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The chemical generation of electronically excited states from the ther-

molysis of appropriate organic peroxides is an area of active and increasing

interest.2  Most of the peroxides thus far found to generate excited states

are cyclic compounds. This fact is the result of two important considerations.

First, one of the key prerequisites for efficient excited state generation is

that the energy available at the reaction transition state be at least as great

as the energy of the lowest excited state of one of the reaction products.

Often the strain released in converting a cyclic peroxide to acyclic products

provides a significant portion of the energy required to form excited states.

A classic example of this is found in the 1,2-dioxetanes where ca. 25 kcal/mole
.3

of strain energy is released on fragmentation of the four-membered ring.

Second, incorporating the peroxide linkage in an appropriate cycle provides a

path whereby cleavage of two or more bonds can result in the formation of

closed-shell products. Thus a typical chemiluminescent pathway might involve

homolysis of the peroxide linkage to form a biradical followed by cleavage of

a second bond to generate the ultimate products. Again, the 1,2-dioxetane

ring system provides the most thoroughly studied examples of this behavior.

The mechanism for chemiluminescence of these peroxides appears to proceed

through the 1,4-dioxybiradical, eq. 1.

0-0 0 *0 0I I \ / II II
-C-C- "---"C-C - + L I G H T

One of the difficulties associated with the study of cyclic peroxides is

that they are difficult to prepare. This stems in large part from the competition

between cyclization and polymerization of tieir nrecursors. A second difficulty

with strained cyclic systems is that the very strain that contributes to the reac-

tion exothermicity also lowers the reaction activation enthalpy thereby making
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isolation and purification of these molecules difficult at best.

With these restrictions on the properties of cyclic peroxides in mind we were

attracted to a report by Hiatt, Glover and Mosher5 on the thermal chemistry of

acyclic secondary peroxyesters. This report revealed that these compounds undergo

unimolecular thermolysis to qenerate the appropriate carboxylic acid add carbonyl

compound; eq. 2. We estimated, using Benson's group equivalent method,6 that the

prototypical reaction, shown in eq. 2 is exothermic by ca. 60 kcal/mole. When the

exothermicity is combined with the reaction activation energy, reported

0 HII
RFC-0--CR2 R 3  -'4) RCOOH + R2R3 C=O

to be ca. 25 kcal/mole,5 it is clear that there is sufficient energy available

at the transition state of the secondary peroxyester reaction for the formation

of the excited state of the carbonyl compound. 7 Unknown at the outset of this

work was whether a mechanism exists to channel this energy to the formation of

electronically excited states.

We report herein the results of our investigation of both the thermal

and electron donor induced reactions of I-phenylethyl peroxyacetate (Q) and a

series of substituted 1-phenylethyl peroxybenzoates (Q-4). These results

provide new insight into the airect generation of electronically excited

states from unimolecular thermolyses, ind into the details of the chemically

initiated electron-exchange luminescence (CIEEL) mechanism.
8

0 H 0 H
CH3C-O-O H %

CH3  H
I 2o X=H

2b Xap-OMe

2c Xp-N(Me)2
2d Xzp-NO2

2e Xtm-NOp



-3-

Synthesis of Secondary Peresters, All of the peroxyesters investigated can

be conveniently prepared by reaction of 1-phenylethyl hydroperoxide with the

appropriate activated acid precursor. We prepared the hydroperoxide by two

different routes; oxidation of ethylbenzene, and acid catalyzed substitution

of hydrogen peroxide on l-phenylethanol. 10  The details for preparation of

the hydroperoxide by both procedures are given in the experimental section.

The acid catalyzed substitution must be carried out with extreme caution. We

experienced two violent explosions when we attempted to scale up this prepara-

tion. Reaction of the hydroperoxide with ketene in CH2Cl2 and HCl followed

by vacuum distillation gives analytically pure peroxyacetate 1, eq. 3. The sub-

stituted peroxybenzoates are prepared by reaction of the hydroperoxide with

the appropriately substituted acid chloride in a two phase basic mixture, eq.

4. Recrystallization, in some cases at low temperature, gives analytically

pure peroxyesters. In addition to the normal spectroscopic characterization, all

of the peroxyesters except ;ll were reduced with triethylphosphite or triphenyl-

phosphine to the corresponding ester and this product compared to authentic

material. The details of the synthesis, purification, and characterization of

0
HCl IIPhCH(CH 3 )OOH + CH 2 zC=O - PhCH(CH3 ) O2 CCH3  (3)CH 2CI2

PhCH(CH3)OOH + \ 0C H H2 0, NoOH PhCH(CH 3 ) 0C4)

the peroxyesters are given in the experimental section.

Thermolysis of peresters in benzene. In all cases examined the only

products formed from the thermolysis of dilute solutions of the peroxyesters in

benzene are the appropriate acid and acetophenone, both in essentially quanti-

tative yield, eq. 5. This observation is particularly pertinent for the case



CH3  0

Ph-k 0 Benzene
hA H h 3  + RCO2 H (5)

R= CH3 , Ar

of peroxyacetate 1 where formation of the acetyloxy radical is expected to lead
12

to rapid loss of C021 2 and thus to a concomitant decrease in the yield of

acetic acid.

The rates of thermolysis of the peroxyesters in argon purged benzene can

be followed conveniently by their direct, indirect, or activated chemilumines-

cence. The details of these procedures are described completely below. For

the present discussion it is critical to point out only that the chemiluminescent

intensity obtained in these kinetic studies is directly proportional to the concen-

tration of the peroxyester and that the derived rate constants are identical to

those obtained using more conventional spectroscopic techniques to monitor the

peroxyester concentration. In all of the cases examined, carefully purified ben-

zene and peroxyester solutions show clean first order consumption of the peroxide.

Typical kinetic runs are shown in Figure 1, Eyring plots are shown in Figure 2, and

the first order rate constants with their derived activation parameters are listed

in Table 1. It should be noted that for peroxyacetate 1 at initial concentrations

above 102 'M, the first order rate constants obtained, and the activation

parameters derived therefrom, are dependent on the initial peroxyester ('ncentra-

tion. However, at low initial peroxyester concentration (lO - 0 3 M) the rate

constants are independent of the initial peroxide concentration. Apparently,

at the higher concentrations a second reaction path, perhaps radical induced

homolysis, 13 becomes significant. All of the kinetic and chemiluminescent

experiments on peroxyester 1 are carried out in the low concentration region.
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The activation parameters for the peroxyester thermolyses reveal some

important details of the reaction mechanism. The activation enthalpy obtained

for peroxyester I is quite similar to that reported by Hiatt and coworkers5 for

related secondary peroxyesters in the vaoor-nhase, but is considerably hiqher

than the values obtained by these workers for solution-phase reactions. Sim-

ilarly, the activation entropies we obtain are more closely aligned with the

vapor-phase values of Hiatt. This observation is of significance since the

rather small activation enthalpy and negative activation entropy reported

earlier were used to support the notion of a cyclic transition state for these

reactions. In contrast, the activation parameters we obtain for peroxyacetate {
resemble closely the values measured for tertiary peroxyesters where the cyclic

transition state is not possible and simple oxygen-oxygen bond homolysis is

the accepted mechanism.14

CH3, CHH
N. 3

Ph\ 0 ....--.. :

