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The magnetic susceptibility of the hydroxo-bridged chromium dimer di-u-hydroxo-bis(ethylenediamine-N,N -diacetato)-
dichromium(III) has been measured in the temperature range 3.0-79 K and the data fitted by the Van Vleck equation
for pairs of exchange coupled S = 3/, ions including a biquadratic term to yield the parameters J = -9.3 cm™, j = 0.2
cm™!, and g = 1.96. These magnetic data for [Cr,(EDDA),;(OH),]-4H,0, the complex with the smallest ratio of ¢, the
angle at the bridging oxygen atom, to r, the chromium-bridge oxygen bond distance, confirm that a correlation between
the singlet-triplet splitting and ¢ /r exists. The correlation is similar to that which has been observed for di--ligand-bridged
copper(II) systems. The dependence of the exchange coupling mechanism on structural features is discussed in terms of

molecular orbital theory.

Introduction

Following an extensive study of the effects of structural
variations and chemical functional groups on exchange cou-
pling in di-u-hydroxo-dichromium(III) complexes of the
general formula [Cr,L,(OH),L’,]% (where L is a bidentate
or tridentate ligand and L’ = H,O in complexes with tridentate
ligands), Scaringe! observed that the singlet—triplet splitting
was highly correlated with the function ¢/r. Here ¢ is the
angle at the bridging hydroxo oxygen atom and r is the
chromium-bridging oxygen bond distance, or the average of
the structural parameters ¢ and r, respectively, if they are
crystallographically independent. The singlet—triplet splitting
is given by |AE| = 2J - 6.5j, where J is the bilinear exchange
coupling constant and j is the biquadratic term from the
Hamiltonian # = -2JS,'S; — j(S|'S,)? required for the
analysis of the temperature variation of the magnetic sus-
ceptibility in most cases. Scaringe! provided an explanation
for the correlation between structural and magnetic properties
of these dimeric chromium complexes in terms of the molecular
orbital formalism developed by Hoffmann and co-workers? and
postulated that the minor deviations from the general trend
between AE and ¢/r were a result of other structural features,
electronic effects, and intermolecular interactions. The data’*
for [Cry(glycine),(OH),] suggested that AE had reached a
maximum at a ¢/r value of ~50°/A, and we were lead to
speculate that AE should decrease with further decreases in
¢/r in a manner similar to that which has now been established
for uni- and di-u-ligand-bridged copper(II) complexes.’ The
recent report® of the synthesis and crystal structure of di-u-
hydroxo-bis[(ethylenediamine-NV,/N'-diacetato)chromium(I1I)]
tetrahydrate has provided an excellent opportunity to verify
the anticipated decrease in AE below ¢/r values of 50°/A,
since the chromium-bridging oxygen bond distance in this
complex is 1.964 (3) A and the Cr-O-Cr bridging angle is
97.6 (1)°, giving ¢/r = 49.7°/A, the smallest value that has
been observed in this series of complexes. We have now

*To whom correspondence should be addressed at The University of North
Carolina.

prepared [Cr,(EDDA),(OH),]-4H,0 by an alternate synthetic
route and determined its magnetic properties. The results of
our work are presented in this article.

Experimental Section

[Cr(EDDA)(acac)]-2H,0. The crystalline product was prepared
by Shepherd’s modification’ of the synthesis reported by Fuji.t
CrCl;-3H,0 (5.28 g) was powdered in a mortar and transferred to
a 400-mL beaker. H,EDDA (8.00 g) and 40 mL of H,0 were added,
and the pH was adjusted to 3.5 with powdered (NH,),CO;. The
solution was heated for 30 min at ca. 45 °C. Acetylacetone (Hacac)
(2.00 g) was added to the solution, and the pH was adjusted to 7.0
with (NH,),CO;. The stirred solution was heated to 75 °C for 1 h,
cooled to room temperature, and stored overnight (12 h) in a re-
frigerator at 4 °C. The solid crystals were collected by filtration and
washed with CH;OH which has been chilled in an ice-salt slush.

