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The chemiluminescent reaction of 3-aminophthalhydrazide with aqueous alkaline hydrogen peroxide and
persulfate was found to be first order in 3-aminophthalhydrazide (APH), first order in persulfate, zero order in

hydrogen peroxide, and zero order in base.

in terms of this and other evidence.

Although light emission has been observed from a
large number of chemical reactions,? the most promi-
nent example of nonbiological, liquid-phase chemi-
luminescence has long been the oxidation of 3-amino-
phthalhydrazide (APH) and its analogs.2—% More
than 200 papers relating to the reaction conditions,
hydrazide structure, spectral distribution, and mech-
anism have appeared. While many oxidants generate
light from APH in aqueous alkaline solution,?® particu-
larly in the presence of oxygen,%%’ the specific use of
hydrogen peroxide and a co-oxidant in aqueous solu-
tion or oxygen in strongly alkaline organic media*8
appears necessary for reasonably strong emission.
Under these conditions, which suggest the involvement
of a key peroxide intermediate,® quantum yields on the

(1) Presented in part at the “Symposium on Chemiluminescence,” U. 8.
Army Research Office, Durham, N. C., March 31-April 2, 1965,

(2) E. N. Harvey, ‘A History of Luminescence,” The American Philo-
sophical Society, Philadelphia, 1957; XK. D. Gundermann, Angew. Chem.,
Intern. Ed. Engl., 4, 566 (1965); R.S. Anderson, Ann. N. Y. Acad. Sci., 49,
337 (1948); C. Reid, *'Excited Statea in Chemistry and Biology,”’ Butterworth
and Co. (Publishers) Ltd., London, 1957, p 1386.

(3) H. O, Albrecht. Z. Physik. Chem., A188, 321 (1928).

(4) E. H, White, “Light and Life,”” W. D. McElroy and B. Glass, Ed.,
Johns Hopkins Press, Baltimore, Md., 1961, p 183.

(5) A. Bernanose, Bull. Soc. Chim. France, 18, 329 (1951); A. Bernanose,
ibid., 17, 567 (1850); R. C. Elderfield and 8. L. Wythe, in ‘‘Heterocyclic
Compounds,” Vol. I, R. C. Elderfield, Ed., John Wiley and Sons, Inc., New
York, N. Y., 1957, p 229; J. C. E. Simpson, in ‘“The Chemistry of Hetero-
eyclic Corapounds,” A. Weissberger, Ed., Interscience Publishers, Inc., New
York, N. Y., 1953, p 140; H. Stork, Chemiker Zig., 88, 467 (1861); W. R.
Vaughan, Chem. Rev., 48, 496 (1948); H. Eyring, F. H. Johnson, and M. J.
Polissar, **The Kinetic Basis for Molecular Biology,”” John Wiley and Sons,
Inec.,, New York, N. Y., 1854, p 162.

(6) P. C. Wilhelmse, R. Lumry, and H. Eyring, in “The Luminescence
of Biological Syatems,” F. H. Johnson, Ed., American Association for the
Advancement of Science, Washington, D. C., 1955, p 75.

(7) J. R. Totter, W. Stevenson, and G. E. Philbrook, J. Phys. Chem., 68,
752 (1964).

(8) E. H. White, J. Chem. Ed., 84, 275 (1957).
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Allyl alcohol, an efficient sulfate ion radical trap, is without effect.
Unlike other APH systems the reaction and consequent light emission is capable of extended lifetimes.
quantum yield increases with increasing hydrogen peroxide and approaches 17;.

The
A mechanism is discussed

order of 19, have been reliably reported,® an ef-
ficlency which has been exceeded® only in recent
times.

Inquiries into the mechanism of phthalhydrazide
chemiluminescence have proven difficult because of the
complex, multistep processes involved and because of
the low light yield. Thus, the identity of the light-
producing step is obscured by early mechanistic
steps and by competing nonluminescent reactions.
E. H. White and co-workers, however, have recently
provided considerable insight into the mechanism
of the APH-oxygen reaction in strongly alkaline di-
methyl sulfoxide. Under these conditions, the reac-
tion was shown to be first order in APH, oxygen, and
base, and to provide the 3-aminophthalate dianion,
V, as product in over 909, yield.!! One-half of the
oxygen in V was shown to be derived from the oxygen
reactant,!’ and chemiluminescence and fluorescence
spectral comparisons suggested that the singlet ex-
cited state of V was the emitting species.!? The re-
sults were consistent with the involvement of trans-
annular peroxide III proposed by Drew!*!4 and others®
as a key intermediate, although, as White has pointed
out,! certain noncyclic hydrazides are also moderately
chemiluminescent.

