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ABSTRACT

Optically pumped chemiluminescence of indole-3-acetic
acid (IAA) was observed and studied. Rose Bengal (RB)
was used as a photosensitizer. Long-lived chemiluomines-
cence (CL) appeared after irradiation of the IAA/RB re-
action mixtare by monochromatic light at 550 am (the
maximum of RB absorption) or by visible light. The CL.
spectrum had a maximum at 480 nm. The kinetics of the
CL decay were single exponential. Single-exponential ki-
netics were characterized by tweo experimentally mea-
sured values: initial CL intensity and exponential lifetime
of the CL decay. We studied the influence of five param-
eters: (1) the rate of irradiation fluence, (2) the time of
irradiation, (3) RB concentration, (4) IAA concentration
and (5) buffer pH on the initial CL intensity and the CL
lifetime. Initial CL intensity was proportional fo the rate
of irradiation fluence and the concentration of RB. Sat-
uration was observed in dependencies of initial CL inten-
sity on the time of irradiation, the concentration of TAA
and the buffer pH. The lifetime of the CL decay de-
creased with increasing pH and did not depend on the
other four parameters. The mechanism explaining the ex-
perimental results was suggested and detailed kinetic
analysis was performed to prove the proposed mecha-
nismt. Quantum yield of the CL and five rate constants
that are involved in the mechanism were determined.

INTRODUCTION

Optically pumped chemiluminescence (CL)T was first dem-
onstrated by Kuschnir and Kuwana who observed the blue
e¢mission during irradiation of the basic water solution of
xanthene dyes and luminol (1). They suggested the CL was
the result of the reaction of a singlet oxygen with fuminol.
Matheson and Lee have performed a kinetic analysis of the
dye-sensitized CL of luminol on the basis of this hypothesis
(2). However, later they had shown that singlet oxygen was
not invoived in the reaction contributing to the CL (3). They
suggested that type 1 photosensitized luminol oxidation is
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the main source of luminol CL. Recently. Motsenbocker et
af. (4) have shown that the CL resulting from the dye-sen-
sitized photooxidation of luminol is a prospective technigue
for the creation of a new chemiluminescent diagnostic meth-
od. They introduced the term “‘optically pumped chemilu-
minescence.’”” That technique does not require enzyme nor
separate oxidants such as hydrogen peroxide for the chemi-
luminescent reaction. The catalysts of optically pumped CL
are more stable and less temperature sensitive than exzy-
matic catalysts. Thus, optically pumped CL can compete
with enzyme techniques when reagent stability is the most
tmportant parameter.

Indole-3-acetic acid (IAA) is a natural phytobormone with
many growth regulatory functions (5). The level of TAA in
vivo is controtled particularly through its oxidation by per-
oxidases and photooxidation (6). Peroxidase-catalyzed oxi-
dation of [AA utilizes oxygen rather than hydrogen peroxide
in a very complex process. Peroxidase is converted from the
native form to several catalytic and inactive species (7).
Many intermediates and final products of [AA are formed
during the reaction (8). The overall reaction exhibits a va-
riety of nonlinear dynamics (9-11). At neutral pH peroxi-
dase-catalyzed oxidation of [AA goes through the peroxidase
pathway accompanied by a free radical chain reaction (12).
The peroxidase cycle generates free radicals required for
propagation of a free radical chain reaction, whereas a free
radical chain reaction produces organic hydroperoxide,
which is needed for the initiation of the peroxidase cycle.
The formation of the [AA radical cation, indole-3-methyl
radical {scatol radical), indole-3-methylperoxy radical and
superoxide radical were observed (8,13—-16). Hydroperoxide
formed in a free radical chain reaction is unstable and mul-
tiple attempts to isolate and characterize this substance failed
(17,18).

