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A. INTRODUCTION 

In 1962, Judd El] and Ofelt [2 J independently developed a model for the 
calculation of the oscillator strengths of lanthanide f+f transitions. The 
model was developed by considering the mixing of excited states of parity 
different than f” with states of the f” configuration. This mixing arises from 
the presence of spherical harmonics Y;; (with k odd) in the static crystal 
field potential as well as in certain vibrational modes of lanthanide com- 
plexes (dynamic crystal field). The general form of the equation obtained 
for the oscillator strength P of an f-f transition is the same for both the 
static and dynamic mechanism: 

P = iZT, < I” $JIU(“)Il” J/‘S >2; X = 2,4,6 (1) 

where F is the transition energy, Ci”qWl and r@$‘& are the initial and final 
states respectively of the transition characterized by the quantum numbers 
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1, J, S, J/ and $’ . u<“’ is the sum over all the electrons of the single e!e&ron 
unit tensor operator ui a) The TX are functions of the refractive index of the . 
medium, the radial wave-functions of the initial and final states and the 
parameters describing the perturbing mechanism(s). The TX are, in pdnciplk, 
calculable but in practice are treated as adjustable parameters. 

Since both the static and dynamic crystal field (vibronic coupling of 
vibrational and electronic states) yield an equation of the same form, Judd 
notes, “If the TX are treated as parameters to be adjusted to fit the experi- 
mental date, a good fit is no guarantee that the lines are purely electronic in 
origin” El J . They may under certain circumstances have vibronio components. 
If a ceater of symmetry is present in the complex, the mechanism for mixing 
these odd parity components must, most reasonably, come from the vibronic 
interactions. Thus, when a static field is present which has a center of 
symmetry to a high degree of approximation, any experimentally observed 
transitions should have a substantial contribution due to a vibronically in- 
duced intensity. 

Several tests of the semi-empirical Judd-Ofelt treatment have been made 
with satisfactory results [3-51. For example, it has been used to extend the 
band assignments into the ultra-violet absorption region for several lanthan- 
ides [.a]. 

Certain transitions, called “hypersensitive”, exhibit a relatively strong 
sensitivity of the oscillator strength to the environment about the ion, That is, 
the oscillator strengths of the hypersensitive transitions exhibit a relatively 
greater variability than do the oscillator strengths of non-hypersensitive transi- 
tions. It is this relative variability rather than the absolute magnitude of 
oscillator strengths which measures how sensitive a given transition is to the 
environment. Judd [l] noted that these hypersensitive bands are associated 
v;f+.h large values of the Us) matrix elements of eqn. (I); thus hypersensitivity 
is intimately rslsociated with the Te parameter of eqn. (1) [ 1, G-91 _ As long 
as the TA are treated as adjustable parameters, the Judd-Ofelt treatment fits 
even the hypersensitive transition oscillator strengths well. The T2 param- 
eter varies quite widely, while T4 and Ts are less affected. For a given ion in 
different environments, the relative variation in the Z’e parameter probably 
provides the best measure of the degree of hypersensiti~ty exhibited by that 
ion. The specific mechanism(s) responsible for hypersensitivity remains a 
subject of much debate, however, and the physical interpretation of the Th 
parameters is still unclear. Tables 1 and 2 are a listing of the known hyper- 
sensitive transitions of the lanthanide and actinide ions, respectively. In 
Fig. 1 the hypersensitivity of the ‘Ge -t 51s transition in Ho”’ (the band at 
4475 a) compared to normal transitions is illustrated by comparing the 
spectra of Ho:& and Ho(TTA), <3-X)+ in I&O/acetone solvent. 

In this review we discuss hypersensitivity in the light of a correlation be- 
tween oscillator strength and ligand basicity which has recently been reported 
[16,17] and reevaluate much of the published data in terms of this d>cussion. 
The literature is not covered completely here, but rather we have selected 
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TABLE 1 

Hypersensitive transitions of lanthanides 

Ion (+3) Transition Energy (kK) Err x (%)-3 
(X 104) 

-3 Err X (Efd) 
(X 104) 

Fr 

Nd 

Sm 

En 

m 

Ho 

Er 

Tm 

3Pp-3H4 22.5 2 4 
1Dp-3H4 17.0 1 3 

4G7/2 ) 
3K13/2 

~41~~~ 19.2 

4%2 } ‘419/2 
2G7i2 

17.3 

26.6 

6.2 

“%;2+ 

4;11/2 } 
=H1512 7.7 

1512 
k6HIsi2 23.4 

3Hfj~f$ 28.0 
5G@18 22.2 

4G11,2t4115J2 26.5 
2Hll,2c41Z5,2 19.2 

3H4--3Hs 12.6 

2 

2 

6 

1 

15 

1 

4 

4 
3 

3 
2 

2 

2 

1 

2 

I 
2 
1 

1 

1 

TABLE 2 

Hypersensitive transitions of trivalent actinides 

Ion (+3) Transition Energy (kW Ref. 

Am 

Bk 

Cf 

9.5 
11.1 

1::: 

6.8 
7.1 

5.3 
21.0 

5.0 

6.5 
8.0 

13.1 
20.1 

10,ll 

10,ll 

10,ll 

12 
13,14 

11 

11 

15 
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Fig. 1. Spectra of HoJ+ and HofTTA)~ in ?s&erJacetone showing the effect on a hyper- 
sensitive trznsition and a normal one. 

representative pcrtions in order to provide an overview of the current activity 
in the field. A relation between the intensic data and the Judd-felt theory 
is suggested and a theoretical model outhned to account for the observed 
behat iar. 

B. EXPERIMENTAL RELATION OF LIGAND BASICITY AND HYPERSENSITIVITY 

With the discovery of a direct correlation between the oscillator strength 
of hypersensitive transitions of complexed lanthanides and Iigand basicity 
as measwed by the pH, of the complexing ligand {see Fig, 2) it has become 
apparent that such a relationship has a much broader applicability than 
simply to complexes in solution. It should be noted here that there are 
other quantities which may be as good as or even better than pK, for pro- 
viding a quantitative meask-re of “basicity”. The correlation with average 
eiectronegativity, ligand orbital ionization energy, Pearson softness or with 
many other l&and characteristics might be equally reasonable. I&and pK= 
however, is a useful and very practical quantity from our point of view since 
there is a relatively large number of values available. Regardless of how one 
chooses to measure ligand basicity, such correlations would seem to have 
signi;‘icant implications to lanthanide and actinide bonding theory. 
Perhaps of even broader significance is the possibility once the significance 
of the correlation is understood, of using hypersensitivity to obtain 
structural information on the coordination chemistry of both the lanthanides 
and the actinides. A discussion of the published data in light of the correla- 
tion between ligand b&city and oscillator strength can serve to show the 

significance and application of this correlation. 
Hypersensitivity has been studied in a variety of &and systems in solids, 
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Fig. 2. Plot of the oscillator strength P of the 1:l complexes of Ho3 with monobasic (+) 
and dibasic (0) ligands vs. the ;CpKa of the ligand acid (from refs. 16 and 1’7) (a) fluoride, 

(b) glycolate, (c) acetate, (d) propionate, (e) a-picolinate, (f) tropoionate, (gf kojate, 
(h) acetylaceton&e, (1) IMDA, (2) dipicolinate, (3) methyl succinate, (4) malonate, (5) mal- 
eate, (6) fumarate, (7) sulfate. 

melts, aqueous and non-aqueous solvents and in the vapor state. Pappalardo 
[ 181 has prepared and studied crystalline cyclopentadienide complexes 
of several lanthanides, The cyclopentadienide ion is undoubtedly very strong- 
ly basic although, because of its instability in water, aqueous solution p& 
values are not known. As expected from the ligand b&city correlation, large 
hypersensitive intensities are observed in these organometallic complexes. 

