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Chemiluminescence and catalysis of decomposition of

dispiro(diadamantane-1,2-dioxetane) in the presence of
Eu!l and TbI tris(benzoyltrifluoroacetonate) complexes
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Catalysis of decomposition of dispiro(diadamantane-1,2-dioxetane) (1) in the presence of
Eulll and To!!! tris(benzoyltrifluoroacetonate) complexes (Ln(btfa);) accompanied by the
formation of adamantanone (2) and chemiluminescence (CL) was studied. The rate constants
(k;) of decomposition of compound 1 in the 1-Ln(btfa); complexes and their stability
constants (X)) have been determined. The Arrhenius parameters of decomposition of 1 (£, =
22.4+0.7 kcal mol™!, logd = 10.2+0.8 for 1-Tb(btfa); and E, = 23.4%0.6 keal mol™},
logd = 10.6x0.8 for 1- Eu(btfa);) and thermodynamic parameters of complex formation
(OH = —3.510.5 keal mol™!, AS = —10.4%0.7 e.u. for I- Tb(btfa); and AH = —5.8%0.5
kcal mol™!, AS = —10.9+0.7 e.u. for 1- Eu(btfa);) have been caiculated from the tempera-
ture dependences of k; and Kj. The yields of excitation of the Ln(btfa); chelates ¢*g, =
0.021£0.006 and ¢*n, = 0.12+0.04 have been determined. A higher efficiency of the
occupation of the 5D;-level of Tb** compared to those of the 5D, - and 3Dg-levels of Eu3* is
caused by different efficiencies of the non-radiative energy dissipation in the Ln3* ion after
the intracomplex energy transfer from the 3n,z*-state of 2 to the resonance excited levels of
lanthanides.
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The Eu!!! and Tbl!! B-diketonates are known to accept
well the energy of triplet-excited molecules.! Due to this
property, they are efficient activators of chemilumines-
cence (CL) of 1,2-dioxetanes, whose thermal decomposi-
tion gives triplet-excited carbonyl compounds in high (up
to 30%) yields.2:3 To enhance CL of dioxetanes,
coordinationally saturated Eu!ll chelates are used along
with 9,10-substituted anthracene derivatives. The pres-
ence of the Eulll chelates has no effect on the rate of
decomposition of dioxetanes, and excitation of the che-
lates occurs due to the energy transfer from triplet-
excited carbony! compounds.4 Coordinationally unsatur-
ated chelates of lanthanides (Ln!!), such as Eu(fod)s,
Pr(fod);, and Dy(fod); (Hfod is heptafluorodimethyl-
octanedione), catalyze the decomposition of peroxide.’
The decomposition of dioxetane is catalyzed most likely
due to weakening of the O—O bond as a result of the
formation of a complex with the chelate.5 In this case,
the lanthanide is electron-excited due to the intracomplex
energy transfer from the triplet-excited ketone in the
coordination sphere of the lanthanide ion:’

Donor(T) —i-w Ln*(fod), n

i. Intracomplex energy transfer.

The mechanism of chemiluminescence in the
coordinationally unsaturated Ln!!l chelate—dioxetane
differs from that of excitation of coordinationally satu-
rated lanthanide chelates during activation of CL of
peroxides.? According to this mechanism, excited levels
of the Ln?* ion are occupied due to the triplet-triplet
energy transfer from the donor to the ligand and then
from the ligand to the lanthanide ion:

Donor(T) —» Ligand(T) — Ln*(fod})s 2)

ii. Intermolecular energy transfer.

The difference between these mechanisms is the
following: the chemical reaction resulting in the forma-
tion of a product in the electron-excited state occurs in
the coordination sphere of lanthanide, and this fact
affects substantially subsequent photophysical processes
(dissipation of the electron excitation energy, efficiency
of radiative deactivation, removal of prohibition of ra-
diative deactivation, erc.).$ Lanthanide also affects the
chemical stability of dioxetane. This mutual effect has
been observed previously for the Eu(fod);—dioxetane
system.® In this system, the decomposition of peroxide
in 2 complex with the Eulll chelate results in the
formation of a complex of Eu?** with the nonequilibrium
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coordination sphere and luminescence from the °D;-level
of Eu?*.