Photooxidation of TAA is proposed to be responsible for
plant phototropism (5). The oxidation of 1AA in vivo pro-
ceeds through photosensitization by biological pigments.
Therefore the mechanisms of sénsitized oxidation of [AA
and other indoles were studied in vitro {19,20). tt was shown
that both photaoxidation type 1 and photooxidation type (I
were involved in IAA photodegradation and the rate of pho-
toreaction depended on pH.

Indole-3-acetic acid is a known chemiluminescent sub-
strate (5). Peroxidase-catalyzed aerobic oxidation of IAA re-
sults in the emission of light at 420, 465 and 535 nm (24.25).
The CL is considerably enhanced by the addition of xan-

_ thene dyes. It was proposed {or many years that the enhance-
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ment was due 1o energy lransfer from enzyme-generated

electronically excited species to xanthene dyes (21,22). Re: . . .

cent studies however have shown that the enhancement of
the CL was the result of peroxidase-mediated co-oxidation
of xanthene dyes and 1A A rather than energy transfer (8,23).
In our previous paper we reported that phenol-inhibited per-
oxidase-catalyzed [AA oxidation was reinitiated by light in
the presence of the photosensitizer Rose Bengal (RB) (9).
Here we present. for the first time, a study of the optically
pumped Cb of IAA. Rose Bengal was used as a photosen-
sitizer. Kinetic analysis was performed in order to examine
the proposed mechanism of the reaction and to determine
the reaction rate constants and quantum yield of the CL.

MATERIALS AND METHODS

Materials. The JAA, RB and buffer components were oblained from
Sigma (St. Louis, MO, USA). All solutions were prepared using
triple distilled deionized water: 0.1 M citrate-phosphate, phosphate,
uris and carbonate—bicarbonute buffers were used for pH regions 4.0~
5.5, 6.1-7.8, 8.2-9.0 and $.6-10.0, respectively. Except where oth-
erwise stated the standard reaction mixiure contzined | mM [AA
and 3.3 X 107 A RB in phosphate buffer. pH 7.4. Final volume of
the reaction mixtore was 3 mL. The wemperature was kept at 25 %
0.5% C. Siandard conditions of irradiation are described below.

Methods. The kinetics and spectra of opticatly pumped CL were
followed with a specially designed chemiluminometer. A quartz cu-
vette (30 mm diameler) containing the reaction mixture was located
above a photocathode of the photomultiplier. Thus, the CL was de-
tected through the bottom of a cuvette. A photormultiplier FEU-130
with measured spectral sensitivity in the 200-650 nm region was
operated in the photon-counting mode, After the irradiation source
was turned off, a shutter, protecting the photomuitiplier from irra-
diation by exciting light. was immediately opened and the measure-
menis were slarted.

For spectral measurements a set of optical cut-off filters was
placed between the bottom of the cuvetie and the photocathode.
Standard glass filters and liquid filters coutaining potassiom chro-
mate and bichromate solutions were utilized. Liquid fitters in the
450-550 nm region were used because of an intense self-emission
from standard glass filters.

The impulses of the photemultipiier were registered and counted
by a muitichanne! analyzer LP 4900 B {Afora, USA). A micropro-
cessor device provided the possibility of carrying out programmable
measurements and automatic changing of filters as well as experi-
mental data processing.

The CL spectra were obtained by differentiation of the integral
spectrum measured through the cut-off filters. In order to obtain real
spectra we made corrections for the change of the CL intensity dur-
ing the measurement, spectral sensitivity of the photomultiplier, the
spectra of the cut-off filter transmission and the intensity of filter
self-phosphorescence.

Absolute quanturn sensitivity of the photomultiptier at the wave-
tength of the CL (around 480 nm) was about 10%. Approximately
35% of the isotropically emitted CL reached the photocathode. So.
in order to calculate absolute quantity of emitted CL quanta we
multiplied the quantity of registered guanta by the factor (0.035)-'.