Ph L

Cyclic Linear
Transition State Transition State

To analyze further the degree of carbon-hydrogen bond involvement in the

rate deternining step of the unimolecular thermolysis of 1 we measured the

kinetic isotope effect that results from replacement of the methine hydrogen

of 1 5 with deuterium (peroxyester 1A). In benzene at 1000 kH/kD is 1.11 +

0.10. We consider this value to be too small to be indicative of significant

cleavage of the carbon-hydrogen bond at the reaction transition state.16 Thus,

in contrast to the modified Russel mechanism
17 proposed by Hiatt and coworkers, 5

we favor the linear representation for the reaction transition state.
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The activation parameters obtained for the substituted peroxybenzoates

show a slight dependence on the nature of the substituent which has statistical

significance only for the dimethylamino substituted peroxybenzoate 4. In

this case both AHt and ASt are considerably smaller than for the other struc-

tures examined. For this reason, and because this compound also exhibits

unusual chemiluminescent properties (see below), we measured the kinetic

deuterium isotope effect when the methine hydrogen of this compound is replaced

by deuterium. In this case the value of kH/kD obtained is 1.18 + 0.04 which

again fails to indicate significant involvement of the carbon-hydrogen bond at

the transition state.

In sum, the thermal and isotopic data indicate that the mechanism for

thermolysis of these peroxyesters has as the rate determining step the cleavage

of the oxygen-oxygen bond without much, if any, carbon-hydrogen bond cleavage.

The substituWent on the peroxybenzoates may influence the relative position of

the transition state along the reaction coordinate by donating more, or less,

electron density to the antibonding a oxygen-oxygen orbital as this bond

cleaves. 18 Our findings, particularly the nearly quantitative yield of acetic

acid from 1, indicate that transfer of the hydrogen atom to generate the

final products competes successfully with escape from the solvent cage and with

decarboxylation. This mechanism is shown for k in Scheme 1.

Scheme I
Me,2 N H CH 3  0

Ph N (6)
[Me2 NPh Ph]

- (M)14N-Tco2 .-0 3 Fast (Me ),N __ CO2H + PhCOCH3  (7)
Ph
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Direct and Indirect Chemiluminescence. Direct chemiluminescence is

observed when one of the products of a unimolecular thermal reaction is formed

in an electronically excited state and subsequently emits a photon of light.

Thus the emission, fluorescence or phosphorescence, from excited acetone that

results from thermolysis of tetramethyldioxetane (Q) is an example of direct

chemiluminescence.19 Indirect chemiluminescence occurs when energy transfer

from the initially formed excited state to an added emitter precedes the gen-

eration of light. Thus thermolysis of 3 in the presence of 9,10-diphenyl-

anthracene (DPA) produces indirect chemiluminescence emission from excited

DPA formed by energy transfer from the first generated excited singlet acetone.
20

We examined the thermal reactions of peroxyacetate 1 and substituted

peroxybenzoates for both direct and indirect chemiluminescence. Thermolysis

of peroxyacetate ] in benzene solution at 1000 gives very weak direct chemi-

luminescence. The emission is so weak that we are unable to obtain its spec-

trum. However, we can place the emission maximum between 420 and 480 nm,

which is consistent with phosphorescence from triplet acetophenone.2 1 The

indirect chemiluminescence experiment gives a more satisfying result. When

biacetyl, which has a considerably higher phosphorescence quantum efficiency
22.

than acetophenone, is used as the energy acceptor a reasonably strong chemi-

luminescent emission is observed. The spectrum of the emission, shown in

Figure 3, is identical to that of biacetyl phosphorescence. Within our limit

to detect it, there is no fluorescence .omponent to the indirect chemilumin-

escence of 1 and biacetyl. This observation indicates either that the excited

state formed in the thermal reaction is a triplet, or that intersystem cross'ng

of the first formed state is more rapid than singlet-singlet energy transfer to

biacetyl. In either case, we assign the structure of the first formed excited

state to acetophenone, The yield of excited acetophenone is very low. We

estimate, by comparison with tetramethyldioxetane indirect chemiluminescence
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23
with biacetyl, that excited acetophenone is formed under these conditions

with a yield of about 0.02%, Scheme 2. Finally, we should point out that, as

expected for indirect chemiluminescence, the addition of biacetyl has no effect

on the rate of the reaction for low peroxyacetate concentrations.

Scheme 2

ki (C ~3H Q Fas't PhO +C30H(8)
1 Ph . o _CH,

PhCoCH; 0 -.Y H PhCOCH 3 + cHAr H3 Igh (9)

The direct and indirect chemiluminescence observed from the substituted

peroxybenzoates is remarkably dependent upon the nature of the substituent. The

parent peroxybenzate a, and the p-OMe (2J), p-NO2 (,), and m-NO2 (;) substituted

peroxybenzoates show very little direct chemiluminescence, a result similar to

that obtained for the peroxyacetate. Also, the indirect chemiluminescence with

9,10-dibromoanthracene (DBA) as an energy acceptor is very weak with these peroxides.

In contrast to these results, the dimethylamino substituted peroxybenzoate (2c)

gives reasonably intense direct and indirect chemiluminescene.

Thermolysis of peroxide 2 in benzene solution gives an emission whose

spectrum, Figu , is identical to the fluorescence spectrum of photoexcited

p-dimethylaminobenzoic acid under similar conditions. We therefore attribute

this observed direct chemiluminescence to the formation of the singlet excited

acid. The yield of directly generated excited acid was determined, by compari-

son with the indirect chemiluminescence of dioxetane and DBA, to be 0.24%.24

Since none of the other peroxybenzoates nenerate detectable direct chemilumin-

escence it is not possible to compare this yield directly to these other

peroxides. However, by considering the limit to detectability set by the



signal to noise ratio of our chemiluminometer. the Uimethylamino substituted

peroxide 2c generatps excited singlet products at least one thousand times

more efficiently than do any of the other peroxybenzoates examined.
2 5

Indirect chemiluminescence with DBA as the energy acceptor is unusual in that

the DBA is able to accept energy from sufficiently energetic triplets and form

its emissive excited singlet state (triplet to singlet energy transfer).
26

Thus it is possible to use the indirect chemiluminescence of DBA as an indi-

cator of excited triplet state formation. Figure 5 shows a double reciprocal

plot of indirect chemiluminescence intensity against DBA concentration for

peroxybenzoates 4 and a. By comparison with a similar experiment using

dioxetane the yields of directly formed triplet dimethylaminobenzoic acid

and benzoic acid obtained from thermolysis of the neroxyesters are 3.8 and 0.002'

respectively. The yields of triplet acid aenerated from peroxybenzoates ?P,

2d, and 9a as indicated by the DBA indirect chemiluminescence intensity are

similar to that obtained from the unsubstituted peroxide 2a.

