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Chemiluminescence and catalysis of decomposition of dimethyldioxirane 
adsorbed from the gas phase on silipore containing 

tris(bipyridyl)ruthenium 
complex Ru(bpy)3C! 2 and 9,10-diphenylanthracene* 
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The kinetics of decomposition of dimethyldioxirane (DMD) adsorbed from the gas phase 
on the silipore surface was studied by the chemiluminescence (CL) technique. The lower 
boundary of the CL yield in the reaction of DMD decomposition (4.10 --9 Einstein tool - t )  
and chemiexcitation yield of methyl acetate (4.10 -4) were estimated. Chemiluminescence 
upon decomposition of DMD on the silipore surface in the presence of activators of CL such 
as tris(bipyridyl)ruthenium complex Ru(bpy)3CI 2 and 9,10-diphenylanthracene was revealed. 
Ru(bpy)3CI2 activates the luminescence according to chemically induced electron exchange 
mechanism. 

Key words: chemiluminescence, mechanism of chemiluminescence, dimethyldioxirane, 
gas phase, silipore, tris(bipyridyl)ruthenium complex, catalysis. 

In recent years, dioxiranes have attracted the attention 
o f  researchers due to their surprising oxidation proper- 
ties. I -7  These three-membered cyclic peroxides are very 
efficient reagents for highly-selective oxidation o f  various 
classes o f  organic compounds such as alkanes, alkenes, 
and compounds containing heteroatoms. However, re- 
cent  studies showed that processes o f  some transforma- 
tions of  dioxiranes are accompanied by chemilumines-  
cence  (CL). The  possibility of  CL  has been assumed 
previously 3,4,8 and then confirmed experimentally. 4,9-H 
Almos t  all known c h e m i l u m i n e s c e n c e  react ions o f  
dioxiranes were studied mainly in solution. At the same 
time, it is evident that processes resulting in the forma- 
tion of  products in the electron-excited state can also 
occur  on the sorbent surface. For example, it is kaaown 
that the surface significantly enhances CL accompatwing 
the decomposi t ion of  such peroxides as dioxetanes rather 
than catalyzes their  decomposition, t z - t6  Some changes 
in the chemiluminescence behavior of  cyclic peroxides 
can be expected when their reactions are transferred from 
solution to the surface. In fact, we have recently shown t7 
that isomerization of  dimethyldioxirane ( D M D )  (the 
most abundant representative o f  the class of  dioxiranes) 
sorbed from the gas phase on the silipore surface is 
accompanied  by rather intense CL. The DMDaa s -  
silipore system is very attractive for studying due to the 
high intensity of  C L  and the absence o f ' d a r k "  reactions 
impeding the study of CL of dioxirane in solution (in- 

* Devoted to Prof. R. W. Mt~rf'ay on his 70th birthday. 

duced decomposit ion,  t s - z l  catalysis by admixtures, z2 
etc.). In this work, we consider the  kinetics of  C L  during 
the decomposition of  D M D  sorbed from the gas phase on 
the silipore surface and report on  a significant enhance-  
ment of  CL  in the presence o f  tr is(dipyridyl)rathenium 
complex Ru(bpy)3Cl 2 (Ru I1) and 9,10-diphenylanthra-  
cene (DPA) supported on the silipore surface. 

Experimental 

Chemiluminescence was detected using an FEU-140 pho- 
tomultiplier with a maximum of spectral sensitivity at 415 nm 
on a photometric installation calibrated in absolute units by a 
reference radiation source based on a scintillator containing 
the radioactive t4C isotope according to the previously de- 
scribed method. 23 The spectral sensitivity of the photocathode 
was determined by a strip-like SIRSh-6-100 tungsten lamp and 
a set of interference light filters in the region of 365--670 rim. 
The photosensitivity of the photocathode in the region of Ru I1 
luminescence (~-max = 630 nm) was 5% of the maximum value 
in the region of 410--420 rim. Chemiluminescence spectra 
were recorded using boundary light filters. The phosphores- 
cence spectrum of triplet methyl acetate (MA*(T)) (kma x = 
390 nm) z4 was recorded on a Hitachi MPF-4 spectrolluorimeter 
at 77 K. 