(9) J. Lee and H. H. Deliger, Photochem. Photobiol., 4, 1015 (1965).

(10) K. D. Gundermann and M. Drawert, Chem. Ber., 98, 2018 (1962);
E. H. White and M. M. Bursey, J. Am. Chem. Soc., 88, 941 (1964); K. D.
Gundermann, W. Horstmann, and G. Bergmann, Ann., 684, 127 (1965);
M. M. Rauhut, B. G. Roberts, and A, M. Semsel, J. Am. Chem. Soc., in
presa.

(11) E. H. White, O. Zafiriou, H. M. Kagi, and J. H. M. Hill, ibid., 88,
940 (1984),

(12) E. H. White and M. M. Bursey, 1bid., 86, 941 (1964).

(13) H. D. K. Drew, R. F. Garwood, J. Chem. Soc., 791 (1938).

(14) H. D. K. Drew, T'rans. Faraday Soc., 88, 207 (1939).
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Under aqueous conditions with hydrogen peroxide,
where the co-oxidant has typically been ferricy-
anide,®!%1 hypochlorite,3%~18 or the hydroxyl radi-
cal (derived from hydrogen peroxide and a metal
salt¥1® or complex®—?%) the reaction products are
complex, and light emission is generally brief. At-
tempts to relate the kinetics of such reactions to the
chemiluminescent mechanism have been hampered by
the speed of the reactions and by complicating side
reactions between hydrogen peroxide and the co-
oxidant, 1522

During a search for improved chemiluminescent
reaction conditions in these laboratories, Dr. J. M. W,
Scott and Mr. R. F. Phillips discovered that the use of
persulfate as a co-oxidant with hydrogen peroxide for
APH chemiluminescence provided a reasonably strong
and long-lived light emission, a result which was un-
expected in terms of the published literature.?® The
persulfate-hydrogen peroxide reaction thus appeared
to be particularly suitable for kinetic studies relating
to the reaction mechanism.

Results

Reaction Rates from APH Disappearance.—Rates
of APH reactions with potassium persulfate in 0.1 M
aqueous potassium carbonate were determined at 29.2°
in the presence and absence of hydrogen peroxide by
following the disappearance of APH absorption at 346
my, where the other components and products do not
absorb. The reactions were carried out with a large
excess of reactants relative to APH so that pseudo-
first-order kinetics were anticipated, and plots of log
absorbance vs. time were in fact linear. Data from a
typical experiment are summarized in Table VII
which appears in the Experimental Section, p 2436.
Reasonably constant second-order rate constants were

(15) ¥. H. Stross and G. E. Branch, J. Org. Chem., 8, 385 (1938).

(18) T. Bremer, Bull. Soc. Chim. Belges, 83, 569 (1953); Chem. Abstr.,
49, 5131p (1953).

(17) L. Harris and A. 8. Parker, J. Am. Chem. Soc., 87, 1939 (1935).

(18) C. N. Zellner and G. Dougherty, ¢bid., 89, 2580 (1937).

(19) E. 8. Vasserman, Compt. Rend. Acad. Sci. URSS, 24, 704 (1938);
Chem. Abstr., 84, 18162 (1940).

(20) O. Schales, Ber., T2B, 167 (1939).

(21) H. Ojima, Nippon Kagaku Zasshi, T9, 658 (1858); Chem. Abstr.,
838, 1198b (1959); H. Ojima, Nippon Kagaku Zasshi, 80, 965 (1959); Chem.
Abstr., 84, 67¢ (1960); K. Weber, Arkiv Kemi, 28, 173 (1951); Chem.
Abstr., 47, 11993g (1953); B. P. Geyer and G. M. Smith, J. Am. Chem.
Soc., 88, 3071 (1941),

(22) K. Weber, A. Rezek, and V. Vouk, Ber., 78B, 1141 {1942); L. Erdey,
W. F. Pickering, and C. L. Wilson, Tslania, 9, 653 (1962).

