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Chemiluminescence and catalysis of decomposition
of dispiro(diadamantane-1,2-dioxetane) in soilutions

of lanthanide perchlorates
2.* Chemiluminescence of Eu"!, Tp", and Pri®
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Chemiluminescence (CL) accompanying the decomposition of dispiro(diadamantane-
i.2-dioxetane) (1) in acetonitrile solutions of Eu™, Gd"', To", Pri', and Ce™ perchlorates
was studied. In the presence of Eu', Tb"™, and Pr'" ions, the chemiluminescence spectra
contain the fuminescence bands of these ions. In the case of Gd"" and Ce'™, the chemilumi-
nescence is caused by deactivation of singlet-excited adamantanone (2). The excitation of
the lanthanide ion depends on the existence of suitable energy ievels at which intracomplex
excitation transfer from the 3n,n*-state of ketone is possible. Chemiluminescence of 1
increases in solutions of Eut and Tb'". The vields of CL and excitation of the lanthanide
ions in the decomposition of 1 in the 1-Eu™ and 1-Tb" complexes were determined:
dpy= = 0.01320.003 and ¢py,» = 0.0820.02. The fact that the efficiency for the population of
the 3Dy-level of TH is higher than that for the D, and 3Dy-levels of Eu™ is related to the
difference in the energy gap between the triplet level of 2 and the excited levels of the
lanthanides.

KXey words: chemiluminescence, dispiro{diadamantane-!,2-dioxetane), lanthanides, exci-

tation yields, energy transfer.

Thermal decomposition of 1,2-dioxetanes results in
the formation of carbonyl compounds in the excited
state. Their deactivation is accompanied by light emis-
sion. In the presence of coordinationally unsaturated
chelates and lanthanide complexes with a labile coordi-
nation sphere, for example, Eu'" and Tb™, the decom-
position of 1,2-dioxetanes occurs much more rapidly.
This is associated with the formation of a complex
between the lanthanide and peroxide and is accompa-
nied by the enhancement of chemiluminescence (CL)
due to charge transfer from the excited carbonyvl donor
to the efficiently luminescent lanthanide ion.!=3 When
a metal-catalyst does not luminesce in solution under
the conditions of thermolysis of dioxetane, no enhance-
ment of CL is observed.4:5

We have previously studied the catalysis of the de-
composition of dioxetane and substantiated the mecha-
nism of chemiexcitation of an activator using the
dispirotdiadamantane-1,2-dioxetane) system (1)—
Eu(fod); as an example (fod is 1,1,1,2,2.3,3-hepta-
fluorodimethyloctanedione).b

In the present work, the chemiluminescence of
dioxetane 1 was studied in acetonitrile solutions of
Juminescent lanthanide perchiorates.

*For Part 1, see Ref. I,

9

Experimental

Preparation of lanthanide perchlorates Ln(ClOy); (Ln=
Tb. Gd. Eu, Pr. and Ce) and a procedure for detecting the CL
intensity have been described previousty.! The spectral sensi-
tivity a of the photocathode of a FEU-140 photomultiplier was
determined by a SIRSh-6-100 strip-type tungsten lamp and a
set of interference light filters: in the region of fluorescence
and phosphorescence of adamantanone 2 (o; = 1), terbium
(; = 0.8), and europium (a;= 0.1). Chemiluminescence
spectra were recorded on a photometric installation with an
MZD-2M high-power monochromator and a FEU-119 photo-
muitiplier. Photoluminescence (PL) and optical absorption
spectra were recorded on a Hitachi MPF-4 spectrofivorimeter
and a Specord M-40 spectrophotometer, respectively. Life-
times of excited states of lanthanides were measured on an
LIF-200 laser pulse fluorimeter. The activation energy of
chemiluminescence (EJC'—) was determined from the tempera-
ture dependence of the quasi-steady-state intensity of CL (/c)
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in the range from 50 1o 80 °C (during measurements of /¢ at
these temperatures, the decomposition of 1 is negligible).
Emission yields of Eu(ClO4); and Tb{(ClQy); in acetonitrile
were determined by a known procedure.”

