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The influence of excitation of the 4f-orbital of Eu(fod)3 
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The influence of excitation of the 4f-orbital of I:l-diketonate Eu(fod).~ (fod is 
heptafluorodimethyloctanedione) on the formation of the coordination bond with 
adamantanone (!) was studied by the nonradiative energy transfer technique. The kinetic 
parameters of fluorescence (FL) and the lifetime (x) of the Eu ;§ ion in toluene solutions 
were studied. The increase in the stability of the Eu(fod)3" ! complex when f--f-transitions 
of the Eu 3§ ion are excited is related to an increase in the aceeptor capability of Eu(fod) 3 due 
to the increasing fraction of the covalent component determined by the participation of 
4f-orbitals. An unexpected effect of enhancement of the Eu(fod) 3 fluorescence under the 
action of H20 (D20) molecules in toluene solutions was observed. The effect is assumed to 
be caused by an increase in the negative inductive effect when outer-sphere associates with 
the fluorinated radical of [3-diketonate are formed. The mechanisms of the influence of 
electron-donating inner-sphere ligands and outer-sphere associates on the quantum yield of 
fluorescence of Eu(fod) 3 are discussed. 

Key words: fluorescence, nonradiative energy transfer; Eu(n0 13-diketonate, adamantanone, 
complex formation. 

Many works t,z have been devoted to studying the 
factors affecting the intensity of  luminescence of  f--f-  
transitions o f  lanthanide ions (Ln3+), including those 
concerning mechanisms of  nonradiative energy transfer 
(NET).  3,4 When the effect of  the iigand nature on the 
quantum yield (~)  of  f luorescence (FL) of  Ln nl tris-13- 
diketonates is studied, the main role in the decrease of  
dissipation excitation energy losses is ascribed to sterie 
or  e lec t ron-donor  properties. 5 At the same time, the 
character  o f  the meta l - - l igand bond, which depends 6 in 
many aspects on the donat ion o f  the electron density of  
the unoccupied 4f-orbital to the valence orbitals of  the 
Ln 3§ ion, is one of  the substantial factors determining 
the quantum yield of  FL of  Ln 1II chelates. It is known 
that an increase in the covalent  componen t  of  Ln 3 §  
ligand bonds caused by the part icipation of  4f-orbitals is 
accompanied  by the enhancemen t  o f  FL of  lanthanide 
ions. 5 In this connect ion ,  it was o f  interest to study the 
effect of  excitat ion of  the 4f-orbital  o f  the Eu(fod)~ 
chelate (fod is heptaf luorodimethylgctanedione)  on the 
formation of  the coordinat ion  bond with monoketone 
(adamantanone  (I))  and to study the kinetic parameters 
and lifetime ('t) of  F[. of  Eu(fod) 3 in toluene solutions 
containing additives of  ! or water. 

Experimental 

The lifetime of Eu 3+" in the excited state was measured on 
an LIF-200 laser pulse fluorimeter; the radiation intensity (/) 
and FL spectra of Eu(fod) 3 were measured on a Hitachi 
MPF-4 speetrofluorimeter; and absorption spectra were re- 
corded on a Specord M-40 spectrophotometer. The intensity 
of chemiluminescence (CL) was determined on the previously 
described installation. ./ Adamantylideneadamantane-l,2-di- 
oxetane (2) was synthesized by the known procedure, g Anhy- 
drous Eu(fod)3 was obtained by heating of the reaction product 
at 370 K in vacuo for 4 h. Toluene was purified by refhixing 
over Na and distillation. Adamantanone (1) (pure grade) was 
purified by chromatography followed by sublimation. The quan- 
tum yield of luminescence of Eu(fod) 3 was determined rela- 
tively to Eu(tta) 3 �9 phen (tta is thenoyltfifluoroacetone, phen is 
I, 10-phenanthroline). 9 

Results and Discussion 

The observed increase in bo th  /" and x o f  FL of  
Eu(fod)3 in the presence o f  1 is evidence of  the higher 
value of  the quantum yield o f  F L  of  Eu 3+ ions in the 
[Eu(fod)t  �9 II complex than that  in the starting complex.  
Tile possibility of formation o f  this complex  has been 
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Table 1. Kinetic parameters, ~, and x of FL upon excitation of 
Eu'(fod)3 (5" l0 -3 mol L -t) at different concentrations of 1 in 
toluene at T = 290 K 

