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Effect of 4f�shell excitation of Eu(fod)3 on its complex formation
with alicyclic ketones
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The complex formation of alicyclic ketones, viz., camphor, cyclohexanone, menthone,
and cytisine, with the Eu(fod)3 chelate (fod is 7,7�dimethyl�1,1,1,2,2,3,3�heptafluorooctane�
4,5�dione) in the ground and excited states was studied by chemiluminescence and kinetic
luminescence spectroscopy, respectively. The stability constants and thermodynamic param�
eters of complex formation were determined. An increase in the stability of the electron�
excited complexes [Eu(fod)3

*•Ketone] is explained by the enhancement of the acceptor ability
of the Eu3+ chelate due to an increase in the fraction of the covalent component caused by the
involvement of 4f�orbitals. The results obtained give direct evidence for the effect of the
4f�shell excitation of Eu(fod)3 on complex formation due to the involvement of f�electrons in
the chemical bonds.
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The participation of 4f�orbitals of lanthanides (Ln3+)
in the formation of coordination bonds remains disput�
able until presently. A ponderable argument in favor of
involvement of the f�electrons of Ln3+ in the formation of
a chemical bond could be a considerable increase in the
stability of the complexes upon excitation, because lumi�
nescence of these complexes is caused by the f—f�transi�
tions only inside the deeply lying 4f�shell shielded by the
external orbitals.

The luminescence kinetic method provides wide pos�
sibilities for studying kinetically labile lanthanide com�
plexes in the excited state.1—3 The application of this
method made it possible to determine the parameters of
complex formation of the Ln3+ and UO2

2+ salts in the
excited state with organic substrates3 and inorganic ions4,5

in solutions. In studying complex formation in the ex�
cited state, it is promising to use the Ln3+ tris�β�diketonate
complexes, which found wide use in NMR spectroscopy
as paramagnetic shift reactants.6 We have previously found
that the electron excitation of the f—f�transitions of the
Eu(fod)3 chelate (fod is 7,7�dimethyl�1,1,1,2,2,3,3�
heptafluorooctane�4,5�dione) results in a sharp (by
more than an order of magnitude) increase in the stability
constants of its complexes with aromatic7,8 and ali�
phatic9—11 ketones, sulfoxides,12,13 and sulfones14,15 due
to the involvement of the 4f�electrons in the chemical
bonds.

In this work, we studied the effect of excitation of the
4f�shell in the Eu(fod)3 complex on the formation of the
coordination bond with alicyclic ketones, viz., cam�

phor (1), cyclohexanone (2), D(+)�menthone (3), and
L(–)�cytisine (4), in benzene solutions.

Experimental

The lifetime (τ) of electron�excited Eu(fod)3
* was measured

with a LIF�200 impulse laser fluorimeter. The absorption spec�
tra were recorded with a Specord M�40 spectrophotometer. The
fluorescence (FL) spectra and intensity (Ifl) were recorded with
a Hitachi MPF�4 fluorimeter. The optical rotation dispersity
(ORD) was studied using a Perkin—Elmer 241 MC spectropola�
rimeter. The chemiluminescence (CL) intensity (Icl) was mea�
sured using a setup described previously.16

Cytisine was purified by double recrystallization from
toluene. Camphor was purified by sublimation. Cyclohexanone
was distilled and dried over molecular sieves 4А. Menthone
was purified using column chromatography. Dispiro[tri�
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cyclo[3.3.1.13,7]decane�2,3´�[1,2]dioxetane�4´,2″�tri�
cyclo[3.3.1.13,7]decane] (5) was synthesized using a known pro�
cedure.17 Anhydrous Eu(fod)3 (Aldrich) was prepared by heat�
ing at 370 K in vacuo for 4 h. Benzene was refluxed over metallic
sodium and recrystallized.

Results and Discussion

Complex formation of ketones (L) with Eu(fod)3
in the ground state

The authors of the work18 proposed a method for de�
termination of the stability constants of the [Eu(fod)3•L]
complexes based on CL quenching during thermolysis of
dioxetane 5 (Scheme 1).

Scheme 1

In the presence of Eu(fod)3, dioxetane 5 is decom�
posed simultaneously with processes involving the forma�
tion of the [Eu(fod)3•5] and [Eu(fod)3•6] complexes,
decomposition of dioxetane in a complex with excited
Eu3+, and light irradiation.18 When a complex�forming
agent, viz., ketone, is added, the latter competes with
dioxetane 5 for the site in the coordination sphere of the
Eu(fod)3 chelate (Scheme 2).

