CLF paramecters. With neglect of the CLF R contribution,
there are six and four “r, parameters for C,, and C,,, respectively. So the numbers
of A,p and b1, variables may or may not be equal, depending upon the nature of
(reasonable) simplifying assumptions made. While a computation of the {4;xu+
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Table 17
Non-zero vector harmonic multipole coefficients in the CLF scheme
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from the {1,} is always possible (and unique), the reverse process is generally
unavailable. Shortly, we consider the parametrization in the SC and DC models
described in Section 4. That has been implemented largely for */~f” spectra while, to
date, the CLF model has been developed only for ‘d-d’. We can, however, anticipate
the outline of a CLF modelling of ‘/~f" electric dipole strengths.

Qualitatively, the bonding in lanthanoid complexes should resemble that in higher
oxid:ion state compounds of the main transition metals. The bond orbitals are
expected to be similar to those represented by the ¢ in Eq. (89); once more we
would recognize ¢ and x 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 *r, parameters for ‘/~f*
transitions for L =D, G, R. Although the detailed forms of the effective multipole
expansions have not been derived at the time of writing, their general form will
resemble those in Table 17 but will extend to the numbers given in Table 16. In
Cy, local symmetry the 21 Ak, (or a few less upon neglect of & interactions) will
be formed from just nine *7; parameters or, again, from six if the R contributions
can be neglected. In €, symmetry, six Ak, variables will be constructed from six
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or four “7; parameters depending upon the inclusion or neglect of R contributions,
respectively.

3.14. The functional dependence of static- and dynamic-coupling parameters

5.14.1. Static coupling
Reid and Richardson [46] have expressed the 4/,[SC] parameters in terms of the
E(t, 1) of Eq. (53):

ALISCl= —A4,E(t, )(2A+ 1))(2t +1)12, (140)

The E(¢, 1) quantities are independent 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 4;,[SC] is contained within the
A,, 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 {4,,} 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, {43[SC, chg]}, for a single ligand, then involves
the magnitude of the point charge, ¢; its distance from the metal, R; and the radial
integrals {nfjrjn'l") and {nllr'|n’l’y. Within the philosophy of the crystal-field scheme,
all of these quantities are taken from “known™ data and, in this sense, the
{ALISC, chg]l parameters are not 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,, local symmetry of the point-charge model, A}, vanish unless p =0, and
t=4+1 only. For ‘d-d" transitions, therefore, we find four non-zero 44, , , coefli-
cients and for */~/" transitions there are six, as in Table 4(b). These may be modelled
in each case by a single charge magnitude, ¢: or by ¢, {allrin’l’y and {nli'|n'l’)
depending upon the degree of confidence placed in the radial functions of the metal
orbitals (d, p and f; or f, d and g).

3.14.2. Dynamic coupling
Reid and Richardson [46] derived a general expression for the effective transition
dipole operator for the DC mechanism:

(A+1)(2A41)(24++3)
ZEOEE |

A g jL 3

x Y (g, T—=g'lnm)™ (= 1) o (L). (141)

/2
) <r/1>Rz(A+2){CX(j)CA+I(L)};

Their ¥, corresponds, in our notation, to 7,; that is, to one *“*spherical” polarization
of the effective transition operator: {r*> is the radial integral ('R|r*/'R) where 'R
is the radial part of the orbitals between which the transition is taking place (‘R or
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IR, as appropriate). The {of(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. 47, parameters
for the isotropic (1 =0) case depend upon &, the mean polarizability, and are labelled
ALIDC, ). 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 for these circumstances
are labelled A4},[DC, ] where 8 relates to the single anisotropy (x;—a,); || and L
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 confuse this assessment of the functional dependency of the A;, parameters. We
have already discussed the number of A}, parameters which may arise in C,, or
C,, local pseudosymmetry. Regardless of the symmetry, they are all functions of
r*y, R and &, There arises, however, the question of how many system variables
are involved. This can be a complicated matter depending upon how much is
modelled and how it is done,

Consider first, C,, ligation symmetry, Here there are one, or two, polarizability
parameters, # and £, The radial integrals {r*), are either two or three in number
according to the modelled transitions being of *d-d" o /" type. respectively.
Within an “ab initio™ philosophy. these quantities are tuken as known but they can,
nevertheless, be considered as variables in a looser modelling scheme. In C,, symme-
try, we require three polarizability variables, corresponding 1o the 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 ¢lements of that point
group. In lower symmetry, however, six polarizability variables are required.
although these may be taken in the form of the three principal polarizabilities plus
three Euler angles describing their orientation with respect to the local ligation or
global molecular- frame. One may anticipate that the complications for such low
symmetry are not worth the candle. In due course. we briefly consider one low
symmetry case within the CLF model. For the present it is enough to stay with
C;, which serves as a useful symmetry classification for very many chemical ligations.

In applications of the DC mechanism generaily, problems arise in the modelling
of ligand polarizabilities. One, of course, is that the {2} of Eq. (141) are dyramic
properties rather than static and, within an ab initie approach, appropriate values
may not be readily available. This problem is particularly severe for polarizability
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. Modelling polarizability contributions — an example

Following their presentation of the theory of ‘/~f” electric dipole intensities [from
which Eq. (141) was quoted], the Richardson group described its first application
for two acentric lanthanoid chromophores. The study [54] involved a more refined
analysis of the [Eu(ODA);}*~ and Eu(DBM );H,0 chromophores that were the
subject of earlier work [32] using the isotropic DC model: the chromophore geome-
tries are of the ID and III typcs of Fig. 6. The oxydiacetate (ODA) and S-diketonate
(DBM) ligands are shown in Fig. 17. Dallara et al. [54] list the ligand properties
they require to model the appropriate 47, parameters. They are: (1) identification
and selection of ligand perturber sites; (2) posntxonal 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, «// atoms in the ODA ligands were
included, and each assigned fractional charges, ¢;. and isotropic polarizabilities, &,. 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 carlier study [41]. In the Dallara et al. paper
[54], this already-comprehensive list was supplemented with various sets of chemical
bonds. Both isotropic (&) and anisotropic (f,) polarizability values were assigned
to each chemical bond and positioned at the bond midpoints. The phenyl groups of
the DBM ligand were assigned & and /8 values also. The spatial orientations required
for all anisotropic DC perturbers were fixed from appropriate X-ray crystallo-
graphic data.

Initial modelling with all these perturbers quickly indicated that a large subset
made little significant contribution to the caleulated A;, parameters. The bulk of the
study of Dallara et al. therefore relates to a so-called “reduced™ basis of structural
perturber sites, We reproduce these for the DBM chromophore in Table 18 to
illustrate the detail of this work [54].

A major objective of the study of Dallara et al. [54] was to demonstrate the
empirical need for non-zero parameters of the kind A3, (especially 4 30) that reveal
the relevance of the anisotropic DC mechanism. This they did. Their success in
rcpmducmg the experimental dipole btreng,ths in these uhmmophores is illustrated
in Table 19. A correspondmg comparison of modelled and empirical 4], parameter
values is presented in Table 20. Note that these values refer to the chmmophorc,s
complete rather than to single ligation perturbers.

0 3
0 i

ODA DBEM

Fig. 17.
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Table 18
Ligard perturber site properties for Eu(DBM );H,0 (after Dallara er al. [54])

Perturber site (L)  Positional coordinates Orientation

R(A) 6,C) ¢.C) q@ @A) B(A) 0.¢) ¢L.0)

H,0 2390 0 0 ~030  1.490
o, 2270 7354 4072 —0.625 0.026
0, 2300 13072 34895 —0.625 0.026
C, 3317 8639 3191  0.10 0.037
C, 332 11978 286 010 0.037
C, 3721 103.57  18.54  0.05 0.878
Ph, 5994 7422 254 0 1060  —S585 6734 13445
Ph, 5918 13096 34791 0 1060  —585 5598 11295
C,-0, 2850 8140 3422 0 0987 026 109.79  15.88
C;-0, 2868 12331 35773 0 0987 026 96.77 2222

Table 19
Comparison of relative dipole strengths within multiplet-multiplet transition (after Dallara ez af. [54])
Transition Relative dipole strength

Model calculation Empirical fit Experimental
(a) for [Eu(ODA),)*"
A, F)=E,0Dy) | 1 1
A\OF)=E(°D;) 0.94 4.25 443
E('Fy)=A,Dy) 1 ! 1
EF)e=A,(°Dy) 0.85 176 384
(b) for Eu (DBM),H,0
ACFo)=E,(>D,) 1 1 !
ACF)=A(°D;) 7.34 6.70 338
AC Fy)=E(°Dy) 1.89 1.0 2.22
A(?FQWE(BQQ 1 i i
ACF)=ACD,) 109 2.38 22
ECF)«=EA(D,) 59.7 4.28 6.52
B\ Fy)=A(D,) 1 1 1
ACF)e=A(*Dy) 349 7.52 3.80
E,CFy)=A(D,) 0.89 14,53 591

We make just two broad observations about the results summarized in Table 19
and Table 20. While the importance of the A}, (1=4 type) parameter has been well
demonstrated in these systems: (1) the quantitative agreement between modelled
and empirical parameters and dipole strengths is, at best, modest; and (2) even the
quality of the empirical fits to experiment is not perfect. The empirical parameters
are mechanism-independent, of course; not only do they not depend upon the SC
and DC modelling, but their derivation is independent of any notion of superposi-
tion. It seems likely that the differences between the last two columns of Table 19
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Table 20
Comparison of calculated intensity parameters with those determined by parameter fits (after Dallara
et al. [54])

Parameter AL/10 em
[Eu(ODA);P*~ {Eu(DBM ),]H,0
Model calculation Empirical fit Model calculation Enypirical fit
A3 —46 -40
A3 15.3i 15.8i 8.49i 701
A3y 69.5 50
A3y -39.2i - 15.6i ~16.4+38.9i - 10-+40i

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. Covalency and the 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 eflects,
however, was strongly argued for by Newman and Balasubramanian [24], and
acknowledged repeatedly by Richardson and his group [43,55]. In 1983, the latter
pointed out [43] that: *While it seems certain that overlap eflects will contribute to
the intensity...it is not at all clear how large these eifects will be or how they should
be modeled and calculated.” The activity in this field was such that just one year
later in 1984, Poon and Newman [40] made the first explicit attempt to consider
covalency. Their results did not agree well with experiment, however, as we saw in
Section 4.7 but onc 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 2
generally successful pseudopotential model for d- or f- electron properties. The
ligand-field orbitals {0}, from which the present intensity model is derived,
correspond closely with the “best orbitals™ notionally defined by density functional
theory - allowance for the separation of d-d (or f-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 mixmy that 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 forms but located in the geometry of the real molecule. The optical (and other)
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quantities that we seck to model are properties of the molecular ensemble after the
electron redistribution we call bonding has taken place. Furthermore, since bonding
varies between 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 ¢, and “z; — will generally vary from system to
system, and that exact, or even occasionally approximate, transferability of these
parameter values between systems is not to be expected. For the energy parameters,
¢,, this question has been discussed at length recently [9]. No doubt there is rather
little direct overlap between lanthanoid f orbitals 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 metal-ligand overlap presumably involves the
metal s and p orbitals in particular, the consequences for covalency, in general, and
for the d or f electron properties, in particular, must be expected to be 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 DC 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 terms selected by nature. The SC terms refer to configuration mixing
between functions of an imagined (promolecular) free ion. The DC terms relate to
the construct of independent systems that are coulombically coupled transiently in
the presence of the incident radiation field. These are ways of setting up a calculable
scenario given the enormity of the task of some complete ab initio, all-electron
computation, and, of course, covalency and overlap are explicitly excluded. However,
the effects of covalency and overlap are also implicitly excluded. Our point, here, is
that estimates of perturber charges and polarizabilities must relate to the bound
structure rather than to various free units. To some extent, of course, Dallara et al.
[54] attempted to take account of this by considering some bonds as pertubers;
otherwise, however, their modelling referred to uncomplexed atoms. There arises
the question of how much charges and polarizabilities change on complexation. No
doubt those for the more distant entities — those outside the first coordination
shell — will often be somewhat similar in bonded and promolecular structures. On
the other hand, the DC contribution to intensity from the more distant perturbers
will generally be less important than those from the immediate metal environment,
and it is there where the largest changes to charge distribution on complexation are
expected. Our discussions of the factors affecting trends in CLF %7, parameters
centred around bond polarization effects and the “tightening™ of bonding electron
density about the metal -ligand line of centres. 1t is at least likely that the polarizabili-
ties of ligand donor atoms will be much reduced relative to those in the corresponding
free ligands. Without the benefit of all-electron ab initio calculations for object
chromophores, however, it is obvious that we can do no more than make educated
guesses. Qur guess would be that previous “ab initie™ estimates of the DC contribu-
tions to forced electric dipole intensities are too large. This opinion lies behind our
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suggestion in Section 4.9 that the successful accounting for the ‘d-d’ intensities in
[CoCly)" ™ and the like is owed to cancellations between the neglect of covalency
and overlap, and an overestimation of the polarizability of bound ligands; in effect,
to cancellations between the explicit and implicit neglect of covalency.

