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the experimental results.
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Introduction

Chemi luminescence is the production of light in excess of
black body radiation by chemical reactions. This phenomenon
has been observed by Man as the faint glow emitted by several
living organisms such as glow worms and fireflies long before
she knew about chemistry. In addition to naturally occuring
chemiluminescent substances there are a number of synthetically
produced ones. The first reported synthetic substance with a
high quantum yield was luminol . Since then a vast number of
papers have dealt with this substance and its light-producing

reactions. With the exception of the most recent works these
2 3 4 5

investigations have been reviewed thoroughly * ' ' and there-
fore only the indisputable findings will be summarized here.

In dimethylsulphoxide as shown by White ' only oxygen and a
base are necessary to induce the chemiluminescent reaction.
3 - aminophthalate was isolated as the endproduct and strong
similarity between its fluorescence spectrum and the chemi-
luminescence spectrum was found. Labelling studies revealed
that from the same 0« molecule one oxygenatom is introduced into
each carboxylic group of the 3-aminophthalate.

Contrary to the reaction in DMSO an additional oxidant is neces-
sary to induce the chemiluminescent reaction when the solvent
is water. Evidence has been presented for both radical and non-

o

radical mechanisms in aqueous solution. Rauhut found that the
chemiluminescence of luminol in water in the presence of per-
sulphate and H 20 2 is insensitive to the addition of radical
scavengers. The results pointed at the intermediate involvement
of the since long proposed two electron oxidation product of
luminol; 3-amino-phthalazine-l, 4-dione (azaquinone). The fact
that the azaquinones yield light in the presence of hydrogen
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peroxide was shown both by White and Gundermann . They were



able to synthesize stable azaquinones and the chemiluminescence
spectra which these substances yielded upon reaction with H^CL
matched the chemiluminescence spectra of the corresponding
hydrazides.

Shevlin and Neufeld showed that the oxidation of luminol by
Fe(CN)6 in the presence of 0~ proceeds vi* a radical mechanism.

The pulseradiolysis technique enabled Baxendale to study the
12intermediate step in the luminol-radical oxygen reaction.

The first steps in the reaction sequence i.e. the addition of 0~
to the luminol radical was observed. The peroxy radical thus
formed undergoes a monomolecular rearrangement followed by radi-
cal recombination prior to light generation. These results have
been confirmed by Wurzberg and Haas

In aqueous solutions the identity of the proposed emitter 3-
aminophthalate (3-AP) has been inferred from the chemiluminescence
spectrum which matches the fluorescence spectrum of 3-AP
The actual identification of 3-AP as the endproduct has only

A

been reported in one case . The absence of 3-AP as an identi-
fiable endproduct has been explained by its further oxidation
when fLOp is in excess and another oxidant (e.g. transition metal)
is present.

Although 3-AP is generally assumed to be the emitter in aqueous
systems no information is present concerning the intermediate
steps leading to its formation. Based on the overall stoichiometry
the following three net reactions can be devised where L and L
represents luminol, and azaquinone respectively.

1

2

3

L + 0 2

L" + 0-~

L + 0 2

+ 3-AP H

-> 3-AP H

* 3-AP H

h N2

h N2

hM2



As reaction 1 does not operate in aqueous solutions it is
included only for the sake of clarity. The aim of this work
is to study the intermediate steps in reactions 2 and 3.
To do so a rapid technique for the "in situ" generation of
Op", L" and L must be used. These three species can be formed
by oxidation of luminol or H^Op. Radiolysis of water produces

the oxidative OH* radical which is capable of oxidizing both
- 12luminol and H o0, to the corresponding radicals (eg. L-
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and 02~ ). Thus the pulseradiolysis technique, which is de-
scribed in the next section, should be applicable to study re-
action 2. If a method could be devised, (eg. addition of suit-
able one-electron oxidants or conversion of the OH-radical)
whereby luminol is oxidized to azaquinone, pulseradiolysis
could also be used to study reaction 3.

Methodological

When ionizing radiation interacts with matter ionization and
excitation occur. These intitially induced events will ultimately
manifest themselves in observable yields of intermediates and
endproducts. As the amount of products is dependent on the amount
of the energy deposited the radioiytic yields are expressed in
an energy based unit G, which is defined as:

G - Molecular transformations
100 eV absorbed energy.

The G-value is related to concentration and dose through the
following equation;

G = J~ • 9.66-105u-p

where C is expressed in mol'dm and dose (D) in krad.



In water, which has been used as solvent throughout this

work, the following G-values have been established .

= 0.45

GH202
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The reducing radicals e" and H- can be converted into the
aq

oxidative OH*radical in a basic environment through the follow-
ing reactions, where the numerical values are taken from refe-
rence 16.

H- % e~ + H + pKa = 9.6
aq

e" + No0 - 0" + No k = 9 x 109 M"1, sec"1aq c c

e" + H90, - OH- + OH" k = 1.3 x 10 1 0 M"1, sec"1aq c c

OH* + OH" Z 0 T + H20 pKa =11.9

On addition of HCOZ the OH-radicals are converted into the

reducing COl*radicals.

OH- + HCO" -v C02' + H20 k = 2.5 x 109 M"1, sec"1 (ref.16)

Thus by chosing suitable conditions the radiolysis of aqueous
solutions can produce an entierly oxidative or reductive system.
When the energy is deposited in a pulse of short duration as
compared to the characteristic reaction time it may be possible



to observe the reactions of the radiolytically produced
intermediates. A necessary requisite for such observations is
that the intermediates have some measurable property. Based
on such various properties a number of detection techniques
have been developed a.o. UV-visible spectrophotometry, con-
ductometry and ESR-spectrometry. The benefits of the first
two techniques are high sensitivity and time resolution and
the relative ease with which they can be put into operation.
The main drawback is the lack of specific information about
the identity of the intermediates. By use of ESR-detection the
identity of the intermediates can be established but at the
cost of quantitative measurements and time-resolution.

Summary of results

Paper I describes the computerized pulseradiolysis detection
systems which have been used in the present work. Since the
publication of that paper the following changes in the system
have been undertaken. The 11/40 computer has been moved to a
new location ^ 100 m away from the accelerator, and a LSI 11/03
has been installed at the site of the pulseradiolysis set up.
The program för data collection and visualization is now run
on the LSI 11/03 which is interfaced to the Biomation 8100,
the display and the reference digital voltmeters. The data for
final storage is transferred in series (9 600 baud) to the PDP
11/40 where it is stored on a disc. The memory and the disc
capacity of the PDP 11/40 has been increased to 128 K words
and 10 M bytes respectively. Kinetical calculations and output
of data are made on the PDP 11/40. Except for the changes due
to the communication between the computers the only difference
in the data collection program to that reported in paper I is
the incorporation of a routine for emission measurements.

In paper II the mechanism of chemiluminescnce was studied when

the luminol radical and superoxide (Oj/) were generated simul-



taneously. The first reaction step on the path towards
light was found to be the cross-recombination of these two
radicals to form a hydroperoxide. An acid-base equilibrium
was found for this hydroperoxide with a pKa value between 11
and 12. The dissociated form undergoes a monomolecular re-
action which is the last observed reaction step in the sequence
leading to light generation. The rate constant was found to
be _> 2*10 s . The protonated form of the hydroperoxide also
undergoes a monomolecular reaction with the rate constant ^ 2000 s
to form a product which absorbs around 390 nm. No light emission
was observed in the latter reaction.

The reaction of the two-electron oxidation product of luminol,
5-aminophthalazine-l, 4 dione (azaquinone), with hydrogenperoxide
is stoichimetrically equivalent to the recombination of super-
oxide with the luminol radical. Thus if azaquinone could be pro-
duced another route to the formation of the intermediate hydro-
peroxide would be available.

In paper III the pulseradiolytic generation of the chlorine-
dioxide radical C102

# in aqueous solutions of scdium chlorite
is described.

The oxidation of luminol by ClO^' is reported in paper IV.
This oxidation was found to proceed in two steps.

1.) Addition of C10,* to mono- and di«dissociated luminol
2-(LH or L ) to form radical adducts.

2.) The reaction of another ClOp'radical with the adduct to
form one molecule azaquinone and two molecules of ClOl
or the recombination of two chlorinedioxide-luminolradical
adducts which also yields the azaquinone.

The azaquinone shows high reactivity towards hydroxide ions and
undissociated luminol.



In paper V the chemiluminescent reaction between the azaquinone
and hydrogenperoxide is reported. The observed reaction sequence
consists of a second order reaction between HO^ and the aza-
quinone to form a hydroperoxide followed by a monomolecular re-
arrangement of the dissociated form of the latter. No dark re-
action could be detected for the protonated form of this hydro-
peroxide and its acidbase equilibrium has a pKa of 10.6. The
difference between this hydroperoxide and the one reported in
paper II shows that there are several chemical paths leading to
light generation. Based on quantum chemical calculations a nitro-
gencentered structure is ascribed to the hydroperoxide formed by
cross-recombination of the luminolradical and superoxide while
the reaction between HCL and azaquinone yields a carboncentered
hydroperoxide.

As the last observable step prior to light generation is the mono-
molecular rearrangement of these hydroperoxides it is unlikely
that the same emitter should finally be formed. The existence
of two different emitters is also evidenced by the foil owing ob-
servations.

1.) A slight difference in chemiluminescence spectra.

2.) The formation of an endproduct with pKa ^ 10.2 in the
luminolradical superoxide system as observed by pulse-
radiolysis with conductometric detection.

3.) The formation of an endproduct which acts as an efficient
radial scavenger in the luminol radical superoxide system.

Product ananlysis of the system luminol, CIO" HOl where aza-
quinone is an intermediate, showed quantitative agreement between
the nitrogen and 3-aminophthalate formed and the luminol consumed.
3-am1nophthalate can not explain the efficient radical scavenging
and the pKa of the endproduct in the superoxide luminolradical
system.
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A Computerized Pulse Radiolysis System
T. E. Friksen, J. l.inci and T. Reitberger

T V Royal Institute of Technology (KTH), Department of Nuclear Chemistry, Stockholm, Sweden

ReceireJ February 23, Wft

Abstract

A computerize!! pulse raitiolysis system. Eriksen, T. E.; Lind, J.; Reitberger,
T. (The Royal lnst:tutc of Technology (KTH), Department of Nuclear
Chemistry, S-100 44 Stockholm. Sweden).
Chemica Scripta (StreJeri) 1976, 10 0). 5-7.

A computer bawd pulse radiolysis system for gathering and handling of
transient optical jbsorptkm and electric conductivity data is presented. The
system has heen developed around a Biomatiun 8100 transient recorder and
a PDP 11.40 (Digital Fciuipnwnt Corp) computer.

Introduction

Pulse radiolysis has become a common experimental tool in the
study of radiation induced chemical reactions. The system to be
studied is perturbed by a short pulse of high energy radiation and
iis relaxation to equilibrium is followed by observing the varia-
tion with tune of some physical property associated with this
process. Detection of radicals and radical-ions is normally based
on their optical absorption or electrical conductivity. (For a
summary on pulse radiolysis techniques see ref, [I].) A schematic
diagram of the detection systems used in this laboratory is
shown in Fig. 1. In the optical system the photomultiplier pro-
duces a current which is proportional to the light intensity. The
value /„ coi responding to the analyzing light intensity just before
the electron pulse is measured as a dc-voltage on a digital volt-
meter and A/ the difference between /„ and the current at any
time / is measured as a ac-signal on an oscilloscope, From /„
and <i sot of A/ values the optical density as a function of lime
can be calculated, fn the conductivity experiments a double
eel! is used and a voltage signal -i (' proportional to the difference
between the conductivities in the irradiated cell and the reference
cell is recorded as a transient on the oscilloscope and the voltage
I „ applied across the cell electrodes is measured on a digital volt-
meter, l-ri'in I., and a set of Sy v dues the radiation induced
change in conductivity as a function of time is calculated. The
traditional way is to evaluate the oscilloscope traces by hand
wln.h is very time consuming. However, as transient recorders,
ni which the iransien' .signals are analog-digital converted, begun
to appear on the market computer evaluation of the signals be-
came feasible. Replacing the oscilloscope by a transient recorder,
data handling can be done off- or on-line and a number of system
descriptions have been published [2-6]. In this paper we present
an on-line system for pulse radiolysis which is based on a multi-
user compuler.

Hardware

The accelerator and details of the optical and conductometric
detection systems are described elsewhere [7-9]. The recording
unit is a Biomation XI00 transient recorder with a memory of

2 048 words, 8 bits word length, i.e. I part in 256 resolutions, and
input voltage ranges J:50 mV - : 5 V full scale. The fastest
sample rate is 10* s~' (time base 0.01 «s sample).

The computer, a PDP 11/40 with 24 K of memory, is located
35 m from the pulse radiolysis set up. The peripherals at the com-
puter location are console terminal, discmemory, tape station,
lineprinter and an incremental plotter. (Schematic diagram, see
Fig. 2). At the pulse radiolysis control panel a keybord terminal
(teletype) for program-control and a display for visualization are
provided.

Functional principles

The accelerator is armed from a push-button. The conductivity-
cell voltage or lamp shutter, transient recorder and a 200 its
delay-line trigger-circuit to the accelerator is then triggered by the
next 50 Hz period from the electric feed net. The light intensity
(/0) or voltage (P'o) applied across the conductivity cells is measured
on a digital voltmeter and the light intensity or intrinsic conduc-
tivity baseline corresponding to /<, or AI „ respectively is recorded
by the transient recorder immediately prior to the electron-pulse
irradiation. Also the secondary emission monitor (SEM) dose
values (D) is measured on a digital voltmeter.

A pulse to initiate the data transfer is sent at the end of the
sweep. This causes the computer to enter an interrupt routine.
All digital signals from digital voltmeters and the transient re-
corder are transferred in parallel to the computer. When the
transfer is completed the transient stored in the computer is visua-
lized on the display and further control can now be made from
the terminal.

In the electrical noisy environment certain precautions had to
be taken to achieve undisturbed data transfer. The cables are
double isolated by means of iron pipes and the whole system is
grounded at one point in the computer. Hie impedance of the
cables distorted the signal but this was overcome In reducing the
data transfer-rate from Biomation to 30 (XX) bytes s ' and reading
the signal levels after they are stabilized.