Scheme 2

Since CL is mainly determined by the decomposition
of dioxetane 5 in the complex with Eu(fod)3, the CL

intensity decreases due to the formation of the
[Eu(fod)3•L] complex. In this case, the CL intensity obeys
the equation18

I0/I = 1 + {K[L]0/(1 + K1[Eu(fod)3]0)}, (1)

where I and I0 are the CL intensities in the presence and
absence of L, respectively; [Eu(fod)3]0 and [L]0 are the
initial concentrations of the reactants; K1 and K are the
stability constants of the [Eu(fod)3•5] and [Eu(fod)3•L]
complexes, respectively.

The stability constants for the Eu(fod)3 complex in
the ground state with ketones 1—4 (Table 1) were deter�
mined from the slope of the linear anamorphosis in the
coordinates of Eq. (1) (Fig. 1) using the known K1 values
(∆H0 = 19±2 kJ mol–1, ∆S0 = –3.5±4 J mol–1 K–1).19

The thermodynamic parameters of formation of the
[Eu(fod)3•L] complexes were determined from the plots
of the stability constants vs. 1/Т (Fig. 2). The data pre�
sented in Table 2 show that the stability of the Eu(fod)3
complexes with ketones 1—3 is determined by the posi�
tive change in the entropy, while the enthalpy contribu�
tion predominates in the case of cytisine. The high stabil�
ity constants and exothermicity of complex formation for
cytisine are likely related to the presence of two func�
tional groups and the possibility of coordination at both
the oxygen and nitrogen atoms.

The plots for ORD of chiral molecules 3 and 4 vs.
concentration of Eu(fod)3 were also obtained. In the pres�
ence of the Eu3+ chelate, the absolute value of the rota�
tion angle (α) increases (Fig. 3) due to the formation of
the [Eu(fod)3•L] complex. As found previously,20,21 the
optical activity is induced during the formation of adducts
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Fig. 1. Plots for the CL intensity (I0•I–1 – 1) of dioxetane 5
(10–3 mol L–1) in the presence of Eu(fod)3 (10–2 mol L–1) vs.
concentration of ketones 1 (1), 2 (2), 3 (3), and 4 (4) in the
coordinates of Eq. (1) (benzene, 300 K).
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Table 1. Stability constants of the Eu(fod)3 complexes in the ground and excited states with ketones 1—4 and the lifetime of
Eu(fod)3

*

T τ0 1 2 3 4
/K /µs

K К* τ1 K К* τ2 K К* τ3 K К* τ4

L mol–1 /µs L mol–1 /µs L mol–1 /µs L mol–1 /µs

280 220 9.0 180 420 9.5 120 440 31.0 430 330 1990 2170 480
290 180 11.5 250 410 13.5 180 425 36.0 810 320 1060 1860 480
300 140 15.0 360 400 18.5 310 400 41.0 930 310 590 1450 485
310 110 19.0 450 370 25.0 360 370 47.0 1010 290 340 1180 485
320 90 23.5 530 320 33.0 500 310 53.5 1140 260 200 960 490
330 70 29.0 650 260 43.5 620 260 60.0 1230 210 130 810 495
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Fig. 2. Temperature plots for the stability constants of the Eu(fod)3 complex in the ground (1) and excited (1´) states with ketones
1 (a), 2 (b), 3 (c), and 4 (d).
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of the chiral substrate with achiral Ln3+ β�diketonates.
A maximum at the equimolar ratio of the Eu3+ chelate to
the ligand is observed in the curves of the plots of the
rotation angle vs. ligand concentration, indicating the for�
mation of the 1 : 1 complexes.

Complex formation of ketones with Eu(fod)3
in the excited state

The addition of ketones 1—4 to a solution of Eu(fod)3
(5•10–3 mol L–1) in benzene increases τ and Ifl of the
Eu(fod)3

* complex in the excited state (Fig. 4) due to
both shielding of Eu(fod)3

* by the L molecules from the
quenching effect of the solvent and an increase in the covalent component of the Eu3+—L bonds caused by the

involvement of the 4f�orbitals.22 The positions of the bands
in the absorption and FL spectra of Eu(fod)3

* in the pres�
ence of ketones remain unchanged, but an insignificant
redistribution of the FL intensities is observed at 580 and
613 nm. At the Eu(fod)3 and L concentrations used
(5•10–3 and 3•10–3—8•10–2 mol L–1, respectively), the
formation of the two�ligand complexes [Eu(fod)3•L2] can
be neglected.23 The processes occurring upon the photo�
excitation of a solution in which the 1 : 1 Eu(fod)3

* com�
plexes with ketones are formed can be presented by
Scheme 3.