The CLF approach merely recognizes that. inter alia, the functions involved in
electric dipole transitions are 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. Qur 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 the
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 be
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 possible, however, to see vaguely how the concepts of the
former relate to the latter. Consider first, the SC contribution. The essence of Judd’s
[22] and Ofelt’s [23] electrostatic modelling was to evaluate the consequences of
parity muxing within the “optical™ /™ states arising from configurational interaction
with excited /N 'd* or /Y 'g! states brought about by the crystal field. All such
mining s just one part of the (implicit) description of the ligand-field orbitals
LM i the formed molecule. The dominant contribution to the ("9} is expected
to comprise those metal and ligand orbitals most involved m overlap, of course.
There will, however, be lesser contributions from higher-lying metal functions whose
overlap with the ligands may be slight or vanishing. As in the Judd and Ofelt
formalisms, such contributions will take a sign determined by energy separations
like E(4f)-E(5d). The sign opposition of SC and DC contributions to intensity has
been noted many times. Our discussions of the CLF ¢, parameters repeatedly
referred to parity-mixing originating on the metal or originating on the ligand. The
first of these resembles the SC contributions of the Judd and Ofelt models. We have
emphasized the word resemble for it must not be forgotten that the differences
between real molecules and promolecules render the exact forms of appropriate
radial integrals and orbitals energies as unknown to us in practice.

Connections between the CLF scheme and the DC mechanism are hard to find.
In principle, one could envisage a form of algebra that would achieve some artificial
resemblance between them. One might propose a different independent-systems
structure relating not to metal and ligands but to metal d (or f) functions and to
the “rest™ orbitals of Eq.(88). Expressions akin to Eq. (60) would result, but



398 A.J. Bridgeman, M. Gerloch | Coordination Chemistry Reviews 165 ( 1997) 315446

subsequent 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 bouad-
aries: where does a chromophore begin and end? For the SC approach, the chromo-
phore is the metal ion itself. For the DC model, we might say the same, but that
intensity arises from coupling with atoms, groups and bonds surrounding the metal.
As the ligand polarization mechanism is the same as the inhomogeneous dielectric
approach, one may view it as a story about secondary radiation sources. The
magnitudes 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 environment? There are two direct types of 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 § (and perhaps ¢ etc.) bonding
with the metal. Both are chemically reasonable assumptions that have proved totally
satisfactory for the analysis of transition energies and various magnetic properties,
Then there arc indirect approximations. Given the “empirical” fitting of intensity
distributions to the basic CLF model, including misdirected valency where appro-
priate, there follows the interpretation of the optimal “¢, parameter values. Those
values will, of course, subsume effects originating in (radially) distant parts of tte
molecule as well as in those close by that arc the usual focus of our attention. i
that sense the CLF model is complete (accepting always the basic ligand-field premis
about mean d (/) orbitals and so on, as discussed in Section 5.1 and elsewhere [3-
9]). Whether one is able or is bothered to resolve the undoubtedly small contributions
from the periphery of the molecule or, indeed, from the lattice is another question.
It seems neither sensible nor attractive to risk double counting by adopting a mix
which one might label CLF + DC.

In Section 7 we will survey the successful application of the CLF approach to
some 43 chromophores. The "1, parameter values deriving from both the static CLF
model and the vibronic one we describe in Section 6 consistently correlate well,
though qualitatively, with broader issues of chemistry and bonding. The quality of
reproduction of experimental intensity distributions is uniformly good and rather
better than that reported so far for the independent systems analyses. It must be
acknowledped, however, that the reproduction of the generally broad — and usually
spin-allowed — features of ‘d-d" spectra, 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" spectra.

3.16. Misdirected valency

The local pseudosymmetry for many ligations is lower than C,,. This circumstance
tends to arise in two main ways: (1) when the constraints of chelation or intermolecu-
lar hydrogen bonding within the lattice result in bent bonds; and (2) when the ligand
field of a non-dative lone pair on the donor atom lying to one side of the local
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X

Fig. 18. Misdirected valency: (a) for bent bonding, perhaps due to chelation; and (b) from the effects of
the non-dative ligand lone pair.

metal-ligand 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 been studied
extensively, both theoretically [9,10] and experimentally [10]. The local energy
matrix ceases to be diagonal on lowering the symmetry from C,,—C, and an extra
off-diagonal parameter ¢,, is included in the parameter set:

(?2 P CS
ds: [e, 0 0 €e  Conx (142)
deo |0 e, O Caonx  Cnx

de \O 0 e, /L0 0 e

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-ives
to some general remarks. (1) *7,, parameters, akin to ¢,, (or energies, Eq. (142),
are not required. (2) The main consequences of misdirected valency for the intensity
parametrization are modified ©1,, (if the misdirected valency is defined within the
local xz plane) values. These correspond to a positive contribution and will be most
visible for the case of a formally non-n-bonding ligand when “7,, values will be non-
zero in the presence of a bent ML ¢ bond. Modifications to t, 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,,; and e,,,, and e,,, of course) and to let 1, values subsume,
as best they might, the consequences for the subsequent intensity analysis — in
particular by allowing for non-zero 1., values in cases of pure s-bonding chelates
like ethylenediamine, for example.

5.17. Coordination 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 been described many times and reviewed in great
detail recently [9]. Our remarks here follow that discussion. The effective ligand-
field potential associated with a coordinationally void region is not zero; as for a
region or cell containing a ligand, the potential is established by any locally situated
*rest” orbitals [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 47 = +1. Overall, therefore,
the presence of coordination voids must be properly accounted for within prior
ligand-field analysis but otherwise is without consequence for intensities.

The addenda of this and the preceding section complete our description of the
CLF intensity model for acentric chromophores. We now consider the case of
vibronic coupling in which parity mixing and the generation of effective electric
dipole operators arise dynamically during the course of molecular vibrations,

6, The cellular ligand-field model for centric and near-centric chromophores

As discussed in Section 2, the Condon transition moment Eq. {(34) will vanish in
centric chromophores, Electric dipole intensity may arise in centrosymmetric species
if induced by appropriate vibrational modes. In the harmonic approximation, the
complex motions undergone by a vibrating molecule can always be resolved into a
combination of independent normal modes. This independence means that normal
vibrations are uncorrelated so that, in general, they coincide in neither frequency
nor phase, Electric dipole intensities induced by several normal modes are then
simply given by the sum of the intensities of each. There is no question here of
forming the square modules of the sum of transition moments for each vibration.
The uncorrelated nature of these independent intensity sources ensures that cross
terms between different transition moments vanish over time. In the following
development [12], therefore, we consider electric dipole intensity for a single normal
vibration mode, #, modelling experiment by a simple sum of intensities at the end.
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6.1. Effective operators

As in the “static” CLF model of Section 5 (“static™ referring to the environment
being acentric), we seek to construct effective operators, €T, acting upon pure
(electronic) @~ (or f~) states that replace pure electric dipole operators er 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
Q, of the normal mod= 5. We begin by writing matrix elements of effective operators
¢T’ acting in the electronic-vibrational basis of the Born-Oppenheimer approxima-
tion as equivalent elements of operators eT acting within the pure electonic basis:

Calr, 0, YV(Q)ET(Q,s 1, 0, Pllxa(r, 0, HHV(Q,))
= talr, 0, $)leT(Qys 12 0, P)lxa(r, 0, 9)), (143)

in which the approximation sign expresses an assumption that the vibrational wave-
function V" is effectively independent of which excited electronic state is invoived 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 ¢T may be constructed by folding in the same vibrational product,
V(@) V'(Q,) 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
which it is involved — the concept of the “mean” d orbital discussed earlier. One
thus considers averaged parameters in parallel with the central strategy of ligand-
field analysis of transition energies.
Expanding T in multipolar form:
T 0 ) =) Y wial @y NCHO. P)ey, (144)
a kq
where e is a unit vector referred to Cartesian directions, o= x, y, z, yields matrix
elements in the basis of pure d (or f) electronic wavefunctions as

{alr 0, PITQ,s 1 O, P)lxa(r, 0, )
k
=YY Y aln 0, 9w (@y: NCEO, Plri(r, 0, $)de,
k

@ k g= -

=¥ ¥ (R ( Qs IR (0, HICEO, DFO, §) e

a kq

=Y Y @y NEACP 1 e, (145)

a kg
in which } denotes the angular part of y, and the {c}, given by

qurz(Qn; l’) = <Rd(r)|wqux(Qn; ")'R,g(l’)), ( 146)

are functions of the nuclear displacements @, and of the radial functions R, whici:n 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 cellular superposition, T'=2_T*, writing:

TC(Q:;; rcs 0(‘, ¢C)=Z 2 ‘virqral(Q:'; rC)C;k")(GC’ ¢c)e:r9 (147)
ar qu/
for the cellular multipolar operators, 7¢. The global matrix elements Eq. (145) then
take the forms [12]:

Gt 0, DT Q5 1, 0, Dls(r, 0, > =Y T ¥ ¥ L5 sChraal Qs 1V, DL o(RE)

c arm kr qrg
X (Ll 17> (148)
where
Chran(Qys 1) = CRG(MNIWi1ga(Qips TIRY(1)). (149)

The multipolar coefficients {c5} for each local Cartesian polarization, a'=x", y', ',
are similar to those evaluated in Table 13 for the CLF “static” model except in two
crucial respects. They depend upon the local orientation of cellular nuclear displace-
ment, Oy, and, as a second consequence of that, these {¢‘} differ even for cells
involving otherwise identical ligations, as the nuclear displacements at a given instant
in time generally vary from cell to cel! within any given normal vibration. In this,
we recognize a global phase structure in the {Q;} determined by the molecular
normal vibration mode which persists even after resolution of that mode into the
cellular components. Accordingly, the projection of Q, to form the {Qy} is an
important feature of the parameteric structure in this vibronic CLF model.
Furthermore, each @ describes a vectorial displacement with, generally, diffcrent
components relative to the locally defined axes, X', ', 2",

The core of the “static” CLF intensity model, of course, was the expression of the
cellular multople effective operators in terms of the basic 7, parameters. Analogous
expressions within the present vibronic CLF model depend upon the nature of local
nuclear displacements, We consider three types of motion — bends, stretches and torsions.

