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The chemiluminescence of dispiro(1,2-dioxetane-diadamantane) 
sorbed on silipore activated by a phenanthroline complex of Eu(m) 
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The thermal decomposition of dispiro(1,2-dioxetane-diadamantane) (1) sorbed on silipore 
containing EuC13 and o-phenanthroline was investigated. The observed chemiluminescence 
is caused by radiative deactivation of Eu*(u0 formed according to an energy transfer 
mechanism. Chemiluminescence decay in the course of the decomposition of 1 is exponen- 
tial with the rate constant k. The activation parameters of the decomposition of I sorbed on 
silipore were determined from the temperature dependence of k. These parameters are 
independent of the Eu(III) content. A kinetic compensating effect was found: the dependence 
of logA on E a as a function of the content of 1. The mechanism of the compensating effect 
is discussed. 

Key words: chemiluminescence, catalysis, kinetic compensating effect, dispiro(1,2-di- 
oxetane-diadamantane), EuCI 3, o-phenantroline. 

The behavior  o f  exci ted molecules  and their  reac-  
t ions on  d i f ferent  sol id  surfaces and in s t ruc tured  
(anisotropic)  med ia  have a t t rac ted  the a t ten t ion  o f  nu-  
merous  researchers,  l The  behavior  o f  exci ted organic 
and inorganic  compounds  on  solid sorbents,  for exam- 
ple,  on sil ica gel, 2,3 is under  intense investigation. The 
adso rp t i on  o f  l u m i n e s c e n t  c o m p o u n d s  substant ia l ly  
changes their  pho tophys ica l  propert ies.  3,4 Natural ly ,  re- 
act ions  leading to the format ion  o f  products  in the 
exci ted state,  radicals  and  o ther  reactive species should 
be the most  sensitive to the nature  o f  the surface. Thus, 
one o f  the  sources o f  c rys ta l lo - luminescence  (CRL) is 
the chemi luminescence  (CL) that  occures as a result o f  
the decompos i t i on  o f  peroxides  ca ta lyzed by the forma-  
t ion o f  a crystal  surface. 5 The decompos i t ion  o f  ozone 
on sil ica gel leads to the format ion  o f  singlet oxygen, 6 
which can  be easily ident if ied by its reac t ion  with olefins 
and by luminescence  in the near  I R  region. 7 It is known 
that  c o m p o u n d s  with a developed surface catalyze the 
decompos i t ion  o f  peroxides  including dioxetanes.  8,9 We 
believe that  1 ,2-dioxetanes  are the most  suitable com-  
pounds  for the  invest igat ion o f  react ions  on solid sur- 
faces, s ince  the i r  t he rma l  d e c o m p o s i t i o n  into two 

o_o + 1  _ 
.o I 

0 O* 0 
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carbonyl  moiet ies  leads direct ly to exci ted products  (re- 
ac t ion  (1)) the proper t ies  o f  which can  be sensitive to 
the nature  o f  surfaces. 

In  addi t ion ,  the format ion  of  exci ted  species in reac-  
t ion (1) allows one to investigate the transfer  o f  energy 
to the exci ta t ion acceptors ,  which has been  shown to 
occur  ra ther  efficiently in solid media.  

In  the present  paper  we report  data  concern ing  CL 
dur ing the d e c o m p o s i t i o n  o f  d i sp i ro (1 ,2 -d ioxe t ane -  
d iadamantane)  (1) sorbed on  sil ipore,  and  the act ivat ion 
o f  C L  by a phenanthro l ine  complex  o f  Eu(m).  

0 - 0  

Experimental 

Preparation of samples of silipore with dioxetane and 
activator. The appropriate amount of silipore 30 (Chemapol) 
was introduced into an aqueous solution of EuC13. The suspen- 
sion obtained was stirred for 15 rain, allowed to settle, and the 
solution was decanted. EuC13 was almost completely sorbed 
onto the carrier. Then the suspension was dried in vacuo. A 
solution of o-phenanthroline (Phen) in aqueous ethanol was 
added to the dried silipore in the amount nesesseary to obtain 
the proportion Eu0n):Phen=l:3 (this proportion was main- 
tained in all samples excluding those used to study the influ- 
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ence of the amount of Phen on the intensity of CL. The 
mixture obtained was stirred and allowed to settle, and the 
solution was removed. Then the silipore containing Eu(m) and 
phenanthroline was dried for a second time and mixed with a 
solution of I in CH2C12. The suspension obtained was dried at 
40--50 ~ and at a pressure of 10 -2 Torr. Under these condi- 
tions the samples were freed from water which turned out to 
effectively quench CL. A comparison of the intensity of CL for 
two equal portions of the same sample dried in vacuo and 
under atmospheric pressure showed the intensity of CL in the 
former case to be 2--2.5 times higher. The size of the samples 
used for measurements of the parameters of CL was 0.1 g. 
A code was accepted for describing the samples, according 
to which, for example, SP--3:9:1 (Eu, Phen), means that 
3 �9 10 -5 rnol of EuC13, 9 �9 10 -5 tool of Phen, and 1 �9 10 -5 mol 
of 1 were applied onto 1 g of silipore. 