The source of white light, QVS-1, and an optic tiber conductor
were used for the reaction mixture irradiation. We verified the in-
tensity of irradiation by means of a diaphragm. The rate of irradia-
tion fluence ljzp integrated over the spectrum was measured with a
radiometer/photometer EG&G (USA). The relative spectcum. ot the
irradiation Jge (A) was measured with an opticat spectral analyzer
“WP-4 (B&M Spectronic. Germany!. The absolute spectrum of the
irradiation was calculated according to the expression
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off. Insert shows the spectrum of the CL. Experimental conditions
are | mMIAA and 3.3 X 1077 M RB in phosphate buffer pH 7.4,
final volume 3 mL, temperature 25 * (.5°C, the rate of irradiation
fluence 3.56 X 10-* mol m~? s°! and the time of irradiation 30 5. ~

of WR-4 sensitivity. The overlap integral between the spectrum of
RB absorption and spectrum of irradiation was calculated as

Nmay
j €AY dX (2)
- b

where «(\) is an extinction coefficient of RB.

Except where otherwise stated standard conditions of irradiation
wete as follows: the rate of irradiation Auence (fgg). 3.56 x 10°*
mol m"? 57! and the time of imadiation (tgg). 30 s. The overlap
integral corresponding to that fluence rate was calculated using Eq.
2: 391 X 1071 5!,

A monochromator was attached (o the irradiation source for the
productior of 550 nm monochromatic light (a maximum of RB ab-
sorption} when it was required. Standard saofiware for nonlinear re-
gression “‘Enzfier’” was vsed for &, deterrnination. Experimental
data 12, vs [IAA| (Fig. 3B) were fitted by the function

I, = consu(ky, — &y [TAA]D.

RESULTS AND DISCUSSION

Experimental resuits

If the mixture [AA/RB was irradiated by 550 nm mono-
chromatic light (the maximum of RB absorptior) or visible
light, then long-lived lumninescence was observed after the
light source was turned off (Fig. 1). The luminescence decay
curve was a single exponential. This meant that the process
resulting in light emission was unimolecular or quasiuni-
molecular. The exponential lifetime of the emission was
equat to | min under standard irradiation conditions (see Fig.
1}, which is much more than the fluorescence or even phos-
phorescence lifetime. This suggests that light emission ap-
peared due to an optically pumped chemical reaction. More-
over, the maximum of the luminescence spectrum was at 480
nm (Fig. |. insert). This wavelength is shorter than the wave-
length of irradiating monochramatic light. Thus, this affords

- additional proof that this is a photochemical reaction rather

than phosphorescence or fluorescence. We suggest that the
main emtwting product is the same as one of the products of
peroxidase-catalyzed TAA oxidation, which emits at 465 nm
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Figure 2. Iritial intensity of the CL, after the light source is turned
off, as a function of the rate of irradiation Suence (A) and the time
of irradiation (B). Except for the parameters that are variables, the
experimental conditions are 1| mMIAA and 3.3 X 10-7 M RB in
phosphate buffer pH 7.4, final volume 3 mL, témperature 25 *
0.5°C, the rate of irradiation fluence 3.56 X 10! mol m~? s-' and
the time of irradiation 30 s.
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(24,25). The nature of the optically pumped luminescence in
the IAA/RB system seemed to be identical to that of the
optically pumped CL in the luminol/methylene blue mixture
(2—4). '
We have already mentioned that the decay of optically
pumped CL of IAA was a single exponential that coere-
sponds to a unimolecular or quasiunimolecular reaction. It
is obvious that a chemiluminescent chemical reaction is
quastunimolecular rather than unimolecuiar. Quasiunimolec-
ular CL decay (as well as unimolecular decay) can be com-
pletely characterized by two parameters: the initial intensity
of the CL (I} and the exponential lifetime of the CL (7).
First, we studied the effect of the irradiation fluence rate
(lirr) and the time of irmradiation (Yzg) on I and 1. The
g was proportiona! to [z and increased up to saturation
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with increasing tzq (Fig. 2). There was no effect of {zr and
twp ON T (not shown).