[ l l"  103 ~o ~/~o Ulo ~ kn~ k~ % 
/tool L - t  / ~  (%) s - t  /~s 

- -  200 1.0 1.0 4.3 4800 -- -- 
2.5 260 1.3 1,2 5.5 3700 -- -- 
5.0 290 1.4 1.4 6.0 3300 210 4760 
10 320 1.6 1.6 7.0 2900 -- -- 
25 370 1.8 1.8 8.0 2500 -- -- 
50 400 2.0 2.0 8.6 2300 -- -- 

Note. ~-cx = 465 am. Average error +10%. 

confirmed previously, l~ The exponential  character  of  FL 
decay of  Eu(fod) 3 in the presence of  1 indicates a fast 
ligand exchange in the [Eu(fod) 3 �9 11 complex. The posi- 
tion of  the bands in the absorption spectra and the ratio 
of  intensities o f  radia t iw transitions o f  FL of  Eu(fod)3 at 
298 K remain unchanged when 1 is added. The charac- 
ter of  changes in the FL intensity is independent  of  the 
wavelength of  luminescence excitation (~.ex/nm: 350, 
465, and 536). 

The quantum yield o f  luminescence of  Eu(fod) 3 in 
toluene in the absence of  1 (~0) at 290 K is equal to 
4.3%. Based on the ratios �9 = ~ o I / l  o and �9 = ,~0x/x0, 
we determined the values of  quantum yields of  FL of 
Eu(fod)3 at different concentra t ions  of  I ,  and the rate 
constants of  radiative (k~ = ~/T) and nonradiative (knr = 
I/x - kc) deactivation and the radiative lifetime (x c = 
l/kr of FL of  Eu(fod) 3 (Table 1) were calculated from 
the ratios �9 = ke/(k e + knr) and T -- (kr + k,r) - I .  As 
can be  seen in Table 1, k e remains unchanged as the 
concentrat ion o f  1 increases, and x~ of  FL of  Eu 3§ is 
close to the value of  5 ms determined previously. II 
Thus, the increase in �9 of  luminescence of  Eu(fod) 3 is 
caused only by a decrease in nonradiative losses when 
toluene molecules  are displaced by adamantanone from 
the sphere o f  the Eu 3+ ion quenching.  

The  ~1 and knr I values for the [Eu(fod) 3- 1]" com-  
plex can be obtained by the extrapolation o f  the ~ and 
kar values to [110 ~ ~. The  plots o f  changes in �9 and 
krt r can be satisfactorily (r = 0.999) linearized in the 
coordinates 1/(O - t~0) and l/(knr ~ - knr) depending 
on 1/[1]0 (here ~0 and knr 0 are the parameters in the 
absence o f  I,  and [I]0 is the initial concentrat ion of  1) 
(Fig. !). ~1 = 10% and karl = 2200 s - l  were deter-  
mined from the intercept on the Y-axis, and the lifetime 
of  FL of the [Eu(fod) 3- 1]" complex,  equal to 410 Its, 
was determined from the expression l /x  I = k e + knr I. 

it has been previously proposed 12 to est imate the 
number  o f  molecular  groups added to the Ln 3+ ion from 
the change in the x and I values during complex forma- 
tion_ Then this method has been repeatedly used for 
determinat ion of  the parameters of  complex formation 
of  kq 3+ at~d UO2 "~+ ions with organic substrates 13-15 
and inorganic ioris 16,17 ill solutions. The fast ligzmd 
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Fig. I. Dependences of �9 (/) and knr (2) of FL of Eu(fod) 3 
(5" 10 -3 mol L -I) on the concentration [110 in toluene at 
290 K. 

exchange and the constant value of  k e are the main 
conditions for applicability of  the N E T  method.  3 As 
shown above, these requirements  are fulfilled in the 
system studied. When a complex  of  Eu(fod)3 with one 
adamantanone molecule  in the excited state is formed, 
the following equation is fulfilled: 18,19 

~x0 _ ~l 'r0 + XlT0 l 

x - t 0  q - t 0  xl - l :0  K'[I]  ' (I) 

where K" is the stability constant of  the [Eu( fod)3- l l "  
complex, x 0 is the lifetime of  Eu 3+ in the absence of  a 
ligand, x I is the lifetime of  FL of  the [Eu(fod) 3 �9 1]" 
complex, ~r is the observed t ime of  luminescence decay 
after the equilibrium concentrations of  the complexes in 
the excited state were established, and [ l l  is the equilib- 
rium concentration of adamantanone.  The formation of  
the 1 : 2 complex of  Eu(fod) 3 with i can be neglected 2~ at 
the initial concentrations [Eu(fod)3] = 5 . 1 0  -3 moi L - t  
and [I] = 2.5" 10-3--5 . 10 -2 tool L - l .  