In this work, we studied the decomposition of
dispiro(diadamantane-1,2-dioxetane) (1)* catalyzed by
Ln(btfa); chelates (Ln = Eu and Tb; Hbtfa is benzoyl-
trifluoroacetone) and accompanied by luminescence of
lanthanide. The kinetics of CL was studied. The activa-
tion parameters of decomposition of 1 in a complex with
Ln'l, the thermodynamic parameters of complex for-
mation, and the parameters of CL (yield of CL, yield of
excitation of Ln3* during decom-

position of 1 in the 1 - Ln(btfa)s 0—0
complex) were determined. The

comparative analysis of the effect

of the spectral luminescence prop-

erties of the Eulll and To!!! com- ;

plexes on CL was performed.
Experimental

Chelates Eu(btfa); - 2H,0 and Tb(btfa); : 2H,0 were ob-
tained from the corresponding chiorides (chemically pure) and
trifluorobenzoylacetone (4-phenyl-1,1,1-trifluorobutane-
1,3-dione) (pure) by the known procedure.? Dioxetane 1 was
synthesized by the photosensitized oxidation of adamantylidene-
adamantane by singlet oxygen.}® The intensity of CL was
detected on a photometric installation described previously.!!
The spectral sensitivity of the photocathode (a) of an FEU-140
photomultipiier was determined by a strip tungsten SIRSh-
6-100 lamp and a set of interference light filters in the regions
of fluorescence and phosphorescence of adamantanone (fpgy =
420 and 440 nm, o,= 1) and luminescence of terbium (ay =
0.8) and europium (o = 0.1). The measured intensity of CL
was corrected in accordance with the photomultiplier sensitiv-
ity. Chemiluminescence spectra were recorded on a photomet-
ric installation with an aperture MZD-2M monochromator
and an FEU-119 photomultipiier. Photoluminescence (PL})
spectra were recorded on a Hitachi MPF-4 spectrofluorimeter.
Lifetimes of lanthanides in the excited state were measured by
a laser pulse LIF-200 fluorimeter. The quantum yields of PL of
Eu(btfa); and Tb(btfa); in toluene were determined by the
known procedure. 12

Results and Discussion

The thermolysis of 1 in toluene results in its decom-
position to adamantanone (2), a portion of which is
formed in the triplet (2(T)*, in a yield ¢*r = 0.15) and
singlet (2(S)*, ¢*s = 0.02) excited states.’® The chemi-
luminescence observed during thermolysis of 1 is due to
fluorescence of 2, and phosphorescence is not detected
because of the efficient non-radiative deactivation of

2(T)* (reaction (3), Fig. 1).
1.83 Ad=0
0—0Q
I 0.15 (Ad=0O(T))*
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* The systematic name of this compound is dispiro(adamantane-
2,3°~1°,2"-dioxetane-4°,2"-adamantane).
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Fig. 1. a. Chemiluminescence spectra (/—3) in the absence
(I) and presence of Tb(btfa); (2) and Eu(btfa); (3): {1] =
1072 mol L™t (J—3); [To{btfa);] =1.5-1072 mol L' (2;
[Eu(btfa);] = 1.5-1072 mo! L™! (J), resolution 15 nm, tolu-
ene, 370 K. 4. Photoluminescence spectra of Tb(btfa); (2°)
and Eu(btfa)y (3°), [Ln(btfa);] = 1.5-1072 mol L™, resolu-
tion 2 nm, toluene, excitation with light with A., = 390 nm,
295 K.

The spectral composition of luminescence changes
in the presence of Eu(btfa); and Tb(btfa);: bands due to
radiative deactivation (f—f-transitions) of Eu3* and Tb3*
appear (see Fig. 1), which coincide with the spectra of
their PL. The CL spectrum of the Eul'l chelate exhibits
radiation from the 5Dl_level, whose nature is similar to
luminescence in the Eu(fod);—1 system, ie., chemi-
excitation of Eul"! occurs during decomposition of 1 in
the 1-Eu(btfa); complex. According to the data ob-
tained previously,® the observed CL and the scheme of
processes responsible for the kinetics of the decomposi-
tion of 1 catalyzed by the lanthanide chelate can be
presented as follows.