Results and Discussion

The chemiluminescence accompanying the thermal
decomposition of dioxetane 1 is caused by irradiative
deactivation of singlet-excited adamantanone (2).8 Trip-
let-excited 21" makes almost no contribution to the CL
intensity; the phosphorescence quantum vyield is
bp =4-10° due to spin forbiddance (see Ref. 3). Ac-
cording to the published data,? the regularities of the CL
observed are described by the following kinetic scheme.

— K
00 "3 183 ad=0 (2), “)
Ad-Ad |
; }.__. 0.15 Ad=0 (2;"}  (excitation yield ¢y},
' > 0.02 Ad=0 (24°) (excitation yield ég),
2. ~———e 2 + hv (fluorescencas vield ), (2)

2,* —» 2 + hv, A (phosphorescence yield ¢p). (3)

In the presence of lanthanide perchlorates, the rate
of decomposition of 1 and the spectrum of CL change.
Based on the results obtained previousiy, %10 it can be
assumed that the appearance of CL wiil be described by
the following scheme:

K .
it + 1 B 1-tn™ (4)

1 .Lnlll (.‘ — ¢Ln.)[2,LnHI + 21' (5)

8, - [2- L' + 2] (5a)
(excitation yield ¢ ,-)
20" — 2-Ln + hv (emission vield ¢, ). (6)
2+t == 2. Lﬂ“l, (7)
ken
2. + L% === Ll + 2 (8)
Lo —a Lo = Av (emission yield §,). )

The suggested scheme of reactions (1)—(9) takes
into account the ability of lanthanide to accept the
energy of the excited adamantanone formed in the
decomposition of dioxetane (thermal or catalytic) and

60 |- /(rel. units)

0 N |
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Fig. 1. a. Chemiluminescence spectra (/—+4) in MeCN at
353 K: (1] = 5-1072 (ny; [1} = 5-107% and [Eu®} =
0.1 mol L=V (2); [1} = 5-1072 and [Tb"] = 0.1 mol L™ (3);
(1] = 51072 and [Pr"] = 0.1 molL™! (#); ax = [0om.
b. Photoluminescence spectra (2°—4°) in MeCN at 295 K.

[Eu"} = 1072 mol L™}, AL = 4nm, A, = 350nm (2);
[To"] = 1072 molL7!, AA = 2nm, Ay = 365nm (3'):
(Prt] = 1072 mol L™, A = 6 nm, Ay = 350 am (37).

thus explains the fact that the luminescence bands of the
lanthanides appear in the CL spectrum in the presence
of Tb™, Eu™, and Pr'" perchlorates (Fig. 1). In the
presence of Gd™ and Ce'"t, the CL spectrum is similar to
that of 1, i.e., in these cases, reactions (6) and (9) are
insignificant. This is related to the fact that the energy of
the triplet level of adamantanone (Ey = 72 kcal mot~ !
is lower than the energies of the lower luminescence
levels of Gd" (E(SPy;) = 93 kcal mol™!)!2 and
Ce' (E(?D) = 78 kcal mol™1).13

The effective activation energy of emission E,C% is
an important parameter. Analysis of this parameter al-
lows one to draw some conclusions about the mecha-
nism of the process.! The values of E,CL are presented
in Table I. It follows from the data in Table 1, taking
into account the temperature dependence of the emis-
sion yield of lanthanide, that in the absence of Ln'" or in
the presence of its coordinationally unsaturated che-
lates, which do not catalyze the decomposition of 1,
ECL is equal to E, of the thermal decomposition of 1.
In the presence of Tb™, Eu', and Pc" perchlorates,
which do catalyze the decomposition of 1, E,CL> E,.
For Gd" and Ce", the values of E,CL are close to £,.