Terminal control and computational routines

The information to be passed via the terminal to (he computer is
one of three different types.

Firstly there are the instrumental parameters; input voltage
range and time-base for the Biomation and an operational cell
constant Ko for conductometric measurements. These parameters
must be transferred to and stored in the computer prior to ac-
cumlation of data.

The second type of parameters arc for computational purposes.
On the oscilloscope display of a transient lime trace (Fig. 2) a
vertical line is seen positioned to the left of the pulse. This line

t a Si ripla 10
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Pulsed
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Differential
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Oscilloscope

["Transient recorder]
LBiomation 8100 J

Fin- I- Schematic diagram of detection systems, (a) Optical; (ft) conductivity.

indicates the time point up to which sample averaging is carried
out to obtain the light intensity base-line. The filter factor is
another parameter, the effect of which is seen in Fig. 2. Filtering
is made by averaging the samples over the time interval defined
by the filter factor. This factor which constitutes a multiple of
2 can !>e varied between 2 and 512 (2'-2*). The width of the
interval is shown by the horizontal lines after the pulse. These
lines also indicate the time points at which optical densities for
spectra are to be calculated. Up to four time points can be used.
The first horizontal line also defines the starting point for kinetic
calculations.

The third type of information that can be transferred to the
computer via the teletype are control-commands to execute part
of the program. To obtain spectra the execute command is
followed by the wavelength at which the transient is to be re-
corded, i.e. the wavelength is used as an entry into a table where
the optical densities are stored. The dose-normalized optical
densities (OD) are calculated according to eq. (1).

1 000
(I)CD-

/„ 1)

[Biomation 8TO0f-

["Tfli FTYPE ~[

CPU
PDP11/40

28k-Core Memory

Linepnnter
[TALLY!
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Fig, 3. Eltect o f digital filtering of a transient ah^orption sij;n.il f rom aqueous

solution of methanc-disulphonic ac id at .140 nm Vertical line: t ime poini

indicating limit .)f sample averaging for light in tensi ty tiase UIK. Horizontal

line s h o w s width of filter interval (filter f ac tor i . Time scale 40 / i s large divi-

s ion, (a) Filter factor n ?u. (b) filter factor n- 2 s ; d ) filter r i u , i r n » 2 ' .

where h and D are the light intensity and dose value* read from
the corresponding digital voltmeters and -M is the difference be
tween the light intensity base line and the value ,u a particulai
time point on the recorded transient.

For measurements run at the same wavelength the transient
optical densities, the number of measurements are added as well
as the sum of the squares of optical density. I his makes possible
the averaging of transient absorption values from <.eural experi-
ments in order to enhance the signal to noise ratio.

Another command displays the spectral data (Of) vs. wave-
length ).) obtained at any one or all time points. Rased on a visual
observation of the spectrum it is possible to increase ihc number
of measurements at wavelengths where the statistkal accuracy
needs to be increased.
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lig. .? Schematic diagram of interface connections between pulse radiolysis Fig. 4. Display of transient spectrum in the wave length interval 230 400
apparatus and computer input-output devices.
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A computerized pulse radiolysis system

The kinetic evaluation consists in sampling 64 equally spaced
time points with the beginning at a prior defined time point,
averaging the signal over the time interval defined by the filter
factor and calculating the optical density at each time point. In
this case the optical density is not dose normalized. The OD, time
spacing, and dose are stored on disc. The command also contains
the wavelength which is used as a "tag" for identification pur-
poses. I -or conductometric measurements the - C •}.,• \zt\ values
[9] at evenly spaced time points are calculated according to eq. 2.

' • i l ' (2)

where Al is the transient conductivity signal, Vo the voltage
applied across the electrodes, A'o an operational cell constant,
C, the radiation induced change in concentration, )., the specific
conductance, and :, the charge of species j .

In this case super-position of the signals is carried out if thr
command contains an earlier used identifier.

There are also restart and an exit commands where the former
is used to set up new tables and to store the old ones. The latter
command stores the tables and ends the program.
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Software

The system is run under a RST II monitor which permits fore-
ground and background to be run simultaneously. To enable the
pulse radiolysis program to be run in foreground the following
requirements had to be taken into consideration. The amount of
memory to be used should be small and time consuming routines
should be avoided. To be efficient the program is written in
Assembler and routines for fitting kinetic data are not included.
In spite of this, ihe routine for refreshing the display uses about
30".. of ('PI'-time. At the moment, work is being done to in-
corporate a microcomputer to bring down the CPU-time to the
1 2",, necessary for the rest of the program.

A program tor super-position of optical kinetic data, stored on
the disu, has been developed. This program scan nes all traces
which have the same time base and wavelength. The super-
position is subjected to dose restrictions, i.e. only measurements
at doses \uthin certain limits are accepted. The super-imposed
signal is normalized to the number of traces and the average opti-
cal density and its standard deviation is calculated.

Standard programs for least-square fit of the traces to first or
second order kinetics have been developed.

Kinetic calculations are done in the background mode. The
programs arc written in Basic or Fortran which permits fast
changes in computational routines.

Spectral data i.e. optical density with standard deviation as a
function of wavelength are plotted on an incremental plotter or
listed on a line-printer. Kinetic data fii"rl to first and second
order are also plotted on the incremental plotter.

Conclusion

During the time in which the computerized system has been operat-
ing we have, due to the possibility of super-imposing data from
a great number of measurements, seen a large increase in accuracy.
The system has proven reliable and the time needed for evaluation
of results has descreased considerably.
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Ab st i a-: t

By simultaneous generation of the luiu'riol radical and the supor-

oxide radical union CL' in an alkaline aqueous solution containing

HpOp but no oxygen, it was possible to measure at different pll-

valuer the rate constant fur the formation of the pcToxide-<.;riciuct.

The rate constant for the decomposition of the aclduct was also

determined. The latter reaction is shown to be a rate-

determining kinetic step in the production of the excited

state.
 Its ratc> constant is strongly pri-

dependent. At pM = 7.7, where essentially no light is produced,

its value is {Z - 0 . 5 ) - l o V , while at pH = 11.0 the value

(1.8 - 0.3)-105s"1 is obtained. It is suggested that the acid

(hydroperoxide) and the base (peroxide) react along different

chemical pathways yielding different end products. Only the de-

composition of the base results in light generation. An overall

reaction scheme is proposed. In an indirect measurement t.ho chemi-

luminesccnce quantum yield (3 , is determined to = 0.1.



Introduction_

Tver since the discovery of the c horn i luminescence of leminol by

Albreeht , many chemists have been intrigued by the elusive

nature of the light-producing step. A common feature end''in i c to

all systems where lur.iinol chemiluminescence is observed, is the

presence of oxygen or hydrogen peroxide and a basic environment.

2 3Thanks to the pioneering works of White et al. '" , the stoichio-

metry of the overall reaction as well as the identity of the

emitting species have been firmly established in aprotic solvents.

Dy implication it appears reasonably safe to assume that the same

species (3-amino phtalate) is the light emitter even in protic

solvents, such as water.

A generally made observation is that the addition of hydrogen

peroxide to an otherwise aerated solution enhances the diei;:i-

luminescent intensity. The mechanism of luminol cheMiii luminescence

in aqueous solutions in the presence of oxygen (CL) has J-een
/) 5

studied by Shevlin et al. and by Maxendale . These workers con-

clude that thechemiluminescent process is initiated by an one-

electron oxidation of luminol followed by rapid addition of oxy-

gen. Furthermore, both studies reveal the necessity of adding a

second electron to the peroxy-radical thus formed in order to

prepare it for the final light-producing step.

Rauhut et al. conclude from their studies on persulphate-ini-

tiated lumiuol chemiluminescence in aqueous hydrogen peroxide solu-

tions that no radical mechanism is involved. They postulate the

direct formation of 3-<i<:nno-a.:rid ione which subsequently reacts

with hydrogen peroxide to yield light.



The present state of the art of luminol research is well concluded

in the latest review by Rosw/ll and White : "In sumiiiary it appears

that the luminol dianion is involved in aprolic oxidations, the

radical anion in protic ones and the aziiquinones very probably are

involved in the light pathway."

In most "chemical" investigations, the initial oxidation of

luminol by the added cooxidant is the rate-determining step. Con-

sequently, no direct measurement can be made on the subsequent

reactions. To circumvent this difficulty, we have employed the

technique of pulse-rndiolysis on the system luminol-hydrogenpero-

xide in water in the absence of oxygen (O^).
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The- l i '. icrotron occe'lerMtor'' lias a KI..»X i.::u;ii pul so (.urront ul 70i) itiA

and t h e pu l se w i d t h i s v a r i a b l e bet.w. f t i f* x 10 " - 4 x 10 . The

d o s e / p u l s e i s liu.-asured w i t h a secondary emiss ion chamber which i s

p r e v i o u s l y c a l i b r a t e d w i t h an a e r a t e d aqueous 10 KSCN s o l u t i o n

A q
G ' / c r i vn ' -•• 2 .14 x 10 a t f>00 rin • The t e i n o d u c i h i l i t y of

the dosimeter is ?.& %. A bandwidth of ?.5 nin was used in a l l

absorbiinco measurements. In chcmiluiiiineu.erice measurements the

s l i t s were removed from the monochrome tor . The computerised t ran-

sient detection-system with a time resolution of - 10 s is de-

scribed elsewhere . In solutions containing H20«, G ^ . = 6.1

was used in a l l calculations. The concentration of solute (lu::i,

HpO2) was kept su f f i c ien t ly high tOdiin''•'•! ate a l l Oil-radicals

in a single kinetic step. Unless otherwise specified a l l solu-

tions were degassed by purging with Ar immediately before i r r a -

d ia t ion. Complete removal of oxygen in the degassing step was

evidenced by the absence of chemiluminescence.

Luminol (P.A., 97 Z, Egachcrie t . i n = 6000, eoc_ r. cono in 0.1 N

NaOH, 11,0), Na2 P̂  0? x 101^0, Na2 H f'O^ x 2H20, H2O2 (a l l P.A.

Merck), NaOH (P.A. EKA) and Ar (AGA •• 5 ppm 02) were used without

further pur i f i ca t ion . Turther pur i f icat ion of luminol did not change

the integrated l igh t intensi ty.

All solutions were prepared from water which was doubly d i s t i l l ed

in qu.irt?. To minimize decomposition of luminol and IL0? in the

solutions to be i r rad iated, the former wore introduced into the

buffer solutions just before degassing. In a l l runs 0.1 M buffer

solutions were used unless otherwise stated, pH was adjusted

by t i t r a t i o n with 1 f! HaOfl. Control experiments .it pH 9.3 shov/cd

that vuric)';ion of the bor.de buffer concmitratian, free fl. '•' 10 I'



to 70 ° f1 had tio effect CM VHC intocj. ;;b:d hi'ih in tensi ty (.;••

the k ine t i cs .

% L l 5 . anc* discussion

When ioniz ing radiat ion (rjdii;..'ia-rays, fast electrons, e tc . ) passes

through l i qu id water, a rapid sequence of primary physical events

occurs. Ul t imately, the shor t - l i ved radical species 0H«, e (aq)

and H* are formed. At high pil in the presence of fi,0 or hLCL

a l l radicals ( i . e . e"(aq) and H*) are converted in to 0H*-radi-

11 12
cals . I t is well known, that 0H« is one of + 2.8 V . Therefore,

*
i t is capable of oxidizing both lunn'nol and H^O-.

Competition of Tumi no! and H909 for the OH--radical.

In a solut ion containing both luminol (at a l l pH values used in

th is work luminol is present in the form of i t s monocmion) and

HpCL these compounds compete for the 0H*-radicals to form lurnino1

radicals and FKL* respectively. The l a t t e r immediately dissociates

13
into the superoxide radical O *̂ at high pH-values (pKa = 4.8) .

The rate constant betv/een OH* and H?0_ has been determined .

The rate constant increases monotonously with pH, as a resul t of

, - 5
dissociat ion of Ĥ O,, into IKL. Baxendale hns determiried the rate

9 -1 - )
constant for the reaction between luminol and OH* to 8.7 x 10 M S

(see reaction scheme). The competition between luminol and fLO,,

for OH*-radicals can be studied by measuring the i n i t i a l absor-

bance of the lumirtol radical as a funct ion of the ra t i o between

HpOj, and luminol. Such competition k inet ic experiments were

carried out at pH 7.7, 9.3 and 11.0, and by using the k, valuf of

Baxendale the fol lowing rate constants which are in good agree-

ment with the l i t e ra tu re values were found.



k'
OH- + H?O2 ? O 2

T + !I3O
+ k£ - 3.7 x H ) 7 fl"1 s"1

k"
OH- + HO~ -,2 0 2

7 + H20 kj -- 6.7 x 109 M*1 s"1

Tne experimentally measured rate constant k~ is related to k* and

kj by eq. (1).

k-1 • I H I + It" K*2 I" J K2 V,0,
m

where the dissociation constant of FLO- K.. Q = 10 .

The_role of the superoxide anion 0?".

In the present work rigorously de-aerated solutions were studied.

The absence of oxygen was evidenced by the absence of chemilumine-

scence when no hydrogenperoxide was added. Thus the question arose

which species would activate the luminol radical for chemi lumine-

scence. To investigate this, the integrated chemiluminescent in-

tensity as a function of H J L at three different luminol-con-

centrations was measured. Fig. 1 shows conclusively that at a

given dose, the absolute concentrations of luminol and h^CL are

immaterial provided they are in excess of produced OH*. Only

their ratio will determine the total light-yield.

Thus, within the limits of the expcrimtntal accuracy the maxi-

mum light obtainable is unchanged, though H 20 ? is varied by more

than a factor of bO. We conclude that the Activating species is not

H^Op but the suptroxide roflu.il anion (),'•'. Therefor*», the fm,!. r>te|.-

on the r»«*th towards the e/citfd state is a rapid addition of 0y-



to the luminol-radical to form a non-radical peroxide adduct.

Let's consider a solution whore a certain amount of luminol-radi-

cals and 0 2
T have formed. The dismuUtion of 0 2

: into Ii,,0? and

Op is rather slow at the pH-values chosen. In an experiment per-

formed on a solution containing 10 M luminol and 10 M HJ)..

at pH 11 where only (L7 is formed,the halflife of the Op" radical

was estimated to 40 ms as monitored by its absorbance at 260 ma.