6.2. Bending vibrational modes

The cellular superposition of Eq. (148), like that of Eq. (127) for the “static™
model, involves operator multipole expansions referred to mean or equilibrium
ligation frames which are defined in practice by X-ray diffraction data. Let us
consider a bending vibration mode in which an object ligation oscillates in the local
xz plane and define a reference frame D associated with an instantaneous angular
displacement of the ligation by 0" from the equilibrium frame E, as shown in Fig. 19.
It is recognized, of course, that the oscillation plane of a real bending motion need
not coincide with a principal plane of the local ligation pseudosymmetry; the displace-
ment 0%, here, therefore represents merely the component of the real bend in the xz
plane. The sense of the angular displacement, as indicated by the arrow in Fig. 19,
is such that a positive 6" is associated with frame D being displaced into the positive
quadrant of the xz plane of frame E. In the harmonic approximation that we
consider here, angular displacements are taken to be small, when cos® 0*—1,



A.J. Bridgeman, M. Gerloch | Coordination Chemistry Reviews 165 ( 1997) 315-446 403

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

sin 6*—0* and sin" 0*—0 (1> 1), and the two frames are related by:

E E
X ¥y z
xX'[cos@® 0 -—sin@® 1 0 -6 (150)
pyl o 1+ o |5 plo1 o
Z\sin6* 0 cosoc /™ 0 1

We further assume that small vibrational displacements do not significantly alter
the character of the local electron 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,

ETe = b Ga O 4 M5O + C2) + 15 CF + e (V) + C%) (151)
LTy m e (CF = C2)) + Eei (G = €9 + 1y ([ - O)
LTy, = b5y (CF + O3+ ey (CF + C9) + ey (G + C2),

where, for ‘d-d" transitions, L= P or F as before, and the {c¢} coeflicients are given
in terms of the basic CLF “static” parameters “, 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* about
the local y axis in Fig. 19 is implemented by the Euler rotation, R(0, — 0%, 0), using
the conventions of Brink and Satchler [57]. The Wigner rotation simplifies as:

¥ (0, —0*,0)=d% (~0), (152)

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

Substitution of the relationships in Table 21 into Eq. (151) would yield effective
transition moment operators for the light electric dipole oriented along the x', y', 2’
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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transformation Eq. (150) to yield:

3\ 12 3\12
I,T2=cho[q2)_(5) gxc(g)l +(_2_) BxC(l.’.)]

+Le5| CP+C2+07°C2, -6~ 03’]

+ Lc,;o C(OA) —(5)”20"091 +(5)1/2{)qu}]

3 3
+Leg,) 409+ 5(2)”26”6";"1 -3 (PRI aN

7 1/2 7 1/2
”’(3’) oxo:g-_(-i) ()xc*;’]

+ 0*[%»;, (O, = CP) #4054 (CH — CP) + -5y (€ — c;'] (153)

3 12
LTy = (g;[ c? mC‘E’,mz(E> o (3’+()*C§’2+9*C‘§']

=

Lox | cud 4 12 4 3 2 )% Y 3 5y e
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e
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Fheg| o - oy (a) ) (o) 0VCE 2O
+ <2)!/2(}m C‘t«i)]%ﬁ()"[ (EOC‘OZ‘ + (.22((‘3, "4”(‘;))“’“ C‘(;D
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Table 21
Transformations of multipole operators upon small angular rotations & about » {D—E)
Frame D Frame E
, w (3 3 .
- P+ 5 0" P - 0~‘ (a)
2 ..3 l!’
C‘(i‘l“’ (‘_{.l ¢(;‘) 02""0"
P~ CRF0°CH
12 132
P - (o +(5 e - (5) 0,
e 3 4
P - ChELS 0‘ __; 2 l)“C“
3 T\V2
C‘g'z — C‘:)g_ ¢;(2) - C‘;), + (; 0 CM'
IN\12 12
¥y - [an} $(;—) I G 1(2) o

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, %, and parts that are linear in 0. Vibratious in the global,
centrosymmetric molecule are even (g) or odd (1). We therefore consider pairs of
ligations which are centrosymmetrically disposed about the metal atom in their
equilibrium condition. Gerade and ungerade bending displacements of such a ligation
pair are shown in Fig. 20. Following procedures like those detailed above, we have
established [12] three relevant conclusions: (1) the superposition of operators
Eq. (153) for two diametrically opposite ligations 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 vanish;
(3) only the (*-dependant parts of Eq. (153) contribute to that ungerade-iype 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-
cally about the equilibrium position. However, the intensity arising from a displace-
ment of —0* will be identical with that from a displacement of + 0% Accordingly,

L2 //ﬁ) é?\/ﬁ
/{//M L Ly M L

(a) (h)

Fig. 20. (a) Gerade and (b) ungerade bending modes.
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effective operator expressions like Eq. (153) are replaced by analogous expressions
involving 6% rather than 6%, where §* 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 develonment of the CLF vibronic model by their incorporation
within the static £z, parameters as follows.

The surviving 6*-dependent parts of Eq. (153) form multipole expansions of the
LTy (B=x, y, z) with coefficients of the form L cf 6% («=x so far but will be generalized
to include a=x or y shortly). Let us define:

abef, %Lcﬁ,@”. (154)
Table 13 defined the {*¢f;} as functions of the “static” parameters {*1,}; A=a, nx, ny:
Lefo =t A ). (155)

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

Ly = fl(Ftys %)=y (M13). (156)

Thus, intensity parameters {*1,} appearing without a right-hand superscript refer
to the usual “static” parameters of Eq. (134), while those {*13} appearing with a
right-hand superscript refer to *vibronic™ parameters relating to the ligand bending
displacements in the az plane of the local equilibrium ligation frame. Within that
equilibrium frame, the effective transition moment operators for bending in the local
xz plane take the forms:

- 3 i/2
et (3) €0 com e reen o

+ xl,cgn[(s)llz(aﬂ - Cij)l )]
3 ‘7 172
+ Xbcfz[z‘f (M - ) - (;‘) (@ C‘;’)]

HHEUCH = O+ ¥4 (O - O+ e -G - (15T)
3\ V2
A T; - chi‘ [ -2 (§> CX” + C‘f’z + C&Z)]

- 3 .
+ xlﬁcg! uzis)!/z C%&) + ; {E)xxs(cmz +C‘;))]

ho:

© o /7\WR
m*mx.f,cgs m(g) (@§$+Q4))+(2)1i2(ﬁihQ«C}m)]

xL xl. .z xL .2 xi .z :
+* 5 CF +* (T + CP) + oG + L (CY + 8
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3 -
LT: =xLC.§1(C(22) - Cg’g)“l‘“'(%!l [; (2)1/2((*(2‘4) — Of}z)J

7 172
“»[(5) wfz—@“')+<z)'f2(q4*—0fz)].

By way of emphasis, the {*“cf } bear the same functional relationships to the {“#3}
as the {Lcf.} of Table 13 do to the {*#,}. The right-hand superscript x on the S
in Eq. (157) refers, once more, to the ligand movement in the local xz plane. These
expressions are thus the (xz) vibronic analogues of the “static” expressions in
Eq. (151). Equivalent expressions for {“1}} 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 ligand vector, the relationships between effective
electric dipole multipole operators and CLF ¢, parameters remain exactly as given
in Table 13. However, the magnitudes of the “z;, 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 differences in “t, parameters for the displaced ligations. Gerade
modes accordingly yield a null result in agreement with Laporte’s rule. At some

L§)

L’A(eq)"'l‘tﬂl'

L,A(eq) o
"’/1( "q)'L'Z”

Fe bond length
[S————

vibration
amplitude

Fig. 21. The variation of “1, values in stretching modes.
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up

v

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

non-equilibrium instant within an wungerade stretch, the differences between oppo-
sitely referred CLF parameters will be (“r,(eq)+"1,)—(F1,eq) =",y =0, +4¢;”
in the notation of Fig. 21. In the harmonic approximation, therefore, we assign CLF
parameters to one ligand as:

M=+ 1 e (158)

and “¢% =9 for the other. This ensures that the global {#7*} operators do not vanish
within the cellular superposition.

0.4. Torsional modes

These vibrations describs oscillatory rocking motions of a ligand about the metal-
donor atom vector. They are not, of course, defined for an atomic ligand. As our
original presentation of the CLF vibronic model was developed for various M-X,
species; X =halogen, torsions were irrelevant. The discussions below are presented
for the first time.

We consider a rotation of a single ligation by (° about the M-L(z) axis. The
displaced, D, and equilibrium, E, frames in Fig. 22 are related as in Eq. (159):

E E
x v :
N ocostF singfF 0 1 & 0 (159)
D y| ~sinet cosor 0] L b l-¢¢ 1 0
Z\ o0 o /™ 0 0 |

Equivalent to Table 21 for a bending displucement, we have for this rotation the
simple relationships:

For D=E: CPoe W CP~ (1 gt ), ¢ small. (160)

Transformation of the operators Eq. (151) from frame D to frame E, equivalent to
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Fig. 23. Equilibrium (E) and displaced (D) frames for opposite ligands engaged in a torsion.

the “*bend” expressions Eq. (153), yields:
L T.‘: =2 "(’30 C‘Oz' <+ L('iz(c‘zz) <+ C'(g'z) <+ I'(':;O (/‘0‘“ + "(‘32(024) -+ C‘f)'_))
= 2§07 L ¢5,(CE — C2,) = 2i0°L ¢35, (CSY — C%) (161)

T =4 e (€ = OO+ L O + CH) + H e (G - )
— 075 3 (CP + Cy) — il - 5, (C 4+ C9)) = 3i0° L ¢35,(CE + CY)
= O3S (CE + C3)) = 0513, (O 4+ CN) = 031355 + C9Y)
T =15 (CF + C2)) 4+ B (CF + C) + e O + C9Y)
= i0F 3 (CF = O = 073, (CF = C2) = 3007 - ¢33 (5 - C2Y)
+ 07U = CPD A 07 CF = CN) + 071 e (CF = YY),

Now consider the counter-rotations of two identical ligations sited diametrically
opposite to one another relative to the central metal. The displaced and equilibrium
frames for ligands undergoing this torsion are shown in Fig. 23. The relationship of
to E,. Hence, the expressions in Eq. (161) for the operators for ligation 1 in frame
E, also serve for the operators for ligation 2 in frame E,. Transformation from E,
to E, involves rotation by = about their common axis x; that is, R(0, n, 7). Now:

W0, 1, 1) =exp (igm)d®) (1) =exp (igr)(— 1195, _,, (162)

so that the C in E, transform to + C¥, in E, for all g. The Cartesian transformation
from E, to E, is given by:

-
e
ot §

A
x/b 0 0y . (163)
E, y|O0 -1 0
z\0 0 -1

In transforming the operators Eq. (161) from E; to E;, we use Eqs. (162) and ( 163)
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together and find that:
for ' T,: C¥—+CY, (164)
for ‘T, LT,: C¥—-CY,

and hence that the 6°*-independent parts of Eq. (161) transform to their negatives
while the 6°-dependent parts transform to themselves. In forming the superposition
over the two centrically related ligations, therefore, only the 6°-dependent terms
survive so that, for the reference ligation undergoing a torsion, we have:

LT = = 2007 c5,(CP — C2) = 2007 5, (CY — C2) (165)
LTt = —08(i"c5y + 2 c5, )(CP + C2) = 07 c§y -+ H ey )Y + C2))

— 0 (it ciy + 1 c4) (CF) + CY)
LTY =0°(—i*chy +"c5)(CP = C2) + O (=it + i) - C2)

+ 07 (= 3it 3 + F ) (CF = C2Y).