Chemiluminescence was detected using a setup shown in 
Fig. 1. A solution (2 mL) of DMD in acetone ([DMDI0 = 
6-10 -2 tool L -I) was placed in a cell connected through a 
glass adapter with the second 27-rnL cell containing silipore 
(100 ms) (Silipore 400, Chemapol,  0.125--0.160 ram, 
400 m 2 g-I) and arranged above the photoeathode of FEU- 
An argon flow admitting through the cap~tlar'y to the first cell 

Translated fi'om Iz.vest(~.'a Akademfi Nauk. Seriya Khimicheskaya, ,No. S, pp. t516--1521, Augtlst, |99S. 

1066-5285/98/4708-1472 $20.00 r 1998 Plentlm Ptlbfishing Corporation 



Decomposi t ion of  dimethyldioxirane Russ.Chem.Bull. ,  Vol. 47, No. 8, August, 1998 1473 

Ar 

r > 

f -%.  

,'3 

/ 2  
.'1 

i 

4 
/2. 

I_- 

Fig. 1. Setup designed for detection of CL: I, solution of 
DMD in acetone; 2, cell containing a solution of DMD in 
acetone; 3, capillary for admission of argon; 4, glass adapter; 
5, thermostatted jacket; 6, FEU-140; and 7, cell containing 
silipore. 

captured acetone vapor from DMD, and the vapor fell in the 
second cell thermostaned at a specified temperature. This 
procedure lasted for ~1 rain. Then the argon admission was 
stopped, and the CL spectrum was recorded in the static 
regime. Chemiluminescence in the presence of activators was 
detected similarly by the application of the corresponding 
amount of activators on the silipore surface. 

Diphenylanthracene and Ru n, which were used as the 
activators of CL, were supported onto silipore as follows. The 
corresponding amount of sflipore was placed in a solution of 
activators in acetonitrile. The suspension obtained was stirred 
for 15 rain, and the solution was decanted. The activators were 
completely sorbed on the support. The suspension was de- 
hydrated in vacuo (10 -2 Torr). 

Dimethyldioxirane was prepared and analyzed according to 
the known procedure, z5 

Results  and Discussion 

The luminescence  decay reflecting the decomposi -  
tion of  the sorbed dioxirane, which is observed after the 
end o f t h e  argon admission to a cell with D M D ,  obeys a 
first-order law. As was shown lay the boundary light 
filters, MA*(T) is the emit ter  of  luminescence.  The 
maximum intensity of  CL is 5.7" l06 photon s -I (75 ~ 
The rate constants  of  CL ( kc t  .) obtained at different 
temperatures f rom tile semilogari thmic anamorphoses of  
the kinetic curves of  CL decay are presented below. 

1/~C 65 75 ,,15 90 
kt.t.. It)2,/s -I I 2 0 9 0.9 I 0 

It is seen that the rate of  the process is virtually 
temperature- independent .  This is most likely related to 
the fact that the activation energy is the effective value, 
since, according to Scheme 1, the k c t  value depends on 
the sorption--desorption of  DM D along with the isomer-  
ization of  dioxirane to methyl  acetate.  

Scheme 1 

[DMDIg~ 

k+ll k-t 

[DMD]~r~ /~ = MA'(T) 
/ ' / / / / / / / / / / / / / / / 7 / / / / /  

It follows from analysis o f  Scheme 1 that the reaction 
rate (w) is determined by the expression 

w = k2k+l[DMDl~J(k_  ! + k2), 

kCL = k2k~.t/(k_ | + k2). 

The increase in the desorption rate o f  D M D  from 
the silipore surface (k_l) with temperature increase seems 
to compensate  for the increase in k 2, the k.cL value 
remaining almost unchanged. 

In the presence of  s i l ipore-supported Ru II, a signifi- 
cant enhancement  of  C L  is observed. For  example,  at 
75 ~ and [Ru II] = l "  10 -6 mol  g - l ,  the max imum 
intensity of  luminescence increases by two orders of  
magnitude. The kinetic curve of  C L  decay, the maxi-  
mum of  which corresponds to the luminescence  of  the 
ruthenium complexes,  consists o f  two exponential  re- 
gions corresponding to the fast and slow decays (Fig. 2). 