(23) A, Steigmaann, J. Soc. Chem. Ind., 61, 36 (1942).
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TasLe I
REacTioN RaTES ¥ROM APH DISAPPEARANCE®
ks,

APH, K18:0s, H:0s, M-t gec!
Expt M X 104 M X 102 M X 102 X 102
1 2.5 3.0 0 1.44
2 2.5 6.0 0 1.43
2.5 6.0 0 1.41
3 2.5% 6.0 0 1.37
4 2.5¢ 6.0 0 1.35
5 2, 5he 6.0 0 1.15
2. 5be 6.0 0 1.15
6 2.5 6.0 1.5 1.38
7 0.25 6.0 3.0 1.44
8 2.5 6.0 3.0 1.45
9 2.5 6.0 3.0 1.31
10 2.5¢ 6.0 3.0 1.30
11 2.5 3.0 3.0 1.30

¢ Reactions in 0.1 M K,CO; at 29.2°. * Deoxygenated by
nitrogen bubbling. ¢ Allyl alcohol (0.030 M) was present.

calculated by dividing the pseudo-first-order constants
by the persulfate concentration; the results are sum-
marized in Table I.

It is evident from the table that the data fit the
second-order rate expression

d[APH]
dT

= = k[ APH] [S:042]

and that hydrogen peroxide is not involved in a rate-
determining step. The related (but nonchemilumi-
nescent) oxidation of hydrazobenzene by persulfate
has also been shown to follow second-order kinetics. **

Many persulfate oxidation reactions are essentially
first order in persulfate alone.®® Such reactions have
been interpreted in terms of a free-radical chain process
involving the sulfate ion radical, SOs—, as an essential
chain carrier.”® Indeed this free-radical chain mech-
anism has been suggested to apply to the reaction of 3-
methylaminophthalhydrazide with persulfate.” Allyl
alcohol, however, is known to strongly inhibit such
reactions by trapping SO, —.%

The results in Table I show that allyl alcohol has no
effect on APH-S,052— reactions, even with an allyl
alcohol~APH ratio of 120. These results, along with
the second-order kinetics observed, make it unlikely
that a free-radical chain process involving SO, ~ is
involved.

Oxygen is also without effect on the reaction, al-
though oxygen has been shown to inhibit 8O, ~ chain
reactions.® The somewhat low rate constant obtained
with allyl alcohol in deoxygenated solutions (expt 5),
however, suggests that oxygen does inhibit the direet
reaction between persulfate and allyl alecohol.”” Thus,
the loss of persulfate resulting from its reaction with
allyl alcohol in deoxygenated solution would produce
an erronecously low rate constant for APH disappear-
ance.

Reaction Rates and Quantum Yiclds from Light
Intensity Decay.—A radiometer—-spectrofluorimeter, de-

(24) J. P. Whalley, H. G. V. Evans, and C. A. Winkler, Can, J. Chem., 84,
1154 (1956).

(25) D. A. House, Chem. Rev., 62, 185 (1962).

(26) I. M. Kolthoff, E. J. Meehan, and E. M. Carr, J. Am. Chem. Soc.,
78, 1439 (1953); K. B. Wiberg, ibid., 81, 252 (1959).

{27) E. J. Behrman, ibid., 88, 3478 (1963).

(28) D. L. Ball, M. M. Crutchfield, and J. O. Edwards, J. Org. Chem., 38,
1599 (1960).
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signed by R. C. Hirt,?® was used to measure light
intensity in absolute units as a function of time at
constant wavelength and as a function of wavelength
at constant time. The spectral distribution of emis-
sion (Figure 1) was independent of time and reactant
concentrations and was essentially constant for all
the experiments.

Most of the rate experiments were carried out under
pseudo-first-order conditions with an excess of persul-
fate and hydrogen peroxide relative to APH. Under
these conditions only APH changes significantly in
concentration during a run so that variations in quan-
tum yield (einsteins of light per mole of APH) with
time within an experiment which might be caused by
decreases in hydrogen peroxide or persulfate concentra-
tions are avoided. Thus, under pseudo-first-order
conditions, the intensity should be proportional to the
APH concentration providing that the disappearance
of APH and the formation of products do not effect the
quantum yield. This experimental design allows
the first-order rate equation (1) to be replaced by eq
2 for the measurement of reaction rates.® Aside from

(APH),
(APH)

In Io/1 = KT (2)

In = BT (1)

a short induction period, plots of In intensity vs. time
were found to be linear during at least two half-lives
for experiments carried out under these conditions.
Second-order intensity decay rate constants were cal-
culated by dividing the slope of each linear plot by the
persulfate concentration. Good agreement was ob-
tained between the second-order rate constants meas-
ured by absorption and emission procedures, under
most reaction conditions indicating that the require-
ment for constant quantum yield within an experiment
was met under pseudo-first-order conditions, and that
the intensity accurately monitors the APH concentra-
tion under such conditions. Data from a typical
experiment are summarized in Table VIII in the Ex-
perimental Section.