Note, however, that from Table 13, “c5, and “ci; coefficients are each of the
form (“t,,~"t,,), and, similarly, that (*c3,+"c3,), "5+ ckh), (Bitchy+"chy),
(bes +5c%y), (=it chy +5ck,) and (=3itchy+Lc}y) all take the form (M2, —"¢,,).
Thus, we see that the effective multipole operators for torsion depend solely upon
the ligation = anisotropy. They will survive for torsions of opposite pyridine ligations,
for example, but vanish for linear ligators like the halogens.

Equivalent to Eq. (154) we may define:

e"’(f'eq@”(‘fqﬁg. (166)

where 07 is the rms value of 0° (the semi-torsion angle for the ligation pair) and
employ four torsional intensity parameters, “t5; L= P, F, 1=nx, ny.

6.5. Relationships between the static and vibronic CLF parameters

In Table 22, we summarize the variables that are engendered by the CLF vibronic
model as described so far. L= R parameters are not included in the CLF vibronic
model on the assumption that their effects will tend to cancel in centric and near-
centric 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

Table 22

Vibronic CLF parameters

(a) For bends (tangential displacements) bog oy by, vl Pk, by
(b) For stretches (longitudinal displacements) bz Loz, bek,

{c) For torsions (rotational displacements) beg e,

All for L=P, F(d-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 vector.
Potentially, therefore, any one real normal mode may require up to 11 CLF variables
per ligation, and since a complete vibronic analysis would include consideration of
several normal modes — by summing the intensities associated with each — the
number of degrees of freedom are increased considerably. Practicality demands that
this freedom be curtailed dramatically.

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(1I) [54] and -platinum(II) [60] chromophores. For these, consider-
ation of normal mode contributions to intensity was limited to the three, ungerade
bending modes — of b,,, a,, and ¢, 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 a,, mode, or,
in pairs, by equal but opposite amounts in the b,, 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-
tions between optimal parameter values — often, 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 ¢ parameters for different 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 for the proliferation
of variables. However, the theoretical development that we have reviewed defines.
for each angular displacement, a simple proportionality between the vibronic and

azy by

Fig. 24. The a,, and b,, bending modes in square planar coordination.
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static {¢} parameters: viz that a vibronic “z; parameter equals the equivalent static
Ly, 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 prror vibrational analysis 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 determined. 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. (1) For bends and torsions, the parameters
of Table 22 are proportional to the corresponding “static” parameters, the constants
of proportionality being furnished by prior NCA. Accordingly, the only CLF vari-
ables used for bending and torsional components of any normal vibrational mode
(however complex otherwise) are the “static” parameters “2;; L=P, F, i=0, nx,
ny. (2) This parameter set is not increased as more (bending and/or torsional)
modes 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™ ¢
parameter set. In this way, a rather comprehensive description of the vibrational
character of a chromophore can be included in the overall model without penalty
50 far as the vibronic degrees of freedom are concerned. (3) Not only can the
description of the vibrational motion be so easily extended but a similar lack of
penally attaches to an analysis of near-centric chromophores in which intensity
accrues from both static and dynamic sources. In practice, these are common

i3 only approximately octahedral. The same set of "1, parameters suflice for the
“static” contribution as for all vibronic bends and torsions. (4) The temperature
dependences of all lipand displacements are calculable from the NCA and so
predictions about the temperature dependence of the CLF vibronic intensities may
be made and compared with experiment. (5) Only for stretches (or the stretching
components of normal modes) are extra 1 parameters required. An important —
and surely reasonable — assumption made within the CLF modeiling of beads and
torsions is that the electronic character of the bonds remains essentially onstant;
ultimately this assumption is responsible for the proportionality between static and
bending or torsional ¢ parameters. For stretches, on the other hand, that bonding
character is all that can change so that the simple proportionality does not result in
this case. The relationship between 7, (static) and "5 [Eq. (158)] is unknown and
must be parametrized; nor need we expect exactly the same relationship for L= P
as for L=F. Altogether, therefore, a consideration of stretching modes or compo-
nents requires “¢§ parameters in addition to the set of “static™ *¢,. parameters
required for either “static™ contributions or bending/torsional modes, or both. As
stretching normal modes are usually of rather higher frequency than bends or
torsions, stretching displacements are relatively small. Similarly, the stretching dis-
placements within impure bends or torsions 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 assumption. (6) Finally, for all NCA +CLF vibronic
analyses parametrized solely in terms of *‘static™ “r; 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 comprehensive 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 fashion. 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; parameter values will be given. Similarly, we do not provide sources for
the spectroscopic and crystallographic data upon which each study depends; these
are to be found 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 follow several subsections in which optimized CLF {¢}
parameter values are collected and discussed with reference to the theoretical predic-
tions of Section 5. We end with an illustration of the relevance of these studies to
selection rules and spectral assignment.

7.1, The chromophores

The 43 chromophores studied within the CLF approach are listed in Table 23.
They are assembled according to coordination number and geometry type. There
are 12 complexes with approximately tetrahedral geometry; one with a highly com-
pressed tetrahedral geometry that derarts only a little from planar; 13 with exactly
planar coordination geometry; 14 five-coordinate species with essentially trigonal-
bipyramidal geometry; 2 five-coordinate systems with near square-pyramidal geome-
try: and onc nominal octahedron with Dj trischelate symmetry. Also listed are the
types of data that have been reproduced: solution spectra, linearly polarized spectra
from single-crystal studies, or circularly polarized spectra from 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 in which
more detailed discussion is made.
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Table 23
Chromophores analysed within the CLF intensity modsl

Index®* Geometry® Chromophore® Complex? Data CLF Analysis Section
type® type® reference reference®

1 Tet. CoCl, Cs,CoCl; S, C S [62,63] 73.1
2 Tet. NiCl, Cs3NiCl, C S [62,63] 7.3.1
3 Tet. CuCl, Cs,CuCl, C S {62,631 17.3.1, 735
4 Tet. CoP,Cl, Co(PPh,),Cl, C S [62,63] 7.3.1, 7.2.1
8 Tet. CoP,Br, Co(PPh,),Br, C S [62,63] 7.3.1
6 Tet, NiP,Cl, Ni(PPh,),Cl, C S [62,63) 7.3.1
7 Tet. NiP,Br, Ni(PPh,),Br, c S [62,63] 7.3.1
8 Tet. CoN.S, Co(amt), C S [64) 7.3.1
9 Tet. Co0,S, Co(etu)s(OAc), C S [62,64] 7.3.1
10 Tet. CoN,Cl, (=)Co(a-isospar)Cl; S,CD § {65] 7.2.4, 1.3.6
11 Tet. CoN,Cl, (--)Co(spar)Cl, S, CDb § [65) 7.3.6
12 Tet. CoN,Cl, (+)Co(tmpd)Cl, S,CD S [65] 7.3.6
i3 Tet./pla. CuCl, NBZP C S+V [59.66]) 7.34
14 Pla. CuCl, METH C A% [59,66] 7.34
15 Pla, CuCl, CREAT C v [59,66] 7.3.4
16 Pla. CuCl, NMPH C A% [59.66]) 7.34
17 Pla. CuCl, NAEM C A% [66] 7.34
18 Pla. PdCl, K,PdCl, C \Y [66] 7.34, 1.2.5
19 Pla. PiCl, K,PtCl, C \ [60,66] 7.34,7.25
20 Pla, ™Br, K,PtBr, C A% [60,66) 7.3.4
21 Pia. PtCIN KP(CI;NH, C S+V [67] 7.3.4
32 Pla. CuClyN, PDMP C ' (6%, 7.3.5
23 Pla. CuClyN, 2.3-LUT C v |68) 715
24 Pla, CuCl;N, 26:LUT C v {68] 238
28 Pla, CuCl,0, 4:-PICNO C \Y {68) 7.35
26 Pla. CuCl;0, DIAQ c \Y [68) 735
27 8P CoNN,;Br Co(Megtren)Br, S 5 [62,63) 732
28 TRP NINN,Br Ni(Megtren)Br, S b (62,63) 7.3.2
29 ™8P CoNN;N Co(Megiren)NCS, C 8 (62,63) 7.3.2
» TBP NiNN,N Ni(Megtren)NCS, € S {62.63) 7.3.2,7.2.2
k]| TBP CoNS,Br Co(S-tren)Br.PF, C S [62.,63) 7.3.2
32 TR NiN,0Q, Nigsalmedpt) C S [56) 7.3.2
kx4 Tap CoNN,N Co(S-mnINCS.CIo, S, CD § [69) 7.3.2, 7.3.6
34 8P CoNN,CI ColS-tan)CICI0, S, CD 8 {69) 7327306
kL TRP ~ NNy Br Co(S-tan)Be.CIO, S, CD S [69] 132736
36 The CoNM, I Co{S-tam1.CI0, S, ¢« [69] 7.32 136
3 TRP NiNN N Ni{8-12NCS.CI0, S, CD 8 [69) 732 736
38 The Nt~ Ni{S14::00 1O, S.¢h s {69) 732736
39 THP NiNN, Br NigS-tan 8e.C10, S.CD & [69] T02,136
40 TRp NINN,LI Ni{S-tan)l C10, $,CDh & [69] 732,736
4 sp Co,0 Coars.0)({NO,), C S (70} 7.33,7.23
@ sp NiO,0 Nitars O),(NO,), C s () 733,723
43 Oct, NiNg Ni(en),(NO,), C,CCD S+V [61) 7.2.6, 1.3.6

*Used theoughout Section 7 to identify systems.
“Dwﬁbing approximate geometry of first coordination shell (exact for planar).
“First coordination shell; all M(11).
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7.2. Reproduction of experimental data

The following exemplify the quality of reproduction 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 arbitrary 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(triphenylphosphine ) dichlorocobalt(II)

Molecules of chromophore 4 (Table 23) are ideally aligned in the monoclinic
(P2/c) lattice such that equivalent axes of the (nearly exactly) C,, chromophores are
coparallel and oriented along the crystal @', b, ¢ directions (a'=b A ¢). The observed
polarization 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 “static” CLF 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, 15.0-19.0cm ™! x 10°.
Parametrization of the prior energy analysis included both interelectron
repulsion and spin-orbit coupling as well as the ligand field proper
[Bs Cs €0(Cl )v eo(P)a eﬂ(Cl )9 (’"(P)]-

7.2.2. Hexamethyltrendithiocyanate nickel(11)

Polarized spectra parallel to two principal axes of the orthorhombic crystals of
chromophore 30 have been reported. Optimizing fits between the “static” CLF
model and the three observed, spin-allowed bands yiclded the results given in

(Table 23 continued)

dFurther identification with abbreviations given below; for counter ions in ionic species see CLF analy-
sis references.