Scheme 3

Here τ0 and τ1 are the lifetimes of Eu(fod)3
* and

[Eu(fod)3
*•L], respectively; K and K * are the stability

constants of the Eu(fod)3•L complexes in the ground and
excited states.

The exponential character of the FL decay kinetics of
Eu(fod)3

*, indicating fast ligand exchange in the first co�
ordination sphere of the europium complex due to

Table 2. Changes in the enthalpy and entropy of complex
formation of Eu(fod)3 with ketones 1—4

Ketone ∆H ∆H* ∆S ∆S*

kJ mol–1 J mol–1 K–1

1 18.6 20.0 84 114
2 23.4 25.0 102 130
3 10.2 8.4 65 85
4 –42.6 –15.9 –89 8

Note. The average error of measurements is ±10%.
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Fig. 3. Specific rotation angle of the [Eu(fod)3
*•L] complex

as a function of the concentration of D(+)�menthone (1)
and L(–)�cytisine (2) ([Eu(fod)3] = 5•10–3 mol L–1; ben�
zene, 295 K).
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Fig. 4. Absorption spectra of Eu(fod)3 (0.01 mol L–1) (1, 1´) and
FL spectra of Eu(fod)3 (5•10–3 mol L–1) (2, 2´) in the ab�
sence (1, 2) and presence (1´, 2´) of ketone 1 (10–2 mol L–1).
The plot of τ of Eu(fod)3

* (5•10–3 mol L–1) (3) vs. concentra�
tion of ketone 1 (benzene, 295 K).
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which an equilibrium between concentrations of different
complex forms is maintained, makes it possible to use
Eq. (2) 7,24 for the determination of the stability con�
stants (K*) of the [Eu(fod)3

*•L] complexes.

, (2)

where τ is the apparent luminescence lifetime of the solu�
tion after the equilibration between different complexes
in the excited states, τ0 is the lifetime of Eu(fod)3

* in
the absence of the ligand, τ1 is the lifetime of the
[Eu(fod)3

*•L] complex, and [L]eq is the equilibrium
concentration of the ligand. The plot for ττ0(τ – τ0)–1

vs. [L]eq
–1 is a straight line with the τ1τ0(τ1 – τ0)–1

section cut in the ordinate and the slope ratio
τ1τ0(τ1 – τ0)–1(K *)–1. The equilibrium concentrations of
the ligand for each initial concentration of ketone were de�
termined from the stability constants of the [Eu(fod)3•L]
complex in the ground state (see Table 1). The plots for
τ vs. equilibrium concentration [L]eq in the coordinates of
Eq. (2) are presented in Fig. 5. Using these plots, we
calculated the stability constants K * and lifetimes τ1 of the
[Eu(fod)3

*•L] complex in the excited state (see Table 1).
The thermodynamic parameters of complex formation of
ketones with Eu(fod)3

* (see Table 1) were determined
using the temperature dependences of K * (see Fig. 2).

The data presented in Table 1 show that the stability of
the chelate Eu(fod)3 complexes with ketones at the exci�
tation of the f—f�transitions of the Eu3+ ion increases in
the whole temperature interval studied (K*/K ≈ 24, 17, 23,
and 2.5 at 300 K for ketones 1—4, respectively). We at�
tribute this fact to the enhancement of the acceptor abil�
ity of Eu(fod)3 due to an increase in the fraction of the

covalent component caused by the involvement of the
4f�orbitals. The transition of the Eu(fod)3 complex to the
excited state is accompanied by an increase in the contri�
bution of the entropy factor to complex formation with
ketones 1—3 and that of the enthalpy factor to complex
formation with ligand 4 (see Table 1). At ∆H0 and ∆S0 > 0,
the complex formation of ketones 1—3 with Eu(fod)3 in
both the ground and excited states is likely preceded by
the close approach of the reacting species with liberation
of the solvent molecules, which increases the entropy.
The negative ∆H0 values and ∆S0 close to zero for cytisine
indicate that the formation of the [Eu(fod)3

*•4] com�
plexes, regardless of excitation, occurs probably without
changing the number of solvent molecules in the coordi�
nation sphere of Eu(fod)3.