1
—

Ln(btta); + 1 === 1 Ln(btfa)s ()
(1 - ¢*_ )n(btfa), + 2 Ad=0
1-Ln(btfa), ﬁ_[ 2
4% [2- Ln*(btfa),] + 2
($* L — vield of excitation) (3)
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K
Ln(btfa) + 2 ==== 2-Ln{btfa)s (6)
2(T)* + Ln(btfa); —<0e 2 + Ln*(btfa)y 7)
2Ty K, 2 )

Ln*({btfa); —= Ln(btfa); + Av
(9., — Yvield of luminescence) (9)

f2-Ln*(btfa)g] —= [2-Ln(btfa)s] + Av
($2.n — yield of luminescence) (10)

Here k., and k4 are the rate constants of energy transfer
and deactivation, respectively.

Kinetics of decomposition of 1 in the presence of

Ln(btfa),

The CL spectrum of dioxetane 1 in the presence of
the L' complexes consists of a band caused by radia-
tive deactivation of 2(S)* and bands of luminescence of
Ln3*. The latter are well separated spectrally, which
makes it possible to follow their change during ther-
molysis. The intensity of CL (/) in the spectral region
of luminescence is proportional to the concentration of
1, and the rate of its decay is proportional to the rate of
consumption of 1, i.e.,

Tep ~ d[1]/dt = kgp[1], (11)

where kg, is the observed rate constant of CL decay.
Under conditions of [Ln(btfa);]g > [1}y and low (not
higher than 30%) degrees of consumption of 1, the
reaction of complex formation (6) has no effect on the
rate of decomposition of 1. In this case, we can write:

dil} _ & + Kk, [Lo(btfa)s]y )

(12)
dr [+ Kl [Ln(btfa);]o

where [1] is the current concentration of dioxetane, and
[Ln(btfa);], is the initial concentration of the Ln!!
chelate. In Eq. (12),

k[ + K]kz [Ln(btfa);]o
1+ K [Ln(btfa)slq

= Kobs: (13)
To determine the k; and K| constants, it is conve-
nient to present Eq. (13) in the following form:

(kobs — k1)1 = (kg — k)™ + {(ky — k) K [Ln(btfa)s)oh L. (14)

As can be seen from Eq. (13), ks depends on the
concentration of Ln(btfa);, and as the latter increases,
ko approaches k, in magnitude.

In addition to the dependence of [Ln(btfa);], A
also depends on the CL yield in reaction (5), the
efficiency of the energy transfer from 2(T)* to Ln(btfa),,

{Ln(btfa)3]"!/L mol™!

T 500 400 300 200 100 0 =
S~ T T T Y T -
E 5
2 z 12 5
=< =
6f ~
1 !
48 —~
4
2k 14
) 1 i 4 L 1 1 0
0 4 8 12 16

[Lu(btfa);] - 103/mo) L~!

Fig. 2. Dependences of the observed rate constant of CL of
dioxetane 1 in the region of luminescence of 2 (380—440 nm)
on the concentrations of Tb(btfa); (/) and Eu(btfa); (2 at
{1] = 107% mol L~ and 370 K; 7', 2’ the same dependences
in the coordinates of Eq. (14).

Table 1. Rate constants of decomposition of 1 in the
1-Ln(btfa); complex (k;) and stability constants of the
1- Ln(btfa); complexes (X)) determined from the rate of
CL decay (see Fig. 2) at different temperatures*

/K k- 10%/5! K,/L mol™!
Eu To Eu Tb
353 1.26 2.10 16.7 13.5
359 2.20 3.52 14.8 12.0
363 3.13 5.00 13.2 11.0
368 4.85 7.60 11.8 10.0
370 575 9.00 11.3 9.5

* The average errors of determination of k; and K| are
+4%.

and the efficiency of luminescence of Ln®** in the
whole spectral range. In addition, the luminescence of
Ln3** is quenched by dioxetane 1.13 The transfer of the
excitation energy to vibrational levels of 1 results in its
decomposition. The energy released due to the decom-
position leads!3:14 1o the partial regeneration of excited
Ln3** and, as a consequence, to the quantum-chain
decomposition of 1. However, under conditions of our
experiments, the fraction of decomposition of 1 vig the
quantum-chain route is negligible. Nevertheless, the
rate constant of CL decay in the whole spectral range is
not determined by Eq. (14).