The effect of APH concentration on the intensity
decay rate and quantum yield are summarized in Table
II. Tt is seen that up to 8.00 X 10—% M APH, the
second-order rate constants are in good agreement with
those obtained by measurement of APH disappear-
ance. At higher APH concentration, the light decay
rates are more rapid, reflecting a decreasing quantum
vield as the reaction proceeds. The quantum yield
decreases with time at low hydrogen peroxide-APH
ratios as a result of hydrogen peroxide consumption
(see below) and as a result of color formation and con-
sequent light absorption.

It is evident from Table II that allyl alcohol is with-
out substantial effect on the reaction rate or quantum
yvield. The quantum yield decreases at higher APH
concentrations, an effect evidently common to APH
chemiluminescence, 151731

(29) B. G. Roberts and R. C. Hirt, Research Service Department, Ameri-
can Cyanamid Co. The instrument was described at the 19th Annual
Instrument Society of America Conference, New York, N, Y., Oct 12-15,
1964 (preprint no. 2.2-2-84).

(30) A. A. Frost and R. G. Pearson, ‘'Kinetics and Mechanism,” John
Wiley and Sons, Inc.,, New York, N. Y,, 1953, p 28.

{31) B. Tamamushi, Sci. Papers Inst. Phys. Chem. Research (Tokyo), 41,
166 (1043); Chem. Abstr., 41, 6157k (1947).
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Figure 1.—Spectral distribution of APH chemiluminescent
emission

Tasre II

EFFECT OF 3-AMINOPHTHALHYDRAZIDE CONCENTRATION
oN ReactioN RATE AND QUaNTUM YIELD®
Second-order
intensity decay

constant, Quantum yield,

APH, M -t gec! einsteins mole ~1
M X 10? X 102 X 103
0.10 1.66 8.1
1.00 1.34 7.2
1.00? 1.29 7.1
4.00 1.57¢ 6.04
8.00 1.63 4.4
12.00 [2.08]° 2.8
20.00/ [2.62]¢ 2.0

e The reactions were carried out with 0.060 M K,8:0; and
0.030 M H,0; in 0.10 M aqueous K;CO; (except note f) at
29.2°, ®The reaction contained 0.030 M allyl aleohol.
¢ Average of 11 experiments; average deviation £0.066 X 10-2,
4 Average of 11 experiments; average deviation +0.190 X 1073,
¢ Calculated from initial rate. The first-order plot deviated
somewhat from linearity. / Reaction with 0.10 M K,S,04 and
0.10 M HzOz in 0.20 M KzCOa.

The effect of base strength on reaction rate and quan-
tum yield is summarized in Table III. The results
indicate that the effect of pH on rate is minor, but, as
reported for other APH reactions, 22232 the quan-
tum yield decreases at high pH.

TasLE ITI

Errect oF pH oN REAcTION RATE AND QUANTUM YIELD
Second-order

intensity
decay Quantum
constant, yield,
APH, Base M- einsteins
M concen, sec ! mole ~1
X 102 Base M pH X 102 X 102
4,00 K.CO, 0.100 11.60 1.57 6.0
4.00° NaOH 0.049 12.69 1.28 3.9
4.00% NaOH 0.098 12.91 1.38 3.0
4.00° NaOH 0.196 13.29 1.85 1.4
8.00° Et;N 0.100 11.87 1.63 4.2
8.00s K.CO; 0.100 11.60 1.63 4.4
8.00¢ NaOH 0.098 12.91 1.57 2.

s Ks8:05 and H;0: were 0.060 and 0.030 M, respectively.
5 K805 and H0, were 0.059 and 0.027 M, respectively.