*§ = solution, C = lincarly 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-amino-2-methylpropane-2-thiolato; etu — ethylenethiourea; OAc -— acetato;
a-isospar —— x-isospartein; spar — spartein; tmpd — (+)N,NN'N tetramethyl-1,2-propylenediamine;
NBZP —  bis(N-benzylpiperazinium)tetrachlorocopper(l1); METH —  bis(1-methyl-4-0x0-3,3-
diphenylhexyldimethylammonium)tetrachlorocopper(il); CREAT — bis(2-imino-1-methyl-4-imidazoli-
dinium)tetrachlorocopper(1); NMPH — bis(N-methylphenylethylammonium)tetrachlorocopper(il);
NAEM — bis(N-2-aminoethylmorpholinium)tetrachlorocopper(Il); PDMP - bis( 1-phenyl-3,5-dimethyl-
pyrazc'e)dichlorocopper(il); 2,3-LUT — bis(2,3-dimethylpyridine)dichlorocopper(il); 2,6-LUT —
bis(2,6-dimethylpyridine)dichlorocopper(ll); 4-PICNO — bis(4-methylpyridine-N-oxide)dichloro-
copper(Il); DIAQ — Cu(H,0),Ch4(CH;),PO; Megtren — tris( 2-dimethylaminoethyl Jamine;
S-tren —  tris(2-fert-butylthioethyl Jamine; salmedpt — bis(salicylidene-y-aminopropyl ymethyl-
aminato; S-tan — Me,NCH,CH(Me)N(CH,CH;NMe,);; ars.0 — diphenylmethylarsineoxide; en —
ethylenediamine.
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Fig. 25. Observed and caleulated (haiched) intensities for CoP,Cl,.

Table 24. An entirely similar quality of fit was obtained for other chromophores in
this series (27, 28, 29, 31).

7.2.3. Tetrakis( diphenylmerhylarsincoxide ) nitrato-cobalt(11) and -nickel( 1) nitrates
The near-square pyramidal coordination in chromophores 41 and 42 is established
by four basal arsine oxide ligands plus an apical nitrate. Polarized absorption spectra
parallel and perpendicular to the tetrad of these tetragonal crystals — perpendicular
to which lies the M(arsine oxide), plane — have been recorded at 80 K for the
nickel(I1) complex and at 20 K for the cobalt(Il). Four spin-allowed regions were
fitted within the “static” CLF scheme for each system. Polarization ratios for the
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Table 24
Observed and calculated intensity distributions in the [ Ni{(Megtren)NCS]"*, chromophore 30
Spectral range (cm ™~ ?) Polarization ||b Polarization jj¢
Observed Calculated Observed Calculated
4000--11 000 ] 8 4 3
11 000-20 000 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. (-) (a-isospartein) dichlorocobalt(11)

Chromophores 10, 11, 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. Qur reproduction 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-field analysis. A simultancous reproduction of the CD signs
and areas is shown at the bottom of the figure; note the much smaller magnitudes

Table 25
Observed and calculated intensity distributions in the spin-allowed bands of [M(OAsPh,Me),NO,|":
M= Co(tl), Ni(ll): 41, 42

Spectral range (cm ") Polarization |¢ Polarization L¢
Observed Calculated Qbserved Calculated
M =Co(!l)
5000--9500 6 6 7 6
950015 500 8 8 14 13
15 500--18 500 11 11 14 i4
19 200--23 000 24 25 18 18
M = Ni(il)
5000--10 000 3 5 5
10 000-16 000 12 1 18 18
18 500--19 800 2 3 10 10
19 800--26 900 9 9 41 41
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Fig. 26, Co(a-isospartein)Cly: unpolarized (top) and circularly polarized spectra with reproductions of
band areas.

Fig. 27. The bulk of the rigid, bicyclic spartein ligand imposes a twisting of the Cl-Co-Cl plane away
from the normal to the N-Co-~N plane.

of the differential absorbances (eg—¢,) in the CD experiment than of € in the
unpolarized spectrum,

The literature on the theory of circular dichroism is extensive: Richardson has
published a review [72] 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;; that is measured by the CD experiment:

R;j =TIm[ - lul; > im0l (168)

where Im signifies the imaginary part of the product between electric dipole and
magnetic dipole matrix elements (u;; and m;;), 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, u,=k¢,+2s,; a=Xx, 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 CoN, and
CoCl, planes caused by the steric constraints imposed by the bulky sparteins, as
exemplified in Fig. 27.

7.2.5. Tetrahaloplatinum(11) and -palladium(11)

Rather few ligand-field studies of second- and third-row transition metal complexes
have been reported. Within those that have, K;PtCl, and K,PtBr, 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 18, 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 K,PdCl,; in each case,
for incident light polarized parallel and perpendicular to the crystal tetrad. All
calculations, including those for the energy analyses upon which the intensity work
was based, were performed within the full d® 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 fits with
similar ¢ 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.

7.2.6. Tris(ethylenediamine) nickel(Il) dinitrate
The molecular symmetry of [Nien,}** is D, 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 distributions in the 15K polarized crystal spectra of
[PtCl)? . [PtBrJ*~ and [PdCl}*~

Spectral range (cm™1) Polarization a (x, y) Polarization ¢ (2)
Observed Calcglated Observed Calculated
[PtCL)*"
16 000-19 000 4 9 4 i
19 000-23 000 22 33 21 13
23 000--25 (00 21 24 11 25
25 00028 000 41 24 0 0
28 000-31 000 115 99 129 140
(PtBr,)*~
15 60017 500 9 11 0.1 0.1
17 500-21 000 30 20 35 10
21 000--23 500 22 43 32 35
23 500--25 500 63 67 0 0
25 500-29 000 138 132 126 137
{PdCI1,J?
15 000--20 000 8 6 3 3
20 00025 000 318 k1 103 106

S \\ ﬁi
A IS

IMCLE PBg)Y (PaCly )

Fig. 28, Relative contributions of the three wngerade bonding modes topen for ay,, hatched for by, and
shaded for ¢,) to the intensity in the ligand-field spectra (integrated over all *d-¢° bands) for
[PCLP . [PBr and [PACL) .

agonal cluss. The linearly polarized, single-crystal *d-d" spectrum comprises three
spin-allowed transitions in each of the two unique polarizations but the highest
energy transition is marked by the charge-transfer spectrum in the |j¢ polarization.
A single-crystal, axial CD spectrum of the chromophore has been reported indepen-
dently by two groups and is characterized by three rotatory strengths of the same
sign, one very much greater than the other two. Both linearly and circularly polarized
spectral intensities have been reproduced within the CLF scheme.
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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 ¢ parameters were related to the
“static” ¢ 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 ™! with a
force field defined for the geometry of the [Nien;]** ion. Significant nickel-nitrogen
bend contributions are made to the 10 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 ¢ bonding only. For the energy analysis, only one CLF parameter is
required (¢,) in addition to the usual Racah B and spin-orbit coupling {. For the
complete vibronic + static intensity analysis, only two CLF parameters are needed
("1, F1,). However, as absolute intensities are not calculated within the parametric
CLF scheme, only the ratio *r,:¥1, 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.

7.2.7. Reproduction of 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 part of our discussions, However,
for demonstration and teaching purposes [74] it might be desirable to append an
analysis of band areas with a simulation of an experimental spectral trace. We have
considered this within an extremely simple model.

We suppose all bands to be gaussian in shape and synthesize a spectral trace by
superposition of one such gaussian for each electronic transition. Each gaussian 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 for [Nien,}**

Spectral range (em ') Lincar polarizations Axial CD
o n

Observed  Caleulated Observed  Calculated Observed  Calculated

9000--15 000 24.2 23.0 30.1 30.6 -957 ~952
15 000--24 000 18.6 20.7 2.9 10.2 -36 42
28 000--32 600 17.3 15.5 a 79 -7 -0

*Transition obscured by charge-transfer feature.
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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 calculations 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
increased 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
b and at 45° to a in the (010) plane of chromophore 16. The intensities in this
planar, centric [CuCl,]>~ 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 [CuClL,})>~ chromophores in different lattices over extended temper-
ature ranges (14-17). Their intensities have been analysed within the vibronic CLF
model. Our practice has been to fit the experimental data recorded at the lowest
temperature for two reasons: (1) the band resolution is greater at the lowest temper-
atures; and (2) essentially only the lowest (v=0) member of the vibrational series

”a’a

45"« in (010)

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

of each inducing 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™ ¢ parameter set together with variation
of ligand displacements as functions of temperature and determined from NCA. In
short, we sought to reproduce the temperature dependences of the various spectra
by reference te the ligand dynamics alone. The results of one such analysis — on
chromophore 16 -— are illustrated in Fig. 30.

7.3. Parameier 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 "1, values are expected to be the same as those of the correspond-
ing e, values. Such has been found to be the case in all CLF analyses to date.

(2) Ratios of *1,:1, will often be larger than corresponding e,:e, ratios because the
electric dipole operator is a more ““outer” function than is the effective ligand
field operator. 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 1, 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:Fratios, meaning "r,:F1,, are expected 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 functions which are laterally more diffuse. The role of direct metal
p-metal d mixing may also be important and is a question we consider later.

(5) Early attempts [11] to reproduce intensity distributions of octahedral and near-
octahedral chromophores within the “static™ CLF model failed utterly. This
was, of course, u constructive failure showing that the effects of vibronic coupling
could not be subsumed within the inappropriate static scheme. Similarly, prelimi-
nary attempts to model the vibronic field in [Nien,]** with octahedral or D,
symmetty modes instead of the normal modes determined by NCA were unsuc-
cessful. In the last section, we illustrate the crucial importance of accurate
representations of both ligand field and spin-orbit coupling within the prior
energy analyses.

(6) At the end of this section, we collect together the various examples in which
CD has been modelled and emphasize the simplicity of the CLF approach to
rotatory strengths,

7.3.4. Tetrahedral chromophores

Chromophores 10-12 in Table 23 are discussed under the CD heading later. The
remaining nine tetrahedral molecules comprise the simple chlorides of cobalt, nickel
and copper (1-3), the bishalobisphosphine complexes of cobalt and nickel (4-7)
and the pair, CoN,S, and C00,S, (8, 9). CLF ¢, values for 1-7 are presented in
Table 28 and *¢; values in Table 29. Chromophores 8 and 9 are discussed shortly.
While e, parameter values have been determined on an absolute scale, L¢, values
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Table 28

Optimal ligand-ficld parameter values (cm-') for chromophores 1-7

{a) Complex B by es{ X) e X) eo(P) e(P)
[CoCL 750 500 3600 1000

[NICl )2~ 780 550 3800 900

Co(PPh,),Cl, 575 500 3400 2000 3800 - 1500
Co(PPh;),Br, 375 500 3500 1500 3500 — 1000
Ni(PPh,),Cl, 550 350 4600 2000 4600 - 2500
Ni(PPh;),Br, 550 300 4000 1500 4000 — 1500
(b) Complex Y Cq Cry Cny Crq e, (void)
[CuCly)*~ 700 475 950 750 200 -~ R50

are only relative, having been established by reproduction of intensity distributions.
Reference *r, parameters are marked with an asterisk.

CLF ¢, values do not vary markedly throughout the short series of tetrachlorides
(1-3) although there is some tendency towards larger ¢,(Cl) values as cobalt(Il) is
replaced by nickel(!l) and the copper(Il). The more extensive parameterization
[78] for [CuClJ>~ is associated with its more distorted geometry. For the CLF ",
values, we note generally that cach takes the same (positive) sign as its ¢, counterpart
and that r,:"¢, ratios are considerably greater than ¢,:¢,. The most obvious trend,
however, is the steady increase in “7,:%r, along the series Co, Ni, Cu. To some
extent, the underlying increase in the effective nuclear charge on the metal atoms
along this series. which we presume to be the cause of that trend, also appears to
increase the metal character in the 7 bonds as eviderced somewhat by the increasing
ProFe, ratios.