Thus on the timoscale of all the other experiments presented in

tin's paper the only channel in which (L~ can be consumed is its

reaction with the luminol radical. However, Lunr cun both react

with O2" and recombine with itself. Since only the reaction be-

tween lum« and Q~- will lead to chemiluminescence, the following

relationship is obtained.

7 k flum-1 [09
:"\ dt

/Idt a £-ei-_J-L2i . (2)
j? (k r j u m - ] ^ : ^ 2k'lim;l2)dt

I denotes the chemiluminescent intensity, k and 2k denote the

rate constants of lum* towards G V and I urn-, respectively. The

task at hand will be to maximize the light integral with respect

to the ratio of (juni*l and [Oo^o initially formed. It can be

shown that the integral is a rather insensitive function of

k /2k. It has a maximum at hum*! /!0o"i = 1, wlien k - 2k, and
C k «O "i «O C

deviates only slightly from 1 as long as 2k and k are of the

same order of magnitude. Table 1 and 2 show that this is actually

the case. By use of the rate constants k, and k. (the latter

from eq. (1)) the concentrations of H,-,Op were calculated where



equal amounts of lum* and 0o~ arc formed. Thi?!>e concentrations

are marked by arrows in fi*j. 1. Ar, seen these calculated concen-

trations coincide well with those nt which the light integrals

obtain their max i ma .The same- satisfactory agreement was also

obtained at pH 9.2 and 8.4.

Fig.2 shows the transient spectra as obtained by pulse radio-

lysis of an aqueous solution of luwinol at pH = 7.7. The Up0?"

concentration is kept sufficiently high to convert all radicals

into OH*, but low enough not to produce appreciable amounts of

Op*. At the end of the electron pulse the spectrum is that of

the luminol radical distorted by the bleaching of the parent

luminol below 390 nm. The structure of the luminol radical is not

unambigiously determined. However, the fact that other substituted

hydrazides yield radicals with similar wavelength maxima in their

spectra leaves little doubt that the unpaired electron is

mainly located on the heteroring. In this experiment the only path-

way whereby lum* can disappear is by recombination. This could

proceed in two ways.

(Lum) dimer

2 Lum :

\>
Lum + Azaquinone
(5~anrino-phtalazirie-1,4"dione)

The azaquinone of luminol has an absorption band between 450 and

750 nm with t ^ ~ 2700 cm M 16. Thus from the final absorption

spectrum in fig. 2 it is concluded that dimer/.zation accounts for

at least. 80"' of the recombination to!nl.
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Table I summarizes the t.-valufrr; for the 1 u;r.inoi rr.c1 ical and pre-

sents the rate constant for recombination. The decrease of the

rate constant of recombination with increasing pll suggests

dissociation of the luminol radical somewhere between pH 8 and

n.

In order to determine the rate constant for the reaction

lura- + 0 2
T $ (lumO2)~ (2)

transient spectra in the presence of a large excess of ILO,, were

recorded in order to ensure that the major ,art of lunr is con-

sumed according to reaction 2. Fig. 3 shows such a spectrum at

pH = 9.3. As can be seen from the figure, the spectrum of the

recombination product (curve b) shows a weak absorbance ('

above 400 ran. A final spectrum stable over at least several milli-

seconds (curve c) is obtained. In table 2, the kinetic measurements

along with the determined k -values are summarized. Inserted in

fig. 3 is a first order kinetic plot of the transient absorption.

It consists of two straight lines with different slopes. Th ini-

tial slope yields k whereas the second yields the rate constant

of the decay of curve b. As seen in table 3 this rate is identical

to that found from chemiluminescent measurements. Based on this

identity we assign the transient spectrum of curve b to the per-
9 -1oxide adduct. Again, a systematic decrease of kc from 1.4 x 10 V.

s~* to about 2 x 10 8 M"1 s betv/een pH 7.7 and 11 is observed,

a fact that further confirms the pK.-step of the luminol radical.
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at two different ratios between H ^ «n<! luminol . The two

curves display a monotonous increase with increasing pH up to

about pi I 11, but they dif fer both in absolute l ight yield and

apparent pK.-value. This result shows tin- competition between

HpÔ  and luminol for O!l*-radicals where the increase with pH

reflects the dissociation step of frLtL into i ts anion. The de-

crease at high pH matches rather well the decrease of the

fluorescent quantum yield of the phtalate-ion. The shif t in the

apparent pK.-values is smaller than would be predicted on the

assumption that hLOp-dissociationis the only pH-effcct. To inverlig.

te the remaining, i f any, pH-effect, H?(L-t.itrations similar

to those in f i g . 1 were performed at three different pH-values.

As shown previously the maximum obtained in this type of cxperi-

[ 2 ] o
ments corresponds roughly -—-*--•:~ = constant ~ 1. Thus, the

L io
maximum l ight integrals can be compared without the interference

of the HpO» equilibrium. To state i t di f ferently; at a given dose

the same total amount of the peroxide-adduct is produced i r re-

spective of the pH. The maxima increase with increasing pH, which

proves that there is another pH-cffect outside the above-mentioiird

t r i v ia l one. The pK.-value 9.3 - 0.3 was found.

Generally speaking, the total chemiluminescence quantum yield

$ , can be represented as a product of three factors.

h '

0 is the chemical quantum yield

0r is the fraction of excited molecules on trie "correct" path-

way



p.-! is the fluorescence quantum yield of Hie cndprodtict.
17 ViP»t-j has been determined by Seliger ' u. His results show

that between pi I 7 and 11 0,, is essentially com 1 ant

and roughly equal to 0.30. After pi 1 11, 0,, decreases

strongly.

Assuming that 0^ is independent of pH, the light integral between

pH 7 and 11 should be a good measure of the chemical yield 0 .

Therefore the results of the "max i muni-value" titrations arc indi-

cative of an alternative chemical polh, which does not lead to

light production and whose importance increases with decreasing

pH.

The dark reaction.

Consider fig. 5 together with the inserts. First, the inserts show

that the absorbance of the transient at 385 nm doesn't approach

the base-line monotonously, which it should if the final product

is 3-anrino-phtalate. Instead, its initial decrease is followed

by a subsequent increase towards a final absorbance. The two spec-

tra which are taken when the peroxide intermediate is known to

have formed, and later, when the absorbance has obtained a finctl

value, differ markedly from each other, displaying an isosbestic

point. The final product formed in the "dark" reaction is yellow

and has a stronger absorption at 290 nm than the peroxide adduct.
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Table 3 shows the results of the kinetic measurements. A first

order rate constant at pH 7.7 is obtained with the value

(2 - 0.5)*l0 s" . Since the signals are rather small the close-

ness of the values could be spurious. For this reason the error

margin is estimated.

The direct light-producing step.

Before enumerating the results a short digression will be made

to describe the nature of a typical chemiluminescence curve (i.e.

intensity versus time). Consider the following scheme:

lunv + OA * (lumCL) * end-product + hv (5)

k is the rate constant for decomposition of the peroxide-adduct

to yield light. The following relationship is obtained for the

light intensity I.

Y is a composite apparatus-constant. Expressing [(lumO^) J by I

and rearranging we obtain.

(8)
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Eq. (8) can't be solved analytically unless simplifying assump-

tions are introduced. By putting [o~J y> [}umj we obtain the

equation for the familiar first-order consecutive sequence. This

has the standard solution:

0 , k r [o ] t
{e c L 2 J o -

In the general case, the rate constant will have to be simulated

from the chemiluminescence curve. However, in the limiting cases

where k '» V M)I! or vice versa, both constants can be measured

directly. At short times, one of the exponentials is effectively

constant. Therefore a 1 nU m a x~ I) v-s« t-plot will have the slope

equal to the larger rate-constant. At long times, a In I v.s. t-

plot on the decay-part of the curve will yield the smaller rate-

constant.

Fig. 6 shows typical chemi luminescence curves at pH = 9.3

and 11. All curves are measured under pseudo first-order condi-

tions. The curves display similar decay characteristics,whereas

the rise-part is much more rapid at pH 11. Tables 2 and 3 present

the k and kr values which are obtained from the curves. As

can be seen k has the value 1.8 x 10 5 s"' at pH 11 and drops

about 3 000 s at pH = 9.3. These results can be rationalized

in the following way. It is assumed that there is an acid-base

equilibrium of the peroxide adduct which is marked p«A in the

reaction scheme.



The protonated form undergoes a dark reaction with a rate constant

(2 - 0.5) • 10 s . The basic peroxide-adduct is involved in a

rapid intramolecular reaction which ultimately forms the ox i ted

state and yields chemiluminescence. The rate constant ^p for

this process should be larger or equal to 2 x 10 s . The accuracy

of our results permits only the calculation of the range for the

pKA-value of the peroxide. In the calculations the l imits

1 500 - kd - 2 500 sec"1

and

1.8 x 105 - kp - 106

are used where the upper l im i t 10 appears a reasonable assump-

t ion. Setting k = kd at pH = 9.3 (obtained from the "maximum-value"

t i t ra t ions) , the limits of the pK^-value of the peroxide adduct

were calculated.

11.1 < pKA < 12.1

where the upper limit is dependent on the highest value assumed

for k . This is a fairly reasonable value for a peroxide (c.f.

pKA for H ^ = 11.7). with the evidence at hand a nitrogen

centered peroxide adduct can not be ruled out.



Detemn'na t ion of the relative quantum yield.
19 5

Wlirzberg et al have rerun the experiments of Baxentlale and

measured the quantum yield in the luminol-(^-system. By using that

system as reference, we are able to estimate the chemilumine-

scence quantum yield in our system. Fig. 7 presents the results

of this determination. We obtain for 0cj the approximate value

* 0.10. Though this value contains the cumulative errors of two

relative measurements its mere largeness indicates that the chemi-

cal step studied here is really the one directly responsible for

light generation. It should be pointed out that here 0cl is

defined as the number of photons produced to the number of luminol

molecules consumed.

reflections on the?

Upon comparison of the Iuminol-02-system studied by Baxendale
14

and Wiirzberg et al , with the present system, the following

striking similarities are observed.

a) The integrated light intensity versus pH displays approxi-

mately the same apparent pK.-value.

b) The light obtained remains constant in both systems between

pit 10 and 11.

c) The rise-time for chemiluminescence decreases monotonously

with increasing pH.



These observations strcnyly suggest, that in both cases the

crucial intermediate (namely the peroxide-adduct) is operative.

In the Op-system, the formation of the peroxide adduct should

be the result of a dismutation of the peroxy-radicals. If so,

formation of the peroxide could be parallelled by the production

of axaquinone and Op. Indeed, Baxendale and Wurzberg et al observe

an increase in absorbance between 500 and 600 ran, a spectral

region where azaquinone has a sizable extinction coefficient .

The lower quantum yield found in the luminol-Op system is most

probably due to competing reactions in the dismutation step of

the peroxy-radicals.

Relating the present work to existing theories.

Finally, relating the present reaction scheme with modern theories
20 21

on chemiluminescence as proposed by White et al , McCapra et al ,
22

Schuster et al is appropriate. First it will be noticed that the

kinetic findings in this work in no way contradict or confirm

the presence of an electron transfer in the final excitation step.

At present we are not able to assess the nature of the decompo-

sition step. Reaction schemer *L where expulsion of nitrogen is

followed by further steps are not inconsistent with our results.

Since only one kinetic step can be measured in the decay of the

peroxide, it transpires that if further steps exist, they should

be very rapid indeed (k > 10 s ). Further work will be done

to determine the activation parameters of this reaction.
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Table 1. Rate constant for the reconbinution of the

luminol radical.

H2O2 5.0 x 10~
3Mt luminol 10"

3M

nm

7.7 430

400

450

600

9.3 400

600

11.0 400

430

£

cm M"1

2138

2100

2143

2610

1735

650

2320

420

2540

2074

2k x 10~8

7.7

8.3

8.2

8.1

8.2

7.5

6.2

6.7

5.0

4.7

Dose

krad

5.9

5.0

5.3

5.4

7.4

4.8

6.7

8.1

6.3



2. Kate-con.stant for the reaction between

PH

the luminol radical and 01

—8k x 10 Dose

1 Js * k rad M

eIi un Method

M

7.7 12.6

13.7

15.6

3.7

3.8

10"1 9 x 10" 5 AOkx at 450nm

II 4 3 0 II

n 4 0 0 i.

9.3

11.0

9 .1

9.9

10.0

8.2

8.3

1.6

2.3

n

1.9

2.2

6.5

13.6

6.3

13.5

16.8

4.5

1.9

9.4

8.x

4.5

1.0

10

10"3 Adk at 430ni

AtlK at 500nm

x xChbk

10" 3 Chdkxxx

Adk at 43Pnm

x Adk = Abr.orbance decay kinetics

Chbk = Chemiluminescence build-up kinetics

xxxChclk = " decay kinetics



Table 3. Rate-constant for the decomposition

of the peroxide-adduct

pH

7.7

9 . 3

11.0

k x 10 Dose

- 1
krad

1.71

2.06

ii

2.30

2.04

r

2.95

3.12

2.44

2.82

3.20

3.67

2.67

3.5

3.3

180

170

190

200

180

3.7

8.1

8.0

7.5

4.6

8.2

15.1

8.2

8.0

7.4

7.3

5.6

8.8

17.9

3.6

4.3

5.5

IJ.O

13.0

'H2°2
M

0.5

0.1

0.06

' lum
Method

M

10 3 Adk a t 450nm

AbkXXXX a t 385nm

10 " 4 Adk a t 450nm

Adk a t 400nm

II

II

0.1

0.06

0.2

0.1

1

2

•i

n

lo"3

.2 x

x 10

io-3

10

-4

Adk at

Adk at

Chdk

-4 „

Chbk

425nm

450nn

xxxx,Absorbancc build-up kinet ics

See Table 2 for the denotion of other methods.



Figure captions.

Fig. 1. The integrated light intensity at pK 11.0 ss a function
of added hLCL at three limrinol concentrations, lum
(0) 7.1 ' 10"5M, ( ) 8.4 • 10"4M, (A) 3.8 • 1O"3M.

Fig. 2. Transient absorption spectra of an aqueous solution
-3 -3

containing 10 M luminol and 10 M H 20 2 at two
different times. (0) At the end of the electron pulse
and (Q) 210 \ss later. The insert shows a second order
kinetic plot of the experimental data at 400 nni and
a dose equal to 6.1 krad. pH 7.7.