(32) B. Y. Sveshnikov, Compt. Rend. Acad. Sci. URSS, 88, 278 (1942);
Chem. Abstr., 8T, 1831 (1943); K. Weber, M. Krajcinovic, Ber., 78B, 2051
(1942).
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Figure 2.—Absorbance at 346 mu vs. APH concentration.

Results indicating the effect of persulfate concentra-
tions on reaction rate and quantum yield are sum-
marized in Table IV. The trend toward increasing
rate constant with increasing persulfate is probably
within the experimental error. The quantum yield
decreases at high persulfate concentration.

TasLe IV

ErrEcT oF PERSULFATE CONCENTRATION ON REACTION
RATE AND QuanNTUM YIELD®

Second-order

intensity decay Quantum yield,

constant, einsteins

K18:0s, M1 gec™t mole 1
M X 102 X 102 X 102
2.95 1.48 3.2
5.90 1.59 3.0
11.80 1.72 2.3

s The reactions were carried out with 1.00 X 10-* M APH
and 0.027 M H;0; in 0.098 M aqueous NaOH,

Results indicating the effect of hydrogen peroxide on
quantum yield and reaction rate are summarized in
Table V. As observed in other APH systems,151731

TaBLE V

ErrEcT oF HYDROGEN PEROXIDE CONCENTRATION ON REACTION
RATE AND QUANTUM YIELD®

Second-order
intensity decay
constant,

Quantum yield,
einsteins

H:0:, Mt sec™? mole~! X
M X 10% X 10t 10

0 25.03 0.078
2 6.20 1.0
5 2.98 2.9

10 1.97 4.7

20 1.47 6.1

30 1.40 6.9

50 1.34 7.5

100 1.28 7.

s Reactions carried out with 1.0 X 10™* M APH, 0.060 M
K:S:05 in 0.10 M aqueous K,CO; at 29.2°, * The APH concen~
tration was 8.0 X 10-* M. Emission could not be detected at
low concentrations.

at low hydrogen peroxide levels, the quantum yield
increases substantially with increasing hydrogen per-
oxide, with the increase leveling off when high hydrogen
peroxide concentrations are reached. At low hydrogen

RaunvuT, SEMSEL, AND ROBERTS
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peroxide concentrations, intensity decay is more rapid
than the over-all reaction rate as a consequence of the
decreasing quantum yield with decreasing hydrogen
peroxide within an experiment. The minor trend
toward increasing rate at high hydrogen peroxide
concentrations may result from persulfate consump-
tion in a side reaction with hydrogen peroxide, although
this reaction is relatively slow compared to the reac-
tions reported here.?® It is evident that hydrogen
peroxide increases the quantum yield of the APH-
8052~ reaction by a factor of 100. Moreover, the fast
light decay observed in the absence of hydrogen per-
oxide demonstrates that the intensity under such con-
ditions is not determined by the rate of the APH-
persulfate reaction. The commonly used expedient
of attempting to relate maximum intensity at dif-
ferent reactant concentrations to the overall mecha-
nism is clearly invalid for such systems. In the absence
of hydrogen peroxide, the light may result from a re-
action of persulfate with a trace impurity, possibly
derived from photooxidation of the APH during
storage, although oxygen is also a factor in the absence
of hydrogen peroxide.

Results showing the effect of temperature on reac-
tion rate and quantum yield are summarized in Table
VI. The quantum yield decreases with increasing
temperature. The activation energy and frequency
factor calculated from an Arrhenius plot of the rate
data were 12.8 keal mole—!and 3.2 X 107 M ~!sec™1.

TasLE VI
ErrFecT oF TEMPERATURE ON APH CHEMILUMINESCENCE®

Quantum yield,

Temp, ke, einsteins
°C M-t gec™! mole ~1
13 4.37 X 103 0.915 X 1072
29 1.42 X 102 0.63 X 10-?
40 3.03 X 102 0.57 X 10~%
52 6.69 X 102 0.44 X 102

¢ Reactions carried out with 0.001 M luminol, 0.06 M K;8,0,,
and 0.03 M H;0;in 0.1 M K;CO;. ? Second-order rate constant.