Evidently, the p-dimethylamino substituent greatly alters the ability of

these secondary peroxybenzoates to qenerate electronically excited state products

directly. There are two likely rationalizations for this effect. The

first is that the powerfully electron-donatinn amino substituent somehow

alters the reaction transitior state to facilitate excited state formation.

Or, second, that the lower energy of the excited singlet state of dimethyl-

aminobenzoid acid (the singlet enerqy of benzoic acid and p-dimethylaminoben-

zoic acid are 98.3 and 83.5 kcal/)ole, rps!)ectively) directs the reaction to

excited products. As indicated above, the activation enthalpy obtained for

9A is lower than that of the other nero.-,,e'trs examined. This indicates some

special stabilization of the transition state However, the kinetic isotope

effect indicates that the linear oxycien-oxyqen homolysis model remains an

acceptable representation of the structure of the transition state. It should
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be noted also that there is not a significant primary isotope effect on the

direct or indirect (with DBA) chemiluminescence of 4. The lowered excited

state energy explanation, howlever, does not apnear to hold for the formation of the

triplet acids. We have determined the triplet energy of p-dimethylaminobenzoic

acid to be 73.3 kcal/mole, which is only 3.8 kcal/mole below the triplet of

benzoic acid. Yet the yield of triplet excited states differ by a factor of

ca. 2000. We, at this time, cannot offer an unambiguous explanation for the

increased excited state yield from peroxybenzoate However, we do note

that a similar effect of amino substitution has been reported in the luminol

series. 2 7 Ne are continuing to investigate the direct chemiluminescence of

secondary peroxyesters in the hope of both increasing the efficiency of excited

state formation and gaining ins'ght into the detailed structural requirements

and the mechanism of this system.

Chemically Initiated Electron-Exchange Luminescence. Activated chemilumin-

escence is observed when an electronically excited state is formed as a direct

consequence of the bimolecular reaction of a catalytic activator and an energy

rich compound. Usually the excited state formed is that of the activator.

For example, we have shown that dimethyldioxetanone reacts with easily oxidized

aromatic hydrocarbons (rubrene, for example) to give the excited state of the

hydrocarbon.2 8 Activated cheriiluminescence differs conceptually and mechan-

istically from both direct and indirect chemiluminescence. The two most

critical observable differences are thaL tor activated chemiluminescence by

the CIEEL path the effectiveness of an activator is determined in large part

by its oxidation potential, and, second, that the addition of the activator
29

may increase the rate of consumption of tie peroxide. We examined the pos-

sibility that activated chemiluminescence by the CIEEL path occurs for peroxy-

acetate and for peroxybenzoates
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When the thermolysis of peroxyacetate ] in benzene solution is carried

out in the presence of a small amount of an easily oxidized substance the

course of the reaction is changed. For example, addition of N,N-dimethyl-

dihydrodibenzo[ac]phenazine (DMAC) to peroxyester 1 in benzene results in an

accelerated rate of reaction of 1, Figure 6, and the generation of a modest

yield of singlet excited DMAC. This is evidenced by the chemiluminescence

emission spectrum, Figure 7, which is identical to the fluorescence spectrum

of DIAC obtained under similar conditions. Spectroscopic measurements indi-

cate that the DMAC is not consumed in its reaction with peroxyester even when

the peroxyester is present in 30 fold excess. The products of the reaction in

the presence of DIAC remain acetophenone and acetic acid. These observations

indicate that DMAC is a true catalyst for the reaction of peroxyacetate 1,. The

catalytic rate constant, kCAT' can be extracted from the kinetic results shown

in Figure 6 according to:

kobsd = kI + kCAT [DMAC] (10)

where kobsd is the observed first order rate constant for reaction of,! in the

presence of ACT, and kI is the rate constant for the unimolecular reaction of

the peroxyacetate. The results of this experiment with DMAC, plotted accord-

ing to eq. 10, gives kCAT : 9.73x10- 2 _+ l.(07xO - 3 I- I s - I

DMAC is not unique in its ability to catalyza the reaction of peroxy-

acetate 1 and provoke the formation of excited singlet states. The chemi-

luminescent intensity (corrected for changes in fluorescence efficiency, and

photomultiplier and monochromator spectral response) is a sensitive function

of the nature of the activator. Under conditions of low, but constant, acti-

vator concentration the magnitude of this corrected chemiluminescent intensity

is related to the one electron oxidation potential of the activator, Figure 8,

Under these experimental conditions k I kACT [ACT] which insures that the
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corrected chemiluminescence intensity is proportional to the magnitude of the

catalytic rate constant, eq. 12, where 0Fl is the fluorescence quantum effi-

Icorr = F cat * (12)
kcat [ACT] + k1  (Fl 1

ciency of the activator, 0* is the efficiency of forminn excited sinnlet states

by the activated chemiluminescence path, and F is a constant factor that con-

tains the photomultiolier tube spectral response, light gatherinn efficiency

of the cheniluminometer and countinq efficiency of the apparatus.

The inverse linear relationship between the log of the corrected chemi-

luminescent intensity and the oxidation potential of the activator is prima-

facie evidence for the operation of the CIEEL mechanism, Scheme 3. In this

Scheme 3

Ph, H 0 Ph H CT
ACT-* o c~ 3 > -,)- .\ ~ (3CH 3 -VOOo 0" CH3+ H3  0 -0

CH3COL ; m PhCOCH 3 ACT+) PhCOCH 3  ACT*----light (14)

mechanism the initiating step for light generation is the thermally activated

transfer of an electron from the activator to the peroxide. The electron

transfer is followed by the very rapid cleavage of the oxygen-oxygen bond of

the reduced peroxide 18 and then by transfer of hydrogen to form acetic acid.