The fluorescent intensities of the hypersensitive transition 5D0 + ‘Fz in 
EL?+ were studied by Charles and Ohlmann for crystalline Eu(dibenzoyl- 
methide), and some of its adducts with Lewis base molecules ]19]. The 
intensity increased as the base strength increased for both the oxygen con- 
taining bases and the nitrogen containing adducts. Similar results have been 
obtained in other studies of the fluorescent intensities of several Eu3+ and 
Tn3+ complexes [20,21]. 

Blasse [22] reported the results of some quite imaginative experiments in 
which Eu3+ was doped into crystals of Ba,Gd(Nb, Ta or Sb)Os _ Since Nb5+, 
Ta5* and Sbs+ have virtuahy equivalent ionic radii, one expects littIe varia- 
tion in lattice parameters and site symmetries in the different crystals. The 
Eu3+ enters Gd3+ sites so that a generalized bonding structure can be 
visualized as Ru-O-M. When M is Nb5+ or Ta5+ (both do), the Eu3+ hyper- 
sensitive band (5Do + 7FZ) has a much lower luminescence i.n&?nsity than 
when M is Sb5* (&o). The O-M bond is more covalent when M = Nb or Ta 
so the electron donating ability of the oxygen (to Eu3+) would be less than 
when M = Sb. These results again show that the intensity of hypersensitive 
transitions is dependent on the electron donating ability of the l&and. Blasse’s 
work also demonstrates vividly how the second coordination sphere of the 
lanthanide ion can, in certain instances, markedly influence the f-f tmnsi- 
tions. 
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The !Z’s parameter of eqn. (1) has been directly related to hypersensitivity 
[I-3] and covalency (vide infra). In the study of Eus+ in phosphate and 
germanate glasses, Reisfeld and Eckstein f23] conclude that a static covalency 
mechanism is consistent with the Ts behavior while their results with Tm3+ 
and Er3+ in these glasses and in borate glass are more consistent with a vibronic 
mechanism. It is worthwhile to note here, that the 2’s parameters for Tm3+ 
and Er3+ increase with decreasing Ln-0 bond distance 1241 as might be ex- 
pected for covalent interactions. 

A comparison of Nd3+ hypersensitive band intensities in a series of yttrium 
--aluminum oxide phases indicates decreasing hypersensiti~ty in the order 
Y,Os > YA103 > Y3A15012(YAG) [25-271. The site symmetries of the 
Nd3+ ion in these lattices have been established as C2 and Csi, 0s and Clh 
respectively. One can qualitatively model these oxide phases for our purposes 
by fist considering that these crystal matrices are various simple mixtures 
of Y,Os and AlsOs. Secondly, A13+ classically is a more acidic cation than 
Y3+, therefore one can view Also, as a more acid lattice than U,O, . Based 
upon the basicity correlation, the relative order of hypersensitivity would 
then be detwmined by the b&city of the host matrix which is YsO,, > 
YsO3 - Al203 (= YAlO,) > 3‘11203 - 5A1203 (= YAG)- the experimentally 
observed order of hypersensitivity. 

A more quantitative comparison can be made based upon expected Nd--Q 
bond lengths (vide infra). Since Nd3’ substitutionally replaces Y3+ in these 
lattices, the Y-O bond distances can be assumed to be a relative measure of 
the Nd-0 bond distances in these oxide matrices. Y3+ is six coordinate in 
Y203 with Y-O bond distances of 2.249 A (2 bonds), 2.261 A (2) and 
2.278 A (2) in the Us site (and 6 bonds at 2.261 J$ in the Csi site). Y3+ in 
YAG is eight coordinate and has Y-O bond distances of 2.303 a (4) and 
2.432 A (4). The Y-O bond distances are significantly shorter in Yz03 than 
in the YAG matrix suggesting that hypersensitivity should occur in the 
order Y103 > YAG. The case involving YAIOa is not clear because no single 
crystal X-ray struc%rai work has been done, hence explicitly defined Y-O 
bond &$ances are not known. The coordination number is known to be eight 
as in YAG crystals. Based upon the observed hypersensitive band intensities 
and relying on the hypersensitivity model to be described later in this paper, 
one should expect that the smallest Y-Q bond distances should be somewhat 
shorter than those in YAG. 

Krupke’s [25] comparisons of the difference in the hypersensitive beha- 
vior of Nd3+ doped in Y,Os and in LaF, crystals led him to propose that 
hypersensitivity is due to a change in symmetry. However, an alternate 
interpretation seems acceptable. From his work it is apparent that the non- 
hypersensitive transition intensities in the Yz03 lattice are about twice as 
intense as in the LaF3 lattice while the respective hypersensitive band intens- 
ities are over seven times greater. It would seem very probable that this larger 
difference can be attributed p:edominantly to the greater basicity of the oxide 
lattice. Sinha’s lanthanide nephelauxetic series [28] in fact places 02- as the 



most basic ligand studied and l? asthe least basic. EPR studies of Ln’3 ions 
in CsNaYCl, lattices also indicate greater covalency for the oxides compared 
to the fluorides [29]. 

Undoubtedly Krupke’s interpretation of higher symmetries about the Nd3” 
ion in the LaF3 lattice is qualitatively correct. The non-hypersensitive bands 
are less intense in the LaF, lattice implying that the symmetry is quite high 
and probably that a center of symmetry is present. It should be noted, 
however, in making symmetry interpretations based only on the hypersens- 
itive band intensities, that the effects of ligand basicity on the intensities are 
substantial. 

A comparison of the Nd3+ h ypersensitive band behavior in dilute aqueous 
perchlorate solutions, in KN03-LiNOs melts [3], in KCI--LiCl melts 1301 
in the perchlorate and chloride salts and their concentrated solutions [4] 
indicated increasing oscillator strengths in the order Cloy < Cl- < NO,. 
This is the order expected from the p& values of -10, -7 and -1.4 
respectively for these anions 1311. 

More recent studies [ 321 of anhydrous Nd3*, Ho3+ and Er3+ chlorides in 
formamide and related solvents have shown that the chloride completing 
is not inner sphere in these solvents. Although the authors did not so inter- 
pret the data, indications are that the hypersensitive band intensities increase 
as the electron donating ability of the solvent increases, i.e., in the order 
formamide < dimethyl formamide < diethyl formamide. When water is 
present in these solvents, the baud intensities are somewhat increased, probab- 
ly indicating inner sphere water complexation. Methyl formamide solvent 
exhibits inconsistent behavior with its expected position between formamide 
and dimethyl formamide. Intensities in this solvent are considerably less than 
one would expect from its relative basic character and one might speculate 
that the unsymmetrically substituted nitrogen is somewhat a factor in the 
decreased metalsolvent interaction. 

Absorption spectra of severa lanthanide tribromide and triiodide vapors 
have been determined at 1200°C. Gruen et al. [33,34] found that the hyper- 
sensitive transitions were more than ten times more intense than for the 
analogous aqueous solutions, and that the other transition intensities were 
cornParable to the aqueous values. The NdI, hypersensitive intensities were 
larger than the NdBr, intensities. Covalency and orbital overlap were con- 
sidered to make sizeable contributions to the hypersensitive band intensities. 
From oscillator strength and bond length data for gaseous, liquid and solid 
NdIa z (530 X 10m6, 2.94 A)pns, (210 X 10m6 3 ? A)Esuid* (170 X 10V6 9 
2.38 A),,U, it was apparent that as the Nd-I bond length decreased, the 
oscillator strength of the hypersensitive band increased. Such an interpreta- 
tion is consistent both with the expected increasingly basic character of the 
iodide ion compared to bromide and the increasing interaction of the metal 
and Iigands as exemphfied by the bond Iengths. 