The dependences of 4, on the concentrations of
Eu(btfa); and Tb(btfa), are presented in Fig. 2. They fit
Eq. (14) (the following Arrhenius parameters of decom-
position of 1 were used for the calculation of ;15 E, =
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35.1 keal mol™!, logd = 14.2). The rate constants of
decomposition of 1 in the 1-Ln(btfa); complex were
determined from the intercept cut by the line on the y
axis, and the stability constants of these complexes were
determined from the tangent of the slope. The results are
presented in Table 1. Based on these values, we calcu-
lated the Arrhenius parameters of decomposition of 1 in
the 1-Ln(btfa); complex: E, = 23.4+0.6 kcal mol™},
logd = 10.6+0.8 for Eu(btfa); and E, = 22.4%0.7
kecal mol™!, logd = 10.2+0.8 for Tb(btfa);.

The data obtained indicate that the activation barrier
for the decomposition of 1 in the complex with lan-
thanide is lower than that for the decomposition of the
free dioxetane. The comparison of these results with the
activation parameters obtained previously!® for the de-
composition of 1 in the 1-Eu(fod); complex (£, =
24.2 kcal mol™!, logd = 10.6) indicates that Tb(btfa);
possesses a higher catatytic activity. This is likely related
to the fact that the ligand of the chelates considered is
less bulky than fod, which results in less steric hin-
drances for the formation of the 1- Ln(btfa); complex.
The data on the rate constants of decomposition of 1 in
the 1- Eu(btfa), and 1 - Tb(btfa); complexes are consis-
tent with the results’ on the decomposition of
9-(2-adamantylidene)- N-methylacrydane-1,2-dioxetane
in the presence of Ln(fod); (Ln = Eu, Pr, Dy, and Yb).
The relative rates of decomposition of this dioxetane
correlate with the ionic radii of lanthanides: the greater
the ionic radius, the higher the rate of decomposition.
This tendency is most likely related to more favorable
conditions for the interaction of peroxide with Ln(btfa);
due to a decrease in steric hindrances from the ligands.

Chemiluminescence of Eu(btfa); and Tb(btfa);
in toluene during thermal decomposition of 1

Two emitters luminesce in the 1—Ln(btfa); system:
Ln*(btfa); and [2-Ln*(btfa);], which are formed in
reactions (7) and (5), respectively. This conclusion fol-
lows from the fact that the CL and PL spectra are not
identical, which is especially pronounced in the case of
activation by the Eu(btfa); chelate (see Fig. 1). The
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Fig. 3. Dependences of the intensity of CL on the concentra-
tion of 1 in the presence of Tb(btfa); (/) and Eu(btfa); (2) at
353 K, [Ln(btfa);) = 1073 mot L1, 1”7 and 2’. the same
dependences in the coordinates of Eq. (17).

yields of luminescence of these emitters are different,
because both the intensity of PL and the lifetimes of
Eu(btfa); and Tb(btfa); in the excited state increase as
the concentration of 2 increases. The yields of lumines-
cence ¢y.1, of the 2 Ln(btfa); complexes were deter-
mined from the dependence of the intensity of PL on
the concentration of 2 by extrapolation to the infinite
concentration of 2. The ¢,., values thus obtained and
¢ of the chelates are presented in Table 2.

The dependences of the intensity of PL on the
concentrations of 1 (Fig. 3) (when [Ln(btfa);]) = const)
and Ln(btfa); (when [1] = const) (Fig. 4) are deter-
mined by the reactions of complex formation (reaction
(4)), the yield of Ln*(btfa); in the decomposition of 1 in
the 1-Ln(btfa); complex, the efficiency of the energy
transfer from 2(T)* to Ln(btfa);, and the yield of lumi-
nescence of Ln3** The dependence of the quasi-sta-
tionary intensity of CL on the concentration of 1 in the