This leaves acetophenone radical anion and activator radical cation within a

solvent cage. Annihilation of these oppositely charged radical ions leads to

the formation of the excited state we detect by its luminescence.
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The one exception to the correlation of corrected chemiluminescence inten-

sity and oxidation potential shown in Fiqure 8 is for dimethyldihydrophenazine

(DMP), and this is readily understood with the CILEL mechanism shown in Scheme

3. In order to form an electronically excited state by an ion annihilation

the energy released by the annihilation must be at least as great as the energy

of the excited state. fhe energy released on annihilation (AE+/_ ) can be esti-

mated using available redox potentials, 30 and is summarized for the systems of

interest in Table 2. The energy of the target excited state in this case the

singlet, (AE) can be estimated from optical absorption and emission data and

is also shown in Table 2 for the compounds of interest. It is clear from the

data of Table 2 that for all of the activators used except OMP there is

sufficient energy released to form the excited singlet. DMP still catalyzes

the reaction of peroxyacetate 1, see kcat in Table 2, but it cannot be pro-

moted to its excited singlet state on annihilation because insufficient energy

is released. These observations offer convincing evidence for the intermediacy

of radical ions in the activated chemiluminescence of peroxyacetate 1.

The response of the peroxybenzoates to the CIEEL activators depends

remarkably on the nature of the substituent. In principle, the substituent

on the peroxybenzoate might influence one or several of the steps in the pro-

posed CIEEL mechanism. In fact, an entire spectrum of reactivity, depending

upon the substituent, is observed.

The unsubstituted peroxybenzoate Za behaves in a fashion neariy identical

to that observed for the peroxyacetate 1. The reaction of 2 is catalyzed by

DMAC to give singlet excited DMAC with k = 2.6xi0 " + 0.01 t- I s-l Fiure 9.catsFiue9

Similarly, other activators catalyze the chemiluminescent reaction of 2a. The

dependence of the corrected chemilumirescence intensity on activator oxidation

potential is shown in Figure 10.
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The p-methoxy substituted peroxybenzoate behaves quite like the parent,

but the nitro substituted compounds ?,0 and e and the p-dimetnylamino substi-

tuted peroxybenzoate ? behave quite differently. Toe behavior of these com-

pounas, however, can be understood within the CILEL mechanism. For example,

the nitrosubstituted peroxybenzoates n, and ? exhibit kca t with DMAC

approximately ten times greater than for, the unsubstituted peroxide ?.

Yet the yield of excited singlet DMAC generated by Z and A is 700 times

less than from 4, Figure 10 This seeming inconsistency can be easily under-

stood. In the postulated CIEEL path, the reduction of the peroxide results in

its fragmentation to acetophenone and an acid. One of these species must be a

radical anion. For the peroxyacetate and all of the substituted peroxybenzoates

examined with the exception of the nitro substituted examples the more easily

reduced species of this pair is 3cetophenone. Thus, in these cases the annihi-

lation takes place between acetoDhenone radical anion (Ered = -2.00-2.50 V vs

SCE) 31 and activator radical cation. The reduction potentials of the nitro
32

substituted acids are below the reduction potential of acetophenone. Thus

when these reduced peroxides franment the radical anion species is probably the

acid. Annihilation between the nitro-substituted acid radical anions and the

activator radical cations used in this work is not sufficiently enerqetic to

form the excited sinqlet state of the activator. Thus, just as was observed

for the peroxyacetate and DM P, an activatnr can retain its catalytic function,

but because of the energetics of the reaction of the postulated intermediates,

lose its chemiluminescent ability.

The final experiments to be discussed are the reactions of dimethylamino

substituted peroxyester 4 with these activators For these cases a third type

of behavior is observed. The corrected cheriluminescence intensity obtained

is independent of the structure of the activator, Figure 10. This is just

what is expected for simple indirect cheri wupinescence where the activator is



excited by energy transfer fromi some first-formed singlet state. As indicated

above, the initial excited state in tni. sistem is p-dimethylaminobienzoic acid.

Evidently, the electron donatingj f-dii,'ttlavino substituent renders the

peroxybenzoate 2 1 sufficiently,, dili nL~lt to reduce 32 that the value of k cat is

so small that the bimolecular path n. ver , able to compete successfully with

unimiolecular decomopositionm.

In sum, three types of befidiv rt )L)served with these peroxyesters and

easily oxidized flijores .ers. Lict -f trnecte can be understood within the CIFEL

mechanisiq based siipl onl expCtLed r-ed1!iVi1_ Of the postulated intermediates.

Conclusions. The ;r)lav ue. ,~(l it the outset of this work was

whether the enerqy rplpasedl oil ttie'; I~ vi erson of a secondary peroxyester

to a ketone and a carhoxvl ic a(id ,,ij !,( eirerted to the formgation of excited

state products. The answer to thi~ii twItn iPc a resoundinq yes. Wie have dis-

covered also that, denendinoi on i o i fic. structure of the secondary peroxy-

ester, modest yields of direct, r, vt,r activated cheli luminescence can be

obtained. These initial findiri;j. r)( iK' t'- ciav to further exploration of the

chemi strv of tne # compounds. r, *~r' i o, to exami ne the ef fect of

structural variati,) ,n the (h iK i U these systeris.

,I[ ;<"_ I

General

Gas chromatorjraphi( ;ei afdti "I ',J 0i isina d Vdrian-Aeroqraph Model 2700

chromatorjranh equintned with dtci far ion detectors. NMR spectra were

recorded on a Varian Associiter ~ r it Of 220 instrument usinq tetramethyl-

si lane, hexamethYl heozcrie (i -if ira -i intrrernal standard. 1IV adsorption

spectra were measured on a 1Ir ()-r r or, a Perkin Elmer Model 552

UV-Vis srectrophotorieter. All hO iO.C data wpre obtained using standard

photon countinn techr0 i_,.es. ij .1' .,lj jr-l"a dft(,.ted by in [MI 981 3B or
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9816B photomultiplier tube. Spectral resolution was accomplished using a

Jarrel Ash 0.25 M monochromator. The band-pass under high resolution conditions

is calculated from manufacturers data to be 5 nm. For the low resolution condi-

tion, the band-pass is calculated to be 26 rm. Chemiluminescence cell tempera-

ture was regulated within + O.1°C by either a constant temperature recirculating

water bath or an electrically heated jacket. All elemental analyses were carried

out by the Analyses Laboratory, Department of Chemistry, University of Illinois,

Urbana, Illinois. Fluorescence spectra were obtained on a Farrand Optical Mark

I Spectrofluoroneter.

All oxidation potentials were run in acetonitrile under an argon atmosphere.

The cyclic voltarmograms were run on a polaroqraphic analyzer and recorded on a

Tectronix 915 X-Y recorder. The electrolyte used was tetrabutlyammonium per-

chlorate (TBAP) at a concentration of 0.1 M. The cell consisted of a saturated

calomel electrode as reference, a platinum working electrode and a platinum wire

counter electrode. The platinum working electrode was polished prior to each set

of runs. All voltanmagrams were reversible.

Materials

Acetonitrile (Alorich spectrophotometric grade) was dried over calcium

hydride with stirring and t,.en slowly distilled from calcium hydride through a

30 cm Vigreux column. The first and last 10, of the distillate were discarded.

