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Solvent Effect on Intensities off-f Transitions 
in Lanthanide(III) Complexes 
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DK-2100 Copenhagen O, Denmark 

A general theory of the solvent effect on the intensities of f-f transitions of 
lanthanide complexes based on static and dynamic coupling between metal ion 
and ligands and solvent molecules is presented. New expressions are found 
correlating the intensity parameters ra with physical characteristics of the 
solvent. It is shown that the solvent effect influences only in the parameter ~'2- 
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1. Introduction 

Knowledge of the true absorption spectrum of trivalent lanthanide (Ln 3+) com- 
plexes in a given medium is necessary to obtain correctly the characteristics of the 
spectrum such as the position, intensity and shape of the bands. Also it can be 
helpful in studying the mechanism of intermolecular interaction. 

The most useful method for the analysis of the intensities of the absorption bands 
of the trivalent lanthanide complexes is a theory developed by Judd [1] and Ofelt [2] 
in the early sixties. The general form of the equation obtained for the oscillator 
strength in this theory is expressed as a sum of three terms, each of which is given 
by an empirical parameter ~-~ multiplying the matrix element of a unit tensor 
operator, taken between the initial and final states. 

As is well known, the f - f  spectra of Ln a + complexes show relatively weak depend- 
ence on the medium except for a certain transition obeying the selection rules 
[AJI ~< 2, IALI ~< 2 and AS = 0 and are for this reason called the hypersensitive 
transitions [3-4]. In general the dependence of ra parameters on the medium is 
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expressed through the refractive index n~ under the assumption of an effective 
Lorentz field E~ff = E(n~ + 3)/3 (co is the frequency of the radiation field) in the 
calculation of oscillator strengths in solution. The experimental data [5-8] show 
that the ~2 parameter is much more affected by the medium than are the r~ and 76 
parameters. 

Much experimental work has been done to investigate the solvent effect on the 
intensities of f--->f transitions (see [5-8] and references therein). However, no 
theoretical work on this problem has been done. 

The mechanism of the solute-solvent interaction and its effect on electronic spectra 
has been investigated by many authors. 

The general theoretical model of the solvent effect on electric dipole transitions has 
been discussed particularly by Weigang [9]. His theory is based on an Onsager- 
reaction field in the framework of a dynamic coupling mechanism. This mechanism 
was recently applied to account for the intensity of hypersensitive transitions in 
non-centrosymmetric Ln a+ complexes [10] and centrosymmetric complexes (the 
vibronic mechanism of the electric d ipo l e f -> f  transition) [11]. 

In this paper we propose a theory of solvent effect on the intensity of Ln a + com- 
plexes. The model is based on dynamic (correlative) coupling between Coulombicly 
interacting non-overlapping chromophoric units. 

2. Theoretical Model 

The system under consideration consists of a lanthanide complex (metal ion and 
ligands) surrounded by solvent molecules, all randomly distributed. We take into 
account only pair interactions between metal ion and ligand, and metal ion and 
solvent molecules. The many-body interactions as well as the solvent effects on 
ligands are neglected. We assume also that all overlap integrals between interacting 
entities are equal to zero. 

Within the framework of the dynamical coupling model [10] the perturbed wave- 
function to the first-order may be written as 

IMoLoSo) = lMoLoSo) + ~ ( - E ~  - E3-11M~Lz)(M~Lz[VMLIMoLo) 
k,l 

-t- ~ (--gk -- Em)-IIMkSm)(MkSm[VMsIMoSo) (1) 
/r 

for the metal ground state, and 

[M~LoSo) = [M~LoSo> + ~k.(E~ -- Ek -- E~)-~]MkL~><M~L~IVMLIMoLo> 

+ ~ (E,~ - E~ - Em)-~[MkSm)<MkSmlVMsJMaSo) 
k,m 

(2) 

for the metal excited state. 
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Here 

IMkLzS~> = ]Mk)lLzo)'' ' lL .b . . .  IS,0>'--Is~> (3) 

is the product of the zeroth-order wavefunctions representing the electronic states 
of the metal ion (M), ligands (L) and solvent molecules (S). Throughout this paper 
the index ul will refer to the lth excited state of the uth ligand and vm to the ruth 
excited state of the vth solvent molecule. The ground states we will denote by the 
subscript zero. Now we assume that all ligands and also the solvent molecules are 
identical. 