I (tel. unit) 
120 

100 

8o 

60 -(30 

O ) 40 
O 

�9 
20 

Q 

0 0 0 0  2 
�9 

(3 
0 0 0 1 

, _ ~  ~ ? o 090 
100 200 300 400 500 t/s 

Fig. 2. Typical kinetic curves of CL decay during the decom- 
position of DMD sorbed from the gas phase on the silipore 
surface in the presence of silipore-supported activators of CL: 
at J = 10, [Rull]o = 0.5" 10 -6 tool g-~ ([) and J = 5, 
[DPA] o = 1 " 10 -6  nlt~l g - !  (2) .  T = 7.5 ~ J is the relative 
sensitivity of the device 
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We believe that this is precisely the decomposition of 
DMD which corresponds to the fast region of the ki- 
netic curve of CL decay. The luminescence in the slow 
region is most likely caused by the thermal decomposi- 
tion of a labile compound formed in the oxidation of the 
complex by dioxirane. 

The temperature dependences of the observed rate 
constants (k'cL) obtained from semilogarithmic anamor- 
phoses of the kinetic curves of luminescence decay in 
the presence of Ru H ([Rult] 0 = 5" 10 ~ tool g-I)  in the 
first exponential region are presented below. 

T/~ 55 66 70 75 80 85 90 
k'cL" 102/s -t 3.2 4.8 6.1 6.6 7.1 7.4 8.2 

It is found from the temperature dependences of 
g'CL that 

Iogk'cL = (3.0+0.5) - (6.0+0.8)/0 (r = 0.96), 

where 0 = 2.303RT kcal mol - t .  These activation pa- 
rameters, as those for the decomposition of DMD on 
the surface of nonactivated silipore, are most likely also 
effective values reflecting the complex totality of trans- 
formations of DM D on silipore in the presence of Ru It 
supported on the surface. 

As follows from Fig. 3, k'cl" depends linearly on the 
concentration of Ru II. Therefore, k ' cL  = a + biRull I. 
According to the data in Fig. 3, it was found that a = 
(1.7+_0.6). 10 -2 and b = (9.6+_1.8)" 103 , where a and b 
are the effective parameters. It is seen that Ru II acceler- 
ates the decomposition of DMD rather than increasing 
the luminescence intensity. 

Using some assumptions, we can estimate (from the 
data obtained) the lower boundary of the CL yield for 
the decomposition of DMD sorbed from the gas phase 
on the silipore surface. Since dimethyldioxirane exists in 
solution only in a mixture with acetone, t-7 and a 
solution of DMD in acetone is distilled virtually without 
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Fig. 3. Dependences of the observed rate constant k 'ct  ' (1) 
:rod light output of the decomposition of DMD.~d~ (S) (2) on 
the siliporc .,;urfacc on the concentration of Ru It (75 ~ 

fractionation (most likely, due to the solvation effectZ), 
the corresponding data on elasticity or pressure of its 
vapor are not available. However, we can assume the 
pressures of acetone and DMD vapors to be approxi- 
mately equal (177 Ton'). 2a Based on this fact and taking 
into account that the velocity of argon admission was 
10 mL min -1, we calculated the content of DMD in 
the gas phase in the cell with silipore: 2.8" 10 -7 tool. 
Since the light output of the decomposition of DMDad s 
on silipore at 75 *C was 7" 108 photon, the CL yield is 
qCL = S/[DMDa~] ;z 4" l0 -9 Einstein moI-L The CL 
yield on the silipore surface is two orders of magnitude 
higher than the value obtained by us previously when 
the decomposition of DMD in deoxygenated acetone 
was studied, i~ This is quite reasonable, because it is 
known that the radiative efficiency of excited molecules 
in the triplet state increases on  the sorbent surface, z7 In 
addition, CL is favored by a considerable decrease in the 
efficiency of quenching by the solvent and various ad- 
mixtures that are present in the solution. However, in 
our opinion, there is another reason for the increase in 
the luminescence yield on silipore, which is in the 
mechanism of decomposition of DMD. Let us consider 
possible routes leading to MA*(T). It can be assumed 
that the formation of MA*(T) occurs due to the follow- 
ing reaction: 

Me N / 0  Me N / 0 '  

M e / C !  ~ / C \  Me O" 

[ o I o 
= Me" "O--C--Me ~ MeO--C--Me . 