Synthesis and purification of reagents. Chemilumineseent, 
fluorescent and other measurements. Dioxetane 1 was synthe- 
sized according to the procedure described previously. 11 EuCl 3 
of "chemically pure" grade was recrystallyzed twice from bidis- 
tilled water. Solvents were purified by distillation. Silipore 30 
was used without additional treament. CL was measured using 
an FEU--140 photomultiplier with signals recorded on a 
K--201 recorder. CL spectra were obtained using an installa- 
tion equipped with a wide--aperture MZD--2M mono- 
chromator and an FEU--119 photomultiplier. Photolumines- 
cence (PL) spectra were recorded on a "Hitachi MPF--4" 
spectrofluorimeter, the lifetime in the excited state was deter- 
mined on a LIF--200 pulse laser fluorimeter (GDR). 

The activation energy of CL of 1 (Ea eL) in the presence of 
an activator was found from the dependence of the intensity of 
CL on temperature in the interval 40--50 ~ The observable 
constant of rate of the decomposition of 1 and the activation 
parameters E~ and logA were determined from the decrease in 
intensity of CL in the course of tbermolysis at 105--130 ~ 

Resu l t s  and D i s c u s s i o n  

The samples  o f  sil ipore containing phenanthrol ine  
mad d i sp i ro (d i adaman tane - l , 2 -d ioxe t ane )  give intense 
C L  when hea ted  above 60 ~ The intensi ty of  C L  
allows one to observe a red luminescence  in a slightly 
darkened  room.  The  C L  spect rum of  SP--3:9:1 (Eu, 
Phen)  is p resented  in Fig 1. It a lmost  corresponds to the 
PL  spec t rum of  the  same sample  at higher  resolution. 
The spectra  consist  o f  l ines caused by 5D0+7F j (j = 0, 1, 
2, 3) t ransi t ions  in Eu 3+ ions. However ,  the  ratios of  the 
intensi t ies  of  the  bands,  for example  for the 5D0--+7F2, 
t ransi t ion,  is different  for pho to -  and chemiexci ta t ion.  
Apparent ly ,  the  redis t r ibut ion of  the band intensit ies in 
C L  and PL spect ra  is caused by the different  pathways 
leading to Eu*(iii) in pho to -  and chemiexci ta t ion.  14 

There  is no chemi luminescence  in the  region 350--  
500 nm,  typical  o f  the  f luorescence of  adamantanone .  
This fact suggests essential ly comple te  t ransfer  of  energy 
from exci ted adaman tanone  to the  eu rop ium chelate.  It 
is well known that  coordinat ively  sa turated europium 
chelates,  for example  Eu(TTA)3Phen (where TTA is 
thenoyl t r i f luoroace tone)  activate the  chemi luminescence  
of  dioxetanes in accord  with an energy transfer  mecha -  
nism. 13 C o o r d i n a t i v e l y  u n s a t u r a t e d  che la tes  o f  Eu 
catalyze the  decompos i t ion  o f  oxetanes and activate C L  
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Fig 1. CL (1) and PL (2) spectra of the sample SP --  10:30:1 
(Eu, Phen): /)  93 ~ MZD-2M, Ak = 5 nm, 2) 22 ~ 
MPF-4 "Hitachi", registration angle 60 ~ k b = 350 rim, k = 
1 rim. 

through in t racomplex  energy transfer  from the excited 
carbonyl  molecule .  In  this case the dependence  of  CL 
on the concent ra t ion  of  the  act ivator  is l inear.  14 

Apparent ly ,  the  act ivat ion of  chemi luminescence  by 
the Eu(iiI) complex  in the  course of  the  decompos i t ion  
of  1 on sil ipore proceeds  via an energy t ransfer  mecha-  
nism. Indeed,  the dependence  of  P L  on Eu(m)  concen-  
t ra t ion is l inear,  whereas tha t  of  C L  (ICL) is described by 
a curve with a t rend  towards sa tura t ion which character -  
ize energy transfer  (Fig. 2). In  addi t ion,  the  activation 
energy of  quasi -s teady-s ta te  luminescence ,  Ea cL, is inde-  
penden t  o f  the  concent ra t ion  of  eu rop ium and coincides 
with Ea CL for oxetane decompos i t ion  on si l ipore (Ta- 
ble 1) in the absence o f  europium.  This value coincides  
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Fig. 2. Dependence of the intensiW of CL (1) and PL (2) on 
Eu(iti) eomem in silipore samples SP --  n:3n:l (Eu, Phen). 
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Table 1. Activation parameters of the decay of 1 on silipore 