The VML and VMs denote the electrostatic interaction potentials between metal ion 
and ligands and solvent molecules, respectively. 

VML = ~, ~, ~ Tr (4) 
11,12 ql,q2 

VMS "~- ~ ~ ~ T(_.~+~g~(S.)D~(M)D~(S~) (5) 
V ll,13 ql,q3 

where the geometrical dependence of the interaction is given by the tensor 

T ( k l  + k2)( f  ] |'~'~l+ql+qil~-kl+ql+q2r~qI'q2lll2g'~(kl+k2)[~ (~u) _q~_q~\~,, = ( -  (6) x] ~U L"Ukl,k2J ~"-'-qt-q2\L"u~ 

with 

(k~ + k~ + q~ + q2)! (k~ + k~ - q~ - q~)! 
(k~ + qO] (k~ - qO! (k~ + q~)! (k~, - q~)! (7) 

qi,q2 [ B ~ . ~ ]  = 

The operator 

D(kO( M = - er~ 1C~1 (0~, r (8) 

is restricted to the chromophoric electrons i on the metal ion labelled by i with 
coordinates (r~, 0~, eJ.  A quite similar formula can be written for n(k2vr ~ and for 
Dr165 ~ with the indexes j and k enumerating the electrons of  ligand and solvent q3 \~V] 
molecule, respectively. The position of the ligand Lu or solvent molecule Sv with 
respect to the metal ion is determined by the sets of coordinates (Ru, 0 . ,  0 . )  and 
(Rv, 0v. �9 0. 

The operator rc~oga r is defined as 

Cq(~l) = [4~/(2k~ + 1)] ~/'~ Y~,,~(O, r (9) 

where Ya,q~(O, r is a spherical harmonic of rank k~. The electric dipole operator is 
chosen to be 

D~ = D~(M) + D~(L) + D~(S) 

= - e [ ~  riC}a)(Oi, e J +  ~.  rjC(jl)(Oj, es)+ :k rkC(kZ'(Ok' ek)]. (IO) 
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Using (1) and (2) the dipole moment for the IMoLoSo) -+ IM=LoSo) transition can 
be expressed in the form 

( MoZoSo I D~lMoLoSo) 

= <MaZoSol D) lMoZoSo) 

+ ~ [(MoLoSoID~IM~L~Sm)(M~LzSmlVML + VML[MaLoSo~> 
k,l ,m 

�9 (E~ - E~ - E1 - Era) -1 + (MoLoSoIV~L + V~IM~L~Sm) 

�9 (MkLzam] O~lM=ZoSo~>(-- g~ - E1 -- Era)- 1]. (11) 

One can easily note that the first term in (11) 

(M~toSolD~[MoZoSo) = (M~ID~(M)IMo) = 0 

because the transition between the zeroth-order metal states is forbidden so that 
only next terms in Eq. (11) can give a non-vanishing zero-order contribution to the 
electric dipole transition moment in the system 

( MoLoSo] Dq[ MaLoSo) 

= ~ [ (Ea-  Ek)-I(MoID~(M)[M~) 
kr 

�9 ((M~Lo[ VMLIM~Lo) + (MkSo[ Vus[ M~So)) + (- E k)-i 

+ y ,  [(Eo - E ~ ) - I ( L o l D ~ ( L ) I L I ~ ( M o L I I V ~ I M ~ L o )  + ( - E =  - E l )  -1  
/ c a  

�9 ( M ~ L o [ V ~ I M o L 1 X L ~ I D ~ ( L ) I L o > ]  