The heat released in the recombination of the geminal 
radical pair and calculated from the heats of formation of 
the participants of the reaction is AlP = 83.1 kcal tool -I. 
On the other hand, the activation energies of these reac- 
tions are usually low (lower than 5 kcal tool-t). Taking 
into account that the energy of MA in the triplet state is 
-90 kcal mol -t  (see Refs. 3, 4, and 8), we can conclude 
that the synthesis of MA*(T) via the scheme indicated is 
improbable. 

Another and main chemiluminescence channel is, in 
our opinion, the isomerization reaction (Scheme 2). 

Scheme 2 

M e \ / O  t O" i0t 
M__C\/e/() --,.. Me--C--O--Me ~ Me-.C--O--Me + hv 

The energetics of this reaction assumes the formation of 
MA in the triplet state, since the enthalpy of this 
reaction >85 kcal tool -l  and the activation energy is 
-15--20 kcal ,nol -f (see Refs. 3, 4, and 8). The third 
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possibility considered is the synthesis of MA*(T) due to 
the decomposition of DMD via the chain radical mecha- 
nism 2~ (Scheme 3). 

Scheme 3 

Me\ I01 Me,, /0" 
Me/C' '~)  " Me/C\o . 

0 
II 

P Me" + Me--C--O" ,," Me" + CO 2 

Me N ,,,0 Me N /OMe 

Me" + M e / C \ l o  =- Me , /C \o .  b 

0 
II 

= Me--C--OMe + Me" 

However, as we have shown previously, I~ this route 
cannot result in CL because of energy concepts. Never- 
theless, this is the chain radical mechanism which is 
predominant in the consumption of dioxirane in the 
solution, and the contribution of the isomerization reac- 
tion to CL (see Scheme 2) is very insignificant. On the 
sorbent surface, the decomposition of DMD via the 
chain radical mechanism is not so efficient, and the 
main contribution to its decomposition is made by the 
isomerization to MA accompanied by luminescence, 
which reflects a considerable increase in the CL yield on 
going from the solution to the heterogeneous system. 

It is noteworthy that the estimated value of qCL in 
the DMD~ds--silipore system is the minimum of the 
possible ones, since it was assumed in the calculation 
that the all DMD in the cell is sorbed on the sorbent 
surface. In fact, this fraction may be only several percent 
and, hence, a considerably higher value of riot. can be 
expected. 

It is known that rlCL = rl*q~ad, where q* is the 
excitation yield and rlrad is the radiation yield. Data on 
the radiative efficiency of MA*(T) are unavailable. There- 
fore, it is not a great error for the estimation of the 
radiation yield of MA*(T) to compare this value to rlra d 
of related ketones, which is equal t o - 1 0  -5. Therefore, 
the value of the excitation yield of MA*(T) in the 
decomposition of DMD on the silipore surface is at least 
not lower than 10 -4, This suggests that a considerably 
more intense CL can be expected for decomposition of 
chromophore-containing dioxiran6s, zg,z9 whose radia- 
tion yields from triplet states of the corresponding esters 
(such as dimesityldioxirane or diphenyldioxirane) are 
assumed to be substantially higher. 

As mel~doz~ed above, additions of the siliporc-sttp- 
ported Ru It complex enhance substantially the lumines- 
cence and catalyze the decomposition of DMD. Since 

CL reflects the catalytic route of isomerization of DMD, 
we can write 

tel  = rl'R~rllF:Lk2IRun]0[tI0 �9 exp[--(k| + k2[RuH]o)t], 

where ~q*Ru is the excitation yield of Ru *tl in the reac- 
tion, and rlFL is the fluorescence yield of the complex. 
The maximum intensity of CL is determined by the 
expression 

/eL m = n'a,nFck2[Runl0[ll0, 

and the light output of the reaction is the following: 

S = i l d t =  
o 

= rl*RurlFLk2[Run]0[ll0 I exp[-(kl + k2[RuHl~ = 
0 

= rI*Ra~FLk2[Runlo[IIo(k I + k2[Runl0) -I. (i) 

It follows from the data in Fig. 3 that the light output of 
the reaction in the first exponential region is almost 
independent of the concentration of Ru II and equal to 
~34-109 photon. The CL yield was estimated from 
Eq. (1): rl*RuqFL = 3" l0 -7 Einstein mol -t .  

