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The infinity absorbarnce (per cent acyl-enzyme at equi-
librium) and the rate of approach to infinity (ks +
ks/(1 + Kun/(S))] are identical for reactions starting
with both the acid and the ester (Fig. 1).

Thus an acyl-enzyme is formed from a specific
acid substrate of a-chymotrypsin. An excellent prepar-
ative method for specific acyl-enzymes may be based
on the data of Table L.
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Chemiluminescence of Luminol: The Chemical
Reaction!
Str:

Chemiluminescence, the production of light in excess
of black body radiation by chemical reactions, is not
well understood for systems in the condensed phase.
A large number of chemiluminescent reactions have
been discovered,? but virtually nothing is known about
the chemistry involved. We report here an investi-
gation of the chemiluminescence of luminol® (5-amino-
2,3-dihydro-1,4-phthalazinedione, I), one of the most
efficient and probably the best known of the chemi-
luminescent compounds. Light is produced when
basic aqueous solutions of luminol containing oxygen
are treated with an oxidizing agent such as potassium
ferricyanide, although an increased amount of light
is obtained if hydrogen peroxide is included in the
system. The oxidizing agents used cause extensive
degradation of the reaction products, however, and
consequently the only product identified prior to our
work was nitrogen.? The chemiluminescence in aprotic
solvents, such as dimethyl sulfoxide and dimethyl-
formamide, is considerably simpler,? and in these sol-
vents only oxygen and a base are required.
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The products of the reaction are nitrogen and sodium
aminophthalate (IT) (plus traces of the aminobenzoate) ;
these compounds were identified by gas-liquid and paper
chromatography and by their spectra. The sodium
aminophthalate was converted, furthermore, into
acetamidophthalic anhydride and into dimethyl amino-
phthalate; yields of up to 909 of these compounds
were obtained. As will be shown elsewhere,® a re-
covery of this magnitude, coupled with the quantum
yields (which require that about 50% or more of the
luminol molecules lead to an excited state of 1I) ensures
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that the aminophthalate ion is a product of the chemi-
luminescence proper, and that it does not stem from
some accompanying ‘‘dark’ reaction. Oxygen (1.04
moles) and 2.00 moles of NaOH were consumed in
the reaction, and 0.99 mole of nitrogen was formed per
mole of luminol, thus indicating the stoichiometry
shown ineq. 1.

The reaction of 1 mole of a base with luminol (pK. =
6)* yields a mononegative ion® (1I11), which does not
react with oxygen at an appreciable rate. The addi-
tion of slightly more than 1 mole of base to solutions
of luminol containing oxygen leads to chemilumi-
nescenice. The dinegative ion (IV) is undoubtedly
the critical intermediate formed by the action of this
second molecule of base; the amino group is not di-
rectly involved, since the same dependence of chemi-
luminescence on base was noted for phthalic hydrazide.
In the absence of oxygen, basic solutions of luminol
are stable indefinitely. The chemiluminescence of
luminol, therefore, involves simply the reaction of
oxygen with the dinegative ion of luminol (eq. 2).
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To confirm this sequence of events, and also to
show that the two oxygen atoms introduced into the
aminophthalic acid framework came from the oxygen
gas and not from hydroxide ion or from adventitious
water (e.g., in ‘‘anhydrous”’ dimethyl sulfoxide), the
chemiluminescence was carried out with O'® enriched
oxygen gas i1l a system of 70 mole %, dimethyl sulfoxide,
30 mole 9, water, and an excess of sodium hydroxide.
It was found that over 859, of the label ended up in
aminophthalate ion II (the 159, loss of O was shown
by suitable blanks to result from exchange reactions
occurring during the analysis).

The kinetics of the chemiluminescence has also
been measured in this system. The second ionization
constant for luminol is estimated! to be about 107!3,
and only a low concentration of the dinegative ion (IV)
is present in the reaction mixture. Substitution of
amino or methoxy groups on the phthalic hydrazide
skeleton increases the rate of the reaction, indicating
that the oxidation is the slow step in the chemilumi-
nescence. The reaction, therefore, involves an equi-
librium with base leading to the dinegative ion, fol-
lowed by a slow oxidation step (eq. 3).7
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Using the steady-state approximation,® and with the
logical assumption that k—;(H,0) >> ky(0O,), the ex-
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pression for the rate of photon emission becomes
(krko/ k1 [H:O ) [ITT][OH~][0:] = A[III][OH~][O.].
Experimentally, in the presence of an excess of base, and
kept saturated with oxygen at 35° ([I11] == concentration
of luminol = 4.0 X 10~* M, [OH~] = 6.0 X 107 M,
[0z] = 1.6 X 1073 M), the reaction was strictly pseudo-
first order, &’ = 2.5 X 1073 sec.7!. Changing the
concentration of luminol 10-fold, the concentration of
base 40-fold, and the concentration of oxygen 10-fold
(independently) showed that the reaction was first-
order in each of these reactants.

Intermediates have not been detected to date (by
e.p.r., for example) in the oxidation step (eq. 3), which
proceeds at a reasonable rate even at —60°. An
oxidation of dinegative ion IV to the azo state is un-
likely since 1,4-phthalazinedione (V) is nonchemi-
luminescent under conditions which lead to the produc-
tion of considerable light from phthalic hydrazide.
Cyeclic intermediates? such as VI are attractive from the
standpoint of visualizing the formation of nitrogen and
the aminophthalate ion (II). We have found, how-
ever, that certain acyclic hydrazides such as 1-hydroxy-
2-anthroic acid hydrazide (VII)!® are practically as
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chemiluminescent as luminol (quantum yield = ca. /3
that of luminol); cyclic adducts or intermediates,
therefore, are not necessary features of the reaction.
Evidence is being sought at present for multistep
reaction paths which lead to the aminophthalate ion
(I1), the emitter of light in the chemiluminescence of
luminol .5
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Chemiluminescence of Luminol and Related
Hydrazides: The Light Emission Step
Sir:
The chemiluminescence of luminol (I) in relatively
nonacidic solvents has been shown to involve the fol-
lowing chemical reactions.!
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Fig. 1.—Fluorescence and chemiluminescence emission spectra.

In this communication, we will consider the produc-
tion of light in the reaction and show that the amino-
phthalate ion (III) is the light emitting species.

In the chemiluminescence of liquid solutions, the
conversion of chemical energy into light energy in-
volves the formation of a reactant, intermediate, or
product molecule in an excited electronic state (di-
rectly or by energy transfer), and the emission of a
photon by that species.? Since excited states are also
reached by the absorption of light, it should be possible
to correlate the wave length distribution in chemi-
luminescence with that in phosphorescence, if a triplet
state were the emitter, or in fluorescence, if a singlet
state were involved.

In the chemiluminescence of luminol in dimethyl
sulfoxide and also in water,* a good match has been
found for the wave length distribution in chemilumi-
nescence, the fluorescence of the total reaction product,
and the fluorescence of sodium aminophthalate (Fig.
laandd). Inmixtures of dimethyl sulfoxide and water
(or other protic solvents), furthermore, a double
emission occurs in both chemiluminescence and fluo-
rescence (Fig. 1b and ¢), with peak positions unchanged
from the values in the pure solvents. The occurrence
of two emission peaks is attributed to the formation of
two different kinds of excited state molecules: an ex-
cited aminophthalate ion hydrogen bonded to water—
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