Fig. 3. Transient absorption spectra of an aqueous solution
-4 -?

containing 10 M luminol and 3-10 M H 2O 2 at pM 9.3.
a 27 ys, b 175 ys and c 650 us after the end of the
electron pulse. The insert shows a first order kinetic
plot of the experimental jJata i
[lunij= 10"4M, dose = 8.0 krad.

plot of the experimental data at 430 nnufHpO^ 10 M
4

Fig. 4. Integrated light intensity as a function of the pH. Turn

1O"3M (0) 10"2M H 20 2 (u) 10"3M H ^ .

Fig. 5. Transient absorption spectra of an aqueous solution
containing lO^M H 20 2 and 9'1O~

5M luminol at pH 7.7.
The peroxide adduct spectrum (0) is recorded 140 ys
after the end of the electron pulse while the "dark"
product spectrum (Q) is recorder 1.5 ms after the end
of pulse. The inserts display the time behaviour of
transient absorbtions at fixed vawelengths.



Fig. 6. Chenii luminescent intensity as a function of time,
where a and c depict the overall time behaviour
while b and d represent the bu i lei-up portion of the
chemiluminescence.Time scale in ps.
a:
b:

c:

d:

pH

pH

pH
pH

9.3 , 1O"4M

9.3 , 10"4M

11.0 , 1O"3M

11.0, 1O"3M

luminol ,

luminol ,

luminol ,

luminol ,

lO^M

l O ^ M

1 0 " ^

lO^M

H2°2
H2O2

H2°2
H2O2

, 9.5

, 8.4
, 8.6
, 8.2

krad
krad
krad
krad

Fig. 7. Integrated light intensity as a function of dose. (0) pH 11.0,
10~3M luminol, 7'10"3H H ^ , (V.) 10~3M luminol
pH 10.0 saturated with a 90% fy) + 10 % O2 mixture.

The dosescale is linear with the value 1000 corresponding

to 13 krads.
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CHLORINE DIOXIDE

PULSE RADIOLYTIC GENERATION AND REACTIVITY

TOWARDS HYDROGEN PEROXIDE AND SUPEROXIDE (Op

T.E. Eriksen, J. Lind, and G. Merenyi
Departments of Nuclear Chemistry and Physical Chemistry

Royal Institute of Technology
S-100 44 STOCKHOLM, Sweden

ABSTRACT

The yield of CIOA in irradiated aqueous solutions of
NaC102 has been determined by pulsed and steady state radio-
lysis. The yield was found to be strongly dependent on
Cip2 concentration but independent of pH. Several rate con-
stant have been determined. The mechanism of C10I production
in the reaction between e(aq) arid C10~ has been established
and a possible mechanism is proposed for the reaction be-
tween OH* and C10 Z.

INTRODUCTION

Chlorine dioxide, a well-known bleaching agent in pulp
industry, is a rather stable radical in acidic aqueous solu-
tions. At high pH-values it is readily consumed, but the ra-
te of its hydrolytic reaction is slow enough to allow con-
ventional kinetic studies, e.g. by stop-flow methods. In
contrast to this, the oxidative reactions of ClOj with or-
ganic matter as well as with hydrogen peroxide are extre-
mely rapid and don't readily lend themselves to kinetic in-
vestigations. In particular, CIO' is a powerful electrophi-
lic agent with high affinity towards anions. Consequently,
kinetic studies of such reactions presuppose in situ gene-



ration of C10I in solutions where the other reactants

are already present. Pulse radiolysis is admirably suited

for this task and the present work deals with the yield

and mechanism of ClOI-production in irradiated C10~ solu-

tions. In addition the reactivity of the C10I thus pro-

duced towards H 20 2 and 01 will be investigated. In this

respect our work can be envisaged as an extension of the

studies by Buxton et at.

EXPERIMENTAL

Apparatus

2
The microtron accelerator and the computerized de-

3
tection systems are described elsewhere. The dose was
monitored with a secondary emission chamber, previously

calibrated with an aerated aqueous 10 fcM KSCN solution

taking

u u
6» c * /-•/-. »t \— - 2.14xlC at 500 T\m •

(SCN)-

The stopped-flow apparatus used is of Gibbson-Durrum

type with a mixing time of «2ms. 20mm-cuvettes were employ-

ed. Y-radiolysis was carried out in an AECL220 Co-Y-cell

with dose-rate U20 krad/hour.

Materials

Throughout this work sodium chlorite (Alpha, techni-

cal quality) was used as received as the ClO'-yields from

unpurified and triply recrystallized samples were identi-

cal.

Na2B^O7xl0H2O, Na2HPOlfx2H2O, H ^ (aU P.A. Merck),

NaOH(P.A. EKA), NaOCl (Kebo-Crave, technical quality).

Ar (Aga, 00<5 ppm) and No0 (Aga, 09<2%)wcre also used with-



out further purification. Chlorine dioxide solutions were f

prepared as follows

Concentrated sulphuric acid was added dropwise to a

3-4M sodium chlorite solution purged with a steady stream

of argon. The outgoing gas-stream was successively pass-

ed through a 15 cm solid sodium chlorite column and a gas

washing bottle before finally being absorbed in triply

distilled water. The pH of the final solution was around

4. The solution obtained in this way remained stable for

a't least 5 hours in the dark.

Analysis

*

The CIO1 concentration was measured spectrophotometrically.

The extinction coefficient at 360 nm was determined iodo-

metrically and found to be in excellent agreement with the re-

ported value of 12 50 . Hypochlorite in the abs^ence of

chlorine dioxide and chlorite was determined spectrophoto-

metrically at 292nm (e=420 ). This e-value was also con-

firmed by iodometry. In irradiated alkaline solutions of

sodium chlorite (0.1M) where both C10I and CIO were present,

CIO was quantitatively converted into CIO' by acidifying

(pH w 5) the solution. Under these conditions H0C1 is con-

verted to ClOA according to the reaction

HOC1+2C1O~+H+ > 2C10'+C1~+H20

By addition of small amounts' of hypochlorite to chlorite

solutions this reaction was found to proceed quantitative-

ly as long as [C10~] was in large excess, the total con-
- -2

centration of C10? exceeded 10 M and 3<pH<7.5. To our know-

ledge this is a novel method of analyzing small amounts of

hypochlorite in the presence of chlorite.



The hypochlorite concentration was determined from

the difference in C10I absorption at 360 nm between acidi-

fied and alkaline samples. A gas-chromatograph equipped

with an argon detector and a 3m 1/8" column filled with

molecular sieve 13X was used for gasjanalysis.

RESULTS

When a dilute aqueous solution is irradiated with

ionizing radiation (gamma-rays, fast electrons, etc.)

the short-lived radicals OH*, eäq an<3 H' are formed in

well defined yields.

In the presence of N90 or H 90 9, e~ (at high pH also

H") is converted into OH' . Oxygen reacts rapidly with

e~ and H*. It is, therefore, necessary to remove 0o fromaq 2
the solution by purging with an inert gas (.e.g.AT) .

In Fig. 1 transient spectra obtained on pulse-radio-

lysis of 10 M NaC102 solutions purged with Ar or N20 are

presented. These spectra are constructed from individual

kinetic traces with 5 nm wave-length steps. Over the en-

tire spectral range the dynamics of the transient absorp-

tion consists of a build-up to a maximum during 6 ys after

the pulse followed by a several hundred microseconds decay

towards a final absorbance.

All transient spectra show an absorption maximum around

3.60 nm, which is characteristic of ClO

In addition, the spectra obtained at maximum absorb-

ance (a and c) display a peak around ?55nm, which is ab-

sent in the stationary spectra (b and d). The disappear-

ance is concomitant with a decrease in, the 360 nm absorb-

ance. As CIO! is a stable radical these observations re-

veal the formation of other radicals, which consume ClOX

initially formed. A comparison of the spectra obtained with



OH"-radicals only (c and d) to those with both e and
aq

OH* (a and b) show that in the former case the 360 nm ab-

sorption is larger while the 255 nm absorbance is smaller.

-4 -
In N90 saturated 10 C10_ M solutions containing

— 9 — -

10 M HCO all OH* radicals are converted to the reduc-

ing radical anion CO^and CIO* is not formed. On irra-

diation a long lived absorption with maximum at~260 nm

(Gc«6.8xlO ) was observed.



As can be seen there is a strict proportionality bet-

W e e n Measured a n d f H 0 2 ] -

Table 2 summarizes rate constants as determined by us.

For comparison, available literature values are compiled.

Some comments will be appropriate. kf0H*+C10~)
was deter--

mined by measuring the build up of the 360 nm absorbance.

Ihe rate constant for e"~ +C10~ was measured by directly
aq _ 2

monitoring the decay of the e absorbance at 550 nm. Our
aq

value is» in marked disagreement with the value given by Buxton et

at. We consider their rate constant to be unreasonably

high. The rate of the reaction between 01" and C10I was

determined by irradiating a solution containing equal con-

centrations of H^O» and ClOl at pH 12. Under these condi-

tions nearly equal amounts of O'"and CIO* are produced. The

360 nm absorption was found to decay according to second

order kinetics.
The rate constant for the reaction between hypochlorite

and hydrogen peroxide was measured at 292 nm by stopped-

flow technique with H20_ in excess. The rate varies only

slightly with pH in the interval pH 8-10.

Y-Radiolysis

The yields of C10' at two different C10~-concentra-

tions as obtained by y-radiolysis-are given in table 3.

It is evident that the formation of hypochlorite is concomi-

tant with the generation of C10I in accordance with ref. 1,

The uncertainty inherent in the measurements precludes any

firm conclusions, but a small increase in the C10" yield

with increasing CloZ-concentration is nevertheless indi-

cated. As shown in the previous section, H.,0,,, which is al-
6

ways formed in the radiolysis of water (Gj, 0 w 0 ?' > 3#s re~

active towards both ClOj and CIO". The reactivity ratio

k ( C 1 0 2 ) varies with pH. The G-value for 02-formation ob-

k(C10")



tained in 0.1M C10~-solutionsis close to the accepted G-

value of H 20 2 and reflects the reaction of H-02 with CIO-

or/and C10~. Consequently, the measured G-values of C10I

and CIO can only be viewed as lower limits. It should al-

so be noted that C10_ undergoes hydrolysis in alkaline so-

lutions which might introduce further lowering of the mea-

sured G(C102).

DISCUSSION

The reaction between é and C10~
— aq 2

In the light of the experimental findings the follow-

ing reaction mechanism is suggested

1) ClOl + e" ' > CIO;?."
e. 04 *•

2) C102~ > 0~' + Cl

3) CIO*-"* C10~ > CIO" +

4) CIO3.-+ H20 > CIO* + 20H

5) CIO* + 02- > C10~

Reactions 2 and 3 are borne out by the difference in G(ClOj)

in Ar and N«0 saturated solutions at low ClO^-concentrations

coupled to the increase in GCCIOI) with the increasing

ClOl-concentration in Ar purged solutions. Reaction 3 is

manifested in the formation of hypochlorite with a G-value

close to that of e" plus H' in the y-radiolysis experi-

ments. The formation of 02~ in reaction 2 is supported by

the fact that upon addition of formiate a stationary ab-
8 '

sorbance around 260 ran is obtained. The absence of any ab-
-H

sorbance at 360 nm in this experiment shows that at 10 M
C10« reaction 2 proceeds mur-b Tnore rapidly than reaction 3.



The initial production of 0A~ in Ar purged solutions also

explains the. decrease in the concentration of initially

formed CIO* to a final value. The decrease follows second

order kinetics with a rate constant equal to that measur-

ed for the reaction with 0* .

The reaction between OH* and

In a direct electron transfer between OH" and C10_

the yield of C10*2 should be constant once the ClO^ con-

centration is high enough to react quantitatively with

0H* (CC10~ * 10" U M J«
 s i n c e t h i s i s n o t t h e c a s e (viz' F i6* 2 )

åt least part of the OH' radicals most probably add to

CIO2 to form CIO2".

6) 0H' + CIO2 > CIO2" + H+

The increase in GCCIOI) with increasing C10~-concentra-
-U -3

tion in N20 saturated 10 -3x10 M solutions is inter-

preted in terms of the following competing reactions.

7) CIO2" > CIO" + 0~2

2- C 1 02
8) CIO3 j|-0-

£>C10' + 20H

Whether the species formed in reactions 3 and 6 are iden-

tical can not be decided from our experimental data.

However, it should be noted that the attack on ClO^ in re-

action 3 is nucleophilic whereas the OH' radical in re-

action 6 is an electrophilic agent. Thus, it is tempting

to assume the folloy/ing structures for the intermediates

formed in reactions 3 and 6 henceforth called A and B,

respectively.



B

Should only one intermediate exist, i.e. B, reaction 4

should be replaced by reaction 8 to retain the competi-

tion kinetics.

At C10~-concentrations ^5x10** M the CIO* yield ex-

ceeds the yield of primarily formed radicals in the ra-

diolysis of water. This fact can only be explained by a

radical mediated disproportionation of some C10o to CIO*

and either CIO" or Cl~. The identity of the species (X) which

operates as the mediating radical intermediate is not known.

Reaction of X«with some compound other than ClO^ should result

in a considerable decrease in the ClOj yield.

As noted above addition of H ?0 ? or luminol results

indeed in a reduction of the amount of CIO' formed.

Chlorite as an efficient source of C1OA

The primary aim of this work was1 to investigate quant-

titatively the feasibility of "in situ" generation of CIO,.



10

As the results testify electron irradiation is an

excellent method for this purpose. Thus this system should

prove of high value to the chemist concerned with the re-

activity of C10I towards various oxidizable compounds. There

are two drawbacks to this method:

1) The transient presence of a reactive interme-

diate (X) which is liable to react with the sub-

strate investigated. Since X features a high

reactivity towards C10~ itself a sufficient ex-

cess (100 fold) of ClOl over the substrate in-

vestigated will eliminate this unwanted side re-

action.

2) The simultaneous generation of hypochlorite.

The acidic form of H0C1 is comparable to CIO*

in its reactivity towards many substances while

the dissociated form C10~ is relatively inert.