Further we studied the effect of RB and [AA concentra-
tions on I2 and 1. The Ig was proportional to {RB] and in-
creased up Lo sawration with increasing {IAA] (Fig. 3).
There was no effect of {RB] and [IAA] on 7 (ot shown).

Finally, we stugdied Lhe effect of buffer pH on g and 7. The
¢, increased with increasing pH up to saturation, whereas 7
decreased with increasing pH (Fig. 4). The concentration of
hydroxide anion (OH") increases with pH. Therefore. the in-
crease of I§ and decrease of T with increasing pH allow us to
suggest that OH" takes part in the chemiluminescent reaction
(2). For the kinetic analysis we use OH - concentration rather
than pH. It should be noted that at low pH (<6) the rate of
the CL decay (dl~ /dt) was not a constant during the lumi-
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Figure 3. Initial intensity of the CL. after the light source is turned
off. as a function of RB concentration (A) and IAA concentration
(B). Except for the parameters that are variables, the experimental
conditions and | mMIAA and 3.3 X 107 M RB in phosphate bulfer
pH 7.4, final volume 3 mL, temperature 25 = 0.5°C, the ratc of
irradiation fluence 3.36 X 1079 mol m~* 5! and the time of irradi-

ation 30 s.
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Figure 4. The effect of pH on (A) the initial intensity of the CL,
after the light source is turned off, and (B) the single exponentiai
lifetime of the CL. Except for the pH value. which is a variable, the
experimental conditions are | mM [AA and 3.3 X (0-7 M RB, final
volume 3 mL, temperature 25 * 0.5°C, the rate of irradiation Avence
3.56 X 10°* mol m-? s and the lime of uradiation 30 s.

nescence kinetics. The rate was faster for the initial stages of
decay and slower for the tail of the decay. Thus, at low pH
the curve for CL decay did not obey pseudo-fisst-order ki-
netics. Therefore, Fig. 4B does not show 1 for pH < 6.

Kinetic analysis

Two possible mechanisms. The fact that I is proportional
to ILipr and [RB] (see Figs. 2A and 3A) indicates that exci-
tation of RB is the initial step of the photochemical reaction.
The saturation in the dependencies 12 vs [[AA] and Ig vs
pH (see Figs. 3B and 4A) aliows us to suppose that [AA
and OH~ interact with intermediates of the photochemicai
reaction. But we do not know in which order IAA or OH-
participate in the reaction. Therefore, we suggest two prelim-
inary mechanisms for Kinetic analysis,

Mechanism |:
k’ k.‘ kﬁv ¢
RB —> 'RB —>» X —> light
nv [AA OH-
'Lk‘_' ‘LA,I

quenching deactivation

Mechanism 2:

Ay K1 Reo @
RB —> 'RB ——> X —> light
v OH- IAA
Lk, Lk,
quenching deactivation

wherve ‘RB is a triplet excited state of RB, X is the unknown
intermediate of the photochemical reaction, which is prob-
ably free radical in nature, and & the quantum yield of the
CL. .

According to mechanisms | and 2 the intensities of the
CL. are. respectively.

[er= @hs[XIIOH- 1V (3ar
and
Ieo = ¢k (XIIAATV (3bs

where V is the volume of reaction mixture,

Steady-state analysis. First we analyze the reaction in it
steady state. The concentrations of both the intermediates
'‘RB and X are constants in the steady state. Using the con-
dttion that ('RB1/dt = 0 we determined the steady-state con-
centration of *RB for mechanisms 1 and 2. respectively, as

£[RB]pg

3 = 4

CRB) = hlIAA] @)
and S

[)RB] - kI[RB]I!RR (4b'

ky + k[OH-1

Using the condition d{X)/dt = 0 we determined the steady-
state concentration of X for mechanisms 1 and 2. respec-
tively. as

_ k[PRBJ{IAA]

X = e + kfOH"] G
and
. 3 . -
ix; - l'RBJOH") o

ky + A(IAA]