The CLF ", values for the phosphine chromophores reflect their ligand fields
and bonding especially well. The small and negative “1,(P) values accord with =
acceptor phosphines having n electron density well polarized away from the metal.
The much greater F:P ratio for the phosphine ¢ bonding in comparison with the
halogen ¢ bonding presumably reflects a greater polarizability of the formally
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 main conclusions, as indicated by the
¢, values in Table 28. The phosphines act as significant 7 acceptors, and, in conse-
quence, the halogens in these complexes have much enhanced n donor function,
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 clectron density
distribution in the bisphosphine complexes is nicely confirmed by the intensity “1;
parameter values in Table 29. Thus, we observe much larger *t,:"t, ratios for the
halogens indicating their greater polarization towards the metal as compared with
the halogens in the [MCI >~ species. A similar result is to be seen for the P:F values
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Table 26
Optimal intensity parameters for chromophores 1-7

(a) For [MCL,]2~ species
Complex Fr(ChH Pr(CHy  FiqCD) PrdCh)

[CoCLE~  100° 54 65 11¢
[NiICLJP-  100° 155 120 125
[CuCLP~  100° 300 40 400

(b) For MP,X, species; P=PPh, i
Complex P AP) P, (P) FIdXy)y P (X)) PPy PPy FrdX) Pr(X)

NiP;Cl, 100 0 45 2t -10 ~10 5 70
CoP,(l, 100° 10 80 200 ~40 -50 10 120
CoP,Br,  100° 10 120 200 -20 40 0 120

SFixed (reference) values,

for the "1, (halogen) ratios. Much smaller P:F ratios are evident for the 7 bonding
of the phosphines, again to be associated with their more distant acceptor orbitals
(which are probably the P-R o antibonding functions).

The pair of chromophores 8 and 9 nicely illustrate the conflict between trends 4.2
and 4.3, discussed more fully in Section 5. Their CLF ¢, and *¢, values are collected
together in Table 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,8; and much greater than for the thiourea in Co0,S,. Neither sulfur
ligand shows much n bonding character so that, overall, the thioketone furnishes a
very weak ligand field. This net weak donor function appears to b. compensated
for by strong donicity in both ¢ and n modes from the acctates in Co0,8,. The
large 7 donicity no doubt draws upon the delocalized n electron density in the

Table 30
Optimal energy (em ™ ') and intensity (arbitrary units) parameter values for CoN,S, and Co0,S, chromo-
phores (8, 9)
C@NQS; Co),S,
2,{N) 3900 e0) 5800
0, (0) 2000
2,(S) 5800 ¢(S) 2600
2e1(S) 0 €as(8S) - 200
B 620 8 690
¢ 500 N 500
P1,(N) 30 F1,AN) *1,00) 83 1,00) 100
A (o)) 50 Pt (O) 0
) 100 F148) *t(S) 4 F1(S) 17
"124(8) 0 Fral(S) P (S) 0 Fr.(S) 0

*Fixed (veference) values.

-
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Co0, 5,

Fig. 31. Chromophores § and 9.

carboxylate anions. The metal-ligand bond lengths in the two chromophores broadly
correlate with these ligand-field strengths. Now consider the "1, values established
independently from the spectral intensities. As the spectra for the CoQ,S, chromo-
phore were reported on arbitary scales, it is not possible to compare the magnitudes
of the paramete: values between the two systems, Once again, the "7, values are
reported, in Table 30, relative to fixed values for one parameter in each sysiem, as
indicated. We observe, however, that large ¢, values are consistently associated with
large "¢, values, small with small, and even middle with middle. The lack of any
significant 7 bonding role of either sulfur ligand is confirmed as is the greater basicity
of thiolate than of amine in CoN,S, and of acetate over thiourea in Co0,S,. Of
particular interest are the P:F ratios determined by these analyses.

The greater P contributions for 1,(N), t,(thiolate), and ¢,,(0) all attest the
relatively short bonds and good electron donation towards the metal atoms.
Similarly, the relatively greater F contribution for ¢,(thiourea) accords with a longer
bond and poor ligand donicity. All of these features illuminate propositions 4./ and
4.2 above. By contrast, the very strong o donor function of the acetates in
Co0,S, are associated with ?1,(0)<¥1,(0). We consider this result to illustrate 4.3,
relating to the circumstance in which bond “tightening” about the M-L vector arises
when ¢ 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 ¢; and L¢; 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, NN;, and
one (31) provides an NS; donor set. Optimal ¢nergy parameter values for all
tripod-containing complexes are listed in Table 31. We will discuss Ni(salmedpt)-
chromophore 32 — in due course.

The 13 complexes listed in Table 31 involve the d” cobalt(Il) and ¢® nickel(II)
metal centres. We have discussed elsewhere [79] the changing pattern of axial versus
equatorial 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,., ,.)*
(dyy, v2-,2)(d;2)! for d” and (d,,, ,.)*(dy,. «2-,2)%(d.2)" for d®. The increased occupancy
of the equatorial orbitals frustrates ligation with the equatorial amines more in the
nickel complexes than in the cobalt ones. However, the general increase in effective
nuclear 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(Il) is replaced by nickel(IT). Bond lengths reflect this trend [79] as do the
ligand-field parameters in Table 31.

The corresponding “r, values for the 13 chromophores in Table 31 are presented
in Table 32. Those for the S-tan complexes are given as absolute values being derived
from analysis of solution spectra on absolute scales. The remainder are given relative
to reference values marked with an asterisk. All the CLF analyses are of the “static”
type. Parity mixing for the diametrically opposed axial ligations would cancel for
identical ligations, The *7,(ax) values accordingly refer to differences of *r, parame-

Table 31

Optimal CLF energy values (cm-') for chromophores 27-31 and 33-40)

Complex &,(ax)* e ax)® esleq) eqleq)
kxl [CoNN,Brl” 42350 2000 4250

8 [NiNN;Br)* 5100 2000 4500

29 [CoNN,NCS)* 5600 2000 4400

» [NINN,NCS)* 6000 2000 4000

K} [CoNS;Br)* 4200 1500 3000 - 500
3 [Co(S-tan)NCS]* 4650 1000 3700

M [Co(S-tan)Cl}* 4300 1200 3800

38 [Co(S-tan)Br]* 100 1250 3900

36 [Co(S-tan)i}’ 3800 1250 4100

37 [Ni(S-tan)NCS)* 5300 700 3500

k. [Ni(S-tan)Cl}" 5050 400 3500

» [Ni(S-tan)Br}’ 4900 900 3600

40 [Ni(S-tan)i}* 4700 950 3200

*Mean value for axial ligands; &,(ax) =[e,{ Ny + e, X2,
®od N,,) assumed zero,
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Table 32

Optimal CLF intensity parameter values for the chromophores 27-31 and 33-40
Complex Frax) Frgax) Frleq) Prleq) Frax) Frlax) Figeq) * t(eq)
(a) For [MNR;Br]*; ax =(Br-amine)

27 [CONN,Br]* —100° -9 50 0 0 0

28 [NiNN;Br]* —100* —-100 60 0 10 10

31 [CoNS,Br]* -100* -80 25 3 0 0 -3
(b) For [MNN;NCS]*; ax=(NCS-amine)

Complex Frax) Prfax) Fr(eq) Pr(eq) Fr.(ax) Priax)
29 [CoNN;NCS]*? 100* 50 100 50 0 0

30 [NiNN;NCS)* 100° 20 45 0 S0 20

(c) For [M(S-tan)X]": ax=(X-amine)

Complex Frax) Prax) Freq) Prleq) Frgax)  Prax)
33 [Co(S-tan)NCS]* 43* 0 3] 0 8 16

34 {Co(S-tan)C1]" -9 -92 I12 0 12 0

35 [Co(S-tan)B:;* - 70 =70 14 0 7 7

36 [Co(S-taml]"* ~-83 =83 16 0 16 0

3 [Ni(S-tan)NCS]"* 86 34 34 5 17 17

38 [Ni(S-tan)Cl}"* -2 =26 34 0 0 0

39 [Ni(S-tan)Br]* -3 -3 36 0 0

40 [Ni(S-taml]* - 37 - 37 37 0 0 0

“Fixed (reference) values.
"All values as ¢,/10 D,

ters associated with the apical amine and the non-tripodal ligand. This has obvious
consequences for the quoted signs of all *7,(ax) values. Thus, throughout Table 32,
we note that positive “r, values are to be associated with the # donor, non-tripodal
ligations if it is assumed that there is no n bonding role for the apical amines.
Similarly, the signs of all *r,(ax) parameters are comprehensible if axial contributions
follow the sequence NCS >amine > halogen. Furthermore, assuming that the signs
of b¢, parameters are the same as those of their ¢, 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 ¢ 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 ¢,(ax) values of Table 31 mercly
record the averages of ¢,(amine) and e ( X).

With this ordering in mind, we note from the ¢, values of Table 31 that the
equatorial ligations are generally weaker than the axial. In line with this conclusion,
are the somewhat smaller “7,(eq) values in Table 32 as compared with *¢,(ax). More
significant is the characterization of these weaker equatorial ligations by dominant
F contributions over P; F and P contributions to the “7, are more equal for the
more strongly donating axial ligands.
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Finally, we note that the relative magnitudes of ¢, and ¢, parameters for the
equatorial sulfur donors of [CoNS;Br]* and their small magnitudes with respect 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 respects, then, the t; and e; parameterizations for these 13 TBP
complexes correlate well with each other and with geometric features quoted in the
primary literature. Some lack of clarity is evident, however, which stems in part
from many of the analyses being based upon unpolarized, solution spectra [80] or,
in the case of [CONN;NCS]*, upon the unavailability of precise structural parame-
ters [62]. Overall, however, there can be no doubt that the theoretical predictions
of Section 5 have been reasonably well confirmed in these species.

The ligand-field and intensity 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
interelectron 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
bipyramidal coordination, e,(am) for the equatorial amine, and e,, e,,, ¢, and
€4y for the equatorial phenolic oxygen donors; || and L refer to directions parallel
and perpendicular to the salicylidene rings, respectively; the spin-orbit coupling
coeflicient, {, was held fixed at 450 cm ™' throughout. The parameters ¢, and e,y
were required to account for the misdirected valency arising from the non-dative
oxygen lone pairs lying in the planes of the sal rings. Good representation of the
experimental transition energies yielded the optimal parameter values listed in
Table 33.

The axial imines are approximately centrosymmetrically related through the metal.
Were this precise, contributions to intensities in this “static” CLF analysis from
these ligations would cancel exactly. The main departure from this centric relation-
ship lies in the inexact parallelism of the N=C bonds. We therefore omitted “¢,(im)
parameters from the intensity analysis and only included *,,(im) towards the end

\ 209

Fig. 32. Chromophore 32.
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Table 33

Optimal energy parameter values (cm ™) for chromophore 32

Parameter ec( il’ﬂ) exj.(im) (’c(am) e,(O) € gJ.(O) eﬂ(o) eaxa(o) B C g
Value 5100 0 3300 4000 1100 25 1200 820 3000 4350

of the process. However, contributions from this source were found to be trivial.
The optimal values for Lt, 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 §.