The greatly diminished hypersensitive band intensity in gaseous NdCl, - 
(Af2C16)x (where x = 1.5 and 2) f353 compared to NdBr3 and NdI, is ex- 
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petted on two grounds. First, the coordinating chlorides are less basic than 
either Br or I. Second, in a coordinating structure of the type Nd-CI-Al, 
the very acidic Al’+ (or AlCls , a classic Lewis acid) competes very favorably 
with Nd3+ for the available electron density in a manner directly analogous 
to the systems studied by Blasse 122 J . 

An analogous effect is noted in the case of Nd13 and NdIs. CsI vapor phase 
spectra [ 361. The NdIa - CM intensity is half that of the NdIs with symmetries 
of Ca,, or Csv, and clsh respectively. The use of basicity arguments requires 
that, as in the case of NdCls * AlsCfs, the CsI adduct has a smaller hypersensi- 
tive intensity than the parent NdIs if the interaction of Cs is with the iodine 
moiety of NdTs . 

The general behavior of the hexahalide complexes of the Ianthanides 
[37-401 provides some indication as to the relative role which symmetry and 
covalency play in hypersensitive behavior. The absorption intensities of the 
non-hypersensitive f+ f transitions (as measured by molar extinction coeffi- 
cients) decrease in fhe order LnClz- > LnBrg- > Lnfg- . Ryan and Jorgen- 
sen f373 interpret this as indicating that the iodide complex is least distorted 
from true octahedral symmetry. The hypersensitive transitions, on the other 
hand, show the opposite trend in that the intensities follow the order 
Ln.r$-- > LnBr$- > LnCl$- _ This increase in intensity, which parallels that 
observed for the NdI, and NdBr, vapors by Gruen et al. 133,341, corresponds 
to an increasing electron donating abiLity of the ligands and is opposite to 
the trend in distortion from 0, symmetry. The oscillator strength of the 
hypersensitive transition of Nc13+ in NdClg-, in fact, is only slightly greater 
than the aqua ion value although it is about an order of magnitude larger 
than the non-hypersensitive transition oscillator strengths [ 331. 

It appears, then, that for these nearIy octahedral complexes, two major 
effects can be related to intensity changes in the f-f transitions; a center of 
symmetry which affects all transition intensities, and metal-ligand covalency 
which affects predominantly the hypersensitive transition intensities. These 
observations appear to indicate that hypersensitivity occurs independently 
of the presence or absence of a center of symmetry in the complex, and that 
its occurrence is more intimately related to the covalent bonding ability 
(or electron donating power) of the ligand. Hypersensitivity is also apparent 
in the hexacyanolanthanicle complexes studied by Martin et al. 1411 and the 
hexacoordinate TBP-aqueous solution complexes studied by Katzin and 
Barnett [ 421. 

In the case of the hexacoordinate selenocyanate complexes recently pre- 
pared [43], the dominant features of the ErfNCSe)g- f+f spectrum are 
clearly the hypersensitive bands at -19 and 26.5 kK. Similarly, the analogous 
thiocyanate complexes [ 441 also had enhanced hypersensitive intensities. 
A striking feature of the Dy(NCS& spectrum is the enormously enhanced 
intensity in the region of the (*Fs,a, 41,s,s, 4Gr1,a)+-6Hla,r manifold at 
21-23.5 kK. Although not normally considered to be hypersensitive, at least 
Tao of these transitions are consistent with the experimental criterion [ 8 J 
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for hypersensitivity of IAJl G 2. Assuming that the observed Dy enhancement 
is due to an f-+f transition, this is the first hypersensitivity noted for this 
DY 3+ band. 

These hexacoordinate complexes present a unique opportunity for study 
of hypersensitive behavior because of their essentially isomorphous charac- 
ter. Quantitative oscillator strength values would help demonstrate the elec- 
tron donating character of the coordinating ligands in a manner which is free 
from coordination number and substantial symm&ry changes. 

Previous work involving P-diketone complexes of the lanthanides has 
suggested that the shapes of the hypersensitive absorption bands are charac- 
teristic of the coordination number (symmetry) about the lanthanide ion 
145,461. Eew conclusions were drawn about the intensities of these same 
bands, however, and it seems very unlikely that changes in coordination 
number or symmetry would resuit in the relative& smooth trends in the cor- 
relation of oscillator strength and pK, [ 16,17] . The series of Pdiketone 
complexes were obtained independently by two other groups [4’7,48]. Taken 
together the three publications [ 46-48 ] provide a self-consistent series of 
increasing ligand basicity with increasing hypersensitivity in the order hexa- 
fluoroacetylacetone < tiff uoroacetylacetone < acetylacetone < (ditertiary- 
butylacetylacetone~, (benzoylace~lacetone < thenoyltri~uoroacetylacetone 
< (dibenzoylacetylacetone). Data from Mehta and Tandon [49] indicate that 
the relative order of benzoylacetylacetone and thenoyltrifluoroacetylacetond 
could possibly be reversed. It is evident that this series does not in all cases 
parallel the pK, values (most notably with the conjugated or aromatic sys- 
tems) but rather it reflects the ligand b&city when associated with a highly 
polarizing +3 ion [ 16,171. 

Some important work has been published recently 1501 in which a homo- 
logous series of 5,7-dihalogenated S-hydroxyyuinolinc (oxine) derivatives was 
studied for its influence on the hypersensitive t.ransitions of Nd”’ , Ho3+ and 
Er3+ _ Although the increase in hypersensitive intensities was correlated with 
increasing mass of the coordinating ligand, alternatively, the increase can be 
correlated with increasing ligand basicity. Independent studies of the basicity 
of the 5,‘ldihalogenated oxinederivatives [51,52] found that the pK,‘s in- 
crease in the order 5,7-dichloro < 5-chloro, 7-iodo < 5,‘l-dibromo < 5,7-d& 
iodo, the order of observed increasing hypersensitive enhancement. 

The “anomalously” low oscillator strength (from the point of view of the 
liganci p&), of the unsubstituted &hydroxyquinoline suggests that the clas- 
sical zwitterionic resonance forms of the type 

+x- Gx - C+.&$_, 

promoted by the highly charged ianthanide ion do, in fact, contribute signif- 
icant amounts of electron density to the lanthanide ion. The Iack of such 



resonance forms in the unsubstituted oxine would limit its electron donating 
ability (decrease its relat.ive basicity) and, therefore, decrease the intensity of 
the hypersensitive bands of the coordinated lanthanide ions. 

The inten&-ligand basicity relationship opens a whole new range of inter- 
pretative possibilities when ianthanides are used as probes of metallic binding 
sites i? biological materials. The basicities of the binding sites can be determ- 
ined directly from the absorption spectrua of the complexed ianthanide ion. 
Recent studies 1533 have implicitly made use of this type of relationship by 
relating the difference spectrum of Nd3,f,, and Nd3+-bovine serum albumin 
complexes to simple acid complexes of Nd3+ _ 

The tripositive lanthanide and actinide ions have many similar properties 
as a result of the similar ionic radii and the similar electronic configurations 
involving the 4f and 5f orbit&, respectively. This would lead to the ex- 
pectation that hypersensitivity should be exhibited by the actinide ions. 
Thus far, however, it has been clearly demonstrated only for Am3+. Although 
the investigations of the hypers~nsiti~ty in Am3+ spectra are rather limited, 
the results again support a correlation between the spectral intensities and 
the iigand basicities. 