The intensity of the CL in the steady state corresponds 1w
the experimentally measured initial intensity of the CL 1 af-
ter the soucce of light was turned off and when the time of
irradiation was saturating (see Fig. 2B). Using Egs. 3. 4 and

" § we can get the initial intensity of the CL for mechanisms

I and 2, respectively, as
_ @kkkligr[RBIIAANOH ]V

0 =

e tkq + ks[OH Yk, + k{IAAD t6as
and

19, = @k Jskshigp[RBJIIAA)OH |V “h

T (ky + k[OH DKy + kJIAAD



Expressions 6a and 6b are similar except for the location of
the coefficients &, k3, k4 and &; in the denominator. Both of
the expressions 6a and 6b describe the experimentally de-
termined proportionality of 12,10 L, and [RB] (see Figs. 2A
and 3A}, as well as sawuration in the dependencies 1 vs
[TAA] and T2 vs [OH"] (see Figs. 3B and 4A). On the other
hand, bothh of them do not include tigg and T as parameters.
Therefore. Eqs. 6a and 6b do not allow us to answer the
question which mechanism (! or 2) is comrect. In order to
answer that question we studied the presteady state of the
photechemical reaction and the kinetics of the CL decay.

Presteady-state analysis
According to mechanism ! the rate of change of X is
d[Xdt = &[*RB] {IAA] ~ (ks + &[OH™D [X] N

We integrate this equation with respect to [X] from Q to [X]o
and with respect to t from 0 to (g

fmn dIx] rm -
- - = dt (8)
s KURBHIAA} — (k, + &[OH-D[X] |,

where {X], is the concentration of X at time tjzz. The inte-
gration of Eq. 8 provides, upon rcarrangemen(

kPRBJ(IAA]
k, + ks{OH")

The main quencher of RB in air-saturated solutions is mo-
lecular oxygen. The lifetime of *RB in the presence of O.is
determined by the Stern—Volmer equation
] o

RB =

: 1 + mRakg(O;]
where Tpg and Thp are ‘RB lifetimes in the presence of O,
and without O,, respectively, and &, is the bimolecular rate
constant of *RB quenching by O,. The product of k,[Q,] can
be estimated as 2.5 X 105 s-! (see the section Determination
of the rate constants and quantum yield of the CL). There-
fore, Tpp is less than 1079 s (independently on 1§p). The
lifetime of the CL under standard conditions is 1 min (see
Fig. 1), Therefore, we can assume that in the time scale of
CL the concentration of RB is constant, that is d{’RBVdt =
0. Therefore Eq. 4a can be used in the analysis of the pres-

teady state of the chemiluminescent reaction. Applying 4a
ta 9 we nhtsin _

ki Ipe[RB]{IAA)
(ks + k[OH Pk, + KLIIAAD

[Xle = {1 — e tmriks ckstOH 1} (9)

(10}

(X} = {t

Then applying 11 to 3a we can get the initial intensity of
the CL as a function of tjgg for mechanism 1 as

ik kTpg[RBIHAAIOH" |V
k ks{OH 1)(ky 4 J’q[IAA])

- e tmnlbAIOR DY (12a)

A similar approach allows us to obtain the corresponding

expression for mechanism 2 as

»r.ﬁ. -‘\-" [RRLRIHLI“\'\ ‘OH JV
(k; + &\[OH Dk, k;[IAAI)
b gumalks AIAAD Y

0 W
l-CL

{1
{12k}

— g URRUSAIOHTDY (]
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Both expressions 12a and 12b describe experimentally ob-
served saturation in the dependence of Ig vs tzg (see Fig.
2B) aithough they still do not permit determination of which
mechanism 1s correct.

Anatysis of the CL decay. In otder to describe the kinetics
of the CL decay after the source of irradiation was turned
off we have to analyze the kinetic equation for X under the
condition Tize = 0 and assume [*RB} = 0. This assumption
is based on the fact that the lifetime of *‘RB in O,-containing
solutions is less than 1073, This is much less than the life-
time of the CL (see section Presteady-state analysis).