It is noteworthy that the complex formation of
Eu(fod)3 with ketones 1—3 substantially decreases
the efficiency of temperature quenching of FL of
[Eu(fod)3

*•L], while for bidentate cytisine 4 τ1 of
[Eu(fod)3

*•4] is virtually temperature�independent (see
Table 1). The temperature plots of τ0 for Eu(fod)3

* and τ1
for [Eu(fod)3

*•L] are satisfactorily described by the
equation25

ln(1/τi – 1/τe) = lnAi – Ea
i/RT, (3)

where τi are the current τ0 and τ1 values at the tempera�
ture Т, τe is the emissive lifetime of Eu3+ (4.8 µs),26 and Ai

and Ea
i are the pre�exponential factor and activation en�

ergy of the non�emissive deactivation of FL for Eu(fod)3
*

and [Eu(fod)3
*•L], respectively. The activation param�

eters of the temperature plots of τ0 and τ1 for Eu(fod)3
*

and the Eu(fod)3
* complexes with ketones 1—3 are the

following: Ea
0 = 18.4±1.2 kJ mol–1 (logA0 = 7.0±0.5);

Ea
1 = 15.6±1.3 kJ mol–1 (logA1 = 6.0±0.5);

Ea
2 = 10.8±1.0 kJ mol–1 (logA2 = 5.7±0.3), and Ea

3 =
14.6±1.2 kJ mol–1 (logA3 = 5.9±0.4), respectively (Ea

0 is
the activation energy of non�emissive degradation of the
energy of excited EuIII in the absence of ketones, and Ea

1,
Ea

2, and Ea
3 are the activation energies for the EuIII com�

plexes with ketones 1—3). A decrease in dissipation losses
of the excitation energy in the [Eu(fod)3

*•L] complexes
compared to that for Eu(fod)3

* (Ea
0 > Ea

i) is a result, most
likely, of shielding of Eu(fod)3 by molecules 1—4 from
the quenching effect of the solvent.

A helpful information can be obtained from analysis
of the temperature plots of the apparent (averaged over
different types of complexes) lifetime τ of the [Eu(fod)*•L]
complex. It has previously been mentioned27 that for lan�
thanides a sharp change in the FL parameters occurs in
the 290—310 K temperature interval, which is critical for
the shift of the chemical equilibrium in complex forma�
tion reactions. As can be seen from the data in Fig. 6, the
temperature dependences of τ of Eu(fod)* in the presence
of menthone are described by the sum of two exponents
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Fig. 5. Plots for τ of FL of Eu(fod)3
* (5•10–3 mol L–1) vs. con�

centration of ketones 1 (1), 2 (2), 3 (3), and 4 (4) in the coordi�
nates of Eq. (2) (benzene, 338 K).
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and exhibit a break just in the region of 300 K. For the
activation parameters of temperature quenching of τ of
Eu(fod)* in the presence of menthone 3 (concentration
interval 3.5•10–3—4•10–2 mol L–1) determined in the
temperature intervals ∆Т1 < 300 К and ∆Т2 > 300 K, the
following kinetic compensation dependences are ful�
filled28:

logA = (0.2±0.02)•10–3Ea + (3.5±0.3) ∆Т1 < 300 К, (4)

logA = (0.2±0.02)•10–3Ea + (3.2±0.3) ∆Т2 > 300 К. (5)

The logA and Ea values determined for the tempera�
ture quenching of τ0 of Eu(fod)* fall on the plot (4),
whereas τ1 of [Eu(fod)*•3] lies on the plot (5). Based on
these data, we can assume that at the temperatures >300 K
the temperature quenching processes of the [Eu(fod)*•3]
complex prevail; this agrees with the endothermic charac�
ter of the complex formation of menthone with Eu(fod)*.

The substantial differences in the thermodynamics of
complex formation of Eu(fod)3 in the ground and excited
states with ketones are also emphasized by the character�
istic dependences between the entropy and enthalpy of
complex formation. The relationship between ∆H0 and
∆S0 (thermodynamic compensation effect27,29) (Fig. 7)
obeys satisfactorily the linear correlation ∆S0 = ν∆H0 + α
(r = 0.999).

