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The chemiluminescence of dimethyldioxe tanone Q) in the presence

of easily oxidized aromatic hydrocarbons was studied. It was observed that

the rate of reaction of ~
, 
depends upon the nature and concentration of

the aromatic hydrocarbon. The efficiency of light production was correlated

with the one electron oxidation potential of the hydrocarbon . These results

are interpreted in terms of the recently described chemi cally initiated

electron exchange l uminescence.
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Sir:

Many recent studies of chemi luminescence from organic molecules have
cente red on the reactions of the strained four membered ring peroxi des

known as dioxetanes.2 These molecules have been identi fied or implicated

in many of the most efficient chemi — and bioluminescent reactions. In

par ticular , a carbonyl substituted dioxetane (dioxetanone) has been

identified as the key high energy molecule responsible for light production

in the firefly.3 In this paper we report our findings on the mechanism of

light production from simply substituted dioxetanones. Our studies

show that the most important light forming path for reaction of dioxetanone 1

Is the bimolecular route we have recently identi fied as chemically initiated

electron exc hange lumine sc ence (CI EEL).4 Moreove r, we have found that

under conditions favoring CIEEL the fraction of reacting dioxetanone

molecules that generate a photon of light approaches the most efficient

bioluminescent reactions known. In addition , by analogy , it appears that

the initiating reaction in firefly biolumi nescence is an intramolecular

electron transfer akin to the observed inte rmolecular reaction reported

herein.5

Dimethyldioxetanone (
~) was prepared and puri fied according to the

• procedure of Adam .6 Thermolysis of ~ in C82C12 at 24.5° leads to the

quantitative generation of acetone and to li ght emission .7 The observed

chemi l unii nescence under these conditions is a result of acetone emission.

It has been reported previously that the addi tion of certain aromatic

hydrocarbons to solutions of dioxetanone results in the generation of

hydrocarbon l uminescence and markedly increases the ligh t yield.8 We

have also observed this effect and, significantly , have found that the

aromatic hydrocarbon also increases the rate of reaction of the dioxetanone .