The e, values in Table 33 describe M-L ¢ bonding which decreases along the
series imine > oxygen >amine. We suppose the much larger ¢,(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 Ft,(0) over *¢,(O) in Table 34 supports this conclusion
and indicates, as for the acetate ligations in chromophore 9, a tightening of the
M-O « 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 ¢ bonding density when fr,(am)>¥r,(am).

The positive sign found for ¢,,(O) places off-axis perturbation 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 "1,,(O) parameter. That the P
contribution here so overwhelms the F cannot be understood in terms of a strong
polarization 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 ¢ parametrization.
Wide ranging empirical variation of the many extra parameters spawned in these
circumstances suggest that the effects of misdirected valency are adequately moni-
}’ored by the energy parameters, e,,, and e,;, and just the pair of intensity variables,

1. and Fr,,.

Table 34
Optimal intensity parameter values for chromophore 32

Parameter  "r,am)  Fram)  Pi,0)  Fr0) P, (0) Fe, (O) Py () Fry (0)

Value 100* 64 0 53 45 8 61 2

*Fixed (reference) value.



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

7.3.3. Square pyramidal chromophores

Our examples of SP coordination are the pair of arsine oxide complexes
[M (diphenylmethylarsineoxide) ,NO,] "NO; ; M =Co(II), Ni(II) — chromophores
41 and 42. These systems have been extensively studied. CLF energy analyses have
successfully reproduced ‘d-d’ transition energies and single-crystal paramagnetic
susceptibilities over the temperature range 90-300 K for both complexes, and single-
crystal esr g tensors for the cobalt system. The molecules are isostructural and
crystallize 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 between metal and nitrate.
Optimal CLF e, values affording reproduction of all the ligand-field properties listed
above are presented in Table 35 . Throughout, significant magnitudes for the various
¢,ny 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

O

ST TN
MePhyAs — \O\Asl’thc

M(:Phg/\{ AsPhaMe

Fig. 33, Chromophore 42.

Table 33
Optimal CLF ¢, values (em ') for chromophores 41 and 42
Parameter M=Co(ll) M-Ni(il)

Arsine oxide Nitrate Arsine oxide Nitrate
25 3500 100 3550 1700
Cey 980 - 200 930 100
Oxy 878 650 675 350

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 cobalt by nickel is frustrated for the basal coordination
by the extra d,, 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 ¢,(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 e, and ¢, parameter values. Table 36 includes mention of ®¢, parameters,
however, for which a brief commentary is appropriate. As discussed in Section §, R
contributions for the incident electric dipolar field oriented normal to any locai 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 Rz,(NO;) ~0.73R1,(AsO). The ligand-field energy analyses established weaker
interactions between metal and nitrate than for metal and arsine oxide and the
Ni-ONO, ard Ni-OAs bond lengths are 2.01 and 2.12 A, 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
essentially unique region of P+ F parameter space for each chromophore provided
good reproduction of the experimental intensity distributions. In the second step,

Table 36
Optimal CLF intensity parameter values for chromophores 41 and 42
Parameter M= Co(ll) M-Ni(ll)
Arsine oxide Nitrate Arsine oxide Nitrate
e, 100* 0 100* 15
¥t 20 0 25 50
Pres 20 0 25 0
Ftel 70 =20 85 0
- 35 0 35 0
Fla 0 10 0 10

A%t =B, (AsO) - *1,(NO;)

Ak, 10 0
A%ty 10 -10
Akt 0 0

“Fixed (reference) value.
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the response of these regions to variations in the differences between R contributions
for arsine oxide and nitrate ligations, 4%t,, were investigated. Little correlation
between the model’s response to these 4R values was noted and values quoted in
Table 36 are subject to estimated uncertainties of about + 10.

The ~t, values in Table 36 accord with the e; values in Table 35 and associated
discussion reasonably well. The good, but not exceptional. donor function of the
arsine oxides are characterized by a ¢, parameter which dominates over f¢,. The
contrary domination of the F contribution over the P for the L¢,(AsO) parameters
merely reflects the greater distance from the metal of n functions relative to ¢
together with the only modest 7 donor role of the arsine oxide ligand. The dominance
of the P1,,(AsO) over F1,,(AsO), on the other hand, like that in Ni(salmedpt) above,
reflects the lateral diffuseness of the non-dative lone pair on the oxygen atom.

The energy analyses 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
nickel-nitrate coordination, rather little derives from the cobalt-nitrate interaction.
Furthermore, F1,>"t, for the Ni-NOj ligation, in contrast to the situation for the
metal-arsine oxide bonding, once more attesting the relative weakness of the nitrate
coordination. That same weakness is presumably responsible for the dominance of
Ft‘“(NO;;) over Pfﬂ(NO;;).

7.3.4. Planar chromophores 1

Here, we particularly address the square planar, tetrahalo complexes of
copper(11), palladium(II) and platinum(11) — chromophores 14--20 — but include
a near-planar [CuCl,J>~ system (13) and the acentric, planar species [PtCI,NH,] -,
21, Chromophores 14-17 comprise [CuCl,}*~ ions in different lattices. Their polar-
ized crystal spectra differ because of the varied environment of the tetrachlorocopper
ions. Spectral resolution throughout the group varies and the detail of their experi-
mental spectroscopic study varies also. Each system has been subjected to indepen-
dent CLF analysis. Unsurprisingly, their parametrizations are closely similar; this
does, of course, go some way to support the general integrity of the analytical
process. In the present review, we represent the group by a single chromophore.
The [CuCl,)*~ group, and K,PtCl, and K ,PtBr,, were the first systems to be analysed
within the CLF vibronic model. In those early studies [59] the vibronic ¢ parameters
were not related to an underlying set of static ¢ parameters by NCA. The optimization
procedures 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 comparisons with some related but non-planar chromophores
and also to include an analysis of K,PdCl,, The experimental data base for the
latter complex is far less rich than those for the platinum chromophores, K,PtCl,
and K,PtBr,, and would not support analysis within the highly parameterized CLF
vibronic model that did not link all vibronic variables to a common static set.

In addition, then, to the square planar 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
Cl-Cu-Cl angles averaging 166° and four averaging 90°, and, as reported in
Section 7.3.1, Cs,CuCl, (3) being much more nearly tetrahedral with the two larger
Cl-Cu-Cl angles averaging 129°. The CLF intensity analyses for these complexes
were of the vibronic+NCA type for [PtCl,}>~, [PtBr*~, [PACLJ*~ and the planar
[CuCl >~ of CREAT; static+vibronic+NCA for the compressed tetrahedral
[CuCl,)?~ ions in NBZP; and static only for the “tetrahedral” [CuCl,J*" ions in
Cs,CuCl,. All ungerade bending modes were included in the vibronic contribution
to these analyses. Values of the Lz, parameters for the chromophores are compared
in Table 37 . Let us first consider the Lz, values.

The ratio Pt,:Ft, for the planar chromophore CREAT is about 0.3; for
[PtCl,J2~ and [PtBr,}*", it is 1.6 and 0.9, respectively. The values for *r, and 1,
for the d® planar species are absolutely larger than those for the d° planar
[CuCl, >~ complex. Both of these observations correlate well with the magnitudes
of nephelauxetic effects that have been observed in these, and related, species. Thus,
F5:F(free ion) ratios for [PtCl,}2~ and [PtBr,}*~ chromophores have been estimated
[60] to lie within the bounds 0.49-0.78 and 0.35-0.54, respectively. For the planar,
low-spin d’ complexes, Co(salen) and Co(clamben), [salen=N,N'-ethylenebis-
(salicylideneaminato)] and clamben = N,N'-ethylenebis(2-amino-5-chlorobenzyl-
ideneaminato)], Fy:Fy(free ion) values are 0.41 and 0.28, respectively [81]. In all
these low-spin d” and @® species, the empty d,z_ > orbital is similarly reflected in
larger "t,:Ft, ratios. The smaller P:F ratios for [PtBr,)*~ with respect to [PtCl,J*~
does not conflict with the opposite trend for nephelauxetic effects as longer M-L
bonds are otherwise associated with lower P:F ratios.

Similar reasoning applies when we compare *1,:"1, ratios for the planar ¢* and
d” species. The d,2. 2 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® M-Cl bonds relative to those in the @* metals and this is reflected in the marked
decrease in intensity P:F ratio from 1.6 for [PtCL,J*~ to 0.3 for [CuClJ*".

Having argued that trends in Z,, account for the variation in P:F ratios for
tetrahedral chloro Co(11), Ni(11) and Cu(ll) complexes in Section 7.3.1 and that
variations in the steric role of the open d sheil rationalize those for the planar chloro
Pt(II) and Cu(1I) chromophores, we focus now on the marked differences between
intensity parameter values for tetrahedral and planar chlorocuprates. Insofar that

Table 37
Optimal CLF ‘¢, values® for chromophores 3, 13, 1§, 18-20
Parameter [PtCL)*~ [PtBr,)*" [PACI 2 CREAT NBZP Cs,CuCl,
¢, 225 249 229 19 246 452
Fty 142 281 46 69 73 70
Pl 0 0 0 21 176 374
¥t 247 411 286 62 115 70

*All values in units of D x 102 except for Cs,CuCl, whose arbitrary values have been scaled, as described
in the text.
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the Cu-Cl ¢ bonds are built from Cu 4s plus ligand ¢ functions, no first-order
variation with Cl-Cu-Cl angie is to be expected. We similarly expect no first-order
variations in either the magnitudes of the Lr, parameters nor in the *t,:F¢, ratio
with respect to the Cl-Cu-Cl bond angle. On the other hand, however, contributions
to the bond orbitals from Cu 4p functions are expected to vary with the georetry
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 Pt, 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 F7, are expected from the multipole expansion,
analogous 4s-4f mixing will be trivial. Altogether, therefore, we expect to see similar
Ft, parameter values in planar and tetrahedral [CuCl,)*~ species, but larger "z,
values in the acentric tetrahedral environment than in the centrosymmetric planar
one. The Ft, value for the near-planar NBZP is similar to that for CREAT. All
l¢, values for Cs,CuCl, in Table 37 have been scaled to the value 70 for Fi,,
accordingly, and we observe a dramatic increase in "z, as the chromophore geometry
of the chlorocuprates 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
Section 4, however, for, as described 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 species, we discern a somewhat similar pattern for the "1, values
in Table 37 as for the "7,. The ¥t, values do not vary markedly while those of the
P, increase dramaticallv with the trend from planar to tetrahedral, Again, we ascribe
this to an increasing participation of the Cu 4p orbitals within the bond orbitals.
Turning to the ¢* chromophores, the dominance of *'r, over *r, appears to reflect
their low-spin configuration. Thus, we emphasized above how the unoccupancy of
the d,:.,» orbital facilitates increasing M«L ¢ donation. In the same way, the
double occupancy of all other  orbitals tends to frustrate M« L = donation. Precise
e, values for these complexes are unavailable because of inevitable parameter correla-
tions that characterize analyses of the transition energies. Nevertheless, “midrange”
CLF e, values [60] do support a relatively minor = functionality in these d® bonds:
for [PtCLJ>", ¢,=11980cm ™! and ¢,=2300cm " *; for [PtBr)*", ¢, = 10000 cm "'
and ¢,=9%0cm™"; for [PACLP ", ¢,=9200cm !, and e,=1300cm™ . A lesser
polarization of the halogen 7 functions towards the platinum and palladium metal
atoms is then reflected in the dominance of fr, over *r, intensity parameters.