The enhancement of CL in the presence of lan-
thanides is determined by the emission vield of Ln'
{#1,). the excitation vield of Ln" (¢y,*), the efficiency
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Table 1. Activation energies of CL in the decomposition of 1
in the presence of Ln'® {system 1—Ln{ClOy);)

Ln(CI0y;  (Lall] ECL02
/mol L7} /kcal mol™!
— 0 35.0
TO(CI04); 0.1 28.1
Gd(ClOy), 0.1 34.1
Eu(Cl0y); 0.1 28.6
Pr(CIO,); 0.1 31.0
Ce(C10,); 0.1 33.8

of the energy transfer from the donor to the Ln™ ion
(k.,), and the rate of decomposition of 1 in the 1+ La™
complex. As can be seen from Fig. 2, the enhancement
of CL is observed only in the presence of Eu™ and Tb'.

The following equation can be written for the CL
intensity in terms of the accepted scheme under the
condition that the decomposition of 1 in the 1-Ln™
complex is negligible:

(Lot~ mot™!
16 12 8 4 0
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" lcL
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Fig. 2. Dependences ot the intensity of CL on the concentra-

tion of Eu (7). To (2. Gdl! (3), Pet (£, and Ce!!t ().

Dependences for Eu'™ and Tb' in the coordinates

Vitde = Pe=1/Ln", (17 and 2°. respectively). [llg =
07 mol L7H, 7= 345 K.

ley = a(é5™r + o7 9p)k 1] + adr dpakentel Lt {1} +
+ al°Ln'¢Luk2“ ’ Lnlll]' $10)]

where o and a| are the sensitivities of the photocathodes
of the photomultiplier in the region of luminescence of
adamantanone and lanthanide, respectively, and tp is
the lifetime of 21* in the excited state.

When {Ln®]y > {1}, the current concentrations of 1
and 1-Ln"™ are the following: [1]= {[1]g(1 +
K[Lno)™' and [1-Lam]= K [LoWlg[1]o(1 +
K {Ln"]p)7!, and Eq. (10) can be rewritten in the form:

ey = {ads'dp + &1 om0 [ 1o + aydr draketp(Lni ok {11 +
FodLaediaka K (g - [Ln!Mgi/(1 + K (Lalfy). (1)

It is evident that at [Ln™], -» « and taking into account
that tp = %} + k,1p[Ln'])~}, the channei of the
noncatalyzed decomposition of 1 is absent, because all
dioxetane is bound in the 1+ Ln" complex. Therefore,
the excitation of Ln' and intensity of CL will be deter-
mined by reaction (3), iLe.,

IeU™ = aydppedpakalllo. {1

Taking into account quenching of 21", the intensity of
CL appearring due to the noncatalyzed and Ln"'-
nonactivated reaction of decomposition of 1 can be
written in the following form:

'} [a¢;¢p + aojrbp“ =K, p[an]g)]k [”0
fey = i (13)
- K, [La™),

A linear equation relating the kinetic parameters and
intensity of CL with the photophysical parameters of the
system can be obtained from Egs. (11)—(13):

k[ foy = 12 1
__z_]' CL[;‘ CL (1 + KjjLn'™)y) - Kl[anbJ} -

Lkl‘L CL
- %¢ndig .
$190(crdrn / adh - 1 (14
al@l.n‘QLn i 1
T SR, / adh ~ D kentBlLn™,

where 450 and tp? are the emission yield and lifetime of
triplet-excited adamantanone in the absence of Ln""

In Eq. (14), the rate constants &, for the decomposi-
tion of 1 in the 1+ Ln'" complex were calculated from the
Arrhenius parameters: £, = 26.1+0.4 kcai mol™!, log A=
t1.6£0.6 for 1-Tb" and £,= 27.320.4 kcal mol™!,
log A= 12.0£0.6 for 1+ Eu', and the stability constants
were calculated from the thermodynamic parameters of
complex formation: ~AH= 3.7 kcal mol ™',
—-aS= 58ecu. for 1-Tb" and —AH = 3.4 kcal mol™!,
—AS=5.1c.u for 1-Eu" (see Ref. 1). The rate constant
of the decomposition of 1 was calculated from the
known!® parameters: £, = 35.1 kcal mol™' and logA =
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Fig. 3. Dependence of the intensity of CL on the concentra-
tion of Eu" (/) and Tb" {2) in the coordinates of Eq. (14) at
348 X,