The equil ibrium concentra t ion  of  I was calculated 
using the  values  o f  the  s tabi l i ty  cons tan t  o f  the  
Eu(fod) 3- 1 complex in the ground state. These con-  
stants were determined by the method  zt of  studying C L  
quenching during thermolysis o f  dioxetane 2. 

IoN = t + Kill0/( |  + KI [Eu(fod)3]0) (2) 

Here I and I 0 are the C L  intensities in the presence and 
absence of  1, respectively; [Eu(fod)3] o and [110 are the 
initial concentrat ions of  the reagents; and K I (AH = 
- 1 8 . 8 k J  mol - z , A S  = - 3 3 . 4 J  tool -I  K- t )  2zand Kare  
the stabil i ty cons tan t s  o f  the  [ E u ( f o d ) 3 . 2  ] and 
[Eu(fod)3" II complexes,  respectively. The parameters 
of  complex formation of  Eu(fod) 3 ill the ground state 
with I in toluene are presented below, and the to r te -  
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Table 2. Parameters of complex formation of 
Eu(fod) 3 in the excited state with adaman- 
tanone in toluene 
Ett*(fod) 3 + t ~ [Eu(fod) 3" II = 

T/ K 3 o ~t t K* 
V.s /L  mol -I 

280 220 430 360 
290 190 410 415 
300 160 370 500 
310 130 350 625 
320 105 320 790 
330 90 270 990 

Note. zXH'290 = 19.0 kJ mol -~. AS'29 o = 
115.0 J mol -I K -I. Average error +10% 

sponding parameters in the case o f  the excited state are 
given in Table 2. 

Eu(fod) 3 + 1 ~ [Eu(fod) 3- II 

AH300 = - 2 2 . 0  kJ mot -1 
AS300 = --30.0 J tool -I K -I 

T/K 280 290 300 310 320 330 
K/L tool -I 310 220 165 120 100 75 

The values of  K' and x I of  FL of  the [Eu(fod) 3" 11" 
complex in the excited state were determined from the 
slope of  the linear anamorphosis  o f  Eq. (I) ,  and the 
thermodynamic  parameters of  complex formation of  I 
with Eu(fod) 3" (see Table 2) were determined from the 
temperature dependence  of  K" (Fig. 2). 

As can be seen in Fig. 2, the excitation of  the Eu 3+ 
ion changes the thermodynamics  of  complex formation. 
Despite the fact that the complex formation of  Eu'(fod)  3 
with 1 is the endothermic  process (AH" > 0), the free 
Gibbs energy is negative in the temperature range stud- 

InK 7:- 8 InK* 

2 e j  j~"  
i 

4i 
i 

15 

3 . . . . . . . . . . .  z . . . . . . .  4 

30 32 34 36 
7'-1. 104/K-t 

Fig. 2. Tenq)erature dependences of stability constnnls of 
conaplcxcS with I for Ell(foal) 3 in excited (&') (1) arid ground 
~K) f2) st;~tcs irl toluene. 

led due to the favorable effect o f  the entropy factor 
during the excitat ion of  the Eu 3+ ion, unl ike  the 
[Eu(fod)3.11 complex in the ground state. An increase 
in the stability of  the [Eu( fod)3-1]  ~ complex  during 
excitation of  the f--f- transi t ions o f  the Eu 3+ ion is most  
likely related to enhancement  o f  the aeeeptor  abili ty of  
the europium chelate due to an increase in the fraction 
of  the covalent component  caused by the part icipation 
of  the 4f-orbitals. The values o f  l ifet imes x t at 290 K of  
the [Eu(fod)3" l l "  complex obta ined  by different meth-  
ods coincide (see Table 2), which  shows the high accu-  
racy o f  the N E T  method for s tudying complex  format ion 
of  Ln lit chelates in solutions. 

The  temperature dependences  o f  x 0 of  Eu(fod)3" and 
x t of  [Eu(fod) 3 �9 1]" (see Table 2) are described satisfac- 
torily by the expression 23 

In(l/z / - 1/%) = lnA i - Eai/(RT), (3) 

where ri are the current values of  x 0 and x~ at the T 
temperature, xr is the radiative l ifetime of  Eu 3§176 (4.8 ms), 
and ,4 i and Eo i are the pre-exponent ia l  factor and the 
activation energy of  processes o f  nonradiat ive deact iva-  
tion o f  FL of Eu'(fod) 3 and [Eu(fod)  3 ' II ~ The  activa- 
tion parameters o f  the tempera ture  dependences  o f  T O 
and rl calculated from Eq. (3) are  the following,: E~ ~ = 
15.5_+2.0 kJ mol - t  (logA ~ = 6.54-0.8) and Ea I = 6.7+1.0 
kJ mol - t  (logA l = 4.6+0.6), respectively. The  decrease 
in diss ipat ion exc i t a t ion  e n e r g y  losses in the  
[Eu(fod)3"  l l "  c o m p l e x  as c o m p a r e d  to tha t  for 
[Eu(fod)3 ]" (Ea I < Ea ~ is most l ikely due to two reasons: 
first, a decrease in the number  o f  to luene  molecules  with 
a high deactivating ability in the nearest  env i ronment  of  
the Eu 3+ ion; second, an increase in the eff ic iency of  
the electron energy transfer to t he  Eu 3+ ion due to the 
coordinat ion of  the donating ligand, adamantanone ,  s 