Discussion

The mechanism of the chemiluminescent reaction
between APH, persulfate, and hydrogen peroxide must
be consistent with the observations summarized below.
(a) The reaction is first order in APH, first order in
persulfate, zero order in hydrogen peroxide, and
zero order in base. (b) The reaction rate and quantum
yield are not affected by added allyl alcohol. (c¢) The
quantum yield increases substantially with increasing
hydrogen peroxide up to a limiting value. (d) The
quantum yield decreases at high APH concentrations
and at high persulfate concentrations.

A mechanism in agreement with these results and
with the results of previous work is tentatively sug-
gested in Chart 1.

The rate-determining two-electron oxidation of the
phthalhydrazide monoanion (I) in step 1 is indi-
cated by the second-order kinetics and by our failure
to trap the sulfate ion radical, a necessary product of
any one-electron oxidation process.? KEven a nonchain
process involving SO,— would be substantially re-

(33) J. A. N. Friend, J. Chem. Soc., 89, 1092 (1906); M. S. Tsao and
W. K. Wilmarth, Discussions Faraday Soc., 29, 137 (1960).



AvgusT 1966
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0® 0
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tarded by added allyl alecohol or hydrogen peroxide,
since less SO, ~ would then be available to oxidize I
and the stoichiometry would be altered. The mech-
anism may be related to that of the Elbs oxidation of
phenols, which has also been shown to be second order
and unaffected by allyl alcohol.# The phthalazine-
dione II is the probable product of a one-step two-
electron oxidation. The competition among steps
2, 3, and 4 seems required by the increase in quantum
vield with increasing hydrogen peroxide. Thus in-
creasing hydrogen peroxide would favor the formation
of chemiluminescence precursor III in step 2 relative
to nonchemiluminescent steps 3 and 4. Step 3 is

CHEMILUMINESCENT REACTION OF 3-AMINOPHTHALHYDRAZIDE

2435

necessary to account for the effect of hydrogen peroxide
at low APH concentrations where the essential con-
stancy of quantum yield with APH concentration in-
dicates that step 4 is unimportant. In the absence
of a competing nonluminescent reaction increasing
hydrogen peroxide might influence the reaction rate
but not the quantum yield. Step 4 seems necessary,
however, to account for the decrease in quantum yield
at high APH concentrations and is strictly analogous,
moreover, to the known coupling of phthalazinedione
itself in aqueous solutions.’* The suggestion that
transannular peroxide III is the key intermediate
whose decomposition produces the emitting excited
state V in step 5 is consistent with the oxygen 1811
and spectral studies!? by White. Moreover, con-
certed multiple bond cleavage decomposition of V would
accommodate the substantial and simultaneous energy
release essential to excitation.3

The evidence at hand does not permit us to specify
the detailed mechanism of step 2. Both a nucleo-
philic attack by HOO- and a free-radical reaction in-
volving HOO- are possibilities. It should be noted
that the free-radical inhibition results reported for a
number of phthalhydrazide systems! do not neces-
sarily point to the latter since systems involving one-
electron oxidants!®® and aqueous systems requiring
oxygen,” would necessarily involve a free-radical
process, in any event,

The involvement of phthalazinedione II in APH
chemiluminescence has been suggested previously.
Its excited state has been suggested to be the emitting
species,® it has been suggested as a nonchemilumines-
cent side product,!s it has been suggested to react with
diimide to generate excited I in the chemiluminescent
process,*® and it has been suggested to form trans-
annular peroxide III, which can then decompose to
excited I and oxygen!® or to excited V and nitrogen.s14
Mechanisms requiring excited I, however, can be ruled
out because I is not fluorescent under the alkaline
chemiluminescent conditions.”»?® Since even short-
lived excited singlets equilibrate with a liquid phase
medium,® the ability of an excited singlet to emit in a
given environment must be independent of the mech-
anism of its formation. Mechanisms requiring excited
II are also inconsistent with the marked effect of hy-
drogen peroxide. Similarly, mechanisms involving a
dimeric product such as IV as a chemiluminescence
precursor'® are inconsistent with the decrease in quan-
tum yield with increasing APH concentration.

It has also been argued that intermediate II can-
not be involved in APH chemiluminescence because
chemilumineseence is not observed from phthalazine-
dione, itself, under conditions where chemiluminescence
was observed from phthalhydrazide.!! However, in

(34) T.J. Kealy, J. Am. Chem. Soc., 84, 966 (1962).

(35) M. M. Rauhut, D. Sheehan, R. A. Clarke, and A. M. Semsel, Photo-
chem. Photobiol., 4, 1097 (1965).