Therefore, we conclude that this method of ge-

nerating ClOj is generally useful at pH>8.5.
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Table 1

PH

3.13

4.67

6 . 1

7.06

7.92

9.03

9.74

11.0

12.5

GCl0j

7.85

7.86

7.71

7.48

7.93

7.90

7.85

7.85

7.72

av = 7.8



Table 2

C102+H2°2

-1 - 1 3 ,• *
Reaction K(s mol dm ) Literature value

OH'+C102

0 7 +C10~

7xlO9

(4.5±O.2)xl08

l.lxlO10

(8±0,5)xl04

<4

(3.3±O.2)xl09

«2xlO3

6

1

4

.3xlO9

.9xlO8

.5X1010

•All literature values were taken fro» ref/ 1.



Table 3

ciol
3mol/dm

10"2

lo"2

10"2

io-2

lo"1

lo'1

lo"1

DOSE
krad

6.6

13.2

6.6

13.2

4.6

4.6

6.6

PH

4.44

4.44

9.64

9.64

10.04

7.09

10.04

Gcio'2

5.65

4.90

G=5.3±0.5

6.46

5.5

G=6.0±0.5

Gcio*2

10.05

10.36

13.2

12.2

11.3

• *
Gcio"

2.5±0.6

3.4

2.8

2.9

G=3.0±0.3

is the yield of C102 when one H0C1 reacts with two

CIO, to form two CIO, molecules.

After analysis of the C10- formed at pHlO.O4 the sample was

acidified to pH5.3 and [C102] was redetermined. In this sam-

ple £(0,) was determined to 0.9*0.05.

Gcio2 -
 Gcio2

GC10 2



FIGURE LEGENDS

Fig. 1) Transient spectra obtained on pulsed

irradiation of 10~ M aqueous ClOj"

solutions pH 9.S. Dose 2.5 krad.

a) Ar saturated, maximum signal 6 us after

the electron pulse.

b) Ar saturated, stationary -signal 900 ys

after the electron pulst.

c) N-0 saturated, stationary signal 6 us

a.fter the electron pulse.

d) N^O saturated, stationary signal 900 us

after the electron pulse.

Fig. 2) The yield of CIO* as a function of [C10~]

0 pH 6.6, Ar-saturated

7 pH 9.5, "

o pH 12, "

• pH 12, N20 "

A pH 6.6, "

• The mean value"from table 1

Fig. 3 Rate constants for the decay of C10' versus

HOl-concentration measured at 360 nm.
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THE OXIDATION OF LUMINOL BY CHLORINE DIOXIDE
The Formation of 5-amino-phtalazine-l,4 dione

by

T E Eriksen, J Lind and G Merényi
Departments of Nuclear- and Physical Chemistry
The Royal Institute of Technology
S-100 44 STOCKHOLM 70 Sweden

ABSTRACT

The pH-dependent reaction rate between luminol and chlorine

dioxide has been determined. The net oxidation reaction pro-

ceeds in two steps. The f i r s t of these is the formation of

a luminol-C102 adduct. This adduct which is unreactive t o -

wards oxygen reacts rapidly with i t s e l f or with a second

ClOo-molecule. The f ina l product has a broad absorbance be-

tween 450 and 650 nm. An identical absorbance is produced

when luminol is oxidized by H0C1. The species displaying

this absorbance is very reactive towards OH" and undissocia-

ted luminol. In the presence of hydrogen peroxide and at pH

> 7 the absorbance disappears. At the same time an intense

chemiiuminescence is observed, the decay of which is quant i -

ta t ive ly in agreement with the decay of the 450-650 nm absor-

bance. Prom these findings i t is concluded that the oxidation

product of luminol with C10£ is the 5-amino-phthalazine-l ,4

dione.



INTRODUCTION

The two electron oxidation product of luminol, 5-amino-phtala-

zine-1,4-dione (azaquinone) looms large in the chemiluminescent

literature as a 1) sometime and 2) ubiquitous intermediate

in the chemiluminescent process of luminol. While the se-

cond claim is neither proved, nor is it very probable, there

is some fairly compelling evidence for the validity of the

first one.

An important breakthrough from hypothesizing to experimenta-

tion is marked by the actual isolation of some relatively
1 o

stable azaquinones * . In this way it could be demonstrated

that the azaquinones yield chemiluminescence in the presence

of aqueous alkaline H2O2. Furthermore, the chemiluminescence

spectra are similar to those obtained upon catalytic oxida-

tion of the corresponding hydrazides.

While these findings prove beyond doubt that azaquinones are

reasonable intermediates, they fall short of demonstrating

the participation of the latter in the actual chemiluminescent

process of the hydrazides.

Omote et at. have been able to obtain small amounts of a

Diels-Alder adduct of 5-amino-azaquinone in a hemin-catalyzed

chemiluminescent system based on luminol. However, two ob-

jections can be raised to their claim of having proved the

azaquinone to be an intermediate in this system.

1. The amount of the isolated adduct is far from quantita-

tive.

2. It is conceivable that cyclopentadiene is reactive even

towards a 1uminol-radical with 'azaquinoid" properties.

Kinetic evidence for the participation of the azaquinone

in the chemiluminescence of luminol comes mainly from the
A

w o r k o f R a u h u t et al. . H o w e v e r , d u e to t h e s l o w o x i d a t i o n



of luminol by persulfate, the azaquinone could never be de-
tected in their system. Finally, the azaquinone has been

5 '
observed as a transient by stopped flow upon oxidation
of 2,3-naphtalic hydrazide with hypochlorite.

The present work aims at two objectives. First, it will de-
monstrate the mechanism of azaquinone formation in the aqueous
1uminol-C10 2 system. Subsequently, the chemical properties
of the in situ generated azaquinone will be investigated.

Note, that chlorine dioxide, which here is generated by pulse
radiolysis is not a "phantom" but a stable radi-
cal. The only reason why it is generated pulse radioly-
tically is the expedient of fast kinetic measurements on the
time evolution of the system.

Therefore, the present experiments are equivalent to
"stopped-flow" experiments with microsecond time resolution
where the "mixing time" corresponds to the time during which
chlorine dioxide is generated.

EXPERIMENTAL

The equipment,analytical methods and materials are described
in Ref. 6. Luminol (P.A. > 97% Egachemie) was found by TLC
to contain minor amounts of two impurities which could be re-
moved by recrystallization of the luminol mono sodium salt
in water. Comparison of the radiolytic yields and kinetics
obtained in pulseradiolysis experiments on purified and com-
mercial luminol showed no significant difference. Hence lu-
minol was used as received.



RESULTS

The search for a suitable oxidant

The OH'radical, which is produced in the radiolysis of water
oxidizes luminol rapidly to the luminol radical. To obtain
the azaquinone a second one-electron oxidation step is neces-
sary. All our efforts to achieve this second step by addi-

3-

tion of Fe(CN)g or by generation of initial 0H«-or C0~- con-
centrations in more than twofold excess over luminol proved
unsuccessful. Recently, it has been observed that C I O A yields

7 c

an intense and rapid chemiluminescence with luminol and Wfl^-
This observation now forms the basis of the quantitative de-

Q

termination of small amounts of C10« • Thus it appeared
worthwhile to scrutinize the oxidation mechanism of CIO2 in
the luminol system.

The reaction between ClOp and luminol

Figure 1 displays the bimolecular rate constant between lumi-

nol and ClO2 as a function of pH. It is observed that the

rate constant is increasing monotonously with increasing pH.

Furthermore, the inserts prove that the reaction is strictly

overall second order. At pH values below 7.5 the rate de-

creases more rapidly towards zero or very low values. This

fact can only be interpreted as meaning that undissociated lu-

minol (LH0) has a low reactivity towards C I O A . At pH 14 (not
8 -1 -1 3shown in the figure) the rate constant 1.6*10 s mol dm

was found. This behaviour can be attributed to a very high re-
p

activity of doubly dissociated luminol (L ) towards CIO,}. The
intermediate part (7.5<pM<ll) which coincides with the mono-
dissociated form of luminol (LH~) will be discussed later.
The overall shape of the curve gives ample evidence of the
electrophilic character of the ClO^-attack. Expressed in
simple terms, ClO^ is attracted by "bare" electrons.



j Intermediates involved in the oxidation of luminol by C1OA

i _£

J Upon reaction of ClO^ with luminol, the disappearance of CIO-

is concomitant with the following events:

a) At luminol concentrations below 2-10 M or at high do-

ses (the initial concentration of C10~ being higher than
-5~ 4-10 M) combined with luminol concentrations rang-

-3 -2ing from 2-10 M to 10 M, a broad absorbance centred

around 550 nm appears directly. In the pH-interval stu-

died, the rate constant for the appearance of this ab-

sorption is identical to that shown in Fig. 1.

-3 -2
b) At luminol concentrations ranging from 2-10 M to 10

M and initial C 1 0 2 concentrations below 4-10" 5

M (corresponding to doses < 5 krad) a transient absor-

bance appears around 430 nm. During this time, the

build-up of the 550 nm absorbance is also observed. The

latter has a time lag of ~ 10 ys. During the decay of

the 430 nm absorbance the 550 nm absorption increases

further to a "semi-stationary" level. This level is

proportional to the initial ClOA concentration (via.

Figure 2 ) .

For case b) the transient spectra and their dynamics are pre-

sented in Figure 3. At this point/ some additional experi-

ments concerning the 430 nm species, henceforth denoted by A,

will be described.

In solutions with pH in the range 8.5-11.0 containing 10 M

CIO2 and luminol (between 3-10" 3 M and 10" 2 M ) , the yield of A is

not linearly proportional to the dose. However, from the

initial slope of the yield verr.uv dose curves the G c ^ 3 0 nm

value for A was determined to 1.2*10 . This value combined

with the initial slope of the build-up of A enables us to

calculate the rate constant for the reaction luminol +

+ ClO^ -• A. The value of k is constant throughout the pll-

interval studied and is equal to (3.0i0.5) • 1 0 6 s ^ m o l " dm 3.



The extinction coefficient of A at 430 nm (e. 3 Q=2200±200)
was determined by two independent methods, with similar re-
sults.

1) The first method makes use of the extinction coeffi-

cient of the 550 nm species (vide infra), henceforth

denoted by Az and the stoichiometry 2A £ k Az.

This stoichiometry is confirmed by the second-order de-

cay of A ( | ^ = 4.1-10 5 s"1- m o l ' ^ d m 3 ) and the proportiona

H t y between the yield of Az and the initial ClO^ concen

tration (see Fig. 2 ) .

2) In a solution containing 10' 1 M ClO^ and 1 0 " 2 luminol
GC10 is assumed to be. 5.5 on the follo-

wing grounds: at the end of the electron pulse an ab-

sorbance identical to that of the luminol radical '

appears in the above solution. With increasing ClOl

concentration this initial absorbance diminishes. Also,

it is found that this initial absorbance is roughly pro-

portional to the reciprocal of the Cl0^ concentration.

This behaviour is interpreted in terms of the unspeci-

fied precursor to Cl0^ » which directly oxidizes lumi-

nol to the luminol radical.

From the known extinction coefficient of the luminol radi-

cal its yield in the above solution is determined to be G =

= 2.3. Assuming that the species which in this case produces

the luminol radical would generate the equivalent amount of

Cl0^ in the absence of luminol the actual yield of Cl0 2 is

estimated to be G C 1 Q = 7.8-2.3 = 5.5 where G = 7.8 is the

yield of Cl0^ in a 0.1 M Cl0^ solution 6.

The chemistry of the species responsible for the broad ab-

sorbance around 550 nm

Before any meaningful investigation of this species can be
undertaken it is mandatory to establish the exact stoichio-
metry of its formation from luminol and C10A. In addition
it is necessary to investigate whether hypochlorite (the

formation of which is always concomitant with that of Cl0A
6 11in pulse radiolysis ' ) yields the same product as ClO^,

and if so with what stoichiometry. By mixing varying



amounts of C10 2 or HOC1 with luminol in a "stopped flow" ap-
paratus it was found that the products formed displayed inter
nally identical absorbance spectra v. ichiyere al so identical
to the transient spectrum foundpulseradiolytically (see Fig.
3 ) . Thus both CIO2 and HOC1 form the same product, hence-
forth denoted by Az. Table 1 shows the results from the
"stopped flow" experiment. The extinction coefficient of
Az at 550 nm was calculated from the experimental absorbance
with the assumptions:

luminol + 2 C 1 0 ^ Az:.

luminol + H0C1 •+ Az

Of course, when ClO2 was in large excess, it was assumed that
all luminol yielded Az. The excellent internal consistency
of the calculated z$cn nn) proves unambiguously that the assu-

med stoichiometries are correct. Note particularly that ad-
dition of 0.1 M C10Z to the C109 solution does not effect

1 ? 13

the yield of Az. Recent reports ' claiming that the hydra-
zide, H0C1 stoichiometry is different from 1:1 are at varian-
ce with our observations, although the product spectrum re-
ported is similar to that of Az. Before embarking on a
quantitative comparison between the yields of Az obtained by
stopped-flow and pulse radiolysis respectively it will be
helpful to consider the various reactions of Az. Figure 4
presents the experimentally obtained first order rate con-
stants for the disappearance of Az as a function of pH. The
different curves correspond to different combinations of the
concentrations of luminol and ClOp, respectively. All expe-
riments were performed at high initial CIO2 concentrations,
thus complying to case a) under the heading "Intermediates in-
volved ... V Where possible, the pulse radiolytic measurements
were complemented by some "stopped-flow" values. Once more, the
excellent agreement between these measurements confirms the
identity of the "two" Az regardless of the method for its ge-
neration. It is also seen that 0.1 M C10^ does not modify the
reactivity of Az. Apart from individual variations betweer, the
curves, two gross features can be generally discerned.



1. Az is subject to OH~-catalyzed hydrolysis at high pH.

2. At low pH Az reacts with undissociated luminol (LH2)
with the concomitant appearance of a new and stable ab-
sorption around 470 nm.

As to the behaviour of the individual curves i t can be no-
ted that the lower the luminol concentrat ion, the lower the pH
where a curve def lects from the s t ra ight l i ne with slope 1 .