As in the case of the lanthanides, AmCp, was found to have a very !arge 
intensity for the hypersensitive band [123 _ 

An examination of Am3+ and Nd3’ spectra in molten alkali chloride salts 
indicates that with both ions, the relative intensity of the hype~ensit~ve 
band increases when the alkali cations are changed from the more acidic Li-K 
pair to the more basic Na-Ca pair [13]. Comparison of Am3+ extinction 
ccefficient changes in molten LXX-KCl and those in LiN03-KN03 [54] 
indicates that the nitrate melt increases the intensity relative to the chloride 
melt which, again, correlates with the relative basicities of these two anions. 

Relative enhancement of these bands has also been demonstrated in or- 
ganic soiutions of Am’” with chloride compIexing [55], and in aqueous 
bromide, iodide, nitrate and carbonate solutions [ 141. 

Hypersensitivity has been studied in crystiline Am&, AmBr, and AmI 
[ 561. The intensity is greatest for AmI but AmBr, does not exhibit the 
expected intermediate intensity (compared to AmCi3 and AmI,). Inasmuch 
as the Am3* has a coordination number of 6 in Amf,, 8 in AmBr, and 9 in 
AmCls , the lack of isomorphous coordination makes interpretation of the 
results uncertain. One might speculate that the Am-Br interaction is con- 
siderably decreased relative to the Am-I interaction either because of the 
smaller coordination number, the significantly longer Am-Br distance (for 
two of the bonds) or both. To account for the observed hypersensitivi~ it 
has also been argued that the iodide crystal structure is relatively “more com- 
pressed” than the others. The character of the bromide spectrum and the 
lack of apparent vibronic bands was noted as also being inconsistent with the 
chioride and iodide results [ 561 and again indicates that the tribromide spec- 
tirn is not behaving in an isomorphous manner with the trichloride and tri- 
iodide spectra. 



In summary, we can interpret a broad range of experimental data on hy@Z- 
sensitive transitions in tile IanthanidG and actinides as showing a fundamental 
correlation between the oscillator strength of the transitions and the basicity 
of the iigands in the coordination sphere of the cation_ In contrast to the 
effect of hgand basicity on the intensity of the hypersensitive transitions, the 
non-hypersensitive bands apparently are more sensitive to the presence of a 
center of symmetry in the coordination sphere of the cation. This difference 
is most n&table in the spectra of the 6-coordinate lanthanide complexes. 
However, in this review our primary concern is with the hypersensitive tran- 
sitions, for which we can state three useful generalizations, (everything else 
being equal): 

(a) an increasing basic character of the coordinating ligand results in in- 
creasing absorption intensity; 

(b) decreasing metal-ligand bond distances results in intensity enhance- 
ment; 

(c) the greater the number of coordinated (more basic) ligands, the greater 
the enhancement of intensity. 
With quantitative intensity data, quantitative b&city correlations can be 
established for the ligand. This correlation would be useful in measuring the 
basicity of ligands which are not amenable to other methods (due to solution 
instability, etc.). It seems probable that hypersensitive behavior can be de- 
veloped into a very useful investigative techr_ique to study both the structural 
aspects of the coordination chemistry of the lanthanides and actinides, and 
the basic characteristics of ligands themselves. 

C. THEORIES OF HYPERSENSITIVITY 

In general, attempts to develop a theoretical basis for hypersensitivity have 
involved either a vibronic mechanism (?n which the terms of YE of odd k are 
involved) or a crystal field potential effect (again, when terms of odd k are 
present). Let us consider the latter proposal first since there is considerable 
evidence indicating that hypersensitivity cannot be explained using simple 
crystal field arguments. 

Carnal1 et al. [3 f pointed out that the crystal field model predicts the 
proportionalitjj 
TX ~ (++1)2R-2’-2 (2) 

where for X = 2, t is 1 and 3; for h = 4, t is 3 and 5; and for h = 6, t is 5 and 7. 
This leads to the expectation that the order of decreasing sensitivity of the 
parameters to the environment should be Z’, > T4 > T2 whereas the authors 
found that the reverse order is observed for solutions of lanthanide complexes. 
Krupke’s study [5] of single crystals of Nd3+ in Yz03 and LaF, lattices gave 
the same (reverse) order of sensitivity as do many other studies [6-8,23,24]. 

A further observation which indicates that crystal field symmetry argu- 
ments do not provide a general rationalization of hypersensitive behavior is 
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the occurrence of hypersensitivity in octahedral complexes of the lanthanides 
[ 37-401 and acfinides [56 1. This conflicts with the fact that for 0, sym- 
metry no spherical harmonics with odd values of k are permitted in the crys- 
ti field potential. 

Another interesting observation pertaining to hypersensitivity was noted by 
Pappalardo 1181 in his studies of Nd(C,I-I,), and Er(C,HS)s . In these com- 
plexes, the simultaneous occurrence of hypersensitivity and a large splitting 
of J = $ levels is observed. Pappalardo notes that in a crystal field model, 
the quantities <flr2/ag lfi are a measure of the second order terms of the 
crystal field potential which are responsible for the splitting of the J = 9 
levels, moreover, it is quantities of this type which also occur in the theoreti- 
ca3 expression of the osciliator strengths of quadrupolar transitions. How- 
ever, this contribution to the oscillator strength was found to be too small 
to account for the phenomenon of hypersensitivity [S] . 

J$rgensen and Judd [S] concluded from their investigation of possible 
mechan~%ms for the occurrence of hypersensitivity that an ion imbedded 
in an inhomogeneous dielectric would exhibit hypersensitive behavior since 
the (normally weak) electric quadrupole transitions would most probably 
be enhanced under these circumstances. They termed hypersensitive transi- 
tions occurring via this mechanism “pseudoquadrupole” transitions. Later, 
Judd ES] proposed that hypersensitivity can occur in symmetries where 
spherical harmonics, Yk , wizh k = 1 transform as the totally symmetric 
representation, thus permitting their inclusion in the crystal field potential. 

Both of these proposals (i.e., the pseudoquadrupole mechanism and Judd’s 
symmetry argument) are apparently at odds with the experimental results of 
Gruen and DeKoek [ 341 that gaseous NdIa indicated DBh symmetry in which 
spherical harmonics with .+ = 1 do not transform as the totally symmetric re- 
presentaticn; thus, Judd’s symmetry argument does not hold for this case. 
Also, the gas phase molecules are in a relatively homogeneous dielectric, in- 
dicating that the pseudoquadrupole mechanism should be inoperative. How- 
ever, it should be noted that, while one may regard gaseous NdIa molecules 
as being in a homogeneous dielectric; from the point of view of the Nd3+ 
ion (where most of the f-electron density resides) the environment is provided 
by the ligand (I-) electrons which do not provide a homogeneous dielectric 
for the f-electrons. Thus, one may envisage that the pseudoquadrupole mech- 
anism would still be operative in some form. By utilizing an order-of-magni- 
tude calculation of contributions to the oscillator strength, Gruen and De- 
Kock were able to argue that a vibronic mechanism, including covalency, 
could best explain their observations for gas phase molecules. Of general in- 
terest in this connection is their observation that increases in hypersensitive 
oscillator strengths generally follow the expected increase in the degree of 
covsilency of the metal-ligand bonding. 