Benzene (Burdick and Jackson distilled i. glass) was washed successively with

concentrated sulfuric acid, water (twice), and a saturated water solution of sodium

carbonate. It was then thoroughly dried over calcium chloride, run through a

basic alumina column and then slowly distilled. The first and last 10' of the dis-

tillate were discarded. Carbon tetraLhloride (Mallinckrodt spectrophotometric

grade) was washed successively with a concentrated potassium hydroxide-methanol

solution and then water (three times). It was then dried thoroughly over calcium

_ ..
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chloride and distilled from phosphorous pentoxide, discarding the first 10%.

Methylene chloride was washed successively with concentrated sulfuric acid,

water, a saturated aqueous sodium carbonate solution and water. It was then

dried over calcium chloride and distilled from phosphorous pentoxide, discarding

the first and last 10% of the distillate.

9,10-Diphenylanthracene (DPA) (Aldrich Gold Label) was used without fur-

ther purification. 9,10-Dibromoanthracene (DBA) was recrystallized from acetonitrile.

Rubrene (Aldrich) and 9,10-diphenylethynyl anthracene I (DPEA) were first chrom-

atographed on neutral alumina, using benzene as eluant, and then recrystallized

from benzene. Perylene (Aldrich) was chromatographed on basic alumina using

methylene chloride as eluant and then recrystallized from benzene. The three

phenazines, N,N-dimethyl-dihydrodibenzo [a.c.J phenazine (DMAC), N,N-dimethyl-

dihydrophenazine (DMP) and N,N-dimethyldihydrodibenzo [b.i] phenazene (Dflbi)

as well as N,N-diphenyl-l-amino pyrene (DPAP) (see below) were synthesized and

purified by Dr. S. P. Schmidt.28 DMAC and DMP were recrystallized from hexane

and acetonitrile respectively just prior to use. Biacetyl (Aldrich) was dis-

tilled prior to use.

N,N-diphenyl-l-aminopyrene

l-Aminopyrene (488 mq, 2.25 nimol, Aldr¢ch) was stirred in 15 1,)L of dry

THF and 10 mL of HMPT, under a nitrogen atmosphere. Bromobenzene (230 oL,

2.25 mmol) was added to the solution. tithium tetramethylpiperidide (prepared

from the addition of n-butyllithium, 5.) rrul, to 760 L of tetramethylpiperi-

dine (4.5 mmol) in 5 ml of THF) was added dropwise over 20 min, affording a

deep blue,then deep red solution, which was stirred at room temperature for

2 h, then at reflux for 5 h. After coolinq, bromobenzene (230 vL, 2.25 mnol)

and then 7.4 mmol of lithium tetrametnylpiperdide were added. The mixture was

heated at reflux for 14 h. Bromobenzene (6 75 mmol) and then 10 mmol of lithium

tetramethylpiperidide were added and the mixture heated at reflux an additional
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8 h. After cooling, the mixture was poured onto 40 mL of ice, and extracted with

ether. Evaporation gave 950 mq of a black oil, which was chromatographed on

a 40x4 cm silica gel (Brinkmann 0.05-0.2) column, packed in a 25% methylene

chloride/hexane slurry. Elution with 1:1 methylene chloride in hexane

yielded N,N-diphenyl-l-aminopyrene as yellow crystals (35 mg, 5%) after recrys-

tallization from benzene-hexane.

Anal. Calcd for C28H19N: C, 91.02; H, 5.18; N, 3.79. Found: C, 90.77;

H, 4.99; N, 3.78.

l-Phenylethylhydrooeroxide

tethod 1: Caution! Syntheses of the hydroperoxide by this method resulted

in two violent explosions during preparation carried out as described in the litera-

ture.10  The following smaller scale procedure has proved innocuous, but caution

is still strongly advised. One PiL (9 mol) of l-phenyl ethanol (Aldrich) was

stirred in a round bottom flask with 0.0? mL of concentrated H2S04 and cooled

to DOC. Behind an explosion shield, 2.7 mL (0.11 mole) of 90% H202 was dropped

in very slowly with stirring and the mixture stirred at O°C for 2 h. The mix-

ture was then wabned to 22-28C and stirred another 4 h. Ether (10 mL) was

added followed by iK mL of water. The ether layer was washed twice with a 10%

aqueous NaHCO 3 solution ,td then water. The ether solution was dried with

Na2SO4. After strippinq off th' ether in vacuo, the residue, a clear to

slightly yellow liquid was distilled at .lI mm on a hanging cup distillation

apparatus to give 66/ yield of the hydr-nnrexide. IH NMR (CCI 4 ): 6 1.35

(d, 3H, methyl), 4.90 (q, 1H, methine), ,.0 (broad s, IH, hydroperoxy), 6.85

(s, 5H, aromatic). Distillation of larger quantities of the hydroperoxide

gave a boilinq ranne of 48-52'C dt .I in.

Method 11: 9 Ethyl benzene (150 T,, Aldrich) and 0.15 g (1.6 mmoles) AIBN

was bubbled with oxyqen for 24 h at llOC. The hydroperoxide is precipitated

from solution with 5W. aqueous NaOll, ether is added and the peroxide freed by
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acidification with a 6 MI HCl solution. This Process is repeated, the ether

stripped off and the hydroperoxide distilled as above. The NMR (CCI4 ) spectrum

of this material was identical to that of the peroxide prepared by Method I.

l-Phenylethyl Peroxyacetate (,1)

Ketene was generated by cracking acetone according to the literature pro-

cedure. 3 3  The ketene was passed through successive dry ice-acetone traps to

remove less volatile contaminants and then into the reaction solution. 1-

phenylethyl hydroperoxide (0.5 PiL, 4.7 trimol) was added to 15 mL of CH2Cl2 con-

taining 1.6 g of Na2SO4 and saturated with gaseous HCI. Ketene was bubbled

through the solution for 4 h. Completion of the reaction was determined by

NMR spectroscopy. The reaction mixture was washed successively with water,

saturated aqueous K2CO3, and twice with a lXlO- 3M aqueous solution of Na4EDTA,

and dried with Na2SO4. The CH2Cl2 was removed in vacuo leaving a light yellow

liquid. This liquid was placed under a vacuum of 0,05-0.1 mm for 2 h at 20-

280C to remove acetophenone. Distillation on a hanging cup apparatus at 0,05-

0.07 mm and a surrounding oil bath temperature of 85-95°C gave a clear, color-

less liquid (31%) identified as peroxyacetate j1. 1H NMR (CCl 4 ):6 1.50 (d, 3H,

methyl, J=7Hz), 1.90 (s, 3H, methyl), 5.17 (q, IH, methine, J=7Hz), 67.3 (s,

5H, aromatic). IR (CCl4 ):3000, 1785, 1500, 1285 cm-I

Anal. Calcd for C10H1 203; C, 66.64; H, 6.73; Found: C, 66.98; H, 6.66.