.1
I. -

~~~~~~~~~~~~~~~ . -~~~~~~~- --- ~- - -- - - - -- ~-~~~~~~~~~--- -~~~ .--
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The rate acceleration is directly proport i onal to the concentration of the

hydrocarbon (catalytic chemi l uminescence activa tor), as is shown for rubrene

in Figure 1 .

0—. 0

_ _ _ _ _  

CH C1
CH3 

2 2 > +CO
c~3 ~~~ CH3 CH3 

2

Also , the observed rate acceleration is dependent on the structure of the

activator , these findings are inconsistent with the previously proposed

unimo lecular pathway for excited state production. In the original mechanism,

therma l reaction of the dioxetanone generated electronically excited acetone

which , in a subsequent step, transferred energy to the hydrocarbon. If this

scheme was operati ve , the rate of react ion of the dioxetanone would be

independent of the structure and concentration of the added hydrocarbon.

This is contrary to our resul ts.

To probe the nature of the interaction between dimeth,yldioxetanone (i,)
and the cata lytic chemi l uminescence activator , the efficiency of generation

of light wi th various activators was examined . We observed that at identicai

hydrocarbon concentrations there is nearly a hundred fold range in the

ability of the different activators to catalyze excited state formation.9

This finding indicates that it is the bimolecular reaction between the

dioxetanone arid the activa tor that is responsible for the major fraction of

the hydrocarbon cherni l uminescence. Critically, the only predictor of activator

efficiency is the one electron oxidation potential of the hydrocarbon , as i s

shown in Figure 2. This result is required if electron transfer from the

activator to the dioxetanone is the rate determining step for formation of

the activator exc i ted sing let state. These findings are entirely cons i stent



wi th excited state production from dioxetanone 1 by the mechanism we have recently

identified as chemically initi ated electron exchange luminescence .4

The efficiency of production of excited singlet activato r by the induced

decomposition of was investigated by measuring the absolute chemi l umi nescence

yield .1° When rubrene was emp l oyed as the acti vator in CH2C12 solution

at 24.5 ’ it was found that 17 ~ 5% of the dioxetanone molecules that proceed

through the bimolecular path generate an excited rubrene singlet state.

Even though this system is unoptim ized , the remarkably high efficiency

approaLhes that of the known bi oluminescent reactions .12

The proposed mechanism for formation of the emitting singlet state of

the chemi l uminescence activator by the CIEEL pa th is shown in Scheme 1.

The first step is a one electron transfer from the acti vator to the

dioxe tanone . The rate of this process , of course , depends upon the

activation barrier for the reaction wh i ch is determined , in part , by the

oxidation potential of the acti vator. Similiar electron transfer reactions

have ~ei.i postulated , for example , to accoun t for the catalytic induced

decomposition of pe roxides by transition metal s and amines)3 The acti vation

energy for the electron transfer is also dependent upon the reduction potential

of the peroxide . For dioxetanone 1 the bimo lecular rate constant for the

CIEEL ~;~th (
~~

) in CH2C1~ at 24.5
° with rubrene is 0.44 M~ s* This compares

to a va l ue of 8 M~
1 s 1 determined for diphenoy l peroxide under similar

cond itions. The difference in the catalytic rate constants for these

two peroxides is predicted by their reduction potentials .14 The electron

wi thdrawing carbony l groups flanking the oxygen-oxygen bond of the diacyl

pero’ide results in more facile reduction and concomi tantly a larger k2 for

diphenoy l peroxide .

ihe nex t ~tep along the chemilumine scence path is the rapid loss of CO2
from the ‘rduced dioxetanone. Ihis generates the radical anion of acetone

with~ i ~~~c’ ~~~~~~ solvent cage as the radical cation of the activator .15
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Subsequent h~ ry~ ann i h i l a t i o n  of the cage radica l ions results in

electronically excitcd state generation .16 One explanation for the observed

17% singlet yield is that the decarboxy lation and charge annihilation are

compe titi ve wi t~i up in equilibration . Thus , the dioxetanones that react by

the CIr~:L paL~, but do not generate an excited singlet activato r, may be

generating the undetected tri plet exc i ted state ot the hydrocarbon . The final

ste~ in the seque:~:e is light emission from the exciU:d activato r, which we

detect as cherni l uminescence .

In competiti on ~ith the CIEEL path , uncatalyzed un imolecu l a r  decompos i t o n

of the d oxetanone generates electronically excited acetone. The combination

of these ~~ excitat ion mechanisms accounts for all of the experimental

ob~erv~tions on the chemi l uminescence of dioxetanone 1.

Scheme I

+ Activator electron ansfer~~~ 

~13 ~ 
Activator~

2 ~
.. Activato r4 

~~~~~~~~~~~~~~~~ 
+ Act ivator*

A ti v.~t~r~ ~~
iuorescenc.e> Activator + li yht

In c~i~~iry , we ha ve shown that an ‘~ficient L IEEL pathway

is th~ ~jor light t~ f & r ati ng process from dioxetanone 1 with any one of

sev~.: i~i I eas i~~ oxi dized activators . This is the th i rd example of efficien t

ch r~ lu!n nes -nc e by this route .4’17 We are continuing our investigat ion

of the ~htr ’il ~‘ inescence of (t xc t~n (me~ t.o further establish the details

of ~~~ .e ’ i’~ism in thi~ case. ~ are ~lso ~‘~ r’.tiqatin g other chemiluininescent

~yst~ni: ~~~~~~~~~ a~~”ar to react by the CIELL pa th . 

-~~-——-—-~~.-— .—--————------- -—~-
-- .-- . —

~~~~~ 
-
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Captions for Figures

Figure 1. Observed dependence of rate of reaction for dioxetarione

on the rubrene concentration. Note that the extrapolatcd zero rubrene concen-

tration rate agrees, wi thin experimental error, to the independently

determined val ue.

Figure 2. Dependence of the chemi l uminescence : tensity by the CIEEL path

on oxidation potential (E0~
) of the activator. In order of increasing

oxidation potential the points are : rubrene , perylene, 9,lO-dipheny lethynylanthra cene ,

- 

and 9,1O-dipheny l anthracene.

~
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