For a series of Nd3+ complexes, Henrie and Choppin [ 5’7) found an ap- 
proximately linear correlation between hypersensitive oscillator strength and 
a parameter which included estimated covalency (using the nephelauxetic 



211 

70- 
1 

20 

IO- 

Fig. 3. Graph of the oscillator strength of the hypersensitive 4 Gslz, 2G7iz4-419/2 uansition 
of NdJ plotted against the osciiiator strength of the hypersensitive sG6, S FI +Sls transi- 
tion of Ho3. The data is from refs. 16 and 17 except that of Ln(NOs)3 in TBP (des- 
ignated by I) which is from ref. 39. The data for 1:l complexes are designated by o and 
that for I:2 by +_ 

effect) [ 58]_ They rationalized their results via a vibronic mechanism. Peacock 
[59], however, did not find a similar relationship for some Ho3+ complexes. 
Data from refs. 16 and 17 are shown in Fig. 3 as a plot of PNd3+ vs. PH,,~+. 

A slope of 0.8 would seem to indicate a greater degree of hypersensitivity for 
Ho3+ than for Nd3’ , contrary to what one expects from considering the 
reiative nephelauxetic shifts [60]. This seems to argue against a general cor- 
relation between the oscillator strength and nephelauxetic effect for all 
hypersensitive transitions. By contrast, the linearity in Fig. 3 as well as that 
evidenced in similar plots in refs. 50,61 and 62 supports a similar intensity mech- 

1 anism for the hypersensitive transitions of hd 3+ and Ho3+ with the same numbers 
and kinds of ligands. The observation that the correlation of P and pK, holds 
for one of the light lanthanides (Nd”+ ) as well as for a member of the heavy 
part of the series (Ho3’) indicates that this correlation may be of more general 
applicability than the previously reported correlation with “covalency” as 
estimated via the nephelauxetic effect. However, both the nephelauxetic and 
pK, correlations indicate that we should attempt to formulate a model which 
explicitly includes covalency. If we assume that hypersensitive transition 
oscillator strengths are related in some manner to covalency, it is reasonable 
that the correlation with ligand basieity be more generally applicable than a 
correlation with covalency estimated from the nephelauxetic effect. For the 
lanttanides in solution, nephelauxetic shifts are especially difficult to determ- 
ine for several reasons. The shifts are of the order of 1 to 2% a full order of 
magnitude smaller than observed for transition metal complexes. It is also 
difficult to determine the value of the shift because there are often present 
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a multiplicity of ciosely spaced absorption lines with varying intensities and 
shifts. The situation is further complicated by the crystal field splitting of 
the Ievels which m&y be of the order of kT at room temperature, so that 
changing the ligand changes both the splitting and the populations of the 
ground state components. In fact, with the same ligand, different absorption 
bands of the same lanthanide may be observed to shift in different directions. 
Since the f-f transitions are extremely weak, a degree of mixing with an 
allowed tmnsition too small to result in a pronounced shift in the energy of the 
f--f tzansition can produce marked increases in the oscilIator strength. One 
might expect that ligand basicity which is a meaSllre of the electron donating 
power of the ligarld would provide good qualitative indication of the ability 
of a ligand to bond covalently with a metal ion. Hence, the relation of hyper- 
sensitivity to ligand basicity can be regarded as an extension of the covalency 
arguinents of Gruen and DeKock f343 and Henrie and Choppin [57]. 

In the formulation of a model which explicitly includes covalency we 
should keep in mind that although the semi-empirical crystal field model works 
wel! for calculation of the lanthanide ener,y levels, theoretical calculations of 
these crystal field parameters do not fare so well. In fact, Jdrgensen et al. 1631 
suggested that the “crystal field parameters”, A: W), have no real meaning 
other than to keep tr&ck of the different f-orbital energies which arise from 
covalent interactions. The empirical values of Ag<r2> are smaller than those 
of A:@> and A$j(r?. Also, the theoretically ca.lcular;ed values of A$@> are 
five times too large while those of Ag(r? are ten times too small. This appar- 
ently contradicts the electrostatic modei which requires that (r2> be much 
smaller than R2. These authors have utilized the so-called Angular Overlap 
Model to interpret the energy level structure with satisfyiilg results. Sub- 
sequently, El& and Newman 1641 performed figorous calculations and 
demonstrated the essential correctness of this interpretation. The approaches 
in refs. 63 and 64 explicitly include covalency involving the f-orbit&. Also 
of interest is a paper by Lowther and Hagston which discusses relationships 
between static and dynamic “crystaI field parameters” when overlap and 
covalency are important [65]. It is likefy that similar considerations are 
necessary for the interpretation of the TX parameters of the Judd-Ofelt 
theory. 

Before proceeding with an outline of the development of our “covalent” 
model, let us first summarize the general observations with respect to hyper- 
sensitivity which such a model must attempt to explain: 

(i) the observed order of sensitivity of the parameters to the env~onment 
is T2 > T1 > Ts [i&57] _ 

(ii) the general trend of the (hypersensitive) oscillator strength increases 
with “estimated” cocalency [34,57). 

(iii) the observation of hypersensitivity in octahedral complexes [ 37-40, 
561. 

(iv) tine simultaneous occurrence of hypersensitivi~ and large splittings of 
J = $j levels 1181. 
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(v) the correlation between (hypersensitive) oscillator strength and ligand 
b&city [X6,17]. 

D- COVALENCY MODEL OF HYPERSENSITIVITY 

In order to account for hypersensitive behavior (assuming that the tran- 
sitions are electric dipolar in nature) a perturbation is necessary which 
mixes states of parity different from f” with the states of the f” confi- 
guration. The discussion to this point has indicated that covaiency is also an 
impbrtant consideration. The speculative model we now propose is based on 
the observation of charge transfer transitions in lanthanide complexes. The 
energies and oscillator strengths of the charge transfer transitions are extreme- 
ly sensitive to the type of !igand and to the metal ion. The 4f to 5d transitions 
are, on the other hand, relatively insensitive to the ligand when compared 
with the charge transfer transitions. Thus, if the hypersensitive fzmsitions gain 
some charge transfer character, the sensitivity to the environment is, in a sense, 
built into the model by the nature of the charge transfer transition itself. 
in addition to the intensification which would be expected from partial charge 
transfer character, two other types of observations would tend to support this 
type of model. Barnes and Pincott [66] have shown that not only are the 
energies of the ianthanide charge transfer transitions dependent on the coor- 
dinating ligand but also they are incremented in a stepwise manner with step- 
wise hgand additions. In a recent publication, Poiuektov et al. 1621 demon- 
strated for a series of phenol-like derivatives of Nd3’) Ho3+ and 32x3+ that 
the hypersensitive bands aIso increase in intensity with increasing numbers 
of coordinated hgands. This is consistent both with the observations which 
have been made with a broader range of ligands [16,17] and the incfusion 
of charge transfer character in the hypersensitive transitions. 

The rigorous derivation of a theoretical model is beyond the scope of the 
present work, but some suggestions as to the derivation procedure are in 
order. Basically the procedure would be ana.logous to that of Judd [ 1] 
and Ofelt [Z] , however we modify the model to include charge transfer states 
in addition to f”-’ 5d1 and f n--l 5g1 as the excited stated to be mixed with 
f" . The charge transfer states which we consider arise from one electron 
transfers from ligand orbitals to the f orbitis on the metal. The problem be- 
comes one of sufficiently describing the excited charge transfer states so that 
an approximate equation of the form of eqn. (1) results. Let $ represent the 
appropriate ligand wave functions and m represent the number of ligand 
electrons. We represent the states off” as 

(3) 

and the charge transfer states as 
c bnr,, (@m--lfn+l l$Y’,” 1 
id’ 

(4) 

A perturbation (odd molecular field components or odd vibrational modes) 
of the form 



(5) 

will mix states of the f” configuration with charge transfer states of differing 
parity. We obtain the following result for the contribution of the charge 
transfer states (eqn. 4j to the ele&ric dipole matrix element (BIDi’)[B) (anal- 
ogous to eqn. 4 of Judd [I.] ). 