At high doses, the formation and decay of Az const i tu te a f i r s t -
order consecutive reaction sequence. When the bui ld-up and decay
rate of Az assume comparable magnitudes the measured decay rate
w i l l be slower than the true one. The true bui ld-up and decay
rates approach each other with decreasing luminol concentration
and increasing pH. Therefore, i t is reasonable to assume that the
true decay rate constants fol low the s t ra ight l ine with slope 1
in Fig. 4. The deviation of the 1 M ClO^ solut ion from the rest
should be at least par t ly ascribed to the ionic strength e f f ec t .
With the above proviso the fol lowing rate constants are obtained

kl(Az+0H-) = (4±l)'106 s - W W

k2(Az+LH ) = ( 1 - 3 + 0 . 2 ) - 1 0 4 s " 1 m o l ^ d m 3

With the above r a t e c o n s t a n t s a t hand we a re now ready t o d i s -

cuss the f i n d i n g s p resen ted i n F i gu re 5. A l l t h r e e curves in

the f i g u r e d i s p l a y a t r a n s i t i o n w i t h i n about 2 pH u n i t s f rom

a h i g h - y i e l d t o a l o w - y i e l d l e v e l w i t h an appa ren t p K A - v a l u e .

Since the sum o f GC 1 Q and GgC^_ i s no t dependent on pH t h i s

behav iour can on l y be accounted f o r by k i n e t i c e f f e c t s . The

key t o the pH-behav iour o f the curves l i e s in the r e a c t i v i t y

o f h y p o c h l o r i t e towards l u m i n o l . I t has been s h o w n ' t h a t

w h i l e HOC! i s r e a c t i v e towards l u m i n o l ( k , u n r 1 . i » «
5 - 1 - 1 3 (HOCl+lum) ,p

» 5-10 s mol dm ) 0C1" m a n i f e s t s no measurab le r a t e .

Th is f a c t coup led w i t h t he pK^-va lue p f H0C1 ( 7 . 3 ) e x p l a i n s

both q u a l i t a t i v e l y and q u a n t i t a t i v e l y the appa ren t pK^ v a l u e .

At h igh pH-va lues a downward c u r v a t u r e away f rom the p l a t e a u

i s observed on a l l c u r v e s , t h i s e f f e c t b e i n g more pronounced

in 1 0 " 3 M lum. s o l u t i o n .



Consider the measured first order reaction
sequence at initial CIO2 concentration > 4-10" M

luminol (in excess) *

ko(pH) k1
+ C109 --f1ft »» Az —• + Prod

1 U 0 2 OH"

It can be shown that thp following relationship holds

(K

Here [Az] is the final concentration of Az if the latter
were a stable product with no subsequent decay. [Azl „. is

Mica S

the maximum measured yield of Az and

k,[OH~]

k^Iluminol] t o t

where k and k-i are defined above. The pH dependent rate con-
stant krt is taken from Fig. 1 while for k-, the value
4*10 s~ mol dm is used. This correction, which is shown
for the 10 M luminol curve,demonstrates that in the C10 2 oxi
dation of luminol the integral yield of azaquinone is pH in-
dependent.

By use of E« at 550 nm obtained from the "stopped flow" mea-

surement and the yield of C10 2 in 0.1 M C10 2 solutions (G C 1 Q =

= 7.8) the yield of Az in the pulse radiolytic system
(10"3 M luminol and 10" 1 M C10 2) is determined to « 9 5%±
±5% by the formula:

6.
fyield) A z% = }

 Az • 100
7 G C 1 0 2

In 10" 3 M luminol 0.1 M ClO^ solutions at pH 7 where on the
timescale of the measurements H0C1, too, participates in the
production of Az a yield of Az = 95+7% was found.

t

This yield is based on G H Q C 1 = 3.0+0.3, G C 1 Q = 7.8+0.26 and

a kinetic correction (10% increase) as described for C102 but
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with the pertinent pseudo first order rate constants (

" 5'}°2 s"1' kA 2 +LH 2 -
 13 *'*)'

When the luminol concentration is increased to 10 H in a

10 ClOg solution (curve b) a lower yield of Az is ob-

tained compared to that of curve a. As pointed out before

a precursor (x) to C102 reacts directly with luminol at this

concentration (instead of with ClOl) to form the luminol ra-

dical. The decrease in the yield of Az between curves a and

b is matched by a corresponding initial production of the

luminol radical. Upon increasing the C10Ö concentration to
-2 -1 M (10 M LH ) the yield of Az increases (curve c) and no

initial formation of the luminol radical is observed.

Assuming a 95% yield of Az, the Gp,Q is calculated to 9.2

from curve c. This value is in excellent agreement with the

one presented in Fig. 2 of Ref. 6. Comparison of curve a to

b reveals that G^Q^-J is not significantly effected by varia-

tion of the luminol concentration.

Analysis of gaseous end-products

Table 2 presents the yields of N2 and 0 2, which are the only

gases formed (with the exception of H 2 which is formed from

the primary radiolysis of water and is used for internal

calibration with (GH ) = 0.45) 1 4.
2 non scav

_3
Addition of known amounts of C10 2 and H0C1 to 10 M luminol

solutions at pH 10.5 showed that nitrogen is produced with a

1:2 and 1:1 stoichiometry, respectively. For H0C1 this is in

agreement with Ref. 15. Up to 0.1 M ClO^ had no effect on

the stoichiometry. Within the limits of experimental accu-
- 3

racy (10*) the following equality holds for the 10 lum.

0.1 M ClOl solution.

Gil2 "
 GHOC1 + G C 1 0 2

7 2
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Thus the stoichiometry obtained from the "stopped-flow" ex-

periments is independently confirmed. At pH 7.2 the low

yield of N2 in 10" M luminol solutions demonstrates the addi-

tion of A2 to undissociated luminol as previously inferred

from Fig. 4.

-2
The marked decrease of ^ - y i e l d s in 10 M luminol solutions

indicates that the hydrolysis is not a sii pie one-step pro-

cess.

The effect of oxygen

The second order decay of the 430 nm absorbance (species A)

showed no significant change unnn addition of 6-10 M oxy-

gen. This fact contrasts markedly to the high reactivity of
9 16Op versus the luminol radical ' . This inertness of species

A towards 0 2 is consistent with the observation that the

yield of Az remains unchanged upon addition of 0 2 (see Fig.

2).. "Stopped-flow" measurements confirm the latter observa-

tion.

DISCUSSION

The nature of A7

The question of prime importance is the identity of the spe-

cies Az. The claim that Az is 5-amino-phtalazine-l,4-dione

is based on the following observations.

1. In the oxidation of one molecule of luminol two mole-

cules of C10 2, but only one molecule of HOC! is con-

sumed to form one molecule of Az.

2. The oxidation of naphtalic hydrazide with H0C1 yields the

corresponding azaquinone ben20-pfitalaz ine-1 ,4-dione .

3. The spectrum of Az around 550 nm resembles the one repor-

ted for naphta-phtalazine-1,4-dione the chemiluminescence

of the latter being similar to that of luminol .
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4. The rapid hydrolysis of Az yields N2 quantitatively.

5. As shown in Ref. 17 Az chemiluminesces intensely
in the presence of H0~ and yields 3-aminophtalate as
an end-product.

The reactivity of Az as demonstrated in Fig. 4 gives a quan-
titative explanation to why it has not been isolated.

The most reasonable end-product of the hydrolysis of Az is
the anion of 3-aminophtalaldehydic acid. Indeed the naphta
aldehydic acid has been isolated as a product in the oxida-
tion of naphtalic hydrazide by hypochlorite . At pH ~ 7
or at luminol concentrationsHO M the decrease in the yield
of No is explained by the reaction of Az with LHp.

The reaction mechanism

The experimental findings permit a fairly detailed establish-

ment of the reaction mechanism summarized in the reaction

r* s^Vtv*/1 'scheme; some comments about certain points will follow.
l""""'~ ^ oj.

The rateYthe reaction between ClOo and luminol, measured as CIO-
disappearance at luminol concentration ~10 M is pH depen-
dent in the pH range 8-11 where luminol in itself is a mono-
anion. This fact contrast to the pH independent rate of the
production of the adduct (A) as measured at 430 nm in
2-10 M luminol solutions. At pH 11 the rate of adduct for-
mation is about half of that of C10 2 consumption. To explain
these observations we invoke the acid base equilibrium for
the C10 2 adduct of luminol with a pKa ~ 9.

' 2

The dissociated form of the addict (A ) reacts rapidly with

C10 2 whereas the undissociated form (AH~) must be relatively

inert. The rate constant for C10 2 vcrouo (A ") was estimated

(K « 3-10^ s'^mol "^dm"*) from measurements at such
(Az"+C102)

high i n i t i a l C102 concentrat ions t ha t the adduct showed no

bu i ld -up and thus the steady s ta te approximation could be app-

l i e d to i t s k i n e t i c s .
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It should be remarked that the structure of the Cl0o-1uminol
2-

adduct (AH * A ) is only tentative. The possibility of
addition of CIO2 to the oxygen of the enolic form of lumi-
nol cannot be ruled out on the basis of our experimental findings

Any structural assignment of this adductshould be compatible
with the following three properties.

1. The acid-base equilibrium of the adduct

2. The'close resemblance of the adduct spectrum to thet of

the luminol-radical

3. The low reactivity of the ClOg—adduct towards oxygen
whereas the opposite is true for the luminol radical.

It is precisely the inertness towards oxygen which brings
about the formation of Az irrespectively of the presence of
oxygen. As seen in Fig. 2 at pH 11 a slight curvature may
be present, indicating that at CIO, concentrations, where

2-adduct recombination (and not the reaction between A and

C102) is the dominating reaction, Az may not form quantita-
tively. Therefore, at worst, about 15$ of products other
than Az may be formed.
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Table 1

PH

8.76

8.21

8.21

8.21

8.0

7.05

7.05

8.03

7.01

8.76

8.76

2xlO"4

1.25xlO~3

1.25xl0"3

1.3 xlO"4

5.0 xlO"4

io-4

io-4

lo"4

2.0xl0"4

2.0xl0"4

l.OxlO"4

ccio2'« '

8.0xl0~5

2.5xlO~4

2.5xlO"4f

5.0xl0~4

2.5xlO*"4

5.0xl0~4

5.0xl0"4H

1.25xl6~3

>
•i

CHOC1IM]

8.0xl0"5

2.6xlO"5

b.8xlO~4

(OD550)»«as

0.22

0.62

0.61

0.73

0.68

0.51

0.51

0.55

0.45

0.16

0.52

^SSO^ale

2750

2480

2440

2800

2720

2550

2550

2750

'2810

3080

2600

c=2700±200

Initial concentrations in reaction chamber

•f 0.1 M C1O2 was added.



Table 2

'lum[M] -[M] Dose
(krad)

Dose rate
krad/h

7:2

10.2

11.5

11.2

11.2

11.0

lo"3

10"3

IQ"3

lO"2

lo"2

10"2

lO" 1

lo"1

lO" 1

lo"1

IQ"1

1.0

33

33

33

20

14

20

0.9

7.0

7.1

3.1

3.1

1.8

<0.1

<0.1

<0.1

0.45.

0.5

0.2

396

396

396

396

2.5xlO9

396

The G-values are based on a GH =0.45 in art aqueous

solution.



Figure Captions

Figure 1

The bimolecular experimental rate constant for the disappea-

rance of CIO2 due to its reaction with luminol as a function

of pH.

O CIO2 disappearance measured at 360 nm

A Azaquinone build-up measured at 550 nm

The inserts show the dependence of the measured rate constants

on luminol concentration.

A pH ll.l,O PH 9.6, A pH 8.5

Figure 2

'The optical density at 550 nm as a function of dose.

pH 7.93, 2'10"4 M luminol, 0.1 M CIO', purged with

90% N2O, 10% O2.

Same as above but purged with Ar

A pH 11.1, 10~2 M luminol, 0.1 M C102 purged with Ar.

Figure 3
—2 —

Transient spectrum obtained from a 10 M luminol 1 M C102

solution at pH 9.2 and the dose ~ 1.9 krad.

O 36 ys after the electron pulse

A 475 ys after the electron pulse

The inserts show from top to bottom: The calculated (from

Fig. 1) disappearance of C102. The build-up of the absor-

bance at 550 nm. The build-up and decay of the absorbance

at 430 nm.

Figure U

The measured pseudo fist order decay rate of the azaquinone

as a function of pH

E3 Measured with "stopped flow". Luminol ~ 10 M

O IO~H M luminol, 10"1 M C102

D 10~3 M luminol, lO'1 M C102

A 10~2.M luminol, 10"1 M

A 10~2 M luminol, 1 M CIO"



Figure 5
The pulse radiolytic yield of the azaquinone as a function

of the pH

curve a 10"3 M luminol, 10"1 M C10~

experimental values, A corrected values

curve b 10"2 M luminol, 10"1 M

curve c 10"2 M luminol, 1 M C1O2
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THE CHEMILUMINESCENCE OF 5-AMINO PHTHALAZINE 1,4 DIONE IN
THE PRESENCE OP HYDROGEN PEROXIDE

by

T Eriksen, J Lind and G Merényi
Departments of Nuclear and Physical Chemistry
The Royal Institute of Technology
S-100 44 STOCKHOLM 70 Sweden

ABSTRACT

In aqueous solutions containing luminol, H-O- and C10~,
chlorine dioxide (CIO-) is generated by pulse radiolysis.
J.Oj oxidizes luminol to 5-amino-phthalazine-l,4-dione
(izaquinone). The latter reacts with H0~ to yield an intense
rhemiluminescence. The results obtained from detailed kinetic
study at various pH-values and from product analysis are con-
sistent with the following conclusions:

0The azaquinone combines with HO, to form an open carboncen-
tered peroxide. The latter decomposes via a short-lived endo-
peroxide in two parallel reactions. The first of these yields
oxygen and luminol while the second one generates nitrogen
and ultimately excited 3-amino phthalate with essentially unit
efficiency. The kinetics of the present system is compared to
that of other similar systems reported. Based on observed
differences, the presence of several peroxide intermediates
is implied. In addition evidence is presented that 3-amino-
phthalate may not be the sole emitter in every chemiluminescent
system based on luminol.



INTRODUCTION

In the first paper about luminoi chemiluminescence Albrecht1

introduced5-amino-phthalazine-1,4-dione (henceforth denoted
azaquinone) as an important intermediate in the chemi1umine-
scent process of luminol. However, later works ' proved the
reaction mechanism as proposed by Albrecht wrong in all impor-
tant aspects (notably the suggestion that luminol is the emit-
ting species). The kinetic findings of Rauhut et al. strong-
ly support the actual involvement of the azaquinone in at
least some luminol-based chemiiuminescent systems.