[Cr,(EDDA),(OH),)-4H,0. [Cr(EDDA)(acac)]-2H,0 (3.32 g,
9.19 X 107 mol) was dissolved in a solution of 10.0 mL of H,0 and
10.0 mL of 1.095 M HCIO, in a 50-mL beaker. The sample was
heated with constant stirring for 8 h at 80 °C with the volume being
maintained between 10 and 20 mL. During the reaction, which
involved distillation of Hacac into the vapor phase, samples showed
a decreasing absorbance at 386 nm, with the band shifting to 390
nm, and almost no change in the absorbance band at 532 nm.
Acetylacetone was also detectable by its characteristic odor until the
later periods of heating. After 8 h, the solution was adjusted to pH
5.96 with 0.38 g of NaOH pellets. The color changed with a shift
in the long-wavelength maximum from 549 to 557 nm. The solution
was heated for 1 h at 80 °C, resulting in a reduction in the volume
to 10 mL by evaporation. The solution was allowed to cool to room
temperature overnight, after which time a purple-pink opalescent

(1) Scaringe, R. P. Ph.D. Dissertation, The University of North Carolina,
Chapel Hill, NC, 1976. See: Scaringe, R. P.; Hodgson, D. J.; Hatfield,
W. E. Transition Met. Chem., in press.

(2) Hay, J. P,; Thibeault, J. C.; Hoffmann, R. J. Am. Chem. Soc. 1975,
97, 4884,

(3) Veal, J. T,; Hatfield, W. E; Jeter, D. Y.; Hempel, J. C.; Hodgson, D.
J. Inorg. Chem. 1973, 12, 342.

(4) Hodgson, D. J.; Veal, J. T.; Hatfield, W. E.; Jeter, D. Y.; Hempel, J.
C. J. Coord. Chem. 1972, 2, 1.

(5) Crawford, V. H.; Richardson, H. W.; Wasson, J. R.; Hodgson, D. J.;
Hatfield, W. E. Inorg. Chem. 1976, 15, 2107.

(6) Sradanov, G.; Herak, R.; Radanovi¢, D. J.; Veselinovi¢, D. S. Inorg.
Chim. Acta 1980, 38, 37.
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Table I. Magnetic and Structural Data for Di-u-hydroxo-Bridged Chromium(III) Complexes

¢, deg Cr-0, A CrCr, A 2/, cm™! j, em™! AE, cm™'  ¢fr, deg/A ref
[C:(EDDA)(OH)],-4H,0 97.6 (1) 1.960(4) 2950(2) -18.6 -0.2 -19.9 49.80 6, this
work
[Crgly), (OH)], 98.2(2) 1.967 (4) 2.974(2) -7.4 0.4 ~10.0 49.92 3,4
Na,[Cr(mal),0OH],-5H,0 99.34 (7) 1.988 (2) 3.031(2) +2.2 0.0 +2.2 49.95 16
[Cr(en),OH],(S,0,), 100.0 (2) 1.979(5) 3.032(3) -2.16 0.234 -3.6 50.53 17
Na,[Cr(ox),0H],-6H,0 99.6 (2) 1.963(11) 3.000(3) -0.6 0.0 -0.6 50.74 18
[Cr(H,0)(HO-dipic)OH],-4H,0% 99.5(2) 1.953(8) 2.981(5) —4.2 0.0 -4.2 50.95 19
[Cr(HZO)(dipic)OH],-2H,Ob 100.7 2) 1.947(8) 2997(33) -10.2 0.0 -10.2 51.72 20
[Cr(H,0)(Cldipic)(OH)],€ 100.7 (5) 1.947 (11) 2.999(3) -14 0.0 ~14 51.72 19
[Cz(en),OH],Cl,-2H,0 102.42 (5) 1.944 (5) 3.0298(4) -29.4(5) 0.3 (1) -31.4 52.69 21
[Cr(en),OH],Br,-2H,0 102.6 (1) 1.948(3) 3.040(2) -28.6,—27.7(8) 0.8,0.3(2) —-33.8,-26.8 52.7,52.7 21
[Ct(en),OH],(C]),(C10,),"H,O0  103.42(8) 1.949 (4) 3.059(2) -26.8,-24.3(3) 0.0,04 (1) -26.8,-26.9 53.1,53.1 1,21
[Cr(phen),OH],1,-4H,0 102,1(3) 1.919(7) 2.986(4) —-43.8 1.5 -53.6 53.21 22
[Cr(phen),OH],Cl,-6H,0 102.7 (5) 1.927 (11) 3.008(3) -55.5 0.8 —50.3 53.3 23,24
@ HO-dipic is 4-hydroxopyridine-2,6-dicarboxylate, ® dipic is pyridine-2,6-dicarboxylate. ¢ Cl-dipic is 4-chloropyridine-2,6-dicarboxylate.
powder was obtained. The product, which is insoluble in acetone or 8.84
DMF, was collected by filtration. The solid [Cry(EDDA);
(OH),]-4H,0 was redissolved in hot water and reclaimed from a
concentrated solution by a reduction in the volume and slow cooling 0.932
overnight. The resulting solid was collected by filtration. /dJ\
Magnetic Measurements. Magnetic susceptibility data were col- -
lected with the use of a Princeton Applied Research Model 155 g e.924
vibrating sample magnetometer.’ The vibrating-sample magnetometer <.
was operated at 10 kOe, and the VSM magnet (Magnion H-96), power 3
supply (Magnion HSR-1365), and associated field control unit E oo
(Magnion FFC-4 with a Rawson-Lush model 920 MCM rotating-coil o)
gaussmeter) were calibrated against NMR resonances (‘H and 3Li). ~
The field set accuracy is better than 0.15% at 10000 G. The mag- bl
netometer was initially calibrated against HgCo(NCS),,'? and the o008
calibration was checked against a sample of (NH,),Mn(SO,)»6H,0.!!
The results using these two standards agreed to within 2%, and it is
felt that this represents the upper limit to the uncertainty in the °.
8.0 18.0 32.0 48.0 64.0 80.9