It is seen that in the presence of silipore-supported 
Ru II, the CL yield, as expected, is substantially higher 
than that in the decomposition of DMD on clean silipore. 
However, the chemiluminescence yield of Ru tl (3" 10 -5) 
is an order of magnitude lower than the corresponding r~* 
value for MA. It is likely that the increase in the radiation 
intensity and the CL yield in the decomposition of DMD 
in the presence of Ru u is due to a higher radiation yield of 
the complex (0.0095), which is three orders of magnitude 
higher than rl,ad of MA. 

It can be assumed that the catalysis of dioxirane 
decomposition and activation of luminescence by silipore- 
supported Ru I1 occur via the known mechanism of 
chemically initiated electron exchange luminescence 
similarly to that occurring in the solution u (Scheme 4). 

Scheme 4 

Ru ~1 + ~ F { U  II . . . .  

0 Me 0 Me 

_ _  .u ....  O oo1_ 

I ,o, 1 
- ~  LRu'" .... Me--C--OMe 

Rull ~L MA 

R u  jl + M A  + h v  



1476  Russ.Chem.BMl., VoL 47, No. 8, August, t998 Kazakov et aL 

This mechanism is very probable, because it is known 
that dioxiranes participate efficiently in electron transfer 
(ET) processes, 3~ which agrees well with the theo- 
retically calculated electron affinity for the simplest 
dioxirane (2 eV'). 33 

It is of interest that the yield of CL activated by the 
Ru n complex during the decomposition of DMD in the 
solution is approximately three orders of magnitude 
higher than that on the silipore surface. The last fact is 
evidently related to the difference in the rates of diffu- 
sion of the reagents on going from the homogeneous 
system to heterogeneous conditions. Since kdiff on silipore 
is considerably lower than kdi ~ in the solution, the 
probability of collision of Ru II molecules and DMD on 
the surface decreases, which results in a decrease in the 
CL yield. 

The oxidation of several silica gel-supported poly- 
aromatic hydrocarbons (PAH), such as pyrene, chrysene, 
etc., by dioxirane from the gas phase has previously been 
reported, z,34,3s Based on the results obtained, we can 
reasonably assume that these reactions should be ac- 
companied by CL. To check this assumption, one of the 
representatives of the PAH class, DPA, was supported 
on the silipore surface. In fact, CL is observed during 
the decomposition of DMD sorbed from the gas phase 
on the silipore surface in the presence of DPA (DPA is 
the luminescence emitter). The luminescence intensity 
in the presence of DPA ([DPAI = I -10  -6 tool g-I) 
increases by an order of magnitude. The kinetic curve of 
luminescence decay, as in the case of Rutt, consists of 
two exponential regions corresponding to the fast and 
slow CL decay (see Fig. 2). It is noteworthy that these 
regularities of CL are similar to those observed 3~f in the 
thermolysis of DMD in the presence of DPA in the 
solutiou. It has been shown previously ~i that the de- 
composition of dioxirane occurs during the time corre- 
sponding to the first exponential region. The further 
chemiluminescence is caused by the decomposition of a 
peroxide compound formed in the oxidation of DPA by 
dioxirane. It is reasonable to assume that the similarity 
of behavior of CL on silipore is explained by analogous 
facts. The observed first-order rate constants (k"cL) 
obtained from semilogarithmic anamorphoses of the 
kinetic ct, rves of CL decay in the first region are pre- 
sented below ([DPA] 0 = !" I0 -6 mol g-I). 

T/*C 65 70 75 80 
k"cL- 102/s -f 1.1 1 2.1 3.3 

Like Ru II, DPA catalyzes the decomposition of DMD. 
The effective activation parameters of the process ob- 
tained from the data presented are,the following: 

logk"ct" = (10.0+_5.0) - (19.0+_7.0)/0 (r = 0.92), 

where 0 -- 2.303RT kcal tool - t .  
The results obtained allow us to hope that oxidation 

of other stlrface-supported PAH by adsorbed DMD is 
also accompanied by CL. It1 this case, we call speak of a 
ctmvet~iem method for stt~dyi~g the ki,~etics of these 

reactions. However, further experiments are required to 
verify this possibility. 

The work was financially supported in part by the 
Russian Foundat ion  for Basic Research (Project 
No. 96-03-33871). 
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