In the ground state of Eu(fod)3,

∆S0 = (2.9±0.2)•10–3•∆H0 + (34±5), (6)

and in the excited state,

∆S0
* = (3.0±0.4)•10–3•∆H0

* + (56±7). (7)

Correspondingly, at the reversal temperatures (T0 = 1/ν)
T0 = 345 К, T0

* = 333 К (∆G = –αT ) ∆G0 = –11.6±1.2
kJ mol–1 and ∆G0

* = –18.7±1.9 kJ mol–1. In the region of
these temperatures, the stability constants are indepen�
dent of the enthalpy of complex formation and amount to
K = 60±10 L mol–1 and K * = 870±80 L mol–1 in the
ground and excited states of Eu(fod)3 , respectively.

The thermodynamic compensation effect is applicable
only to reactions of the same class, which is determined
by the complex�forming metal ion capable of coordinat�
ing a series of ligands. Since for the compensation depen�
dences considered the coordination center is identical
and α* ≠ α, then it can be assumed that the electron
excitation of the 4f�orbitals of Eu3+ is also a factor deter�
mining the "homology" of several complex formation re�
actions.

The results obtained indicate the effect of electron
excitation of the 4f�shell of Eu(fod)3 on an increase in the
fraction of the contribution of the f�electrons to the for�
mation of the coordination bond.

This work was financially supported by the Russian
Foundation for Basic Research (Project No. 02�03�
32515), the Grant of the President of the Russian Federa�
tion for Support of the Leading Scientific Schools (Grant
NSh�591.2003.3), and the Program of the Division of
Chemistry and Materials Science "Theoretical and Ex�
perimental Study of the Nature of Chemical Bond and
Mechanism of the Most Important Chemical Reactions
and Processes."

References

1. V. L. Ermolaev, E. I. Bodunov, E. B. Sveshnikova, and T. A.
Shakhvedov, Bezyzluchatel´nyi perenos energii vozbuzhdeniya
[Nonradiative Transfer of Excitation Energy], Nauka,
Leningrad, 1977, 311 pp. (in Russian)

3.2 3.4 T –1•103/K–1

9.5

9.0

8.5

8.0

ln(τi
–1 – τe

–1/s–1)

1

2
3

6
5

4

7

Fig. 6. Temperature plots for τ of Eu(fod)* (5•10–3 mol L–1)
at the concentrations of menthone 3: 0 (1), 3.5•10–3 (2),
5•10–3 (3), 7•10–3 (4), 1•10–2 (5), 2•10–2 (6), and
4•10–2 mol L–1 (7).

–40 –30 –20 –10 0 ∆H0/kJ mol–1

100

50

0

–50

–100

∆S0/J mol–1 К–1

4

3

1
2

4

3
1

22

1

Fig. 7. Compensation dependences of the thermodynamic pa�
rameters of complex formation of Eu(fod)3 in the ground (1)
and electron�excited (2) states with ketones 1—4 in benzene.



Effect of 4f�shell excitation of Eu(fod)3 Russ.Chem.Bull., Int.Ed., Vol. 52, No. 7, July, 2003 1533

2. V. L. Ermolaev and E. B. Sveshnikova, Usp. Khim., 1994, 64,
962 [Russ. Chem. Rev., 1994, 63 (Engl. Transl.)].

3. V. L. Ermolaev, E. B. Sveshnikova, and T. A. Shakhverdov,
Usp. Khim., 1976, 35, 1753 [Russ. Chem. Rev., 1976, 35 (Engl.
Transl.)].

4. M. D. Marcantonatos, M. Deschaux, and J. J. Vuilleumier,
Chem. Phys. Lett.,1981, 82, 36.

5. S. S. Ostakhov, V. P. Kazakov, D. D. Afonichev, and V. V.
Rykova, Radiokhimiya, 1995, 37, 503 [Sov. Radiochem., 1995,
37 (Engl. Transl.)].

6. I. Ya. Slonim and A. Kh. Bulai, Usp. Khim., 1973, 42, 1976
[Russ. Chem. Rev., 1973, 42 (Engl. Transl.)].

7. S. S. Ostakhov, A. I. Voloshin, V. P. Kazakov, and I. A.
Khusainova, Khim. Fiz., 1997, 16, 79 [Chem. Phys. Rep.,
1997, 16, 101 (Engl. Transl.)].

8. S. S. Ostakhov, A. I. Voloshin, V. P. Kazakov, and I. A.
Khusainova, Khim. Vys. Energ., 1997, 31, 207 [High Energy
Chem., 1997, 31, 183 (Engl. Transl.)].

