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Decomposition of dispiro(diadamantane-l,2-dioxetane) (1)  in acetonitrile solutions of 
Ell III, Gd 111, T'b II1, Pr II1, and Ce III perchlorates was studied by the chemiluminescence 
method. The rate constants of decomposition of ! in complexes of composition 1 • Ln II1 and 
stability constants of these complexes, as well as activation parameters of the decomposition 
of ! and thermodynamic parameters of the complexation were determined. A correlation 
between the thermodynamic parameters of complexation and ionic radii of Ln III was found. 
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Thermal  decompos i t ion  of  1,2-dioxetanes (cyclic 
four -membered  peroxides) is accompan ied  by the for- 
mat ion of  carbonyl  fragments in the excited state and, as 
a result, by chemi luminescence  (CL).  t The decompos i -  
t ion of  d ioxetane  is accelera ted in the solutions of  
complexes  of  f- and d-e lements .  Catalysis  is associated 
with the format ion o f  a coordina t ion  complex  with 
peroxide whose format ion is accompan ied  ei ther  by the 
reversible e lect ron transfer or  by the oxidative addit ion 
o f  the metal  to dioxetane followed by the decomposi t ion  
of  the meta l locycle  and regenerat ion of  the metal  to its 
initial oxidat ion state, z,3 

In add i t i on  to the  ca t a lyzed  d e c o m p o s i t i o n  of  
dioxetane,  an increase in C L  is observed in the presence 
of  luminescent  chelate  complexes  of  metals.  3,4 The oc-  
cupat ion of  the luminescent  levels of  the metal  occurs 
due to the in t racomplex  energy transfer from the excited 
carbonyl  fragment.  4 Thus,  complexa t ion  of  the metal  
ion with dioxetane affects both the efficiency of  catalysis 
and CL.  In this  work ,  the  k ine t i c s  o f  CL of  
d i sp i ro (d i adaman tane - l , 2 -d ioxe t ane )  (1) in acetoni tr i le  
solut ions of  lanthanide  perchlorates  was studied in order 
to establish factors on which the catalysis of  dioxetane 
decompos i t ion  depends.  

Experimental 

Lanthanide salts of composition Ln(CIO4) 3 (Ln = Tb, Gd, 
Eu, Pr, Ce) were prepared by dissolution of the corresponding 
oxides or carbonates in HCIO 4 (of "chemically pure" grade) 
with subsequent recrystallization and drying in vacuo at 80-- 
90 °C. Acetonitrile of "extra pure" grade (95% transmission at 
L = 200 nm in a 1 cm cell) was used without additional 
purification. Dioxetane 1 was synthesized by photosensitized 
oxidation of adamantylideneadamantane following the known 
procedure. 5 The intensity of CL was determined using an 
installation described previously. 6 The kinetics of CL decay at 
the temperatures above the acetonitrile boiling point were 
recorded in sealed ampules. 

Results and Discussion 

Decomposi t ion  of dioxetane 1 results in the forma- 
tion of  two molecules of  adaman tanone  (2) and is 
accompanied  by CL associated with emissive deact iva-  
tion of  singly excited 2 (triply excited a da ma n ta none  is 
deact ivated without emission).  The exci ta t ion yields in 
the decompos i t ion  of  compound  I are 0.02 and 0.15 for 
singly and tr iply excited 2, respectively: 

0 - - 0  k~ 
0 - - 0  I I "- A d = O ~ T  + Adi-i--O 

A d - - A d  " 

2 *  

( )  

Translated from Izvestiya Akademii Nauk. Seriya Khimicheskaya, No. 10, pp. 2479--2483, October, 1996. 
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Ad=O~ ~ Ad=O + hv (2) 

2~ 

Decomposi t ion o f  I in the presence o f  luminescent 
lanthanide ions ei ther can be or  can not be accompanied 
by the luminescence. In the first case the lanthanide ion 
gets excited, in the second case it does ,lot. Catalyzed 
decomposi t ion o f  I ,  accompanied by It, minescence, can 
be described by the fo l lowing scheme: 

1 + Ln Hi KI _ -' 1"Ln "l, (3) 

1 • Ln l=r 
,,, 2.Ln IH + 2, (4) 

= 2"tin Hi" + 2, (4a) 

2"l-n tit• " 2.Ln Hi + hv, (5) 

2 + Ln Ill ~ ~ 2"Ln "¢, (6) 

2*  + Ln III , ,  2 + Ln I"* , (7) 

Im "1. '~ tm "t + h v ,  (8) 

Ln II1. + 1 

~ .  2"tin Itl + 2, ( 9 )  

1. Lnln 
2-Ln "l* + 2, (%) 

wh ich  s h o u l d  be s u p p l e m e n t e d  with r eac t ions  (1) 
and  (2). 