(BID$W31) = T;a,a[47r/3] * [4n/(Zt + I)] 44 

x [(#“f” ~JMIF,,(8i,~i)fdi”-lf”+ltL’:SIM”) 

x (# m--lfn+X$?I”51MlFtp(ri) Y,#&&)l@P’f” $LJ’M) 

x [E( J/V’) - E(@,$“S’)] -1 

+ @“f” J/JMIF,(ri)Y~p(siSi)l~“-‘f”+‘I$“S’M”) 

x (# m-lfn+l 3/“J”M”Flp(~i)Ylp(eiQi)lQm-lf”+l +‘J’M’)] 

X ia -WkW”W-l (6) 

the sum being taken over M, M’, t, p, I)“, J” and M”. By appropriate approx- 
imation techniques, it should be possible to simplify the form of eqn. (6) 
and obtain a result for the oscillator strengths which is of the same form as 
the Judd-felt eqn. (1). By our analogy to the results of Judd, the Tj,‘s are 
proportional to aE_” where LL?Z is the energy difference E(@“-lf”*l) - 
E(@V”). We can rele.*A this m via JQrgensen’s work [67] on ligand-to-4f 
charge transfer Iran&ions to the (optical) electronegativity difference be- 
tween the Iigand and metit& viz. 

E = 3O(XZ,p - x*&&&) + cl (n)P + c” (n).P + c2(n)~,z (7) 

where X&@ md X$&,, are the optical electronegativities of metal and ligand 
respectively, Ef and E3 are Racah’s parameters of interelectron repulsion, 
5 ni is the spin orbit coupling constant and C’(n), C2(n), and C3(n) are co- 
efficients which can be found in ref. 67. The ligand optical electronegativity 
is expected to be related quantitatively to the ligand pK,, thus a theoretical 
basis for the correlation of P with p& would be established. The relation of 
P and optical electronegativity (X)Op’ r,_nd is semiquantitatively confirmed in 
Fig. 4 which is a plot of P vs. X”&ina for Nd3+ and Ho?+ with the several 
ligands for which data are available [ 67,68 ] . A much better correlation 
would be expected if both pzameters were determined from exactly the same 
complexes. 

The mixing of charge transfer character into f” ccnfigurations can ration- 
alize other phenomena in adfdition to a P vs. pK, correlation_ By considering 
electron transfer states of the same parity as f” (e.g. f”+1q5m-1) (with + and f 
transforming as the same irreducible representations) being mixed with f” 
via the Coulomb interaction (configuration interaction) the correlation of a 
red shift cf f-f transitions with increasing degee of covalency can be ex- 
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Fig. 4. Plot of Optical Electronegativities [67,68] (XtTirrtana) vs. hypersensitive band os- 
cillator strengths for Nd3+ (a) and Ho3+ (w) complexes with various complexing ligands. The 
oscillator strengths are values for 1:l complexes [ 16,17 ] while the pL’iand are for varying 
degrees of Iigand co~pIExation. 

plained since the f”“qbmH1 levels lie lower for more covalent ligands. Using 
this model we can also reply to a question asked in ref. 63 as to why the 
triplet levels of Pr 3+ show a greater nephelauxetic shift than the singiet 
levels from compound to compound. The excited states vising from charge 
transfers from Iigand to metaI give rise to (for Prsc) singlets with a baricenter 
higher than the triplets. Thus the triplet states arising from electron trans- 
fer shift the triplets of F2 to a greater &tent than the singlets. Finally, the 
same model can be used to interpret variations in the nephelauxetic effect 
as a function of 2 for lanthanides and actinides. 

The Th parameters of the Judd-Ofelt theory can be associated with some 
specific patterns of behavior in the lanthanide complexes. Xn order to com- 
pare the TA values for different lanthanides, Carnal1 et al. [4] have removed 
the dependence of 2’~ on the ground state multiplicity (2J+ 1) and defined 
a new set of parameters, TX given by the following eqn.; 

TX = T,(!2J f 1)’ (3) 

Values of r2 have been calculated using the oscq2lator strengths given in refs. 
16 and 17 by the method of Gruen et al. [7] and Peacock 159). These r2 
values are presented in Tables 8 and 4. The 74 and rs parameters‘were assumed 
to be constant and equal to the aqueous values for all the complexes studied. 
The r2 parameter is consequently assumed to be directly proportions to the 
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TABLE 3 

72 va.lues (X lo*) for 1:l Nds+ complexes in aqueous solution *. These values were Cal- 
culated from the hypersensitive baud (4G5,2, ZG7/2+-419j2) oscihtor strengths. 

DTPA DCTA EDTA HEDTA NTA fMDA 

ML 4.8 4.2 6.6 6.1 G.4 3.3 
ML2 0.4 5.9 

Dipicolinate Methyl Malonate Maleate Pnmarate Sulfate 
Succinate 

ML 4.2 4.8 4.5 5.4 5.4 3.8 
ML2 9.5 9.8 

. Fluoride Glycolate a-Picolinate Acetate Acetate Propionate 
/J = 0.1 /f = 2.0 p = 0.1 

_ ~~~~ ~ 
ML I.4 2.4 6.5 3.8 3.5 4.6 
ML2 6.3 9.1 6.4 7.3 7.2 
ML3 6.1 11.6 

Propions te Tropolonate Kojate Acetyl- NTA- HEDTA- 
/.c = 2.0 acetonate Mafonate OH 

ML 3.3 17.1 5.6 11.7 3.3 6.2 
ML<, 7.5 16.9 29.9 
MLij: 4.5 7.2 

o Oscifiater strengths were taken from ref. 16,17 and cafculations were made according 

to eqn. 1 with u4&& = 17300, “2G = 17466,Tb = 6.44 X lo-‘, and 76 = 10ws. 

tiQ wlues frcm re2 4. r* for Nd&:“= 1.2 x 10--a_ 

oscillator strength of the hypersensitive band. Although not rigorously cor- 
rect, this method serves to $ve a semiquantitative picture of the r2 behavior 
because 3-q and 7s have been demonstrated td be much fess vanable [6,7,59]. 
Figures 5 and 6 show a linear correlation between figand pK, and r2 for 
Nd3+ and Ho3+ which suggests that the 72 parameter is affected predominate- 
ly by the covalency in the metal-ligand bonding. 

The effect of symmetry on the overall spectral intensity has some signif- 
icant implications. Nearly all of the experimentally observed f+f transitions 
have either ti4) or u6’ matrix elements [4] and ~o~equent~y are influenced 
by the r4 and T6 parameters. The 14 and/or 76 parameters would then be ex- 
pected to reflect the symmetry of the lanthanide environment. The fact 
that nearly all hypersensitive transitions also have Cf14) and ti6) matrix ele- 
ments means that they also will be influenced by symmetry in the metal- 
ligand complex, but hypersensitivity per se cannot be classified as being due 
to a symmetry phenomenon. 
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TABLE4 

T2 values (X 10ms) for 1:l Ho3+ complexes in aqueous solution. These value.? were 
calculated from the hypersensitive band (5G6, 5Fi+5f3) oscillator strengths. 