We conclude this section with a brief mention of a static + vibronic CLF intensity
analysis of complex 21 - [PtCI,NH,]” — being the only other such study of a
platinum chromophore. The acentric, planar coordination requires consideration of
cis and trans Pt—Cl bonding as well as Pt-N; ¢is and trans relate, as usual, to Pt-Cl
bonds lying adjacent or opposite the Pt-N bond, respectively. The consequently
high degree of parameterization resulted in CLF ¢, and ¢, parameter values that
were less well established than for the tetrahalo complexes above. Best estimates of
the ¢, are 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® for chromophore 21
Parameter® Range
Pt (N) 165-225
Fro(N) 0+15
P (C1Y 103-185°
Fr,(ClY) 108-99¢
Pr(C1Y 0+8
FrC1Y) 140 +23
Py (C1°) 150
F1(CI°) 118423
Pr(Cl9) 26+ 18
Fy (C1°) 90+8

% In units of Dx 1072,

b Clt=trans Cl, Cl°=¢is Cl.

¢ Correlation: 1.33°1(N)—113.
4 Correlation: —0.17¢,(n)+122.

associated with a P1,:Fr, ratio that strongly favours the P contribution. The smaller
P:F ratios for the chlorine ¢ bonding resemble those in Table 37 for the tetra-
chloroplatinate. Once again the Pt-Cl ligations are characterized by ¥¢, parameters
dominating over Fr,.

7.3.5. Planar chromophores 11

In this section, we look at a series of five CuClLX, complexes — chromophores
23-26 — all of which possess exact or near-exact rrans, centric planar coordination
of the metal. The *d-d" 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 ¢, and *t; values. The emphasis here is on the unusuvally
large ¢, 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 ¢, values for the five CuCl,X, systems are listed in Table 39 and
Table 40. The d,: - ,» orbital in these systems is uniquely shifted by interaction with
both Cu-Cl and Cu-X bond orbitals; accordingly, separate ¢,(Cl) and e,( X ) values
cannot be determined. It is obvious, nevertheless, that ¢, values for the CuCl,N,
species are unusually large; those for the CuCl,0, complexes are more typical. At
the same time the values for ¢ (void) for the first group are significantly less than
for the second, the latter of which are again more normal for planar copper(Il)
species. Values for the ligand-field trace, X, being the sum of all diagonal ¢, 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 e, values (cm ') for chromophores 22-24
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
P 30 300 27 820 27020
N é, M[en(N ) +‘~’¢(Cl )]/2
b The ligand-field trace,

cells

S F(e,+e,y +ey)
1

Table 40

Optimal CLF e, values (cm™*) for chromophores 25 and 26

Parameter DIAQ Parameter 4-PICNO
& 5700 & 5450
e(Cl) 1000 i 830
x.(0) 1800

gy (0) ob

a1 (O) o Crni(O) 700
e,(void) = 30 e (void) - 3110
X 24 180 z 22220
%, =[0,(0) +0,(Cl )]/ 2,

*Fixed values.
“Set equal 1o ¢,(void) for 4-PICNO.

six-, five- and four-coordinate molecules of Fe(Il), Co(Il), Ni(Il) and Cu(ll).
Trace values for the CuCl,0, species in Table 40 fit this pattern while those for the
CuCl;N, species 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 unexpectedly large o donicity, but from an intact ligand polarization
that puts significant negative charge on the donor nitrogen atom.

The optimal CLF intensity parameter values (D x 1072) for all five CuCl,X,
chromophores are listed in Table 41. Although all “r, values are presented on an
absolute scale, comparisons between chromophores must be made with care as the
values have involved the difficult measurement of crystal thickness. All values for
the 2,3-LUT are similar to the corresponding ones for 2,6-LUT. In view of the
rather different appearance of the experimental spectra of these systems (for reasons
of polarization directions and experimental crystal planes), it is gratifying to see the
chemical similarity of these two compounds reflected in this way. The most obvious
difference between the lutidine and pyrazole complexes is in the ratio P1,(N):F7,(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 x 10™2) for CuCl,X; chromophores, 22-26

Parameter PDMP 2,3-LUT 2,6-LUT DIAQ 4-PICNO
Pe(C) 87 45 33 126 166
F(C) 24 38 30 i 0
P CD) 5 3 2 57 118
FraCl) ) 3 2 19 35
Ps(X) 3 100 72 68 158
Fe(X) 87 32 31 116 10
P ty(X) 0 o* 0 0 48
Fra(X) [ 0 0 0 0
Pei(X) 25 11 0 24 48°
Fro(X) 21 9 2 125 0b
*Fixed.

b set equal to L.

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 ¢ 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 CuCl,X, complexes, we observe the r,(C1)/¥t,(Cl) ratio for the
pyrazole complex to be significantly larger than those for the LUT systems. This
presumably reflects a larger Cl—Cu donation in the PDMP molecule than in the
LUT species to compensate for the poorer ¢ donor function of the pyrazole relative
to the lutidines in concert with the operation of the electroneutrality principal at
the metal. The unusually strong donicity of the nitrogen ligands as a group compared
with the water and pyridine-N-oxide ligands also appears to be evinced by all r,
(Cl) values throughout the five CuCl, X, chromophores. In recognition once more
of the operation of the electroneutrality principle at the metal centre, the chlorine
ligands appear to be better donors in the CuCl,0, species than in the CuCl;N, as
indicated by larger “¢,(Cl) and “#,(Cl) in the former and by large "r,:Fr, ratios
also. The global view of the electron distributions throughout the series of five
CuCl,X, chromophores is consistent only upon recognition of the *‘ionic” contribu-
tion to the large ¢, values {e,(N) underlying] in the CuCl,N, 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 focus of studies on three formal tetrahedral chromo-
phores, 10-12, eight trigonal bipyramidal chromophores, 33-40, and of incidental
interest for the “octahedral” 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 io 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 Cl-Co-Cl and
N-Co-N planes, arising from the steric 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 33-40. In the six-coordinate complex,
[Nieny]**, the structural chirality is evident both in the rot. tion 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 Cl-Co-Cl and
N-Co--N planes are nearly exactly orthogonal so that any ligand-field modelling
expressed, as usual, in terms of the first coordination sphere with local M--L ligations
of C,, pseudosymmetry will necessarily yield null rotatory strengths. Within an
independent-systems approach, the source of the oprical chirality in such a chromo-
phore is viewed as a physically separated perturber located within the propylenedia-
mine backbone. Th. literature on this subject is very large and has an extensive
provenance; Mason, for example, has provided a delightfully readable account [83]
and Richardson a thoroughgoing review ;72] at a more technical level. The
independent-systems approach is, of course, only a model and. as we have discussed
at length, explicitly neglects covaleney and overlap. We have argued that the CLF
approach, though necessarily parametric, should take account of all contributions
1o one-clectron processes contributing to the effective operators of forced electric
dipole iransitions. In chromophore 12, for example, the structural chirality imposed
by the chelate obliges the nitrogen o donor orbitals to be 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 degree of chelate ring strain. Misdirected valency in

~
N
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Fig. 34. Chromophore 12.
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the Co-N bonding results, monitored in the CLF model by appropriate e,,. e, and
"1, parameters, and non-zero rotatory strengths ensue. In the spartein chromophores,
it has been argued that the electronic chirality is much less than the structural
chirality defined by the donor atom coordinates because of the effects of misdirected
valency arising from both ring strain and the misalignment 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
ethylenediamine chelation probabhly contribute to the circular dichroism in
[Nien,)**.

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 full details.

For completeness’ sake, we list best estimates of the “r; parameters for the
“tetrahedral” chromophores, 10-12, in Table 42. All P:F ratios are greater than
unity and appear to describe “normal’ ligand —metal electron donation throughout.
Typical CLF ¢, values for the group are ¢,(Cl)~4000cm ™!, ¢,(Cl)~1300cm™!
and ¢,(N)~4800 cm " !'; details of other ¢, values will be found in the original paper.
CLF "¢, values for the S-tan complexes were discussed in Section 7.3.2. As described
in Section 7.2.6, after lengthy NCA, only one variable was required (in first-order,
at least) for [Nien,)**. It was found that the ratio *1,(N):¥r,(N) was about 4, again
in line with a typically good N-Ni a donation.

7.4 A corvelation between bond characier and an optical selection rule

Chromophore 26 provides an interesting example of how the character of chromo-
phore bonds can falsify bond assignments made by conventional application of

Table 42

Optimal CLF "¢, values for chromophores 1012

Parameter Spartein F-isospurtein Propylenediamine
P1CH 85 129 102
P Ch 2 9 0
P140C1) 78 82 86
FrCh 9 12 18
Pr(N) 1004 1000 100
"1(N) RE 35 33

"1 (N) 57 74 64
"1 (N) 18 19 19
Pre(N) 58 83 52
"1 (N) 3 12 17

*Fixed (reference) values.
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symmetry alone; we do not, of course, implv 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
Cu~O bonds in the coordination of the DIAQ chromophore) of what our analysis
assigns as the xz—x?—y? transition. This transition is formally enabled by a b,,
vibration and, because of this, Hitchman and McDonald [84,85] had favoured an
alternative assignment. This alternative assignment did not yield a satisfactory
intensity analysis, as detailed in the original paper. The issue we review here is the
reason for the weakness of this transition even though the chromophore does
undergo the deformations of a b, bend.

The transition moment {xzlezjx*—y*) involves electronic displacement in the xz
global frame alone. As shown in Fig. 35, the b,, 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 selection rule 47= +1 are of p or f type. If p, the chlorine atom
displacement admixes p, into d,2 _ 2. However, the resulting p, —d,z_ ;2 hybrid differs
from the pure d,2_,: function only in spatial regions on either side of the xz plane.
The {xzlez|x*) transition moment is not, therefore, expected to be affected or enabled
by this particular parity-mixing process. The same is not true for d-/ mixing.
Consider, for example, the admixture of fx(z* — y?) character into the d,2_ 2 orbital
as will be facilitated by the by, bend. As shown in Fig, 36, the f function is concen-
trated in borh xy and xz planes. Changes in the 4=/ mixing in the xy plane brought
about by the displacement of the chlorine atoms are necessarily accompanied by
changer in d=f mixing in the xz plane. Accordingly, the {xzjezlv?=y*) transition
moment 15 expected 1o be sensitive to the by, bend via the d-f mixing but not, as we
have seen, by any d-p mixing. However, the CLF "1, values of Table 41 are charac-
terized by a total dominance of "1,(Cl) over *1,(Cl), associated with good Cl-+Cu
o donation, as described in Section 7.3.5. The inevitable result is that the
xzlez|x* —y*) transition is very weak. The relevance of bond character in deciding
selection rules is not normally considered when evaluating appropriate direct
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Fig. 33. The b,, bend in the planar CuCl,0, moicties.
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Fig. 36. The fx(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 have seen an impressive attack on the intensitics of open d- and
f-shell spectra with imaginative and technical contributions from many 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~f* by the independent-systems approach. It is, however, only fair 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 coefficient. 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
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[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 see 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 fund2mentally 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 wavefunctions 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 theory in general. This success is undoubtedly to be ascribed to nature
having (seemingly adventitiously) established 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'block and to address the details of magnetic circular dichroism. Clearly
there is much work ahead. Richardson ended at least one of his papers [46] with a
plea for more, and detailed, experimental studies of ‘/~f"- and, by implication, of
‘d-d’-spectra, We concur.
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