9. S. S. Ostakhov, A. I. Voloshin, V. P. Kazakov, and I. A.
Khusainova, Khim. Fiz., 1997, 16, 84 [Chem. Phys. Rep.,
1997, 16, 107 (Engl. Transl.)].

10. S. S. Ostakhov, A. I. Voloshin, V. P. Kazakov, and N. M.
Shavaleev, Izv. Akad. Nauk, Ser. Khim., 1998, 1511 [Russ.
Chem. Bull., 1998, 47, 1466 (Engl. Transl.)].

11. V. P. Kazakov, S. S. Ostakhov, A. I. Voloshin, and A. S.
Alyab´ev, Koord. Khim., 2001, 27, 151 [Russ. J. Coord. Chem.,
2001, 27 (Engl. Transl.)].

12. V. P. Kazakov, S. S. Ostakhov, and O. V. Rubtsova, Khim.
Vys. Energ., 2001, 35, 138 [High Energy Chem., 2001, 35
(Engl. Transl.)].

13. V. P. Kazakov, S. S. Ostakhov, A. S. Alyab´ev, and O. V.
Rubtsova, Khim. Vys. Energ., 2001, 35, 200 [High Energy
Chem., 2001, 35 (Engl. Transl.)].

14. V. P. Kazakov, S. S. Ostakhov, O. V. Rubtsova, and G. Kh.
Akhmadeeva, Koord. Khim., 2002, 28, 116 [Russ. J. Coord.
Chem., 2002, 28 (Engl. Transl.)].

15. V. P. Kazakov, S. S. Ostakhov, A. S. Alyab´ev, and O. V.
Rubtsova, Khim. Vys. Energ., 2001, 35, 322 [High Energy
Chem., 2001, 35 (Engl. Transl.)].

16. G. L. Sharipov, V. P. Kazakov, and G. A. Tolstikov, Khimiya
i khemilyuminestsentsiya 1,2�dioksetanov [Chemistry and
Chemiluminescence of 1,2�Dioxetanes], Nauka, Moscow,
1990, 288 pp. (in Russian).

17. G. B. Schuster, N. J. Turro, H.�C. Steinmetzeret, A. P.
Schaap, G. Faler, W. Adam, and J. C. Liu, J. Am. Chem.
Soc., 1975, 97, 7110.

18. A. I. Voloshin, G. L. Sharipov, V. P. Kazakov, and G. A.
Tolstikov, Izv. Akad. Nauk, Ser. Khim., 1992, 1056 [Bull.
Russ. Acad. Sci., Div. Chem. Sci., 1992, 41, 828 (Engl.
Transl.)].

19. N. Sh. Ableeva, A. I. Voloshin, E. V. Vasil´eva, G. L.
Sharipov, L. M. Khalilov, V. P. Kazakov, and G. A.
Tolstikov, Kinet. Katal., 1993, 34, 881 [Kinet. Catal., 1993,
34 (Engl. Transl.)].

20. H. G. Brittain, Chirality, 1996, 8, 357.
21. H. G. Brittain, Coord. Chem. Rev., 1983, 48, 243.
22. V. E. Karasev, A. G. Mirochnik, and E. N. Murav´ev,

Zh. Neorg. Khim., 1984, 29, 259 [J. Inorg. Chem. USSR,
1984, 29 (Engl. Transl.)].

23. D. J. Raber, M. D. Johnston, C. M. Janks, J. W. Perry, and
G. F. Jacson, Org. Magn. Reson., 1980, 14, 32.

24. P. Becker and B. A. Bilal, J. Solution Chem., 1984, 13, 481.
25. Y. Haas and G. Stein, J. Phys. Chem., 1971, 75, 3677.
26. S. Stein and E. Wurzberg, J. Chem. Phys., 1975, 62, 208.
27. V. P. Kazakov, Opt. Spektrosk., 1965, 18, 53.
28. V. P. Kazakov, Teoret. Eksp. Khim., 1968, 4, 424 [Theor.

Exp. Chem., 1968, 4 (Engl. Transl.)].
29. V. P. Kazakov, Izv. Sib. Otd. Akad. Nauk SSSR, Ser. Khim.,

1969, 102 [Izv. Sib. Otd. Akad. Nauk SSSR, Ser. Khim. Nauk,
1969 (Engl. Transl.)].

Received June 3, 2002;
in revised form December 15, 2002