By isolating several stable azaquinones, White and Gundermann
could demonstrate that these species chemiiuminesce in the
presence of HOjJ in aqueous solutions. The major end products
found were the corresponding dicarboxylates. Furthermore,
the spectral match between the chemiiuminescence of the aza-
quinones and that of the corresponding hydrazides as well as
the fluorescence of the corresponding dicarboxylates was quan-
titative.

The short life-time of the azaquinone presents
an insurmountable obstacle to the isolation and hence to the
direct investigation of this substance. A workable alterna-
tive is to in situ generate it in the presence of hydrogen
peroxide.

The reaction between theazaquinone and HO^ is expected to yield
a carbon-centered peroxide intermediate . In this respect it
should be noted that several peroxides have been proposed as

o

possible precursors to the f inal emitter . One such peroxide
intermediate, obtained by recombination of the luminol
radical with the superoxide anion (0£) , has recent ly been

The generic term peroxide wi l l be used to denote any species
isomeric to a luminoi-O? adduct irrespect ive of i t s acid base
equilibrium.



characterized kinetically . Comparison of peroxides formed
by different routes could be instrumental in clarifying the
questionwhether there are several mechanisms in luminol chemi
luminescence.

EXPERIMENTAL

The equipment» analytical methods and materials are described
in Refs. 10 and 11.
3-aminophtalic acid*HCl (p.A. Egachemie) was used as received.
TLC was run on silica gel with ethanol as the eluent.
The pulse radiolytic G-value is the number of molecules of a
certain species converted for 100 eV absorbed energy. Ex-
pressing the concentration c in mol dm and the dose D in
krads the following relationship is obtained:

6-D
9.65-10'

G-D'10 -6

RESULTS

In situ generation of the azaquinone

Upon the radiolytic generation of the azaquinone in the pre-
sence of hydrogen peroxide a bright chemiiuminescence is ob-
served. This can also be achieved by addition of chlorine di-
oxide to a solution containing luminol and hydrogen peroxide .
However, since the reaction rates operative in this system
are high (vide infra) homogeneous conditions can be maintained
only in a limited concentration - and pH-range. This problem

is circumvented by the use of pulsed radioiysis due to the inhe-
rent homogeneous generation of C10£. In Fig. 1 some typical che-
mi luminescence curves and the temporal change in absorption at
550 nm as obtained by pulse radiolysis are presented. Note that
in all cases the initial concentration öf C109 produced exceeds
4*10 3 M and the formation of the azaquinone thus follows first
orderfkinetics. Comparison of curves a and b clearly shows that
the disappearance of the azaquinone is concomitant with the chemi
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luminescence decay at low HOj[ concentrations. By varying both
pH and [HgOgl^Q^ the observed rate constants for reaction 1, pre
sented in Table 1, have been obtained

g
Azaquinone + H02 * Peroxide 1

By subtracting the contribution due to hydrolysis (see Table 2)

from kQk$ and by u t i l i z i n g pKa^ Q = 1 1 . 6 5 k c a i c was obtained.

When the pH is held constant while l H 2 0 2 J t o t * s v a r i e < * t n e d u r a ~
tion of the cheroiluminescence becomes shorter with increasing
H202 concentration unt i l the cheroiluminescence curve displays a
f ina l [H 2 0 2 K .-independent shape. The [H2O23 t ^-independent
curves feature the following character is t ics .

a) At pH < 9.2 the build-up rate corresponds to that found for

the formation of the azaquinone from luminoi and C102. The

decay rate is proportional to [0H~].

b) Above pH 10.5 the s i tuat ion is reversed. The decay rate of

the chemiluminescence matches the rate of azaquinone forma-

t ion . The rate of the build-up increases s l ight ly with i n -

creasing pH to a t ta in a pH independent value pH > 11 .

c) In the intermediate pH region (9 .2 ipHi l0 .5 ) the rates of

build-up and decay are of similar magnitude. Therefore, no

attempts were made to ex t r ica te the individual rate con-

stants in this pH- in terva l .

In the above experiments the general observation is made that at

suf f ic ient ly high tH2^2-Uot t * i e a D S O r D a n c e ° f t n e azaquinone is
almost absent.

The l imi t ing rate constants as obtained from the chemilumine-

scence decay at pH <9.6 and the corresponding build-up at pH

>10.5 are presented in F ig. 2. The variat ion of the rate con-

stant with pH discloses a species which reacts onlyjin i t s non-

protonated form. By f i t t i n g the theoret ical t i t r a t i o n curve
K

K „ to the experimental points

where k 1s the measured rate constant, K. 1s the ado-base equi-

Hbrium constant and,k 1s the rate constant of the base, the
nici A

f o l l o w i n g v a l u e s w e r e o b t a i n e d ; pKa = 1 0 . 6 * 0 . 2 , k m a v = ( 1 . 3 + 0 . 2 )
a* « III Q A

• 1 0 b s " 1 .



In Fig. 3 the light integrals recalculated as quantum yields (vide
infra)as functions of tH2°2^tot at individual pH values are presen-
ted. The increase of the light integral with t ^ ^ t o t at low
concentrations of the latter reflects the competition between
CHOg] and [OH"] 7 for the azaquinone. Similarly when the [H 20 2]
concentration is increased the decrease in the light integral
can partly be attributed to the competition between luminol and
[HOp for C102- The pH dependence of the light integral is con-
structed from the maxima extracted from such concentration curves
Due to the low intensity (slow reaction rates) below pH 9 the
measured light integrals are somewhat uncertain, but the de-
crease is significant.

Variation of the dose discloses a strict proportionality be-
tween the light integral and the initial CIO^ concentration.

Recently WUrzberg et at. have determined by pulse radiolysis
the chemiluminescent quantum yield in the 1 uminol-oxygen system
to vcfr = 0.024 based on initial radical production. Using corres
ponding doses the present system yields under maximum light in-
tegral conditions (pH 9-11, optimum H 20 2 concentration) 6.0 times
more light than the (luminol-02) system. From this result the
chemiluminescent quantum yield based on the integral azaquinone
yield can be calculated according to the following

0 . 6.0 . !2H£f0H-= 6.0 •
 6-°:° }

0 2 4 - 0.23
Az

When a 10" 3 M luminol, 10"2 M H 20 2, 0.1 M C10 2 solution at pH
11 was irradiated with several pulses of electrons, a decrease
of only about 40% was found in the light integral after a total
dose ~400 krad, which is equal to the production of 3 molecule*
of CIO^ for each luminol molecule initially present . The kine-
tics of chemiluminescence was found to be uneffected. This some-
what unexpected finding will be further commented on in the dis-
cussion below. Within experimental accuracy (5%) oxygen had no
significant effect on the integrated li'ght intensity.



Chemiluminescence spectra

In Fig. 4 the chemiluminescence spectra of the present aza-
quinone-based system is compared with that obtained from the
luminol-HgO^ system p'unged with Ar or a 50X mixture of N20
and 02- Each experimental point in the figure represents the
mean value of the measurements of identical fresh samples and
the optical band width used was 2.5 nm. These spectra are not
corrected for photomultiplier sensitivity, but they can be com-
pared internally. For each experimental condition (a-d in Fig.
text) the spectrum was drawn separately. Superposition of these
spectra revealed that they constitute two separate catego-
ries. In order to investigate if the slight but significant
spectral differences between these categories were due to ef-
fects of ClO2 or H 20 2 on the fluorescence of 3-aminophthalate
the fluorescence spectrum of the latter in environments cor-
responding to both categories were recorded (Fig. 5). No spec-
tral shift due to H2O2 or ClOg was found.

PRODUCT ANALYSIS

The gaseous yields from y-radiolysis (dose rate = 396 krad/h) and
repeated pulse electron irradiation (18 pulses/sec, pulse length
2.ps dose/pulse = 14 krad) are presented in Table 2. When a
dose of 400 krad, which results in a 3/1 excess of C102'
over luminol was delivered by y- or e-bearn irradiation to a
solution containing 10"3 M luminol 10"2 M H 20 2 and 10"1 M
C102 at pH 11, the only by TLC detectable species were lu-
minol and 3-aminophthalate. By running UV-spectra on separa-
te blanks of 3-amino phthalate and luminol the concentrations
of these species in the irradiated solutions could be deter-
mined. Calculations on the UV spectrum of the irradiated
samples were performed at every fifth nm between 305 and
360 nm with the calculated yields varying less than 10%
above 315 nm. A 20% deviation from the mean was observed
below 315 nm. This deviation can be accounted for by the
consumption H 20 2. The combined results of these measure-
ments are presented 1n Table 2 together with other yields



of importance to this system. As seen from the table the
results are identical Irrespective of the dose-rate. Though
this finding strongly suggests a dose-rate independent reac-
tion mechanism, the lack of information about the light
yield in the y-radiolysis case prevents us from arriving at
an unambiguous conclusion.

DISCUSSION

At initial C102 concentrations above 4-10"
5 M the dynamics

of the chemi1uminescence is described by three kineticaily
distinguishable first or pseudo first order reactions.

•1. The reaction of C10£ with luminol to form the azaqui-
none.

2. The nucleophilic attack of HO^ on the azaquinone to
form a hydroperoxide.

3. A pH-dependent intramolecular rearrangement of this per-
oxide.

The first of these reactions has been discussed in Ref. 7.
Only one point should be stressed here. As mentioned in
the results, the characteristic absorbance of the azaqui-
none can be observed only at low H202-concentrations.
When £H202Jtot

 is h l 9 n th*1s absorbance
1s almost absent. This phenomenon does not imply that the
presence of H 20 2 suppresses the formation of the azaquinone;
rather this is a manifestation of the fact that the azaquinone
is consumed by H02 at a more rapid rate than it is
formed from luminol and C102. Indeed, throughout this work
the ratio between luminol and HO^was such that not more than
« 5% of the C102 Initially formed reacted with H02 directly,
as can be calculated from the rate constants in Table 2.

At low H202-concentrat1ons the chent1lum1nescence decay de-
scribes the reaction Az+H02. Table 1 quantifies this obser-
vation. In particular it is gratifying to find that the tem-
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porai change in luminescence and absorbance describes the same
chemistry. Since the rate of this reaction is proportional to
[H02] and not total H 20 2 concentration it must be concluded that
a nucleophilic attack is involved leading to the formation of a hyd
roperoxide. This hydroperoxide rearranges in an intramolecular
process. This rearrangement is quantitatively characterized by the
pKa-value of 10.6±0.2 where only the dissociated species under-
goes the rearrangement reaction with a rate constant equal
to (1.3±0.2)*10 s . Therefore, this reaction is consis-
tent with an intramolecular nucleophilic attack of the hydro-
peroxide moiety on a carbonyi group. The.hydroperoxide
(I) produced by the recombination of 0A with the luminol ra-
dical differs in two important aspects from the one (II)
reported in this work.

1. The pK^-valuo of I (11,1-12,1) is higher than that of
II by « 1 pH-unit.

2. The protonated form of (I) is involved in a dark reac-
tion. At pH-values below « pH 9 the dark raction is
manifested in a pH independent decay rate of the chemi-
luminescence.

In contrast to this, the decay rate of chemiluminescence
in the present system decreases monotonously with de-
creasing pH. Therefore, the protonated form of ( H )
is stable (k<100 s" 1).

The significant differences between (I) and (II) can be ex-
plained by the separate existence of a carbon-centered and
a nitrogen-centered hydroperoxide. The question is which
is which ? Preliminary semiempirical quantum chemical cal-

i 3
culations (utilizing the HAM/3-method) on the azaquinone
and the luminol radical yield the following results:

1. The azaquinone has two electron-deficient carbonyl-
carbons (charge « +0.4), whereas, the nitrogens are
slightly negative (* -0.1)

2. The unpaired electron on the luminol radical is mainly
located &n the carbonyi oxygens and the nitrogens.

Furthermore, it is reasonable to assume that the pK^-value



of the nitrogen centered hydroperoxide is higher than that
of the carbon-centered one» since the former may be stabi-
lized by intramolecular hydrogen-bonding to the adjacent car-
bonyl-group.

On these grounds (apart from chemical intuition) it is postu»
lated that hydroperoxide (I) is nitrogen-centered whereas
(II) is carbon-centered.

NHo Q

(0 (ID
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The balance of the end-products

Oxygen, nitrogen and 3-aminoththalic acid are the only detec-
table species in solutions which have been irradiated by
electrons or in a Co-r cell. 3-a mi no phthalic acid and nitrogen
are formed 1n equimolar amounts: Part of the oxygen yield (6Q =

2
- 3.0±0.3)derives from the reaction between the omnipresent
hypochlorite and hydrogen peroxide. About 0.7 G-units can
be ascribed to the ClOö precursor (X) 1 0. Also at the pre-

-3 -9
sent conditions (10 M luminoi, 10 M H,09, pH 11) about

0

5% of CIO2 reacts directly with HO^ to yield oxygen as can
be calculated from the raxe constants (Table2). Subtracting these
contributions from the measured Op-yield a G-value of (2.9±
±0.5) remains. As was demonstrated in Ref. 7 C10Ö
oxidizes luminol to the azaquinone with « 95t yield. It is,
therefore, interesting to note that the generation of a
threefold excess of C10£ over luminol results only in a 401
consumption of the latter. These findings demonstrate that
apart from yielding 3-aminophthalate and N« the reaction

a c

between the azaquinone and HO;; also leads to the regeneration
of the parent hydrazide (luminol) with O2 as the other reac-
tion product. A similar, if not so drastic observation, was
reported by White for the reaction of benzo-phthalazine-1,4-
dione with HO, (15% hydrazide formed)5.
The pH dependence of the cnemiluminescent quantum yield

In the present system 3-aminophthalate is doubtless the emit-
ter. Thus the 0 ^ versus pH (Fig. 3) should somehow reflect
the pH dependence of the fluorescence quantum yield of 3-
amino phthalate. Indeed, the two compare well above pH 9,
whereas below pH 9 a discrepancy is observed. As no kine-
tic evidence is found for any decomposition of the acidic
form of the hydroperoxide in a dark reaction the decrease
of 0cj, must be attributed to a decrese of the yield of the
hydroperoxide totally formed as the pW is lowered. At the
same time it has been established that the yield of the aza-
quinone increases with decreasing pH . Thus the most rea-
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sonable way to account for the decrease of 0 h below pH 9
is to assume that undissociated ^ ( ^ reacts with the aza-
quinone to form oxygen and luminol with the relatively low
rate constant (2±l)-104 s ^ m o T ^ d m 3 . Incidentally this value
is close to the one measured för the reaction of undissociated
luminol (LHg) with the azaquinone .