measurements of the magnetic susceptibility since the field is known
to a much higher degree of accuracy. Powdered samples of the
calibrants and compounds used in this study were contained in pre-
cision-milled Lucite sample holders. Approximately 150 mg of each
were used. Diamagnetic corrections for the constituent atoms were
made with use of Pascal’s constants, and a correction for tempera-
ture-independent paramagnetism was estimated from tabulated
data.!>14

Results

Magnetic susceptibility data were collected on several
samples of [Cr,(EDDA),(OH),], all of which gave excellent
analytical data with the observed and calculated percentages
of carbon, hydrogen, and nitrogen differing by no more than
0.2. However, all of these samples contained a small quantity
of monomeric impurity, presumably [Cr(EDDA)-
(OH)(H,0)]-nH,0, as indicated by the Curie-like behavior
of the magnetic susceptibility at low temperatures.

The Van Vleck equation! for a pair of exchange coupled
S =3/, ions, including biquadratic exchange (eq 1) was fitted

Xm = (Ngzﬂaz/kT) X
{2 exp[(2J - 6.57) /kT] + 10 exp[(6J — 13.5j) /kT] +
28 exp[(12J - 9))/kT1}/{1 + 3 exp[(2J - 6.5j) /kT] +
S expl(6J - 13.5/)/kT] + 7 exp[(12J - 9/) /kT]} (1)
to the magnetic susceptibility data in the temperature range
20-80 K with use of a nonlinear Simplex fitting routine with

(9) Losee, D. B.; Hatfield, W. E. Phys. Rev. B: Solid State 1974, 10, 212.

(10) Brown, D. B,; Crawford, V. H,; Hall, J. W.; Hatfield, W. E. J. Phys.
Chem. 1977, 81, 1303.

(11) McKim, F. R.; Wolf, W. P. J. Sci. Instrum. 1957, 34. 64,

(12) Figgis, B. N.; Lewis, J. In “Modern Coordination Chemistry”; Lewis,
J., V\tl-ilkins, R. G., Eds.; Interscience: New York, 1960; Chapter 6, p
400 ff.

(13) Konig, E. “Magnetic Properties of Transition Metal Compounds”;
Springer-Verlag: West Berlin and Heidelberg, 1966.

(14) Weller, R. R.; Hatfield, W. E. J. Chem. Educ. 1979, 56, 652.

(15) Van Vleck, J. H. “The Theory of Electric and Magnetic
Susceptibilities”; Oxford University Press: London 1932.

T K
Figure 1. Temperature variation of the magnetic susceptibility of
[Cr,(EDDA),(OH),)-4H,0. The solid line was generated from the
Van Vleck equation for pairs of exchange coupled S = 3/, ions with
the best fit parameters J = -9.3 em™, j = -0.2 em™), and g = 1.96.

the criterion of best fit being the minimum value of the
function 3 ,[(3,°% — x,299) / x,°4]2. Data below 20 K were
not used in the fitting process since successive calculations
indicated that these data reflected the presence of the mo-
nomeric impurity, while those data above 20 K were unaffected
within the experimental error of the measurements. The best
fit parameters J = -9.3 cm™, j = —0.2 cm™,, and g = 1.96 were
used with eq 1 to generate the solid line in Figure 1.
Discussion

Structural and magnetic data have been collected416-24 for
a number of di-u-hydroxo-dichromium(III) complexes of the
general formula [Cr,L,(OH),L’,]¥ where L is a multidentate
ligand and L’ is H,O with » = 2 in complexes with tridentate

(16) Scaringe, R. P.; Hatfield, W. E.; Hodgson, D. J. Inorg. Chem. 19717,
16, 1600.