+ ~ .  [(E.  - ~ ) - I ( S o [ D ~ ( S ) I S ~ % ( M o S m I V M ~ I M o S o >  + ( - E o  - Era) -1 
ra .~ tt 

�9 (MoSo [V~ IM~a~(ar.IO&(S) lSo~]. (12) 

Eq. (12) is the basis of a general theory of the electronic f - ->f t ransi t ion of Ln 3+ 
ions. The first sum describes the "static mechanism" of the electronic transition 
in the metal ion linked with the static charge distribution on the ligands and solvent 
molecules�9 The next terms represent the "dynamic coupling mechanism" being the 
correlation between the transient electric moment induced in ligand and solvent 
molecules and the electronic transitions in the metal ion. 

3. Method of Calculation 

Judd [1] and Ofelt [2] assumed that the metal states IMk~ must arise from a con- 
figuration having opposite parity to force an electric dipole transition. Within the 
framework of a crystal field type theory it is usual to expand the potential V = 
(Lo] VML[Lo) in Eq. (12) as a series 

V = ~ AtpD~ ) (13) 
t,p 
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where 

D~ ~) = ~ r~C~t)(,,i, r (14) 

Utilizing Eqs. (4), (5) and (13) we can write (12) as 

Do~ = ~ ~ Aep[(E~ - Ek)-I(MoID~(M)IMkXM~IDg~)IM,~> 
t,p k r  

+ ( - E~) -1 <Mol D~)IM~>g, Mkl D~(M) I M=) l ( t 5a) 

v klq I N3q 3 

�9 [(E~ - E~)- ~<MolDq(M) IMk><M~ID~)IM,~ ) 

+ ( E , -  E~)-~CMoID(q~OIM~><MkID~(M)IM,~>]<SoID(q~)[So) (15b) 

+ ~ ~ ~ [(E~ -- EO-~(LoID~(L)[Lz)(L~[D~2)]'Lo> 
k l q  I ]c2q 2 l r  

- 1 (k 2) 1 (k 1) + ( - E a -  E,) (LolDq2 [L,)CLz[DqILo>]<Mo[Dq~ IM,~> 
(15c) 

+ ~ ~ ~ [(E=-Em)-Z(SolD{(S)ISmXSm[D(q~aa)]So> 
klql kSq 8 ~/~#6 

+ (--S,~ -- Em)-I<SolDs ] 
(kD �9 (Mo[Dq~ [M,~>. (15d) 

The first part of the above Eq�9 (15a) is the basis of the Judd and Ofett theory. In 
order to exploit this expression we introduce the average energy denominator 
AE ~ Ek >> E= [1, 2]. 

Taking the electronic states of the metal ion in the free ion approximation as a 
linear combination of Russell-Saunders coupled states IfU(Ma)JM> and applying 
the closure theorem with respect to I f  N- ld(Mk)J"M"> states Eq. (15a) becomes 

D L ( M )  = e (- 1)" +qA,,[2`lz(t,  2`) 
p , t  A = 2 ,~: ,6  

q - - p - q  p -- - g - p  M'  

�9 (f~(Mo)JMll U(-~-q [lfN(M~)J'M '} (16) 

where 

1 (fllC(*'l[l~<lC(e)[[f> 

�9 <4fNIr 14fN- ld>(4fN- ldlrtl4fN>(AE ) - 1. (17) 

The summation is made over all states ]4fN-ldkMkJ"M"). (:::) and {:::} means 
3j- and 6j-symbols, respectively. Here the abbreviation [~] = 22, + 1 has been 
introduced. 