Deuterated peroxyacete (I) was prepared from deuterated hydroperoxide.
34

1H NMR (CCl4 ):6 1.48 (broadened singlet, 3H, methyl), 1.85 (s, 3H, methyl) and

7.20 (s, 5H, aromatic)

Reduction of I to I-Phenylethyl Acetate

Triethylphosphite (0.25 mL, 2 mmoles) in 4 mL of CCl 4 was added under
35

nitrogen to 2 mmoles of 1 in 4 mL of CCI4 with stirring. The reaction was

run for 5 h and followed by NMR spectroscopy which showed the consumption of

the phosphite protons and appearance of the phosphate product. Also,absorptions
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due to Iwere replaced by the following spectrum: H NMR (CC 4 ): 5 1.5 (d,

3H, methyl , J=6Hz) , 2.00 (s, 3H, methyl1), 5. 75 (q, 1H, me thine, J=6Hz) , 7.25

(s, 5H, aromatic). This product was shown to be identical to 1-phenylethyl

acetate. 36

I-Phenylethyl peroxybenzoate (~

A solution of 1-phenylethylhydroperoxide (0.1 mL, 0 75 mmole) and benzoyl-

chloride (0.09 mL, 0.75 mmole) in 5 ml M l4 was cooled to 00C. A solution of

10% NaOH, saturated with NaCl, (5 miL) was added and the mixture stirred vigor-

ously for 5 min. The CC14 layer was washed successively with IV~ H9)S04 and

water, dried (Na SO) and concentrated to give a clear colorless liquid. Low
2 41

temperature (-200) recrystallization from pentane gave 0.01 mL H OJR

(CCl4): 6 1.60 (d, 3H, methyl, J=6H1z), 5.30 (q, 1H, niethine, J=6H1z), 7.30 (mn,

7H, aromatic), 7.82 (d, 2H, aromatic). IR (CCla): 1757 cn1

Anal. Calcd for C 15 H14 0 3: C, 74.35; H, 5.84. Found: C, 74.25; H, 5.96.

1 -Phenyl -4-methoxyperoxybenzoate (w

A solution of l-phenylethylhydroperoxide (0.1 mL, 0.75 mmole) and anisoyl

chloride (0.1 ml, 0.75 nimole) were warmed to 40'C in 5 mL CCl C. A solution of

10% NaOH, saturated with NaCl, (SmL ) was added and the mixture stirred vigor-

ously for 10 min. Workup of ',he reaction mixture was as described for 4

Low temperature (-20') recrystallization g~ave 0 01 ml of ?J . IH NMR (CCl 4)

6 1.60 (d, 3H, methyl, J=6Hz), 3.7 (s, 3H, methyl),5. 30 (q, 1H, methine, J=

6Hz), 6.81 (d, 2H, aromatic), 7.3 (in, 5H, aromatic), 7.60 (d, 2H, aromatic) IR

(CCl 4) : 1751 cm-1.

Anal. Calcd for C 16 H16 0 4: C, 70 56; H, 5.93 Found: C, 70.27; H, 6.00.

I-Phenylethyl-4-dimethylaminoperoxybenzoate (Wk

A solution of l-phenylethylhydroperoxide (0.3 MnL, 2.25 mmole) and 4-

dimethylaminobenzoyl chloride (0.42 g, 2.29 minole) was prepared in 15 mL Cd4



at 25°C A solution of 1Mol NaOH, saturated with NaCI (15 mL) was added and

stirred viqorously for 12 min. The CI 14 solution was washed successively with

10% H2S04, H20, 10% Na2CO3 and H20, then dried (Na2S04 ). Crystallization from

a minimum of CCl 4 , followed by recrystallization from ether-pentane gives 0.03 g

of a as white crystals. 1H NMIR (CC14 ): e, 1.60 (d, 3H, methyl, J=6Hz), 3.05

(s, 6H, methyl), 5.45 (q, IH, methine, J=6Hz), 6.62 (d, 2H, aromatic),7.55 (m,

5H, aromatic), 7.82 (d, 2H, aromatic) IR (CCl4 ): 1744 cm-I

Anal. Calcd for C1 TH1 9 N03 : C, 71 55; H, 6.72; N, 4.91. Found: C, 71,18;

H, 6.53; N, 4.61.

1 -Phenylethyl -3-ni troperoxybenzoate .Z()

A solution of l-phenylethylhydroperoxide (0.2 niL, 1.5 mmoles) and 3-nitro-

benzoyl chloride (0.28 g, 1.5 mmoles) were cooled in 10 mL CH2C12, to OC. A

solution of 10% NaOH saturated with NaCl was added (10 mL) and the mixture

stirred vigorously for 1.5 min. Workup of the CM 4 layer was as described

for A and the CH2C12 removed in vacuo leaving a white oily residue that was

washed twice with pentane. Repeated crystallization from ether-pentane resulted

in 0.02 g of R as white -rystals. I H .IR (CC1 4): 6 1.60 (d, 3H, methyl, J=

6Hz), 6 5.52 (q, IH, methine, J-6Hz), 7.55 (m, 5H, aromatic), 8.55 (m, 3H,
-I

aromatic), 8.80 (m, IH, aromatic). IR (CCI 4): 1770 cm

Anal. Calcd for CI5H 3N05: C, 62.71; H, 4.57; N, 4.88. Found: C, 62.35;

H, 4.30; N, 5.09,

1-Phenyl ethyl-4-ni troperoxybenzoateJL

A solution of 1-phenylethylhydroperoxide (O.IiiL , 0 75 mmole) and 4-nitro-

benzoyl chloride (0.14 g, 0.75 mmole) were coole in 5 mL CCI 4 to O°C. A

------



solution of 10. NaOH (10 mL) was added and stirred virorously for 3 min. The

CCI4 layer was washed, dried and concentrated as described for ,a leaving a

heavy oil. The oil was washed with pentano arid repeatedly crystallized from

ether-pentane to give 0.015 g of 2d as a white solid. IH NMR (CC14 ): 5 1.60

(d, 3H, methyl, J=6Hz), 5.33 (q, IH, riethine, J=61z), 7.30 (m, 5H, aromatic),
-1

7.80 (d, 2H, aromatic), 8.10 (d, 2H, rk,,iatic). IR (CCI 4): 1767 cm

Anal. Calcd for C15HI3 NO5 ' C, 62 71; I, 4.57; N, 4.88 Found: C, 62.74;

H, 4.44; N, 4.59.