It is known 3,24 that among H-  and D-conta in ing  
solvents, H20  molecules possess the  max imum capabil-  
ity o f  deactivating FL of Eu J+. However ,  we discovered 
that the addition of  H20 to a dehydra ted  to luene  solu- 
tion of  Eu(fod) 3 results in the e n h a n c e m e n t  o f  FL of  
Eu 3§ rather than quenching. The  dependences  o f  l a n d  x 
of  FL of  Eu(fod) 3 on the concen t ra t ion  o f  H 2 0  are 
parallel and have a tendency to  saturation (Fig. 3). 
Similarly to 1, the decay of  F L  of  Eu(fod) 3 in the 
presence of  H20  is exponential .  At the same t ime,  the 
addition of  H20 results in a decrease  in the molar  
ext inct ion coefficient of  Eu(fod) 3 in the  absorption bands 
o f  the ligand and Eu 3+ ion, whi le  the posit ion of  the 
bands and the I ratio in the F L  spectra remain  un-  
changed (Fig. 4). The character  o f  changes in I and �9 of  
FL of  Eu(fod) 3, unlike 1, depends  on the wavelength o f  
luminescence excitation. When the 5D 2 state o f  the 
Eu 3+ ion is excited (465 rim), the  increase in FL is 1.4 
times lower than that for exci ta t ion of  the first singlet 
level of  the ligand (350 nm) (Table 3). 

It is known 2s that [3-diketonate in the Eu(fod) 3 che-  
late is not hydrolyzed, and the results obtained can most 
likely be explained by either the change in symmetry  of  
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Fig. 3. Dependences of �9 (1, 1") and x (2, 2") of FL of 
Eu(fod) 3 (5- 10 -3 tool L -I) on the concentrations of H20 (1, 
2) and D20 ( / ' ,  2") in toluene at 338 K. L = H20 or D20. 
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Fig. 4. Absorption (I, ~') and FL (2, 2") spectra upon 
excitation (~.ex = 350 nm) of Eu(fod)3 (5" 10 -3 tool L -I) in 
the absence of H20 (1, 2) and in the presence of 2" 10 -2 M 
H20 in toluene (1", 2") at 338 K. 

the env i ronment  of  the central ion (which should result 
in an increase in the probability Qf radiative transitions z) 
or the formation of associates of H20 with 13-diketonate. 
The latter assumption is favored due to the stronger 
increase in �9 for excitation at 350 nm and the un-  
changed character of k c_ It is most likely that the 
addition of }t~O leads to hydration of the fluorinated 
[ l -dikctoi late  radical  to form the hydrogen bo~ld 
R- -F . . .H( )H.  It has bccll proposed z5 that the water 

Table 3. Kinetic parameters, F, and ~ of FL upon excitation of 
Eu'(fod) 3 (5-10 -3 tool L -I) at concentrations of H20 and 
D20 tending to infinity in toluene at 338 K 

Ligand x/x 0 ~/~o �9 knr k c T 
(~) s-t /~s 

H/O 2.5 2.5 4.3 4900 220 190 
D20 3.0 4.5 7.0 3700 280 250 

Note. kex = 350 nm. The values �9 0 = 0.016 and knr0 = 
12800 s - i  in the absence of tt20 and D20 (338 K) were 
calculated from Eq. (3) at the previously determined values of 
Ea 0, A 0, T~, and k e. T O = 80 I.tS. Average error +10%. 