|
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14.1. Parameters ¢p® and tp” are equal to 4-107° and
4- 1079 s, respectively (see Ref. 3). The /o ™ value was
determined from the dependence of /o on [Ln']; in the
coordinates (Icp — fc 97! vs. [Ln"]y~! by extrapolation
to [Lny™! = 0 (see Fig. 2).

As can be seen tfrom Fig. 3, Eq. (14) is well fulfilled.
The yields of CL in reaction (5a) ¢y .0, and the energy
transfer constants k., for the decomposition of 1 in
solutions of Eu™ and Tb'" were calculated at different
temperatures from the slope of the line and its intersec-
tion of the y axis. The known values ¢g= 0.02, 7=
0.15, and ég = 0.0158:18 and the values of the relative
sensitivity of the photocathode of the photomultiplier in

+ /
2 » PL

9"

] |

I L 1
300 310 320 330 340

/K

Fig. 4. Relative changes in the intensity of photoluminescence
(7pr) and lifetimes {t) of Eu' (/) and Tb™ (2 in the excited
state on temperature (vg, = 155 us, 1y = 1.23 us).

the region of luminescence of Eu® and Tb'® were used
for the calculation. The results of the calculations are
presented in Table 2.

To determine the excitation yields ¢y .. at different
temperatures, we c¢stimated changes in the emission
yields of Eu™ and Tb™ as the temperature increased. As
has been shown previously,!” the emission yields of
these ions increase as the temperature increases due to a
change in the solvate surroundings of the Eu and Tb™
ions and replacement of water by acetonitrile molecules.
The change in the relative efficiency is presented in
Fig. 4. [t was obtained from the temperature depen-
dences of both the intensity of photoluminescence and
the lifetimes of Tb"! and Eu' perchlorates in the excited
states (the lifetimes of Eu™* and Tb"* are 155 and
1220 ps, respectively, at 293 K). Using the ¢, values
obtained at room temperature ($g, = 0.034 and $qy, =
0.09), we determined the values of the emission yields at
other temperatures (see Table 2). As can be seen from
the data presented in Table 2, as the temperature in-
creases, a tendency for the yields of excited Eu'¥ and
To'™ in reaction (5a) and the rate constant of energy
transfer k., to decrease is observed. The comparison of
these parameters for Eu' and Tb™ indicates a more
efficient excitation of Tb"" in the decomposition of 1 in
the 1+ Ln' compiex and a more efficient energy transfer

Table 2. Yields of CL, emission and excitation of Lo, and rate constants of «ne transfer at different temperatures
By pe

T/K Eu(Cl04), To(Cl0,)4
deudee - 10% dg, Opur Ko ' 103/L mol s rodL - 100 é1p Sror  Keg - 10°/Lmol T 5T
328 3.5 0.042 0013 8.6 8.0 0.1  0.08 4.5
333 6.0 0.046  0.013 8.5 8.1 0.1 0.08! 1
338 5.3 0.048  0.011 7.0 8.3 0.11 0075 3.8
343 4.5 0.050  0.009 7.5 7.8 0.11  0.071 3.3
348 4. 0.051  0.008 8.6 7.2 0.11  0.065 3.1

Nore. The average error of measurement of emission yields is £7%, those of excitation yields and rate constants of energy

transter are £30%.
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Fig. 5. Energy diagram illustrating the decomposition of 1 in the 1-Ln"™ complex and energy transfer to luminescence levels of
La™. Radiative transitions are shown by straight arrows, nonradiative transitions are shown by waved arrows.

from 2¢*. At the same time, the excitation yield ¢y, is
smaller than the yield of triplet-excited adamantanone
in the decomposition of 1. Since 1 decomposes in a
complex with Ln, the decrease in the excitation yield
can be related to a decrease in the activation energy
compared to £, of the decompositian of free dioxetane,
which reflects the efficiency of the population of the
excited state of ketone. The correlation between the
excitation yield and £, of the thermal decomposition of
dioxetanes has been mentioned previously,!® and the
more stable the peroxide, the higher the excitation yield.
Probably for this reason, ¢ in the decomposition of free
I is higher than ¢y,. in the decomposition of 1 in the
I+ Ln™ complex.