(17) Cline, S. J.; Scaringe, R. P.; Hatfield, W. E.; Hodgson, D. J. J. Chem.
Soc., Dalton Trans. 19717, 1662,

(18) Scaringe, R. P.; Hatfield, W. E.; Hodgson, D. J. Inorg. Chim. Acta
1977, 22, 175,

(19) Cline, S. J.; Kallesoe, S.; Pedersen, E.; Hodgson, D. J. Inorg. Chem.
1979, 18, 796.

(20) Thich, J. A; Ou, C. C.; Powers, D. Vasilou, B.; Mastropaolo, D.;
Potenza, J.; Schugar, H. J. J. Am. Chem. Soc. 1976, 98, 1425,

(21) Beutler, A.; Gidel, H. U,; Snellgrove, T. R.; Chapuis G.; Schenk, K.
J. J. Chem. Soc., Dalton Trans. 1979, 983,

(22) Scaringe, R. P.; Singh, P.; Eckberg, R. P.; Hatfield, W. E.; Hodgson,
D. ). Inorg. Chem. 1978, 14, 1127.

(23) Veal, J. T.; Hatfield, W. E.; Hodgson, D. J. Acta Crystallogr., Sect. B
1973, B29, 12.

(24) Eckberg, R. P. Ph.D. Dissertation, The University of North Carolina,
Chapel Hill, NC, 1973.
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ligands; n = 4 and m = 0 for bidentate ligands, and n = 1,
m = 0 for the one example of a tetradentate ligand. The
available data, including those obtained during the course of
this work, are collected in Table I. The chromium-bridging
oxygen bond distances are the average of two crystallo-
graphically independent values except for the complexes with
1,10-phenanthroline and oxalate ligands where all four Cr-O
distances are independent. As may be seen from the entries
in the table, these bond distances range from 1.92 to 1.99 A.
The chromium—oxygen—chromium bridge angels, or the mean
of two independent Cr—O—Cr angles, range from 97.6 (1)° in
[Cr,(EDDA),(OH),]-4H,0 to 103.42 (8)° in [Cr-
(en),0H],Cl,(ClO,4),:H,0. In all cases, the chromium ions
are situated in distorted octahedral coordination environments.
The edge-sharing octahedral structures of the dimeric units
are formed by bridging hydroxo ligands, and it has been firmly
established that the pairs of chromium(III) ions in the dimers
are exchange coupled by superexchange interactions propo-
gated through the orbitals of the bridging oxygen ligands.!»?>?

In an extension of the treatment of superexchange inter-
actions by Hoffmann and co-workers? to pairs of interacting
chromium(III) ions, Scaringe! constructed two-center mo-
lecular orbitals from localized molecular orbitals on the
chromium(III) ions. These orbitals on chromium(III) contain
the unpaired electrons which are involved in the superexchange
interactions and are mainly t;.-like orbitals, but some ligand
character is implied. The localized molecular orbitals are
defined as

b ~ df:&_yz PF ~ dEz_yz
¢f ~dfy ¢ ~d,
Aedh o=

Where A and B designate the two chromium(III) ions in the
exchange coupled pair. The two center molecular orbitals are
defined as

¢ = 1/21%(¢ + ¢8)
¢y = 1/2V%gf + ¢B) ¢, = 1/2"%(¢f ~¢B)
bs = 1/2(02 + o) ¢ = 1/2'%(e2 - oP)

Ferromagnetic contributions arise from potential exchange
integrals K;, where i and j designate the localized molecular
orbitals. Jg is given by eq 2. The antiferromagnetic con-
JF =

2/9(Kad + Kae + Kaf + Kbd + Kbe + be + ch + Kce + ch)