Table 2, Yields of excitation (¢*(,) and luminescence () and rate constants of electron transfer (k,,)

in the 1—Ln(btfa); system

T/K $*in PLn 92- Ln Koy - 107%/L mol™! s™!
Eu Tb Eu To Eu Tob Eu Tb

333 0.025 0.115 0.031 0.013 0.047 0.039 8.4 8§38

338 0.019 0.12 0.027 0.012 0.038 0.036 7.6 9.0

343 0.017 0.128 0.025 0.011 0.033 0.032 7.7 9.0

347.6 0.022 0.105 0.023 0.010 0.030 0.028 8.4 9.5

353 0.020 0.126 0.020 0.0095 0.026 0.027 8.5 9.3

357 0.025 0.120 0.019 0.008 0.024 0.023 8.3 9.5

362 0.021 0.130 0.017 0.008 0.021 0.022 8.0 9.8

Note. The average error of measurement of the yields of luminescence is £7%, and those of the vields
of excitation and rate constants of energy transfer are +30%.
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Fig. 4. Dependences of the intensity of CL on the concentra-
tions of Tb(btfa)y (/) and Eu(btfa); (2) in the presence of 1
(1073 mol L~!yar 353 K. /" and 2’, the same dependences in
the Icr ~!—[Ln(btfa);]~! coordinates.

spectral range of uminescence of Ln3* under the condi-
tion that [1], > [Ln(btfa);)y, hence, [1]; = [1],
[La(btfa);] = [Ln(btfa);]o(l + K|{1]9)""), and
[1-Ln(btfa);] = K[1}o[Ln(btfa)s)o(l + Kj[1]g)~!, can
be described by the following equation:

Joy = ¢*1 drnkeaki [Hg[Ln(btfa)s]y
CL ™ Tky + ko [Ln(btfa); o (L + K, 1] (1 + K, [1])
+ 4)"Ln ‘bZ-LnkZKl[HO[Ln(bt{a)}Io
1+ K1
The maximum value of the intensity of CL (/™) in

this system at [1]; — o can be expressed by the follow-
ing expression:

(15)

[m =( d)“T kcnkl
CL L L &

+1]-¢* . Lnk2 K [Ln(btfa);])g. (16
¥ EkE, 1] $"Lat2- Lako K [Ln(btfa);]g.  (16)

From Egs. (15) and (16) we obtain:

oL o 4 LSk (92 1ok ) [La(btfa) amn
Ter K[

The rate constant of energy transfer &.,, which was
determined from the dependence of /¢y [Ln(btfa);g, is
an unknown value in Eq. (17). In this case, the follow-
ing equation can be written for the intensity of CL:

IcL = 0*rdLakenl Lnn(bfa)s]ok, [1](ky + keq[Ln(btfa)s]p)™! +
+ ¢*Lu02- Laka(1 - Ln(btfa)y]. a8)

At [Ln(btfa);]g > [1]y, unbound dioxetane and the com-
plex have the following concentrations: [1] =

7' 1 o~!
20
1 4 3
16
127 42
2
8 =
41
4F
L A J ] !
0 100 200 300 400 500

[Ln(btfa);}~1/L mol™!

Fig. 5. Dependences of the intensity of CL on the concentra-
tions of Tb(btfa); (7) and Eu(btfa); (2) in the presence of 1
(107 mol L™!) at 353 K in the coordinates of Eq. (21). 8 =
koky e U™ + Kj[Lo(btfa)slg) ~ Ki[La(btfa)s}g].

{11o{1 + K,[Ln(btfa);]g}”! and [1-Ln(btfa);} =
K [Ln(btfa);]p[1]o{1 + X,[Ln(btfa)s]e}~".

Taking into account this fact, Eq. (18) can be rewrit-
ten in the following form:

I = "1 Py ken [La(btfa)s o & {1

CL = Tk, + k., [La(btfa); ] )1 + K [La(btfa); o)

1n b2.00k: & [Ln(btfa);lo (1]
1+ K, [Ln(btfa); ]y :

The terms in Egs. (15) and (19) are the contribution to
the total intensity of CL of the emission of Ln3**
formed due to the energy transfer and decomposition of
1 in the complex with lanthanide.