(4ffVlrtl4ffv-ld> is the radial integral of the single-electron wave functions. 
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4. Electric Dipole Transitions 

To calculate the electric dipole transition of Ln 3 + complexes in a solvent we can 
note that only the first two parts of Eq. (15) are responsible for this process�9 

The solvent contribution to the oscillator strength is included through Eq. (15b). 
We assume here that the Coulombic interaction between metal ion and solvent 
VMS is dipole-dipole in nature and put kl = k2 = 1. The oscillator strength of 
an electric dipole transition from IfN(Mo)JM) to IfN(Ma)J'M '> is given by 

 82mcq 
Boa = x\-TU-e~ ! I<MolD~IMa>I ~ (18) 

where in is the electron mass, h is Planck's constant, c is the velocity of light, 
a is the energy of the transition in cm- 1 and X is the Lorentz field correction for the 
refractivity of the medium. Taking into account (15a, b), (16), and condition 
kl = k2 = 1 we express (18) as 

�9 (fN(Mo)JMI U(-a~ -9 [fN(Ma) J'M')] 2 (19) 

where now a new effective parameter -dtp is: 

7 , ,  = Atp + 3t,1 ~ ~+t (20) T_._.o(v)~o(Sv). 
q31) 

Here the delta function indicates that the medium effect is limited only to the 
values of Atp with t = 1. 

~qz(S0 = <SoIDL[S0> 

denotes the q3th component of the permanent dipole moment of Svth solvent 
molecule. It is convenient in the analysis o f f - + f  transitions to write the oscillator 
strength in the form proposed by Judd [1] 

po,,= ~ eZ, I<fN(Mo)JIIU<X>IIfN(Ma)J')[ 2 (21) 
A = 2 , 4 , 6  

where 

[8rr2mc] ... 
"Ta = g / ~ / t a l ~ t  J - -  ]-dt"12E2(t' A)(2t + 1) -1 (22) 

_ q , t  

Eqs. (21, 22) provide explicit expressions to calculate the solvent effect on the 
intensity of f - + f  transitions. The effect manifests itself mainly" through the 

effective parameter A~. From the 3-j triangle conditions f o r -  (1 A t]  - ! q - p - q  q 
with t --- 1 results that A = 2. Then the medium effect is linked only with one 
parameter ~2. 

The dependence r2 on the medium expressed by .T~p (Eq. (25)) may be calculated 
under the assumption that the orientations and positions of all molecules involved 
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are known. In principle this could be done rigorously only for molecular systems 
with fixed structure. In practice the problem is very complex and therefore we use 
an approximate empirical method relating the average value of ~v T2-q-q3(v)~(SO 
to macroscopic parameters characterizing the medium. 

Following McRae [12] we define the electrostatic field due to the permanent dipole 
moment of the solvent molecules acting on solute molecules as 

E~' = --<~d T2-~-q3(v)tz(S~)> (23) 

where (. �9 �9 > indicates the Boltzmann averaging over all orientations of molecules, 
which can be identified with the Onsager reaction field R [13] assuming that the 
averaging is equivalent to replacing the solvent molecules by a homogeneous 
dielectric. For spherical molecules lEVI2 = 3]R[ 2 and for rod-like molecules 
lEVI = R 2 [12]. 

For isotropic solute molecule [12] 

R = - - ~  -+2 n2+  

where D is the static dielectric constant and n the solvent refractive index extrapo- 
lated to zero frequency,/z, is the dipole moment for solute molecule and a denotes 
the radius of the Onsager cavity. 

Thus the ~2 parameter characterizing the solvent effect on the intensity off--->f 
transitions can be written as 

.72 = A, .  + 3t, z 7 -+ 2 n2 -~ 2).(2t + 1) -1 

(25) 

5. Hypersensitive Transitions 

The f -+f t rans i t ions  with the selection rule I AJ/ ~< 2 show a relatively stronger 
sensitivity to the medium appearing in the intensity changes and frequency shifts. 
It was shown by Peacock et al. [10] that the dynamic coupling mechanism repre- 
sented by Eqs. (15c, d) is responsible for the oscillator strengths of hypersensitive 
transitions. Within the framework of this theory Eq. (15d) describes the solvent 
contribution for hypersensitive transitions. 