Thermolyses Product Analyses:

l-Phenylethylperoxyacetate U,)o Product analyses was done by gas chroma-

tography (6'xl/4" Poropak Q, 245' ) for :.cetic acid, and (6'xl/4" SE-30 (3%) on

chromasorb Q,)100' for acetophenone. Samples of 1 were thermolyzed in benzene

at l00 ° until reaction was complete under the following conditions: with DPA,

-4
concentration of (1) 3xlO M; of DPA 6xO 1; with DMAC as activator, the

concentration of IMAC was 1.61xlO -3 M and 1 was 5xlO -4 i. As a standard, a

stock solution of acetic acid (3xlO -4 1) and acetophenone (3xO -4 M) in benzene

with DMAC (l.2xlO - 3 M) or OPA (6xlO -4 M) w!as prepared. Comparison between the

samples and the stock solution showed that acetophenone and acetic acid were

formed quantitatively from 11.
Peroxybenzoates (4-). The aceto;wienorie yield was determined by gas

chromatography under the same conditions and column type as described for

1 6
The substituted benzoic acid yields were determined by H NMR (acetone d

220 ?1Hz) using hexametiylbenzene as an internal standard.

Rate of Reaction of l_ determined by NWR spectroscopy. The rate of thermoly-

sis of I was determined by IH NPIR spectroscopy as follows. p-Dioxane (,allinc-

krodt) was used as an internal standard at a concentration of 5xO - 3 M and 1



was SxlO' M in CC OUPi ira te rwiu we, ia :'rude b e seal inq evacuated INMR tubes

containing the samples and fui mw'Mq the cJirnjie in methyl resonances of .1(dis-

appearance) arid acetophettone ( ij wiran~te ) i jac. A chernil1umi nescence decay

run was made concurrently untder the sanie c.onditions with an equi val ent sample.

These runs both at 72"C, (jave the nova te for coiisuiitiofl of 1.

GeneralI Cheri l Iuminte scence iond -, t a a ta in reproducible resul tst

is important that the (I assveare' Us(', 0e ul cleaned. We susoect that

trace metal ions adsorbed oni thoe a as ca catalyze the decomposition of these

peroxyesters. All qlasswaire ta.~mn u to the fol lowing procedure.

The item was heated tsteai, Lath,) far ' a; in -a 1;,!19 3 M- aqueous solution of

tetrasodium ethyl enedi qinetie raaJ. ei C yrir (Na 4 EDTA) rinsed thoroguhly with

distilled water, acetone, aind thenti tied bezene. The item was dried at

room temPerature under a -fre. 1_ a

The chemilUiinescent therircdv is, were carrie-d out in 10 mm quartz cuvettes

equipped with teflon stopcocks, Mhe solutiof:s were purged with argon for 3-4

min immediately before heatinq. Typical expeynriertal procedures are given.

a) Dic )Ip Wpin~recece of 2c. A solution of 2c (lxlDoA M), 2 mL) in

benzene was purged for 3 mim with aroion and then placed in a cell-holder pre-

heated to 1000. The chrlulecec tensitv was recorded at the emission

maximum, fol lowing a 5 iain equilIibrat ion p)eriod, for 123 equal time intervals

covering 4 half-lives. The first-rdrle --ate constant was obtained by a linear

least-squares analysis. Total crinrnaetintensities were obtained by

integration of the area under- the dIccv curve extropolated to infinite time.

b)iJdrc chemilumlinesceace of neroxvacetate 1. A solution of 1

(2.3xlO- 5 ) and biacetyl (Aldrich, distil ied immediately before use, 4.5x10-2 M)

in 2 ml- of benzene was prepared aort urear-jd with aryan. 7he sol ution was heated

at 100' and the emission intenniti, vaeens equally\ spaced between

350 nrn and 550 nin wcre recntddcl. Irao M lc-a a o hese spectra ave

tUie et:1ssio seri Th



c) }i , p, eronxy .late-. Solutions of 2a

(3xi0 "4 M) and DMAC (IxlO -4 ) te, prwared iti 2 iL of benzerie,

purged with argon and the rate of reaction ofa determined by the decay of the

DMAC emission intensity as described above. The derived first-order rate con-

stants at increasing DMAC concentration ai shown in Figure 6.

Determination of the f luoreo( ew c iantuw yields (0f). The fluorescence

yields of the various activator,: )f -ih, at high temperature were determined by

comoari son of the fluorescenco in fo i , ,at 5--I1,,' with that obtained at 25-28' on

the same sample in argon purged henzone m ,l otion. ,With the exception of DPAP

the room temperature fluorescence yielid, were obtained from the literature

(rubrene, perylene, DPA and DPEA) or detern-i,ted by comparison with an appro-

priate standard (DM1P, DMAC and DPIBI). V 'rriwental details of the latter

determinations have been recently robii hed. The fluorescence yield of DPAP

was determined relative to perylene rOf - 1.0 in benzene at 25'C) to be

1.0 at 25' and was unchanged at 97 . The fluorescence yield of 4-dimethyl-

arinobenzoic acid at 25°C was deternirld ,.n DPA as a standard ( f : 0.85 at

250), to be 0.0I6. At 94.0'C this fyiorcscence ield decreases to 0.0064.

Table 3 contains the fluorescence .,ields t ?5-28'and 94-100', and oxidation

potential of all of the activators !ore,1 41; this work.

Estimation of ield of rlet and triplet excited states from the

thermolysis of I at 100'C. The direct 0nhemirl'cinescence from 1 was too weak
I~UV A/ V 2 /\11,ff5 ,X'\J Iv ,/ Al'/ U 'A'

to permit determination of the vieid et e,, ted states. In the presence

of perylene, a double reciprocal plot of pe vlene concentration against the

integrated intensity was done for dioxetane 3 and for 1, both at lxlO -3 M in benzene.

Comparison of the total intensities at infinite perylene concentration gives

a singlet yield from ', and perylene b>y activated chemiluminescence of 0.02%.

This assumes a singlet yield from TtlD of 0.2'.38 A similar comparison, using

biacetyl indirect chemiluminescence, to obt.ain the yield of triplet, was not



possible due to the very low indiin ~ct w u-itescence intensities observed

for Jand biacetyl . However, ' J i? wa s e sta bli s hed by comn-

pan son of the total interis ities, 10K. -x U' 11 in the pt esence of

biacetyl (4.5x'10- 2 ) in henzew /i'rrle Hld of 30'- for TM'D.

Qyirifl iedof sinii -and Lrip je t p -d i me thIamni n o be nz o ic

~4,J f rQ1 tK, , )c -id of inetacid from 2,c

was determined by compari no tht, or us t y oF 2c (lI 10- Mi) wi th the

extrapolated intensi ty obtainer ' f i-;b orocal plot of [)BA concen-

tration against intensity with . J nteisities areP corrected

for photomultiplier tube respos;, ir m el i6 a t 9 5'C ( 0 .017 ) rI D

yield of trip'et aretno (7'30) - trais fpr from acetone to MRA

(0.2), and the fl1uorescence vn 1 w 1' henic atcid ait 94C (see above).