D e c o m p o s i t i o n  of  1 in the presence  of  Ln II1, not  
a c c o m p a n i e d  by l u m i n e s c e n c e ,  can  be described by 
react ions ( I - - 4 )  and  (6). Th e  C L  observed is on ly  due to 
the d ioxe tane  decomp o s i t i o n  and  a d a m a n t a n o n e  lumi -  
nescence .  The  in tens i ty  (/)  of  C L  is p ropor t iona l  to the 
c o n s u m p t i o n  rate of  1, i.e. 

/ - - d i l l / d r  = %~111, 

here 11] is tile sum of  d ioxe tane  c o n c e n t r a t i o n s  in the 
b o u n d  and  free states. 

If [Lnll l ]  0 > [1] 0 and  the convers ion  degree of  1 is 
low, one  can  write: 

KIk2[Lnl0 + 
/ -  - d i l l / d r  = / ' [ l l  , 

~, I + KI[Lnl 0 ) 
(10) 

k= + KlkzlLnl o 
ko~= I + KI[Lnlo (11) 

where kob s is the observed rate cons tan t  for the CL 
decay, and [Lnl0 is the initial concen t r a t i on  of  lan-  
thanide .  Expression ( I I ) is easily t ransformed as follows: 

I/(kob s - kl) = I/(k 2 - kl) + I/{(k 2 - kl)Kl[Ln]0}.(12 ) 

As can be seen from Eq. (11), kob s depends  on the 
c o n c e n t r a t i o n  of  Ln III, and with its increase the value of  
the observed rate cons tan t  for the CL decay kobs ap-  
proaches k 2. 

!11 the case of  catalyzed decompos i t ion  of  I a c c o m -  
panied  by luminescence ,  the observed rate cons tan t  of  
CL decay kob s in the visible region (apart  from depen -  
dence  on [ L n m l )  is also related with the CL yield in 
react ion (4), the energy transfer from 2* to Ln III, and 
the eff iciency of  Ln II1. emission.  In addi t ion ,  Ln IH* is 
q u e n c h e d  with d ioxetane  (see Ref. 7). The  transfer  of  
the e lec t ron exci ta t ion energy to the vibra t ional  levels of  
d ioxetane  results in its decompos i t ion .  The  energy re- 
leased in this process causes a partial regenera t ion  of  the 
excited Ln II1. and ,  as a result, a q u a n t u m - c h a i n  d e c o m -  
posi t ion of  1 (see Refs. 7, 8). Thus ,  in this case kob s is 
related with [Lnml in a more  complex  way than  deter-  
mined  by Eq. (11). However,  if CL  is recorded in the 
spectral  region of  luminescence  of  2s* (380- -440  tam), 
kinet ic  re la t ionships  for catalyzed decompos i t i on  of  1 
are reduced to the  above scheme.  

The  dependences  of  kob s on  the  G d  111 c o n c e n t r a t i o n  
(for catalysis no t  accompan ied  by l um inescence )  and on 
c o n c e n t r a t i o n  of  Eu II1 (for catalysis a c c o m p a n i e d  by 

T a b l e  1. Rate constants of the decomposition of ! and stability 
constants of 1 " Ln III complexes obtained from the kinetics of 
CL decay 

Ln(CIO4) 3 T/K k 2 • 10 -5 K I 
/s -I /L  tool -I 

Tb(CIO4) 3 348 1.54 I 1.6 
3 <a 2.64 10.4 
357 4.01 9.7 
360 5.40 9.5 

Gd(CIO4) 3 353 1.60 9.6 
358 2,73 9.1 
360 3,37 9.0 
365 5.67 8,3 

Eu(CIO4) 3 348 0.69 9.5 
350 0.88 93  
353 1.20 8,8 
358 2. I I 8.2 
360 2.63 8,0 

Pr(CIO4) 3 348 0.29 6.0 
353 0.51 5.8 
358 0.97 5.4 
360 1.09 5.4 
368 2.58 5.1 

Ce(CIO4) 3 348 1.77 5.5 
353 2.67 5.4 
357 4.48 5.2 
361 7.09 5.0 

Note. Average errors for k~ and K I are +_17%. 
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luminescence)  are shown in Fig. I. The curves become 
linear in the coordinates of Eq. (12) (the activation 
parameters of decomposit ion of 1, E a = 35.1 kcal mol -I 
and IogA = 14.1 (see Ref. 6), were used to calculate kl). 
Analogous dependences were also obtained for the other 
lanthanides. The rate constants of decomposit ion of I in 
the ! • Ln III complexes were determined from the inter- 
cepts on the ordinate axes, and the stability constants of 
these complexes were determined from the slope. The 
results are presented in Table I. 