(2)
tribution J,F is given by eq 3 where J;; are the Coulomb

Joo = 1 (E;- E)? + (E4 — Ey)? + (Eg - Es)? (3)
AF 18 Jaa_‘]ad Jbb_‘]be Joc_ch

integrals and E; are the one-electron molecular orbital energies.
The potential-exchange integrals Kj; between orbitals largely
localized on the two different metal centers are positive, and
Jr is always positive although its magnitude is governed by
structural and chemical variations of the specific complex.
Hoffmann and co-workers? have presented convincing argu-
ments that the Kj’s are not affected a great deal by subtle
structural variations in a series of chemically related complexes,
and it is reasonable to conclude that significant changes in the
sign and magnitude of the exchange coupling constant must
depend on changes in the contributions to J4r. Since Coulomb
integrals J;; between electrons localized largely on the same

¢ = 1/2'%(¢ ~ ¢3)

Hatfield, MacDougall, and Shepherd
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Figure 2. Plot of singlettriplet splittings AE vs. the structural function
@/r for the series of complexes [Cr,L,(OH),L",]#. ¢ is the Cr—-O-Cr
bridge angle, and r is chromium-bridging oxygen bond distance. The
numbers refer to the data points listed in Table I, and the solid line
is a guide for the eye.

metal center will always be greater than those between elec-
trons on different metal centers, J;, the denominators of the
three terms in eq 3 will always be positive. Since these in-
tegrals are insensitive to minor structural variations, then
variations in exchange coupling must result from changes in
the energy differences of the molecular orbitals, the numerators
of the three terms in eq 3. If it is assumed that the energies
of the orbitals are proportional to overlap, then a qualitative
discussion of the effects of chemical and structural variations
on J can be based on an examination of the effect of chemical
and structural features on orbital overlap.

Essentially, the overlap of the symmetric and antisymmetric
combinations of the metal-based orbitals with those of the
ligand bridge must be examined, where it may be expected
that the p,, p,, p, orbitals of the bridging hydroxo oxygen
atoms are the major participants in the bonding. First, con-
sider the in-plane orbitals: these include the symmetric and
antisymmetric combinations y, and ¥, of the d,2_ orbitals and
like combinations of oxygen p, and p, orbitals. Scaringe!
concluded that these orbitals made the dominant contribution
to Jor based on spectroscopic evidence for a chromium dimer
reported by van Gorkom, Henning, and van Stapele.?’ It may
be demonstrated by straightforward calculations that an in-
crease in the angle at the bridging oxygen atom increases the
overlap of ¥, with the combination of oxygen p, orbitals while
a like increase in angle decreases the overlap of ¥, with oxygen
p, orbitals. The significance of these observations will be
discussed below.

Molecular orbitals involving interactions with the out-of-
plane oxygen p, orbitals are w-type overlaps which have been
shown by van Gorkom, Henning, and van Stapele? to be about
5 times less than that of the in-plane contribution to JuF.

With J; being essentially constant and the second two terms
in eq 3 being dominated by the first term, then it follows that,
in general, J should increase with an increase in ¢, the angle
at the bridge, reach some maximum value, when the difference
|E, — E| is minimized, and then decrease with a further in-
crease in ¢. The exact behavior that will be observed in a given
set of complexes depends on the relative ordering of E, and
E,. It is conceivable that these energy levels could be widely
different in energy over a range of characterized complexes

(25) Hodgson, D. J. Prog. Inorg. Chem. 1975, 19, 173.
(26) Hodgson, D. J. ACS Symp. Ser. 1974, No. 5, Chapter 9.

(27) Van Gorkom, G. G. P.; Henning, J. C. M,; Van Stapele, R. P. Phys.
Rev. B: Solid State 1973, 8, 955.
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and that only a monotonic change would be seen in the ex-
change coupling constant. Whether J would increase or de-
crease with ¢/r for such a series of complexes would depend
largely on the identity of the lowest lying level. However, as
Scaringe' has shown for the complexes under consideration
here, the magnetic data clearly demonstrate that the difference
|E, — E,| determines the observed trend in the exchange
coupling.