DTPA DCTA EDTA HEDTA NTA IMDA 

ML 3.8 2.1 2.4 4.7 3.0 2.6 
ML2 3.3 5.0 

Dipicolinate Methyl 
Succinate 

Malonate Maleate Fumarate Sulfate 

ML 4.6 4.4 3.4 3.4 3.1 1.9 
ML2 7.7 6.7 7.8 3.i 1.9 

Fluoride Glycolate a-Picolinate Acetate Acetate Propionate 
p=O.l /.l = 2.0 p= 0.1 

ML 0.6 1.6 4.0 3.5 3.1 3.9 
ML2 5.7 6.0 6.6 8.1 9.1 
Mb 6.1 8.9 

Propionate Tropolonate Rojate Acetyl- NTA- HEDTA- 
fl= 2.0 acetonate Malonate OH 

ML 3.7 9.0 3.9 11.9 3.0 4.4 
ML2 10.0 16.3 29.5 
MLL’ 4.6 3.0 

a Oscillator strengths were taken from ref. 16, 17 and calculations were made according 
to eqn. 1 with U(A)% from ref. 4, r4 = 4.05 X lows, ~6 = 3.96 X lo*, and v = 22100. 
72 for Hoc,,) = 0.5 x lo-‘. 
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Fig. 5. 5-2 vs. ligand pKa vaiues for NdL2+ complexes. 

Fig. 6. ~2 vs. ligand pKa values for HoL2” complexes. 
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The hypersensitivity of some of the transitions listed in Tables 1 and 2 
cannot raadi‘!y be accounted for by the usual form of the Judd-Ofelt theory 
inasmuch as they have either vanishing or very small matrix elements of fi2)_ 
Peacock 159,691 discussed this problem for the 3Pz+3H4 and ‘&f-“& 
transitions of Pr3’. Henrie and Smyser [ 70 J , in a recent study of oscillator 
strengths and !Z’k parameters for some Ln(N03)3 salts in TBP, noted that in 
some instances, normal transitions which have vanishing ti2) matrix elements 
exhibit relative oscillator strength variations which are comparable to the 
changes shown by some “hypersensitive” transitions. However, the observa- 
tion of significant variability in oscillator strengths of “non-hypersensitive” 
transitions need not be interpreted to mean that the Judd-felt theory is 
incorrect but, rather, such variations may indicate that significant changes 
in the symmetry about the ion have occurred (as evidenced by variations in 
the T4 and Z’e parameters.) This is very evident in the oscillator strengths of 
NdClg- reported in ref. 39. 

In much of the work on hypersensitivity, workers have come to use the 
oscillator strengths of hypersensitive transitions as proportional to the !Z’, 
parameter of the Judd-Ofelt theory. This is likely to be a reasonably good 
assumption in aqueous systems. However, certain hypersensitive transitions 
have U’“’ and/or U@) matrix elements which are significant relative to the 
mag,litude of U@. Caution should be used when considering absolute oscil- 
lator strength values alone, since symmetry effects may cause substantial 
contributions to the intensity of both hypersensitive and non-hypersensitive 
transitions. Hypersensitive transitions which should be viewed with caution 
in this context are those for which contributions from III’(*) and either or both 
of ti4’ and ti6’ are of comparable magnitudes. 

An interesting general observation is tha: the 7F,,+5.ZIz hypersensitive 
transition of Eu3+ when compared with Nd3+ seems to exhibit a greater 
sensitivity to the environment than the hypersensitive transitions of any 
other tripositive lanthanide. A striking example of this behavior is the effect 
of Cl- concentration on the hypersensitive bands of Eu3’ when compared 
with Nd"+ . Nd3+ shows essentially no effect until about 6 M HCl, whereas 
Eu3+ exhibits spectrat changes at concentrations below 1M. This greater 
sensitivity for Eu3+ is accounted for by considering the following simplified 
model for the mixing of electron transfer character into the hypersensitive 
transition. The oscillator strength of an allowed electron transfer transition 
is given i’i’l] by 

PC;= = h&r ($Q$yf Ifi,;t2 

where k is a constant, EC, is the energy of the charge transfer transition, and 
J/0 and Jlct are the ground and excited state wave functions respectively. If an 
f+f transition “borrows” some intensity from the charge transfer transition, 
the contribution to the f-f oscillator strength is of the form 

Pff = a2E,#zCT)-sPCT 
where P is the oscillator strength, the subscripts ff and CT refer to the f+f or 
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charge transfer transitions respectively and a represents mat.rix elements of 
asymmetrical vibrations or odd terms in the molecular field which mix the 
charge transfer level with the f n level. Thus, the oscillator strength should be 
extremely sensitive to the charge transfer transition energy, which varies 
greatly depending on the ligand. The quantity Ef, X (&r)-3 is given in 
Table 1, where EC, was taken from the LnBrs data [3-721. In cases where 
EC, was not observed, it was calculated using Jglrgensen’s method [73]. 
Extrapolation of these E, X (Ec,)--3 values to other complexes is not 
strictly correct because of changes in E,, but for the present purpose, se- 
m~quant~tative comparisons are sufficient. We note from Table 1 that this 
quantity is significantly larger for Eu3+ than for the other lanthanides; 
thus a change in the charge transfer energy should result in a greater relative 
effect for Eu 3+ _ This can be reg arded as due to the relatively low charge 
transfer energy of Eu3* combined with the relatively high value for the hyper- 
sensitive transition energy, and is in agreement with the general observation 
that Eu~~ is more sensitive to the environment. We also note that the same 
arguments indicate a significantly greater sensitivity for Ho3+ than Nd3* in 
agreement with the experimental behavior previously discussed. Similarly, 
for f-d and f-g mixing, an inverse third power dependence of the oscillator 
stren,&h on the f-+d or f+g transition energy exists. Ce3+, Pr3+ and Tb3+ 
have the lowest f-td transition energies of the tripositive fanthanides, and, as 
expected, f+d transitions have been observed for the hexabromo complexes 
of these ions. We, therefore, expect that these ions may show the largest 
effects due to variations in f-4 energies. The observed and calculated f+d 
energies from ref. 72 have been used to calculate the quantity E, X (Erd)-3 
for the LnBrg- complexes (see Table 1). This quantity shows a smaller 
variation with atomic number than the corresponding quantity for charge 
transfer energies, and its maximum value occurs for Pr3+ _ Peacock’s observa- 
tion of hypersensitivity in some complexes of Pr3+, apparently unexplained 
by the Judd-Ofelt theory, is probably due to variations in f--d energies 
invalidating some of the approximations made in the theory [1,2]. For 
different Iigands, the f--d energy varies much less than does the charge tram+ 
fer energy, hence the cont~bution to hypersensitivi~ from f---d mixing is 
expected to be much smaller for most systems. Our explanation, involving 
variations in charge transfer energies, is also consistent with Peacock’s ob- 
servation 1741 that T2 values are different for different. transitions in the 
same ion. It seems, then, that most hypersensitive behavior can be rationalized 
by the mixing of electron transfer character into the hypersensitive transi- 
tion. 