Chemi luminescence  in the region of 380--440 nm, 
caused by the dioxetane decomposition and emissive 
deactivation of adamantanone  (reactions (I)  and (2)), is 
quenched with increasing concentrat ion of Ln III. If one 
assumes that the CL quenching is a result of binding 
compound ! to a complex, then in the case of negligibly 
small decomposit ion of 1 during recording the intensity 
of CL at temperatures from 323 to 348 K, one can write 

/ ° / / =  I + KI[Lnlnl o, (13) 

here /0CL and ICL are the values of the CL intensity in 
the absence and in the presence of Ln In, respectively. 

The dependences of quenching of CL by Eu m and 
Pr In perchlorates are shown in Fig. 2. Analogously, CL 
is also quenched by the other lanthanides. The values of 
the stability constants are listed in Table 2. It can be 
assumed that  the a d a m a n t a n o n e  l u m i n e s c e n c e  is 

kob s • 10 s [LnlIII-I/L tool - I  (kobs-kl)-I • 10 -4 

/s -I 8 6 4 2 /s-I 
t I I I I 

' ~ e  2" l " ~ " ~  ~ a ~  

I I I 
0. I 0,2 0.3 

[LnlIII-I/L tool - I  

Fig. !. Dependence of the observed rate constant of CL decay 
in the region of luminescence of 2 (380--440 nm) on the 
concentrations of Eu III (curve /) and Gd II1 (curve 2) at [11 = 
5 • 10 -3 mol L -I and T = 360 K, the same dependences in the 
coordinates of Eq. (12) (curves / ' ,  2"). 

Table 2. Stability constants of complexes I" Ln II1 (obtained 
from the CL quenching in the 380--440 nm region) at differ- 
ent temperatures 

Ln(CIO4) 3 KI/L too l  - I  

323 328 333 338 343 348 

Tb(CIO4) 3 17.2 15.8 14.5 13.4 12.3 11,4 
Gd(CIO4) 3 15.3 14.1 13.0 12.1 11.2 10.4 
Eu(CIO4) 3 13.8 12.8 11,7 10.9 10.2 9.5 
Pr(CIO4) 3 7.5 7.2 68 6.5 6,3 6.0 
Ce(CIO4) 3 7,2 6.8 6.5 6,2 5,9 5.7 

Note. Average errors for K I are +_8%. 

quenched (apart from binding compound 1 to a com- 
plex) also through a reaction of energy transfer; 

2S* + Ln ill ,, 2 + Ln Ill (or  L n m * )  , (14) 

However, as can be seen from Table 2 and Fig. 3, 
quenching (with regard to the temperature dependence 
and stability constants obtained from the kinetics of the 
CL decay) is quantitatively described by Eq. (13). 

The activation parameters for the decomposi t ion of 1 
in complexes 1 • Ln uj and thermodynamic  parameters of 
complexation were determined from the corresponding 
temperature dependences of k 2 and K 1 (Table 3). 

Comparative analysis of the data listed in Tables 
l - -3  shows that the higher the stability constant  of the 
1" Ln II1 complex is, the higher is the rate constant  of 
decomposit ion,  k 2. The only exception is Ce(CIO4) 3. It 

1o//- 

f 

0.1 

20/ 

I I 

0 02 0.3 
ILnml - I /L  tool - I  

Fig. 2. CL quenching in tile region of luminescence of 2 
(380--440 nm) by Eu m (curve /) and Pr nl (curve 2) at [!] = 
5- 10 -3 tool L -I and T = 348 K. 
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Fig. 3. Temperature dependences of the stability constants for 
complexes I - E u  III (curve I) and I - P r  I l l  (curve 2) (I - -  
obta ined f rom data on C L  quenching,  II - -  obta ined f rom 
kinet ic data). 