Sample EaCL+0.5 Ea+_0.5 logA+- 0.1 

kcal/mol kcal/mol 

SP - -  0:0:1 32.3 32.1 13.2 
SP - l:3:l(Eu, Phen) 32.8 - - 
SP - 3:9:l(Eu, Phen) 32.1 32.1 13.2 
SP - 4:12:l(Eu, Phen) 32.8 - - 
SP - 6:18:l(Eu, Phen) 32.3 - - 
S P -  8:24:1(Eu, Phen) 32.5 - - 
S P -  10:30:l(Eu, Phen) 32.6 - - 
S P -  3:9:0.8(Eu, Phen) - 31.5 13.0 
S P -  3:9:0.5(Eu, Phen) - 30.6 12.8 
SP - 3:9:0.2(Eu, Phen) - 29.2 12.1 
S P -  3:9:0.1(Eu, Phen) - 28.5 1t.9 

within the  l imits  o f  exper imenta l  error  with E a obta ined 
from measurements  of  the  first order  rate constant  of  CL 
decay.  

Thus,  the  complex  does not  cata lyze ne i ther  chemi-  
luminescent  or  thermal  decay  of  1 and plays only the 
role of  an acceptor  o f  exci ta t ion energy. 

In  our  case the  chlor ide  salt probably  contains two 
phenan thro l ine  l igands in the  coord ina t ion  sphere,viz., 
Eu(Phen)2C13. An indirect  conf i rmat ion  o f  this assump-  
t ion follows f rom the dependence  o f  C L  intensi ty upon  
the conten t  o f  phenanthro l ine .  The  intensi ty  of  CL 
r eaches  the  s t e a d y - s t a t e  level  w h e n  E u : P h e n = l : 2  
(Fig. 3). Also,  the  l ifet ime of  the  Eu(Phen)2C13 com-  
plex sorbed on sil ipore in the  exci ted state corresponds 
to that  of  the  eu rop ium complex  in samples with differ- 
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Fig. 3. Dependence of the intensity of CL on the content of 1 
for silipore samples SP --  3:9:m (Eu, Phen) (I) and on the 
Eu(m) -o-phenanthroline ratio in silipore samples SP --  3:k:l 
(Eu, Phen) (2). 

ent  amounts  of  Eu, viz., S P - - n : 3 n : l  (Eu ,Phen)  (where 
n = 1, 3, 4, 6, 8, 10), and is equal  to 1.18 ms. 

C L  intensi t ies  were measured  for the  fol lowing sys- 
tems: 1) 0.1" 10 .5 mol  of  dioxetane in acetonitr i le ;  
2) 0.1" 10 .5  mol  of  dioxetane on si l ipore (concent ra -  
t ion 10 .5 tool  g - l ) ;  3) 0.1 �9 10 .5 tool  of  d ioxetane  and 
0 . 3 " 1 0  - 5  tool  o f  Eu(Phen)2C13 in a c e t o n i t r i l e ;  
4) 0.1" 10 - 5  tool of  dioxetane,  0.3" 10 - 5  tool  of  EuC13 
and  0 . 9 - 1 0  - 5  m o l  o f  p h e n a n t h r o l i n e  on s i l i po re  
(SP--3:9:1  (Eu, Phen)) .  These intensi t ies  relate to  each 
other  as 1:1.3:5:55. This increase in act ivated lumines-  
cence during the decompos i t ion  of  d ioxetane  on sil ipore 
relative to that  in solut ion cannot  be expla ined by  faster 
degradat ion of  oxetane on  silipore. This could  provide 
only a twofold increase in luminescence ,  assuming con-  
stant yields o f  tr iplet  and singlet exci ted states in solu- 
t ion and on silipore. 

The  synergetic effect of  the  increase in CL is prob-  
ably re la ted to the increase in the  efficiency of  the  
irradiative deact ivat ion o f  the eu rop ium complex  on 
si l ipore relative to that  in solution.  Thus,  the  l i fet ime of  
excited Eu(Phen)2C13 in acetonitr i le  amounts  to  0.39 ms, 
whereas that  on sil ipore is 1.18 ms, i.e., the  quan tum 
efficiency o f  radia t ion  increases 3.03 fold. I t  is possible 
that  the  exci ta t ion yields (~s*,  ~ t* )  increase during the 
decompos i t ion  of  1 on sil ipore as well. Apparent ly ,  it is 
the  influence of  these factors tha t  causes the effect 
observed. 