molecules are linked to electronegative groups in the 
ligand rather than coordinated to the Ln 3+ ion. We 
found that the addition of water to a solution of  Eu(fod)3 
in toluene at 338 K results in the formation of  crystals 
that are dissolved upon prolonged (30 min)  heating of 
the solution, which points indirectly to the stability of 
the nH20- - fod  associates. The hydration of fluorinated 
13-diketonate in Eu(fod) 3 probably results in an en-  
hancement  of tile negative inductive effect accompanied 
by a decrease in donation of electrons to O atoms and, 
as a consequence,  by an increase in the ionic character 
of the EuS+--13-diketonate bond. On the other hand,  it is 
known s that the enhancement  of the ionic extent of the 
Eu3+--13-diketonate bond results in a decrease in the 
degradation of the electron excitation of Eu 3+ to vibra- 
t ional components  of the env i ronment  and increases the 
probability of NET from the triplet level of  the ligand to 
the excited levels of the Eu 3+ ion. The absence of an 
increase in �9 and T of  FL  of eu rop ium (m )  tris- 
d ip iva loy lme thane  ( D P M )  when  water  is added 
(x[Eu(DPM)31 = x [Eu(DPM)3"nH20!  = 325 lxs, tolu- 
ene, 338 K) is an argument  in favor of  the fact that the 
interaction of H20 molecules with 13-diketonate is di- 
rected to the fluorinated radical. Thus, the results ob- 
tained indicate the possibility of  using NET for studying 
complex formation in the external coordinat ion sphere 
of Ln 3+ ions. 

In the study of  the influence of  the character of  the 
chemical Eu3+--Iigand bond on the quan tum yield of 
FL of Eu(fod)3, two competing processes should be 
taken into account: the induct ive-resonance NET on 
vibrations of the O - - H  bond in the first coordinat ion 
sphere of the Eu 3+ ion and the inductive effect caused 
by the fornlation of exosphere associates of  H20  with 
13-diketonate (Scheme 1). 

Eu(fod),~ + nH20 

./IV i[I/'r0 

Eu'(fod)3 + nH.zO 

Scheme 1 

[Eu(fod) 3 �9 H20]- (n - 1 )HzO 

h,'![ll~ 
[Eu'(fod):~" H2O]. (n 1)H20 
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Fig. 5. Dependences of c~/q~ 0 (1, 1") and x/x o (2, 2") of FL of 
Eu(fod) 3 (5- 10 -3 tool L - l )  on concentrations of H20 (t, 2) 
and D20 ( / ' ,  2") in toluene at 338 K. L = H20 or D20. 

Thus, the measured effective rate constant  of  NET is the 
sum of the rate constants of  both processes (knr = knr I + 
k,r2). The transition from H20 to D20  should be ex- 
pected to result in a significant change in knr I due to a 
decrease in the frequency of stretching vibrations when 
protium (v3 rl = 3400 cm - I )  is replaced by deuterium 
(v3 D = 2250 cm-I ) .  3,26 In fact, when D20 is added, the 
increase in l a n d  r o f  FL of  Eu(fod) 3 is higher than that 
in the case of H20 (see Fig. 3). in addition, in the 
presence of D20,  the intensity and x of  FL of Eu(fod) 3 
do not increase in parallel ( ~ / ~ 0  ~ X/Xo) (see Table 3), 
which indicates a change in kr 

The plots of  changes in �9 and x of  FL of Eu(fod) 3 
are satisfactorily (r = 0.98) linearized in the coordinates 
q~(L)/q~0 and x(L)/% depending on ILl -1 (L = H20,  
D20 ) (Fig. 5). The F, knr, ke, and x values at the 
concentrat ions of H20 and D20 tending to infinity (see 
Table 3) were obtained from the intercepts on the Y-axis 
and expressions used in determining the kinetic param- 
eters of luminescence of Eu(fod) 3 in the presence of 1. 
It can be seen in Table 3 that an increase in q~ of 
Eu(fod) 3 is determined by a decrease in knr, whereas 
k e = const for H20 or its changes are incommensurably  
small as compared to k,, r for D20.  Thus,  the deuteration 
effect q~(D20)/~(H2 O) = 2 (see Table 3) is caused to a 
great extent by a change in the probability of  NET in the 
first coordination sphere of the Eu 3~ ion rather than an 
increase in k e. Taking into account the data 3,26 accord- 
i~lg to which the partial quenching constant  of FL of 
Eu 3§ by the O - - H  bond varies within 400--550 s - t  and 
the difference between k , r (D20)  and kn~(H20) is 
1200 s -t  (see Table 3), we can reasonably assume the 
lbrmation of monohydrate Eu(fod) 3 �9 H20. 

Thus, the data obtained demons t ra te  the possibilities 
of the NET technique for s tudying inner-  and outer-  
sphere complex formation of Ln  3+ ions in solutions; it 
was shown that the values of  dissipat ion losses of  lumi-  
nescence can be varied by the select ion of  ligands differ- 
ing in e lec t ron-donor  and sterie properties. 

This work was financially supported by the Russian 
Foundat ion for Basic Research (Project No. 96-03- 
33871a). 
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