The transition moment 
(kl) <Mot Dql Iia> = ( f~(Mo)Ji l  D~I)IfN(M,~)J'M'> 

= <f l  C(~i)lf><4flrk~14f><fN(go)JMlU~'lfN(MDJ'M'> 
(26) 

0 then 1 ~< kl ~< 6 and next 

(fN( Mo)JM ] U~)IfN( M~)J' M '> 
j ,  

o7) --q' l  
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The 3-j triangle condition implies kl ~< I J '  - J[. Since the d ipolef -+f t rans i t ions  
with kl = 1 are forbidden then the lowest order non-vanishing term (kl = 2) is 
an electric quadrupole transition corresponding to the hypersensitive transitions 
restricted to IAJI < 2. 

One can note that the magnitudes in square brackets appearing in (15c, d) 

%~2(L) = ~ [(E~ - El)- l<Lol D~rL,><L,I D~IL0> 
! 

+ ( -  Ea - E,)- I(L 0 IDa= I LI>(L1 l O{ lLo>], (28) 

~,~o~(s) = "~ [(Go - Em)-l<SolO&lSm><SmlOLISo> 
m 

+ ( - E o  - E,.)-l<SolO~31Sm><SmlO~lSo>l (29) 

define the qq2th and qqath tensor components of the electric dipole polarizability 
at the frequency p0a = ( E a  - -  E o ) / h  for ligand and solvent molecules respectively. 

Further, for simplicity of calculation we assume that the ligand and solvent mole- 
cules are isotropic entities so that the sums over the components of the polariza- 
bility tensors will be reduced to a single term replaced by the mean values of 
polarizabilities for ligand i(L) and solvent molecules if(S), respectively. 

Utilizing (26, 27) and definitions (28) and (29) we can express the oscillator strength 
for hypersensitive transitions in the form 

[4mccr\ N 
Poa -- •  ~d<f  (Mo)JII U(2)IIfN(Ma)J'>I2(2J + 1) -1 (30) 

where 

1 ~ = 1<4flr~14f>12l<fllf(='l[f>]2 T(-8g_r + ~ Z(--a~-r . 
1J 

(31) 

The dependence of hypersensitive transitions on the medium is expressed by a 
simple formula through the parameter ~2. That parameter differs from the one 
calculated [10] for a free lanthanide complex by the term 

(8)  T_ q_ r 
q,q3 

This term may be approximated as was done in the former section by the use of the 
reaction field model [9] 

2Ix= { n2 - l'l (32) 

q,q3 V 

The mean molar refractivity at the frequency ~ of the radiation field is R~ = 
(n~ -- 1/n~ + 2)(M/d),  where M = molar weight, d density and n~, the refrac- 
tivity index at the frequency oJ. Therefore the root square of ~2 (the parameter for 
hypersensitive transitions) should be proportional to the mean molar refractivity. 
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6. Conclusions 

In this paper we presented the theory of solvent effects on intensities of f - - ~ f  
transitions in lanthanide complexes. The general formula for intensity parameters 
~ including solvent effects were developed for the case of  dipole and hypersensitive 
transitions under the assumption of  dipole-dipole solute-solvent interactions. I t  
was shown that the solvent effect is included only in one parameter  ~2. However, a 
mechanism of solvent effects on the ~2 parameter  is substantially different in the 
two cases. For dipole transitions it depends on the permanent dipole moment  of  
the solvent while for hypersensitive transitions it depends on the polarizabilities 
of  the solvent molecules. In practice it may be difficult to use Eqs. (22) and (31) 
for absolute calculation of the 72 parameter  for an isolated complex owing to the 
tensor T~_~_q~(Sv) representing the geometrical dependence of the solute-solvent 
interaction. Nevertheless, some quantitative features can be obtained applying the 
approximated expressions within the framework reaction field method. 

The present treatment is capable of  generalization (the vibronic contribution to the 
electric dipole oscillator, higher order solute-solvent interactions) and, hopefully 
may provide a basis for further experimental and theoretical investigations. 

In conclusion we should like to point out that the intensity analysis of f ---~f  
transitions in lanthanide complexes, through the possibility of  a precise determina- 
tion of the ~x parameter, may be a helpful method in the investigation of inter- 
molecular interactions in liquids. 
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