The maximum intensity of luminescence in this sys-
tem at {1]p = const and {Ln(btfa);] - « can be ex-
pressed by the following equation:

(19)

15 = $"Ld2. Lakallle- (20)

From Egs. (19) and (20) we obtain:

L 1 -
ky o (&)™ (1+ K {Ln(btfa); }p) - K;{Ln(btfa); ]
= Pin d1a K44"1n O1a @1

¢*r b240n  Kend®t d2.1nlLn(brfa)sly

Equation (21) relates the kinetic and photophysical
parameters of the processes that occur in the dioxetane—
Ln(btfa), system. The kinetic parameters in the left part
of the equation have been obtained above. The maxi-
mum value of the intensity of CLL was determined from
the dependence of the intensity of CL on [Ln(btfa);}. As
can be seen from Fig. 5, Eq. (21) is well fulfilled. The
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Table 3. Stability constants of the 1-Ln(btfa); com-
plexes determined from the dependence of CL on the
concentration of 1 (see Fig. 3)

/K K;/L mol™! /K Ki/L mol™!

Eu Tb Eu Tb
333 — 21.8 353 171 13.6
338 24.3 19.3 357 149 12,3
343 21.5 17.3 362 139 —
348 17.8 14.9

Nore. The average error of determination of the stability
constant is +4%.

vield of excitation ¢*[, and the rate constant of energy
transfer k., were calculated from the tangent of the
slope of the line and from the intercept cut by the line
on the y axis. For this purpose, the rate constant of
deactivation of 2 wasset as kg = 17! = 2.5 {08 57! (see
Ref. 17). The results are presented in Table 2.

The stability constants of the 1 - Ln(btfa); complexes
were calculated from the dependence determined by
Eq. (17) (see Fig. 3) using the k., values obtained
(Table 3).

Based on the data in Tables 1 and 3, from the tem-
perature dependences of the stability constants of the
1- Eu(btfa); complex (Fig. 6). we calculated the thermo-
dynamic parameters of complex formation with diox-
etane: AH = —5.8+0.5 kcal mol™!, AS = ~10.9+0.7 eu.
for Eu(btfa); and AH = —5.5%0.5 kecal mol™}, AS =
—10.4+0.7 e.u. for Th(btfa);. As can be seen in Fig. 6, the
values of the stability constants obtained from both the
kinetics of decay of the intensity of CL (see Table 1) and
the dependence of the quasi-stationary CL on the con-
centration of peroxide (see Table 3) are in good accor-
dance. The temperature dependence of K| in the appro-

an[
3.5+
]
3.0} 2
[ ]
*
2.5k
2 0 i I L I3 1 ] | -
’ 2.7 2.8 2.9 3.0

7-1. 103/K—-1

Fig. 6. Temperature dependences of the stability constants of
the 1-Eu(btfa); (/) and 1-Tb(btfa); (2) complexes (data in
Tables | and 3 are used).

priate coordinates (see Fig. 6) is linear. This indicates that
the mechanism of complex formation remains unchanged
in the temperature interval studied.18

The 1 Ln(bifa); complexes are formed in the exo-
thermic reaction with a negative entropy factor. A change
in the enthalpy is determined by the energy of desolvation
of the complex and the enthalpy of the interaction
between the chelate and peroxide. Toluene is most likely
present in the first coordination sphere of the Eulll and
TbHI chelates, since at temperatures higher than 40 °C
water, which is present as traces in a solvent or intro-
duced to the solution with the chelate, is substituted by
solvent molecules.!%-2? Evidently, dioxetane is also in-
serted into the inner coordination sphere of lanthanides.
This is confirmed by the fact that the CL spectrum
exhibits luminescence from the 3D,-level of Eu?*. This
luminescence is due to a change in the probability of
radiative transitions. A similar situation is possible only
when peroxide decomposes in the inner coordination
sphere.??

Thus, when the 1-Ln(btfa); complex is formed,
solvent molecules do not leave the sphere of reacting
species and do not compensate a decrease in the en-

tropy:

[LnLg-nSolv] + 1 === {lnL,-1-nSolv]. (22)

As a whole, the establishment of equilibrium (22) in
the 333—370 K temperature range is energetically fa-
vorable, since AG < 0.

The data in Table 2 show that both the excitation
yield and k., are temperature independent. The compari-
son of these parameters indicates a more efficient excita-
tion of the Tb3* jon at close values of the efficiency of
energy transfer from 2(T)*. The yields of CL for the
decomposition of free dioxetane (¢cy = ¢*1og. dp (vield
of fluorescence) = 0.015 %), Eu(btfa);, and Tb(btfa);
during decomposition of 1 in the 1-Eu(btfa); and
1- Th(btfa); complexes are equal to 3- 1074, 5- 1074, and
10 - 1074, respectively. When the rates of the correspond-
ing reactions are comparabie, these values are the coeffi-
cients of enhancement of CL.