THE REACTION SCHEME

Based on the various observations the following reaction
scheme is proposed.

U«ve In many respects this scheme is similar to the one suggested
A

by Rauhut et al. for the system luminol -HgOjj-persulfate.
The formation of a short-lived endoperoxide is implied from
the nucleophilic character of the hydroperoxide rearrange-
ment. Since 0cf) is constant between pH 9 and 11 while the
lifetime of the hydroperoxide intermediate varies by more
than a factor of 25, the formation of luminol and 0 2 from
the hydroperoxide can be ruled out. Therefore, it is con-
cluded that the short-lived endoperoxide ( t w o - 10 s~ )
decompos.es in two rapid (kinetically unamenable) parallel

g

reactions. As pointed out by White concerted decomposi-
tion of the endoperoxide (III) is an unlikely process for
light generation as (III) correlates with the ground state
of 3-atnino phthalate: On the other hand, Michl has de-
monstrated orr theoretical grounds that species (IV) smoothly
correlates with the excited phthalate.

THE EXCITATION QUANTUM YIELD

The chemiluminescent quantum yield of the azaquinone was de-
termined to be 0.23. However, the reaction between HO^ and
the azaquinone affords only <* 50% 3-amino phthalate. Based
on the yields of the end products 3-amino phthalate or N2
(6 * 1.1) a value for the product $ «<|>fl = 0.79 was found,
$f1 for 3-amino phthalate was determined to ~ 0.3 and thus
we obtain <(>ex - 2.6.'Taken at face value this high figure could
be indicative of a two electron excitation. However, at this poim
we will look for some other possible explanations.
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First we will hasten to point out that the formation of excited
luminol in the decomposition of the endoperoxide can be safely
ruled out. The exotermicity of this reaction amounts at most to
45 kcal as calculated from the overall stoichiometry.

2C1O2 + H 20 2 * 0 2 +.2HC1O2

Besides, mono-dissociated luminol is not fluorescent. Retaining
the 3-aminophthalate as the emitter in the present system the
high $ could eventually derive from errors in the pulse-radio-
lytically used standard and/or the fluorescent quantum yield of
3-aminophthalate. The precision of the present
measurements is better than S% but the occurrence of a sys-
tematic error of at most 20% due to dosimetry can not be
ruled out. It is unlikely that the relative error of ^
should exceed 20% as it is reported together with a.o the
x̂-j - 0.8 of anthranilic acid . The fluorescence spectrum
of the latter is similar to that of 3-aminophthalate and thus
the relation between the measured values should be correct
and preclude an increase of more than 20%.

The present <j> ^-determinations are based on the reported
$ h = 0.024 of the pulse radiolytically studied luminol-02

system with an estimated inaccuracy of 30%. However, as
the latter is in turn based on yet another measurement (30%
estimated error) we conclude that in this sequence of deter-
minations a total error of ~ 100% nay very well have accumu-
lated.

In tho present work doses higher than 2 kred were used, where
the light integral of the 1uminol-oxgen system was reported to
be non-linear with dose . We cannot confirm this nonlinearity
since the light integral versus dose curve fits a straight line
and neatly intercepts the origin (see Ref. 9 ) . Despite the in-
securities involved in our quantum yield determination the fol-
lowing conclusion can be safely drawn:

Essentially all of the 3-aminophthalate is formed in the ex-

cited state.
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Such an efficient excitation mechanism strongly supports the

operation of an intramolecular CIEEL mechanism as was propo-
17 18

sed independently by McCapra and Shuster for the chemi-
luminescence of luminol.

Evidence for another emitter

Contrary to the smooth mechanism that can be devised for the
formation of3-aminophthalate starting from a carbon-centered
hydroperoxide the rearrangement of a nitrogen-centered hydro-
peroxide (I) is hard to reconcile with the production of
the same emitter. It will be recalled that the only observa-
ble step in the rearrangement of (I) is a nucleophilic
•attack with a rate constant >2-10 s . This step is ex-
pected to yield the previously suggested endoperoxide (V).

To account for the rapid rate of the formation of the emitter
from V(k £ 10 s ) we postulate an emitter VI which results
from a dioxetane-1ike decomposition of V aided by intramo-
lecular electron transfer.

(V)

N=0

(VI)

While the identity of VI can only be speculative (it has not

been isolated) the following observations support the ex-

cistence of an emitter different from 3-aminophtalate.

1. The slight but significant difference in chemilumine-

scence spectra reported above.
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2 . The p r o d u c t i o n of a radical s c a v e n g e r in the p u l s e - r a -
d i o l y t i c a l l y studied l u m i n o l - 0 2 and 1 u m i n o i - H ^ O p s y s -
t e m s .

3. The f o r m a t i o n of a s t a b l e p r o d u c t w i t h a pK. o f ~ 10.2
in the a b o v e s y s t e m s .

The f o r m a t i o n o f the radical s c a v e n g e r is i n f e r r e d from the
d e c r e a s e in é ^ combined w i t h a m o r e rapid d e c a y of the chemi
l u m i n e s c e n c e w h e n a sample is r e i r r a d i a t e d . ( 1 % d e c r e a s e d

19 19

/ k r a d / in the l u m i n o l - O p and l u m i n o l - H p O p s y s t e m s c o m p a -
red to ~ 0 . 1 % krad in the p r e s e n t s y s t e m w i t h no c h a n g e of
k i n e t i c s . ) T h i s o b s e r v a t i o n should at l e a s t p a r t l y e x p l a i n
the poor q u a n t u m y i e l d in a n y " c h e m i c a l " system w h e r e the
radical m e c h a n i s m p r e v a i l s . The pK. step was m e a s u r e d by

19p u l s e r a d i o l y t i c c o n d u c t o m e t r y . O b s e r v a t i o n s 2 and 3 are
not u n a m b i g u o u s siuce the r e s u l t s may be h a m p e r e d by the
p o s s i b l e f o r m a t i o n of b y - p r o d u c t s . It should be p o i n t e d out
that s p e c i e s VI may very well yield the 3 - a m i n o p h t h a l a t e in a
slow dark r e a c t i o n .

20 'It should be m e n t i o n e d that r e c e n t l y Rusin et at.' p r o p o s e d

an u n s p e c i f i e d i n t e r m e d i a t e as the e m i t t e r in the l u m i n o l -
- H 2 0 p - C ( N 0 9 ) . system. T h e i r s u g g e s t i o n w a s based on r e s u l t s
o b t a i n e d from q u e n c h i n g of the c h e m i l u m i n e s c e n c e by f l u o r e -
s c e i n .

C o m m e n t s on the pulse r a d i o l y t i c a l l y studied I u m i n o 1 - 0 2

system'
2 1

In s t u d i e s at doses < 2 krad B a x e n d a l e and m o r e r e -
c e n t l y W U r z b e r g and Haas found that the route to
light g e n e r a t i o n proceeds t h r o u g h three k i n e t i c a l l y d i s t i n -
g u i s h a b l e s t e p s .

a ) The i n i t i a l l y formed luminol radical r e a c t s w i t h 0^ to

form a p e r o x y r a d i c a l (R00*)«
b) M o n o m o l e c u l a r r e a r r a n g e m e n t s of R00- y i e l d s R^OO*.

c) The second order radical r e c o m b i n a t i o n of R-j 00* is the
I last o b s e r v a b l e stop p r i o r to light g e n e r a t i o n .
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We could c o n f i r m this kinetics at low d o s e s . H o w e v e r , the claim
o f the above a u t h o r s that the m o n o m o l c c u l a r r e a r r a n g m e n t of
R00* is important for the c h e m i 1 u m i n e s c e n c e to occur must be
discarded as an increase of the dose does not a l t e r the pro-
p o r t i o n a l i t y b e t w e e n the dose and the light i n t e g r a l . Ob-
viously when the d o s e is increased the recombination of
(R00-) will preceed its r e a r r a n g e m e n t , which in the sense
o f the above c l a i m should d r a s t i c a l l y diminish and e v e n t u a l l y
e x t i n g u i s h the c h e m i 1 u m i n e s c e n c e . At doses > 10 krad we have
observed a first o r d e r process subsequent to the second or-
der r e c o m b i n a t i o n . F u r t h e r m o r e , this first order process is
insensitive to p H - v a r i a t i o n s . Another important o b s e r v a t i o n

will be m e n t i o n e d . When a large amount of reducing agents
4-is added {e.g. Fe(CN)g ) or in situ generated {e.g. 0;,) the

kinetics of the c h e m i l u m i n e s c e n c e becomes identical to the one
observed in the 1 u m i n o l - h y d r o g e n peroxide system. As con-
cluded in the d i s c u s s i o n concerning the h y d r o p e r o x i d e this
species should be a n i t r o g e n - c e n t e r e d h y d r o p e r o x i d e . T h e r e -
f o r e , it follows that the initially formed peroxy-radical is
ma-inly n i t r o g e n - c e n t e r e d . It will be noted that this last
experiment mimics a " c h e m i c a l " system where 1 uminol c h e m i -
luminesce .5 in the presence of oxygen and a redox system.
The observed m o n o m o l e c u l a r rearrangement at low doses could
be a^transfer of a hydrogen atom from the h y d r a z i d e nitrogen
to the peroxy oxygen .

In a previous paper we e r r o n e o u s l y interpreted the o b s e r v a -
tions ,of B a x e n d a l e in terms of a dismutation of two carbon
centered p e r o x y radicals to form directly a c a r b o n - c e n t e r H
h y d r o p e r o x i d e and a z a q u i n o n e plus O 2 . In the light o,f the
present findings it appears that the second order r e c o m b i -
nation of the peroxy radicals leads to a t e t r o x i d e dimer
which s u b s e q u e n t l y d e c o m p o s e s in a pH-independent m a n n e r .
Since this last step is rather slow (k~2-10 / l s"') the
events following the tetroxide decomposition cannot be
measured.
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Table 1

The rate constant for Az + HO.

pH

9.2

9.2

9.2

9.2

9.2

9.62

9.62

10.0

9.4

9.4

C[H2°2]tot

mol dm

5xlO~3

5xlO~3

2.5xlO~3

'2.5xlO'3

10~2

3.0xl0"3

1.5xlO~3

5.0xlO"4

ID"3

2.5xlO~3

kobs f»'1)

9.1xlO2

9.2xlO2

5.6xlO2

5.3xlO2

14.4xlO2

18.9xlO2

9.7xlO2

1.07xl03

4.8xlO2

9.2xlO2

kcalc

s^mol^dm3

4.8xlO7

4.8xlO7

5.6xlO7

5.3xlO7

3.9xlO7

6.1xlO7

5.7xlO7

3.6xlO7

6.8xlO7

5.8xlO7

fc=5.2xlO7

Method

Absorbance at 550 nm

n

ii

n

II

II

II

Chemiluminescence

H

•I



Table 2

Reaction

luminol + CIO,

luminol + 2C1O2—>Az

C1O2 + H0~

C1O2 + H2O2

lOC1~W+[H2°2]tot

Azaquinone + OH

Az + LH2

Az + HO~

3-amino phtalate

+cio2

k(Rate constant)

s mol~ dm

3 xlO6

pH-dependent

(8±0.5)xl04

<4

- 2 xlO3

(4±l)xiO6

(1.3±O.2)xl04

(5±2)xlO7

(1.5±O.3)xl05

Reference

see Fig. 1 in ref. 7

-10 -

-10 -

-10 -

- 7 -

- 7 -

This work

— " _



Table 3

PH

11.0

11.0

11.0

11.0

Dose rate
krad/hour

396

396.

e beam

e~beam

C H 2 O 2

10"3

10"2

ID"3

ID"2

1.5*0.1

1.1*0.1

1.6*0.1

1.2*0.1

6.9*0.3

7.6*0.3

6.2*0.3

6.9*0.6

3-am.pht

-

1.2*0.1

-

0.9*0.2

G(-luminol)

1.4*0.05

1.07*0.1

1.4*0.2

0.9*0.2

e~beam irradiation corresponds to a dose of 14 krad per pulse

of 2 us duration and the pulse rate 18 pulses/second.



Figure Captions

Figure 1

Transient curves as obtained by pulseradiolysis. All curves

are taken at 10~ M luminol and 0.1 M CIO-.

Upper left. Chemiluminescence; pH 9.1, 8*10 M H ?0 ?, dose

12 krad.

Lower left. Chemiluminescence; pH 9.1» 4*10 M H 20 2, dose

12 krad.

Upper middle (a). Absorbance at 550 nm; pH 9.2, 10 M H20«,

dose 15 krad.

Lower middle (b). Chemiluminescence; pH 9.1, 10 M H_02, dose

12 krad.

Upper right. Chemiluminescence; pH 12.2, 10 M H^O», dose

12 krad.

Lower right. The build-up of chemiluminescence; pH 12.2,

10"2 M H202, dose 12'krad.

Figure 2

Logarithm of the rate constant for the hydroperoxide rearran-

gement V8. pH.

O 10"3 M luminol, 10"1 M C10~

• 10"2 M luminol, 1 M CIO"

The drawn curve was calculated by use of the pKa 10.6 and the

maximum rate constant k = 1.3*10' s (see text).

Figure 3

Left. The maximum chemiluminescent quantum yield vs. pH.

10"3 M luminol, 10"1 M C1O~.

Right. The chemiluminescent quantum yield at constant pH as a

function of I^O^]t t«

Upper curve. pH 11.1, dose ~ 12 krad

Lower curve. pH 9.1, dose ~ 12 krad



Figure 4

Uncörrected
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Figure 5

Uncorrected fluorescence spectra of 3-amino-phtalate

\J pH 11.o, 3*10 M 3-amino-phtalate, excitation wave-

lenght 320 nm

Q same conditions but 10"1 M ClOj, 10"2 M H2Ö2 added.
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