The  intensi ty of  CL is propor t iona l  to the amoun t  of  
dioxetane,  which makes it possible to investigate the  
kinetics of  the decompos i t ion  of  1 on  sil ipore.  The  
dependence  o f  C L  intensi ty on t ime is exponent ia l  unti l  
a 70% decrease in the  intensi ty  (Fig. 4). The  parameters  
of  the  act ivat ion of  dioxetane decompos i t ion  can be 
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Fig 4. CL kinetics in the course of thermolysis of SP - -  3:9:0.1 
(Eu, Phen): /) 400, 2) 394; 3) 390.5; 4) 384.5; 5) 382; 6) 378 K; 
7) dependence of the observed CL attenuation rate constant on 
temperature in the coordinates of the Arrhenius equation. 
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easily determined from the temperature dependence of 
the rate constant k of CL decay using the Arrhenius 
equation. As shown in Fig. 4, the dependence of logk 
on T -1 is linear in the temperature range under investi- 
gation. Similar dependences hold for other samples with 
different dioxetane concentrations. The values of E~ and 
logA are given in Table 1. Both E,, and logA increase as 
the concentration of  1 increases, but to a smaller extent 
than the activation parameters in solution. 11,15 The 
dependence of logA on E~ presented in Fig. 5 can be 
rather well described by the equation logA = 0.36Ea+ 1.45 
(r = 0.99), which points to the existence of a kinetic 
compensation effect (KCE). 16-2~ 

There exists a viewpoint that KCE is an artificial 
phenomenon caused by overreading or underreading 
kinetic parameters in the course of experimental measure- 
ments. 17 However, there are arguments that this relation- 
ship is real and that it has at least several causes. Thus, 
for instance, there is almost no doubt concerning the 
occurrence of a KCE for the activation parameters of 
the deactivation of an excited state that is an elementary 
process. 18,19 Similarly, one can assume that the thermo- 
dynamic compensation effect is a consequence of the 
kinetic one. z~ 

The decomposition of dioxetane is characterized by 
certain steric evolution along the reaction route from the 
starting compound via a transition state into the reaction 
products. The transition state (see reaction (1)) is a 
twisted peroxide ring that is transformed into 1,4-diradical 
in the transoid state. 21 

Obviously, the adsorption of dioxetane on a solid 
surface can influence the structure of the transition 
state. This peculiarity of decomposition is general for 
dioxetanes. It is also valid for compound 1, but with 
some peculiarities including the interaction of bulky 
adamantyl substituents during the formation of the 
1,4-diradical. 21 These features explain the abnormally 
high stability of dioxetanes bearing bulky substituents. 
The compensation effect is probably based on the scis- 
sion of the O - O - b o n d  of the dioxetane ring, which 
determines the reaction rate. We believe that the de- 
crease in E a in the transition from solution to silipore 
and its dependence on the content of 1 are related to the 
loosening action of the silipore surface on the bonding 
orbitals of the O-O-bond .  The degree of  this action 
depends on the adsorption strength of 1. Perhaps there 
are adsorption centers with different catalytic activity on 
the silipore surface. Naturally, dioxetane initially occu- 
pies the most active adsorption centers. An increase in 
peroxide content is accompanied by an increase in the 
fraction of molecules less strongly bonded and thus less 
susceptible to catalytic degradation. Apparently, E~ re- 
fleets this mixed decomposition on adsorption centers 
with different activities. The occurrence of this process 
is expressed in the peculiar dependence of CL intensity 
on dioxetane content (Fig. 3), represented by a curve 
with a maximum caused by the influence of two oppo- 
site factors: the natural increase in luminescence inten- 
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Fig 5. Dependence of the compensatrion of the activation 
parameters of the thermolysis of 1 in solution (1) and in 
samples of silipore SP -- 3:9:m (Eu, Phen) on the content 
of 1 (2). 

sity due to the increase in the total amount of com- 
pound 1, and the drop in the decomposition rate ac- 
compasling the decrease in the fraction of molecules 
that undergo catalytically effective decomposition. Prob- 
ably, the different efficiency of the transfer of exitation 
to Eu(m) affects the form of this curve as well. The 
compensating decrease in logA shows that the transition 
state in the decomposition becomes more ordered as 
dioxetane content decreases. 
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