The yield of triplet acidri *~tjr L-y co!P)paring the extrap-

olated intensity values of doiYh' ir. 1) 1 oK o f D!concentration versus

total intensity for 4, and rite correctioris, as descri bed

above, were made. The assumption is frip ' c ti erq.v transfer efficiencies

of acetone and p-;Kmethy~arin)i. arc the same.

11 ,ent:The- authors Ii~l to ven Schmidt for providing

several of the activators, (>L' 3,ifrd P. Slonan foundation

(1977-79), and the Dreyfus founo- This, work was supported in

part by the Nlational Science Fr; i 'a- in fnart by the Office of Naval

Research.
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Table 1 - Rate Constants and Activation Parameters

for Thermolysis of Peroxyesters I and

aH
Peroxyestera Conc. (M) Ternp (°C) kb (S- ) at (kcal/mole) (e.u.)

CH3

Ph H 3xi0- 100.1 i.4x!O- + 33.1 + 0.7 IG.8 + 1.9

OO 'CH 3  7 2x1O 7  7.2xi0 7

ph 0 x

X=1I 3xlO - 4  99.7 4.03xi0 - 4 + 29.5 + 3.3 4.6 + 8.9

3.0xlO
-6

P-OCH3  3xlO -4  99.7 3.50xi0 -4 + 32.0 + 3.1 11.4 + 8.3

2.44xi0
- 6

P-N(CH 3)2  IxlO -4  100.0 2.16xi0-3 +c 26,6 + 0.5 0.5 + 1.4

9.6x10 6

MONO2  3xlO4  100.0 5.97x0 -  + 32.5 + 1.1 14.1 + 6.1

5.1xlO
-6

P-NO2  3xlO -4  100.0 .O10xO-4 - 34.9 + 3.6 19.8 + 10

4.4x10
-6

a. Benzene solutions were purged with argon before measurements.

b. Perylene (6xlO -4 M) indirect chemiluminescence was monitored to determine the rates.

c. Direct chemiluminescence of p-dimethylaminobenzoic acid was monitored to determine rates.
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Table 2

Comparison of the Singlet Energies

and

Energies Available Upon Ion Annihilation of the Various Activators

Available b -1 -

Activator Es a(kcal/mole) Energy (E+) K (M s
(kcal/mole) cat

DMIAC 58 59 9.73xi0 - 2

DMP 72 59 1.59xlO - le

DMBI 68 67 7.07xi0 - 3

Rubrene 54 75 1.40xlO -4 d

DPAP 68 76 2.35xl0 4

Perylene 65 79 l.19xlO -4

DPEA 62 82 3.58xi0 - 5

DPA 72 84 2.22xi0 - 5

a. Assigned from the 0-0 band of the fluorescence spectrum.

b. Calculated by taking the difference between the oxidation potnetial

of the activator and the reduction potential of acetophenone.

c. Calculated by comparing the total intensity to that of DIAC and

assuming that the light intensity is proportional to the fraction of

the reaction that proceeds through the CIEEL path.

d. Unavoidable self absorption by rubrene leads to the observed low

calculated value for kcat*

e. Measured by determining the apparent first order rate constant for

reaction of I at varying DMP concet.ration.



Table 3. Oxidation Potentials and Fluorescence Quantum

Yields of the Activators of Fioure 8

Fluorescence Yielda Oxidation

Activator 24-280C 94-I00°C Potential (V)

DIIAC 0.04 0.04 0.14

OtIP 0.40 0.18 0.14

D4B I0. 88 0.88 0.46

Rubrene 1.00 ).56 0.82

DPAP 1.00 1.00 0.90

Perylene 0.84 0.84 1.00

DPEA 0.96 0.96 1.16

DPA 0.85 0.85 1.22

DBA 0.10 0.017 1.45

a. Determined in argon purged benzene solution. The previously unknown

fluorescence quantum yields were determined relative to DPA (D'IP,

DMBI), Perylene (DPAP) or DPEA (DMAC).
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Captions for Figures

Figu'e 1. First-order decay of indirect or direct chemiluminescence intensity

frorm peroxyesters at 1000 in benzene solution. Starting concentrations range

from IxlO -4 M to 3xO "4 M. From the top-down the lines represent: circles,?b,

squares, A, circles, Z, triangles, 1, diamonds, &e, triangles, 2d.

Figure 2. Eyring activation plots from the first-order chemiluminescence decay

of peroxyesters in benzene solution. From the top-down the lines represent:

squares, k, circles, ;N, triangles, ?d, triangles, A, diamonds, 2*, circles, {.

Figure 3. Emission spectrum of indirect chemiluminescence from peroxyacetate 1

(2.2x10- 3 fi) and biacetyl (2.0xlO " 3 r) in benzene solution at 100'.

Figure 4. Emission spectrum of direct chemiluminescence from p-dimethylamino

substituted peroxybenzoate (), 1.8xlO- 2 M in benzene solution at 92.20.

Figure 5. Double reciprocal plot of total indirect chemiluminescence intensity

against DBA concentration for (A) peroxybenzoate a. and (B) P-dimethylamino

substituted peroxybenzoate , in benzene solution at 1000.

Fiure 6. Effect of DMAC concentration in the observed rate of reaction for

peroxyacetate ], 3xlO - 4 M in benzene at 100'.

Figure 7. Emission spectrum of activated chemiluminescence from peroxyacetate

j (3xlO "4 i) and DMAC (6xO -4 M) in bhzene solution at 1000.



Figure 8. Correlation of total chemiluminescence intensity with activator

oxidation potential (E ox) for Peroxvacetate )I. tleasured in argon purged benzene

with activator at 1xlO - 4 M and perester at IxO - 3 M at 99.5°C.

Figure 9. Effect of DMAC concentration on the observed rate of reaction of

the substituted peroxybenzoates. The lines correspond to: squares, 2d at 100',

triangles, k at 92.20, inverse triangles, Pb at 100', circles, gR. at 1000.

The data for A do not extrapolate to the proper k, This may be a result of

a chain reaction of the nitro substitited acid radical anion at low DMAC

concentration.

Figure 10. Correlation of activated chemiluminescence intensity with oxidation

potential of the catalytic activators. in order of increasing oxidation poten-

tial the activators are: DMAC, DMBI, Rubrene, Perylene, DPEA, DPA. The acti-

vator concentration is Ixl1 -4 M in all cases the lines correspond to: squares,

inverse triangles, , triangles, k, circles, .
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