A rationalization of hypersensitivity has recently been proposed by Mason 
et al. [ 751, Their “dynamic coupling” proposal is similar to the pseudoqua- 
drupolar explanation [S] and ascribes the intensities of the hypersensitive 
f-electron transitions as arising from the Coulombic correlation of induced 
electric dipoles in the ligands by the transition quadrupole moment of the 
metal ion. Their theory should not be confused with the “dynamic” contri- 
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butions mentioned above by us, although as pointed out in ref. 75, a dynamic 
(vibronic) version of the Mason et al. mechanism is possible. Their theory gives 
quantitative vaIues for the observed intensities of the 4G5,2+41s,2 transition 
of gaseous NdBra and NdIra . The intensities of 6 coordinate compounds may 
be explained by this proposal if there is a slight distortion from octahedral 
symmetry present [76]. We note that the Mason et al. mechanism, the pseudo- 
quadrupole mechanism, and our suggestion involving charge transfer states 
are all conceptually consistent with a correlation between oscillator strength 
ant? ligand b&city. All these proposals are similar in that they involve a ligand 
polarization, charge transfer being thought of as an extreme type of ligand 
polarization. Of course, further experimental work will help ascertain the 
correctness of any theoretical explanation of hypersensitivity. 

Our proposal of explaining hypersensitivity by including covalent effects 
in the Judd-Ofelt approach via charge transfer states allows utilization of 
either vibronic or static perturbations for both) as the mechanism(s) for 
mixing of states. Unfortunately, the data are often less than definitive. For 
example, the intensities of the octahedral complexes and gaseous complexes 
indicate that hypersensitivity is not strongly dependent on the symmetry of 
the complex. This appears to argue for a dynamic field (vibronic mecharism) 
as the major contributing perturbation for hypersensitive transitions. For 
NdClg- the relative intensities have been observed to be temperature invariant 
from room temperature to ‘7’7 R [40] _ The observed effect of temperature on 
the oscillator strength is usually considered to give a good indication of the 
nature of the perturbing mechanism; temperature invariance of P indicates a 
static mechanism, temperature variance suggests a vibronic mechanism. Thus 
the NdClg- system leads to conflicting interpretations of the mechanism of 
mixing since the symmetry would suggest a vibronic mechanism while the 
temperature effects would indicate a static mechanism. In. cases like this it 
has been suggested that data at still lower temperatures are generally necessary 
to definitely rule out a vibronic mechanism [ 771. The tricyclopentadienides, 
in fact, do exhibit a rather large temperature variation of the oscillator strengths 
[18] when cooled to liquid He temperature (indicating significant vibronic 
contributions are present, although the possibility of low temperature struc- 
tural changes cannot be ruled out). Peacock 1781 has shown in another case 
that an obse&rved temperature dependence of the hypersensitive transition 
oscillator strength can be rationalized via a static mechanism by considering 
variations in the populations of low lying electronic levels as a function of 
temperature. It appears, then, that the question of temperature effects on 
oscil!ator strengths (and thus their value as a test of static vs. dynamic mecha- 
nisms) requires further experimental and theoretical study. 

The techniques of Magnetic Circular Dichroism (MCD) and Circular Di- 
chroism (CD), applied to optically active complexes, may yield measurements 
which can be interpreted in terms of the relative contributions of static and 
dynamic mechanisms to the observed oscillator strengths. The oscillator 
strength for a transition is proportional to the second power of the electric 
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dipole moment of the transition; 

JYc1tY - 

The rotatory strength is the scalar product of the electric QL) and magiietic 
(P,) dipole moments: 

Moffit [79] pointed out that the rotatory strength involves only the static 
contributions to ~1, while, as we have discussed, P can include both static 
and dynamic contributions. The magnitude af the magnetic dipole moment 
is expected to be relatively independent of the environment. Thus, it should 
be possible to obtain an estimate of the magnitude of the static contribution 
from the measured rotary strengths, which, when combined with the observed 
oscillator strengths, will yield an estimate of the dynamic contribution. 

Katzin et al. [N-83] conducted a number of studies of OF&D-CD spectra 
for solutions of lanthanide complexes with optically active ligands. Misumi 
et al. [84-861 have looked at some similar systems and reported that for most 
absorption bands the CD intensities parallel the absorption intensities. Certain 
bands, which they call “CD-sensitive”, exhibit much greater CD intensities 
than expected fkom the absorption intensities. These bands are ones which 
have relatively large values for the magnetic dipole moment. Unfortunately, 
there is little quantitative CD date available for the hypersensitive transitions 
at present. 

A recent MCD study 1871 reported no apparent correlation between MCD 
intensities and other properties, e.g. whether iit transition is magnetic dipole 
allowed or not. Caldwell et al. (881 have noted a general trend in the ORD spectra 
of D-(-)-l,Z-propylenediaminetetraacetato complexes of the trivalent lan- 
thanides. These authors proposed an explanation for this general trend based 
upon the effect of the ionic potential on far-ultraviolet charge transfer bands 
of these systems. Much work, both experimental and theoretical, is needed 
and it appears that ORD, CD and MCD should provide a rich field for future 
investigations. Our proposed model facilitates the inclusion of covaIent effects 
on P (and R) via both static and dynamic mechanisms. 

Of the five general observations with respect to hypersensitivity listed 
previously (ii), (iii) and (v) seem to be qualitatively explained by our proposed 
model. (i) and (iv) involve for their qualitative explanation the realization that 
the f-orbit& lose their “pure” I = 3 character and gain some 1= 1 angular 
dependence through configuration interaction involving excited charge trans- 
fer states of the same parity as fn (this explains (iv)). When these modified 
states are perturbed by vibrations with Y”, of odd k and/or odd k molecular 
field components, the resultant behavior of Tk (observation) is rationalized, 
as previously discussed by Henrie and Choppin [ 571. We feel, therefore, that 
the correlation of P with pK, can be justified theoretically and that our 
speculative model. is in general accord with other experimental results as well- 
A more rigorous development of this model is currently underway. 
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E. SUMMARY 

In summary, the linear correlation of ligand basicity with oscillator strength 
of the Ianthanicie hypersensitive transitions has been shown to be of general 
utility and can be applied to lanthanide spectra of compounds in vapor, liquid 
solution or crystalline phases. A mechanism for hypersensitivity involving 
metal-ligand covalency via charge transfer levels is suggested. Physical inter- 
pretations of the 7~ parameters in the Judd-Qfelt theory have been presented 
based on covalency and symmetry arguments. The r2 parameters are appar- 
ently directly related to metal-ligand covalency whiIe the 74 and/or 7s 
parameters seem to be primarily a function of the degree of symmetry in the 
coordinated complexes. 
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NOTE ADDED IN PROOF 

h single crystal X-ray structure of YAlO, has recently been reported [SS] 
and is directly pertinent to the discussion involving the behavior of the Nd3+ 
spectra when Nd3* is doped into mixed yttrium aluminum oxides. In YA103, 
the Y 3c ions are situated in a very distorted twelve-coordinate polyhedron of 
02-ions. The Y-O bond distances are 2.237 A (1 bond), 2.283 A (2), 2.306 
A (l), 2.480 A (2), 2.570 A (2), 3.010 A (11, 3.119 A (I), and 3.262 13 (2). 

The four shortest Y-O bond distances in YA103 are at least as small as the 
smallest Y3A1501a {YAG) Y-O bond distances (2.303 A (4) and 2.432 a (4)) 
but they are longer than those in Y203 (2 bonds each at 2.249 A, 2.261 A and 
2.278 A )_ Based upon these bond lengths, the relative order of Y3’ -02- inter- 
action in these crystals is YzOa > YA103 > YSA1501a i.e. the observed order 
of hypersensitive behavior_ The bond distances which are observed in YA103 
confirm the structural predictions which were made previously (vide supra) 
based solely on the behavior of the Nd3+ hypersensitive band. 
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