It is tikely that the chemiexcitation of Ln'" occurs via
intracomplex and intermolecular transter of energy from
the excited ketone. The ratio of the contributions of
these two routes of chemiexcitation to the total intensity
of activated CL was estimated using the parameters that
characterize reactions (3) and (8). In Eq. (11), the
second and third terms represent the intensity of CL
excited in the reaction of the catalyzed decomposition of
1 and, as a result, the energy transfer from 2g* to Ln'.
From Eq. (11) we have:

cat 0

ICL _ ?l,_x:'K!"CZ(l + kchP) ~
e s, ay, . (13)
CL mT"c)l‘Pki

When the chemiluminescence of dioxetane 1 is en-
hanced by the Tb'™ ions, this ratio is equal to ~300, and
for EuM it is ~60 at [Ln'*] = 0.1 mol L™i. Thus, the
contribution of the catalytic route to the intensity of CL
is ~100 and 98%, respectively.

Since the presence of lanthanides does not result in
the enhancement of the luminescence of singlet-excited
2 and, conversely, results in quenching due to the
formation of a complex between 1 and Ln'", it is evident
that in the catalytic act of decomposition of 1, ie., in
the 1+ Ln" complex, the excitation is {ocalized only at
the 3n,n-level of adamantanone in the coordination
sphere of the metal and then it is nonradiatively trans-
ferred to the luminescence levels of the lanthanides:

1- Ln”l - th . Lnl“ > 2- ant 5 2- an + Ay, (|6)

A comparison of &, for Eu'" with that for Tb¥
testifies that the efficiencies of the population of the
luminescent levels of the lanthanides during energy trans-
fer are different. For the Eu' and Tb' ions, the first
luminescence level is Jower than the triplet level of
adamantanone (for Eu", E(5D[) = 54.3 kcal mol™!; for
Tom | E(Dy) = 58.7 kecal mol™!), which results in iso-
thermal energy transfer. For the Eu'™ ion, the excitation
energy is transferred from 25° to the 3D -level of Eu"
and then it is emitted (see Fig. 1) or nonradiatively
transferred to the 3Dy-level. Since the degradation of
energy occurs at all stages of the transfer of energy, it is
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evident that the transfer of energy from 25" to the
excited level of the lanthanide and degradation of the
energy in the T| - Sy process compete. It follows from
the data obtained that the transfer of energy to the
excited levels is more efficient for Tb™ than for Eu™
and, perhaps, this is related to a lower energy gap
between T(—3Dy of Tb™ and T,~3D; of Eu™ and,
hence, to smaller internal energy losses resulting in a
higher excitation yield of Tb™. The scheme illustrating
the processes of the decomposition of 1 in the 1* Ln"™
complex and the populations of the excited levels of the
lanthanides is presented in Fig. 5.

The ratio of the emission yields of the carbonyl
products and the catalyst ion is also significant for the
catalyzed decomposition of dioxetane accompanied by
luminescence of the metal ion. For example, in the
presence of praseodymium perchlorate, CL is quenched,
because the CL vield for the decomposition of 1 in the
1P complex is lower than the CL yield for the
decomposition of 1 (reaction (1)). This is related to the
fact that the yield of the fuminescence of Pr'' (dp, <
0.001) is lower than the emission yield of 25" (¢g =
0.015). The lower value of ¢p, is not compensated for by
a greater value of the rate of the decomposition of 1 in
the 1+ Pr'" complex, which results in the overall quench-
ing of CL despite the evident excitation of Pr'" in the
reaction with 1 (see Fig. ).