Taking into account the mentioned assumption. we can
determine the rate of X decay for mechanism 1 as

d[X]

o = (ks + k;[OH D(X]. (i3

We integrate this equation with respect to {X] from [X], to
{X] and with respect to t from O to t
(X1 1
X
f dixl J' dt (14)
oo (ke + KIOHTDIX] ~ g

where [X], and [X] are the concentrations of X at the end
of the irradiation and at the current time t respectively. The

integration of Eq. 14 provides, upon rearrangement

[X] = [Xlge-te-loH D (15)
Using 15, 11 and 3a we obtain the equation describing the
kinetics of the CL decay for mechanism 1 as
@k kaksligr [RB][TIAANOH"TV
(kg + KTOH- 1Yk, + [IAAT)

[a(t) =

{1 = e-tmrburksOH ] g-tke+ksfOHY  (]Gq)

Using the same approach we can obtain an identical expres-
sion for mechanism 2 as

ok kyksIigr [RBIIAANOH" |V
(ky + ksfOH-1)(ks + ks[IAAD

le(O) =

Al — ertmalurksllAAD ] o-ttbssksliAAD (16b)

The analysis of Egs. [6a and {6b ailows us to separate the
true mechanism from the two possible ones. Indeed, accord-
ing to Eq. 16a, which corresponds to mechanism 1, the hfe-
time of the CL decay is v = (kg + k;{OH-1)"!. The lifetime
decreases with increasing {OH"] and does not depend on the
other parameters. This is consistent with our experimentai
results (see Fig. 4B). According to Eq. {6b the lifetime of
the CL decay is T = (k, + k;[IAA])"'. This is inconsistent
with the mentioned experimental facts. Therefore, we accept
mechanismm | as the true mechanism because it is consisient
with all of the available experimentai results and reject
mechanism 2. '

Determination of the rate constants and guantum yield of
the CL. In our kinetic analysis we used an expression with
a formal rate constant of k, for the rate of triplet dye for-
mation ’

d[*RB]
dt

= kLigr[RB] 17)

whereas the expression for d[*RBJ/dt, which comtains the
real physical parameters is the following
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Figure 5. [nitial intensity of the CL, after the light source is wurned
off, as a function of RB concentration. The concentrations of {AA,
OH- as well as the time of irradiation are saturating (see Figs 3B,
4A). [IAA] = | mM, pH 10, tjgg = 6 min. Final volume of the
reaction mixture is 3 mL. The rate of irradiation fluence is 3.56 X
10" mol m-2s".

4{*RB]
dt

where £ is an efficiency of intersystem crossing from singiet
te triplet excited RB. the overlap integral as described in the
Materials and Methods. Using Eqs. [7 and 18 we can cal-
culate &, to be

= é[RBIIW (M) da (18)
X,

mean

13 [ ™ (IO d
2 V—

k =

(19

Iiga

For the calculation of the efficiency of intersystem crossing
we used the known value of the quantum yield of RB rtriplet
state generation § = 0.8 (26). The Iz was measured and the
overlap integral was calculated (see Materials and Methods).
Using 19 we calculated k;, = 8.79 X 10® M~' cm~'. It should
be noted that &, has the same dimensional relationship as an
extinction.

The rate constant &, is actually the rate of ‘RB decay in
the absence of [AA. The main quencher of triplet excited
species in oxygen-containing solutions is motecular oxygen.
The concentration of oxygen in aqueous solutions under the
condition of ajr saturation at 25°C is approximately [O,} =
2.5 X 10* M (27), whereas the rate of the quenching of
xanthenc dyes by oxygen is approximately 19 of the diffu-
sion-controlled limit, which is approximately &, = {0° M"!
s (26). So, the pseudo-first-order rate constant for *RB de-
cay is ky = kg{O4] = 2.5 X 10° 5.