Attempts to understand the exchange coupling mechanism
and the magnitude of the singlet—triplet splitting must take
into account both the bilinear exchange coupling constant from
the term -2JS,-S, and the biquadratic exchange coupling
constant from the term —27(S,-S,)?. This latter term accounts
for the departure of the energy levels from the interval rule
given by J[S"(S" + 1)] and results in a triplet-singlet splitting
|AE| of 2J — 6.5j. The singlet-triplet splittings, AE, from Table
I are plotted as a function of ¢/r in Figure 2. It may be seen
in Figure 2 that the expected behavior of the singlet-triplet
splitting is observed, that is, AE increases with an increase in
¢/r, reaches a maximum at about 50° /A and then decreases
with a further increase in ¢/r, although there is some scatter

in the data. Presumably these minor variations from the
overall trend arise from intermolecular interactions through
hydrogen-bonding networks which differ widely in the set of
complexes, from electronic effects that arise as a result of
orbitals on nonbridging donor atoms, and from structural
variations other than ¢ and r. Data on additional members
of this series of hydroxo-bridged chromium(III) complex may
permit an understanding of these secondary effects, but it is
clear from these studies that the major structural factors af-
fecting exchange coupling in these complexes are the angles
at the bridging oxygen atom and the chromium(III)—oxygen
bridge) bond distance. Furthermore, the experimental results
may be described qualitatively by molecular orbital theory and
these results provide considerable stimulation for quantitative
calculations.
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Experimental oscillator strengths are found for f — f electronic transitions in solid-state tris(1,3-diphenyl-1,3-
propanedionato)aquolanthanides(III) and used in the determination of Judd-Ofelt parameters. The dynamic coupling
model is employed to predict the electric dipole intensity of certain hypersensitive transitions. Theoretical calculations
concerning hypersensitivity are compared with experimental findings.

Introduction

In the last several years, there has been a considerable
interest in the potential mechanism responsible for the ano-
molous intensity observed for certain f — f electronic tran-
sitions in lanthanides.!> Recently, we have reported a detailed
investigation of the *I,, — *Gs/, hypersensitive transition in
solid-state tris(1,3-diphenyl-1,3-propanedionato)aquo-
neodymium(IIT) (Nd(DBM);H,0) where theoretical calcu-
lations of oscillator strengh were carried out within the context
of the dynamic coupling model proposed by Mason et al.5 In
this study, we wish to report a similar investigation of the
hypersensitive transitions of europium ("F; — °D,), holmium
(°Iy = °Gg), and erbium (*I;s;, — *Gy,,), in which the host
is isomorphic with the neodymium analogue (see Table V).

In the dynamic coupling model, mutual perturbation of the
metal ion and ligands results in a Coulombic correlation be-
tween transient-induced dipoles of the ligands and the quad-
rupole of the metal ion.! The extent of this coupling will be
directly determined by the polarizability of the ligands.
Specifically, this theoretical model predicts that the strength
of the transition will be determined by eq 1, where Q,(dyn)

(1) Mason, S. F. Struct. Bonding (Berlin) 1980, 39, 43.

(2) Peacock, R. D. Struct. Bonding (Berlin) 1975, 22, 83.

(3) Henrie, D. E,; Fellows, R. L.; Choppin, G. R. Coord. Chem. Rev. 1976,
18, 199.

(4) Judd, B. R. J. Chem. Phys. 1978, 70, 4830.

(5) Karraker, D. G. Inorg. Chem. 1967, 6, 1863.

(6) Kirby, A. F.; Palmer, R. A. Inorg. Chem. 1981, 20, 1030.
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Q,(dyn) =
28 3
‘5—<4f|’2|4f)2 Z=:o(2 =Sl ay Ry *C.n®L)] (1)

(dyn = dynamic), a transition strength parameter, is related
to a sum of the product of &, the mean polarizability of the
ligand, Ry, the metal-ligand bond distance, and C_,®, a third
rank spherical tensor which is determined by the pertinent
structural parameters. The radial expectation value of the f
electron must also be calculated, as expressed by the (4fjr?|4f)
radial integral.

On the other hand, a particularly useful means for ordering
the experimentally observed oscillator strengths of all tran-
sitions in a lanthanide spectrum is afforded by the Judd-Ofelt
equation.”® The expression is given by eq 2, where P is the

2
Po=x| T 5 automies + )7 )
3h A=2,4.6

electric dipole oscillator strength of an f — f transition as
expressed by the sum of the products of the &, parameters and
the appropriate transition matrix elements at 7, the frequency
of the transition, and corrected by x, the Lorentz field factor,
which is a function of the refractive index of the bulk medium.
It is common practice to find a set of Q, parameters by a

(7) Judd, B. R. Phys. Rev. 1962, 127, 750.
(8) Ofelt, G. S. J. Chem. Phys. 1962, 37, 511.
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