As mentioned previously, CL in the presence of
chelates in the spectral range of their luminescence is
the sum of the components of radiation appearing due
to the catalyzed decomposition of 1 ({-1*) and {umi-
nescence of Ln3**, which is formed by the intermolecu-
lar energy transfer (/o1 "). From Eq. (19) we obtain:

I = Pun b0k K kg + ke [Ln(btia)s]o }
I& ¢"r drakenk ’

At [Ln(btfa)y] = 1072 mol L7!, ratio (23) for the
activation of CL by the chelate is 2 for Eu!l and 20 for
Tbl, Thus, the contribution to the total intensity of CL
from the radiation of Eu®** and Tb3** formed due to
the catalyzed decomposition of 1 is 67 and 95%, respec-
tively.

(23)
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Fig. 7. Energy diagram illustrating the decomposition of 1 in
the 1-Ln(btfa); complex, energy transfer to excited levels of
Ln3*, and processes of non-radiative energy dissipation.

The presence of lanthanides does not result in en-
hancement of luminescence of 2(S)*, but conversely,
jeads to quenching of CL in the region of 420 nm due to
binding of 1 in the complex. Evidently, in the catalytic
act of decomposition of 1, the excitation is localized
only on the °n,n*-level of adamantanone (2), whose
deactivation occurs in the non-radiative process, by the
intersystem crossing T; —» Sy, or by the energy transfer
to the excited f-levels of Ln3*.

The energy diagram illustrating the formation of the
Eulll and T chelates in the excited state is presented
in Fig. 7.

The comparison of ¢*;, of Eu(btfa); and Tb(btfa);
indicates the different efficiencies of population of lumi-
nescence levels of lanthanides. In the Eu3* and Tb3*
ions, the energy of the first luminescence level lies lower
than the triplet level of adamantanone (Et =
75 keal mol™!;21 for Eu?*, E(°D;) = 54.3 kcal mol™};
for Tb3*, E(5D,) = 58.7 kcal mol™!l). Since the energy
dissipation occurs at all stages of energy transfer, it is
evident that the energy transfer from 2(T)* to the ex-
cited level of lanthanide competes with the energy dissi-
pation during the T; — S, process. Using the ¢*,
values obtained, we can estimate the lower boundary of
the rate constant of intracomplex energy transfer (£ ).
For example, the constant of deactivation of 2(T)* k4 =
2.5-108 571, hence, k', = kgd*Lq(¢*r — ¢*L) L. For

Tb(btfa); k", = 10%, and for Eu(btfa); it is ~108 s™I. The
difference of an order of magnitude between the con-
stants is likely explained by the fact that they are effec-
tive values that reflect complicated processes of energy
transfer in the ketone—Ln!!! chelate—solvent system.
In our opinion, the energy is transferred from the triplet
level of ketone to the resonance excited levels of lan-
thanides. For Eu3*, 5L,, 5L, and D5 with energies of
72.4, 70.1, and 69.9 kcal moi~!, respectively, can be
these levels, while for Tb3*, this is D5 with an energy of
74.3 kcal mol™l. Dissipation of the excitation energy in
the lanthanide ions occurs via the mechanism of induc-
tion-resonance energy transfer from the excited ion to
the surrounding molecular groups with their excitation
to high vibrational levels in uni- or multiphonon non-
radiative transitions.?%22 The Eu3" ion can have several
such transitions, for example: D3 — 3Ds, 5D, — 3D,
5SD| - 3Dy, D3 — 3Dy, etc., whereas the Tb?* jon is
characterized by only one transition: Dy — 3Dj. It is
reasonable that the probability of energy transfer to the
vibrational levels of the surrounding molecular groups in
the Fu3* ion is higher than that in Tb3*, since for Tb3*
the energy of the quantum of the electron transition is
higher and, hence, the probability of its non-radiative
deactivation is lower. In our opinion, this fact results in
a substantial difference between the yields of excitation.
In addition, as the rate constant value shows, in the
2 - Tb(btfa); complex, the energy transfer from the do-
nor to lanthanide occurs almost without losses.
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Foundation for Basic Research (Project No. 96-03-
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