According to Eq. 12a under saturating [1AA], [OH"] and
Lirg the initial intensity of the CL is

8= ¢ k1 za(RB}V (3())

Using this expression we can determine ok, LgpV as a slope
o of the strict line [ vs [RB] and consequently the quantum

Table . Quantitative parameters af the mechanisin | describing
optically pumped CL of TAA

Refereg'g:

Parameter

k, 5879 x 10" M cm ! Present paper
hy = 2.5 2 104 57! Present paper
By =25 % 10°M s ! Present paper
k, =67 x 10 "5 Present paper
ke =372 10 M s ! Present paper
£§=08 26

¢ =19 x 10?9 Present paper

vield can be calculated as ¢ = a/(k Ligg V). The slope deter-
mined from the data in Fig. 5 was « = {.8 X 10" m* <
and the quantum yield was calculated tobe ¢ = 1.9 x 10",

From Eq. 16a. &k, — ky [EAA], = 0, where [IAA], is the
hatf-saturating IAA concentration. Thus, [IAA], was deter-
mined from Fig. 3B as [TAA], = 10°* M. Knowledge of &
and (IAA],; allows us to determine the rate constant &;: k.
= kyf[IAA], = 2.5 X 109 M- s-1, The value of k; was also
determined using nonlinear regression of the data from Fig.
3B (see section Materials and Methods) yielding the same
result. Equation 16a shows that

ky — kg [OH"),, = O
where {OH"},, is the half-saturating concentration of OH".
On the other hand, Eq. 16a provides the following equation
for the lifetime (1) of the CL

(ks + ks fOH ]! = 1. Q2

Equation 21 and 22 can be solved together with respect to
k‘ and I(5
__ [OH"),p B

¢ 2[0H")inTion 1,

2h

23

|
ky = —m———
3 Z[OH—]m"'[ou-lm

where 7oy, is the CL lifetime under the half-saturating
OH- concentration. Half-saturating OH~ concentration was
determined from Fig. 4A: [OH ], = 18 x 1077 M.
Tion-1,, Was determined from Fig. 4B: 104, = 73 s. The
rate constant obtained from the system of Eqgs. 23 and 24
were: ky = 6.7 X 107! and ks = 3.72 X (0! M~is-'. For
convenience all of the rate constants, as well as the quantum
yields involved in the proposed mechanism |, are collected
in Table 1.

(24)

Nature of X

Free radical or hydroperoxide interimediates that are formed
during TAA oxidation could be a substance X, which is re-
sponsible for optically pumped CL. The following types of
free radicals were documented to be formed during the re-
action: radical cation of [AA (14— 16), scatol radical. peroxy!
radicals (8,13-16) and superoxide anion radical (13). Organ-
ic hydroperoxide is formed during a free radical chain re-
action accompanying enzymatic and probably photochemicat
IAA oxidation (7.12,17).

Identification of X requires (1) cornparison of the kinetic



traces of decay of all the radical and hydroperoxide inter-
mediates with the trace of the CL; thus intermediates with
kinetic traces 'similar to that of the CL can be considered to
be responsible for the CL and (2} changing the refative yieid
of suspected intermediates and monitoring the influence of
the changes on the CL kinetics and spectra.

Time-resolved measurements of the concencrations of free
radicals in the above system is a very complex but resolvabie
probiem. The EPR technique can be employed for this pur-
pose. The concentration of X under standard experimental
conditions (sce Materials and Methods) can be estimated us-
ing Eq. 117 [X], = 2.5 X 10-6 M. Free radicals of this con-
centration can be measured using spin traps or EPR appa-
ratus with signal accurnulation. Moceover, the concentration

of X can be easily increased by increasing the rate of irra-
diation fluence employing, for example, a laser insiead of a
lamp as an irradiation source.

The problem, which cannot be presently solved is the
measurement of the hydroperoxide concentration. The ap-
propriate technique is not available. There is certain opti-
mism that this problem will be resoived using a peroxidase/
phenols systern for indirect measurement of hydroperoxide
concentration (28).
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