10 

K I I L  m°l-U -AH, 

,,, Tb - TAS 
e ~  /kcal  mol - I  

Gd --.;. 

B Pr 
~Ce 

J i i ) J 0 
0.92 0.94 0.96 0.98 r/A 

Fig. 4. Dependences of the stability constants of complex 
1 • Ln Ill and of thermodynamic parameters of complexation on 
the radii of the lanthanide ions (T = 348 K). 

k • 10S/s - I  Ce 

is likely that  the higher value of  K t in the series of  
lanthanides in quest ion points to a more stable coordi -  
nation bond between Ln m and peroxide,  which results 
in a s t ronger  per turbat ion of  the electron orbitals and, 
eventually,  in weakening the O - - O  b~,ad in dioxetane.  

Data of  Table  3 show that  all complexes  form in an 
exothermic  reaction.  However,  the ent ropy factor is 
negative, which does not favor the complexat ion .  A 
change in the enthalpy of  the complexa t ion  reaction is 
due to a difference between the energy required for 
comple te  or partial desolvat ion of  Ln m and the energy 
released in the interact ion between the metal  and perox- 
ide. Io11 CIO 4- is a weak complexing  agent, n° In aceto-  
nitrile solut ions,  acetoni t r i le  is within the first coordina-  
tion sphere of  the lanthanide  ion, and it replaces water 
molecules  therein  in the tempera ture  range from 423 to 
460 K. 8 It is reasonable to assume that dioxetane also 
enters in the labile first coordina t ion  sphere of  Lnm; in 
this case the solvent molecules ,  making room for com-  
pound 1, do not leave the sphere of  reacting species and 
do not compensa te  tile ent ropy decrease: 

[Ln III 1 . nSolv] ,  (15) [Ln m-nSo lv ]  + 1 ~ - 

e Gd 2 ~  ! 

E 

Pr 

I I I I I 

0,92 094 0.96 0,98 r/A 

-5 
E 

r.) 

28 

27 

26 

25 

Fig. 5. Dependences of tile rate constant (curve /) and the 
activation energy (curve 2) of decomposition of 1 in complex 
I" Ln III on tile radii of the lanthanide ions ( T =  360 K). 
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Table 3. Activation parameters of the decomposition of 1 in complexes ! • Ln III and thermo- 
dynamic parameters of complexation at T = 348 K 

Ln(CIO4) 3 Ea IogA -AH -AS -AG 
/kcal tool -I /kcal mol -I /cal tool -I deg -I /kcal mol -I 

Tb(CIO4) 3 26.1 11.6 3.7 5.8 1.6 
Gd(CIO4) 3 27.1 12.0 3.4 5. I 15 
Eu(CIO4) 3 27.3 12.0 3.4 5. I 1.5 
Pr(CIO4)3 28.4 12.3 2.0 2.2 1.2 
Ce(CIO4) 3 25.9 I 1.7 2. I 2.6 1.2 

Note. Average errors for E a are _+0.4 kcal mol -I, for IogA are _+0.6, and dlose for thermo- 
dynamic parameters are _+10%. 

although the establishment of such an equilibrium is 
energetically favorable in the temperature range from 
423 to 468 K since AG < 0. 

As is seen from Fig. 4, the stability constant, com- 
plexation enthalpy, and entropy increase as the ionic 
radii of Ln II1 ions decrease. This tendency reflects an 
important contr ibut ion of the ionic interaction in the 
formation of these complexes. 

Note the low value of the activation energy and 
relatively high value of k 2 for the reaction of decomposi-  
tion of dioxetane 1 in the 1" Ce m complex (Fig. 5). It 
can be assumed that a decrease in E a and increase in k 2, 
with a general tendency in the variation of the latter 
parameter, is associated with a relatively low value of 
the oxidation potential (EcclV/ccm = 1.2 V) H as com- 
pared to that of the other lanthanides,  which possibly 
results in the decomposi t ion of I following the electron- 
transfer mechanism: 

O - - O  O - - O -  
I I I I 

Ce III + A d - - A d  -, Ce  Iv + A d - - A d  

O' - -  O 
II II 

" Ce  Iv + Ad  + Ad  " C e  ill + 2 + 2 .  (16 )  

The above mechanism is characteristic of the reaction of 
dioxetanes and metals with variable valency, tz 

Thus, the catalytic action of lanthanide ions is based 
on their complexation with dioxetane 1; the higher 
stability of the complex formed by the metal ion is, the 
higher is its catalytic capability. 
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