Thus, the following conditions for enhancement of
CL in the catalysis of 1 accompanied by the lumines-
cence of lanthanide are necessary: a) the existence of the
appropriate luminescence levels of lanthanide to allow
for exothermal energy transfer; b) the emission yield of
tanthanide must be higher than the efficiency of fluores-
cence of the carbonyl compound formed in the decom-
position of dioxetane; c) the yield of excited lanthanide
must be higher than the yield of the singlet-excited
states in the decomposition of dioxetane. The efficiency
of the population of the luminescence levels of lan-
thanide, /.e., excitation yield, depends on the factors
that determine the transfer of the excitation e¢nergy from
the donor.

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

References

1. V. P. Kazakov, A. 1. Voloshin, S. S. Cstakhov, and . A.
Khusainova, [lzv. Akad. Nauk, Ser. Khim., 1996, 2479
[Russ. Chem. Bull., 1996, 45, 2350 (Engl. Transl.)].

.R. Sh. Ableeva, A. |. Voloshin, E. V. Vasii‘eva, G. L.
Sharipov, L. M. Khalilov, V. P. Kazakov, and G. A.
Tolstikov, Kinet. Katal., 1993, 34, 811 {Kinet. Catal.. 1993,
34 (Engl. Transl.)}.

. N. Sh. Ableeva, Author’s Abstract, Ph. D. (Chem.) Thesis,
Ufa, 1995 (in Russian).

4. P. D. Bartlett, A. L. Baumstark, and M. E. Landis, J. Am.
Chem. Soc., 1974, 96, 5552.

.P. D. Bartlett and J. S. McKennis, J. Am. Chem. Soc.,
1977. 99, 5334,

6. A. 1. Voloshin, G. L. Sharipov, V. P. Kazakov, and G. L.
Tolstikov, [ov. Akad. Nauk, Ser. Khim., 1992, 1056 {Bull.
Russ. Akad. Sci., Div. Chem. Sci.. 1992, 41, 818 (Engl.
Transl.)].

.W. R. Dawson and J. L. Xropp, /. Opr. Am. Soc., 1965, 55.
822.

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

9.G. L. Sharipov, A. [. Voloshin, V. P. Kazakov, and G. A.
Tolstikov, Dokl. Akad. Nauk SSSR, 1990, 315, 425 [Dokl.
Chem., 1990, 315 (Engl. Transl)}.

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

11. D. C. Doetschman, J. L. Fish, P. Lechtken, and D. Negus,
Chem. Phys.. 1980, 51, 89.

12. G. Stein and E. Wurzberg, J. Chem. Phys., 1975, 62, 208.

13. G. J. Kavarnos and N. J. Turro, Chem. Rev., 1986, 86, 401,

14. T. Wilson, J. Phatochem. Photobicl., 1979, 30, {77.

15.G. A. Tolstikov, G. L. Sharipov,. A. I. Voloshin, S. S.
Ostakhov, and V. P. Kazakov. /zv. dkad. Nauk SSSR. Ser.
Khim., 1986, 787 [Bull. Akad. Sci. USSR, Div. Chem. Sci.,
1986, 35, 715 (Engl. Transl.)}.

16. D. R. Charney, J. C. Dalton, R. R. Hauala, J. J. Snyder,
and N. J. Turro, J. Am. Chem. Soc., 1974, 96, 1407.

17.N. Sh. Ableeva, A. I. Voloshin, S. S. Oswuakhov, A. G.
Kukovinets, V. N. Korobeinikova, and V. P. Kazakov,
fzv. Akad. Nauk, Ser. Khim., 1994, 1762 [Russ. Chem.
Bull., 1994, 43, 1664 (Engl. Transl.}|.

18. W. H. Richardson, J. H. Bums, and M. E. Price, J. Am.
Chem. Soc., 1978, 100, 7596.

)

[9%)

wn

~3

Received March 18, 1996;
in revised form December 10, 1996