(36) K. Weber, Z. Prochazka, and J. Spoljaric, Croat. Chem. Acta, 28,
25 (1956); Chem. Abstr., 50, 16407 (1956).

(37) A. Bernanose, T. Bremer, and P. Goldfinger, Bull. Soc. Chim. Belges,
56, 269 (1047); Chem. Abstr., 42, 4855 (1948).

(38) H. Kautsky and K, H, Kaiser, Z. Naturforsch., 8b, 353 (1950);
W. 8, Metealf and T. J. Quickenden, Nature, 206, 507 (1965).

(39) E. Briner, Helv. Chim. Acta, 38, 320 (1940); H. Kautsky and H.
Hohn, Kolloid-Z., 76, 164 (1936); K. Weber, Ber., T6B, 565 (1942).

(40) T. Forster, Z. Elektrochem., B4, 42 (1950); E.J, Bowen, N. J. Halder,
and G. B. Woodger, J. Phys. Chem., 66, 2491 (1962); H. H. Jaffe and M.

Orchin, “Theory and Applications of Ultraviolet Spectroscopy,”’ John
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our hands appreciable chemiluminescence has not been
seen from freshly recrystallized phthalhydrazide under
a variety of conditions, including the aqueous per-
sulfate~hydrogen peroxide system. Thus, the present
evidence while not conclusive is best interpreted in
terms of intermediates II and III as indicated in
Chart I.

Experimental Section

Materials.—The sodium salt of 3-aminophthalhydrazidet
(APH) was recrystallized (35 to 0°) four times from distilled
water and dried under vacuum over P;0s;. Allyl alcohol and
triethylamine were redistilled. Other reagents were of analytical
grade obtained commercially and were not further purified.
Recrystallization of potassium persulfate or the inclusion of
ethylene~diaminetetracetic acid in experiments did not influence
the results.

Appropriate stock solutions were prepared from weighed
quantities of sodium APH, potassium persulfate, potassium
carbonate, triethylamine, and distilled water. Sodium APH
solutions were always freshly prepared prior to use. Stock
solutions of hydrogen peroxide were prepared from the 309
reagent and were standardized iodometrically. Standard sodium
hydroxide solutions were standardized potentiometrically.

Rates of APH Disappearance.—Aliquots of thermostated
standard solutions were pipetted into a 10.0-mm-thick quartz
cell contained in a thermostated housing attached to a Beckman
model DU spectrophotometer. The order of addition was not
critical provided that potassium persulfate was added last.
The temperature was maintained at 29.2°. The absorbance at
346 mu, a maximum in the sodium APH spectrum, was recorded
as a function of time. Preliminary experiments showed that
only sodium APH absorbed at this wavelength under the condi-
tions used. A Beer’s law plot for 346-mu absorbance of sodium
APH in 0.10 M aqueous K,CO; is shown in Figure 2. Typical
data for an experiment are summarized in Table VII. Pseudo-
first-order rate constants were calculated from the linear plots of

TasLE VII
APH ABSORBANCE AT 346 my vs. TiMes
Time, k1 X 10¢
sec Absorbance sec !
200 1.517 10.20
400 1.304 8.89
600 1.090 8.91
800 0.927 8.71
1000 0.777 8.73
1200 0.654 8.71
1300 0.585 8.89
1400 0.548 8.73
1500 0.496 8.82
1600 0.457 8.77
1700 0.418 8.77
1800 0.393 8.64
1900 0.351 8.80
2000 0.321 8.80

s [APH] = 2.5 X 1074 M; [KyS:04] = 6.0 X 10~2M; [H;0.]
= 3.0 X 1072 M; [K,COs = 1.0 X 10-1 M at 29.5°.

(41) E. H. Huntress, L. N. Stanley, and A. S, Parker, J, Chem. Ed., 11,
142 (1934).
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log absorbance vs. time and divided by the persulfate concentra-
tions to obtain the second-order rate constants summarized in
Table I.

Light Decay Rates and Quantum Yields.—The instrumenta-
tion, a combination spectroradiometer—fluorimeter, consisted
essentially of a Bausch and Lomb grating monochromator, a
1P21 photomultiplier tube, an Aminco photomultiplier power
supply and amiplifier, and a Leeds and Northrup integrating
recorder. The instrument and its absolute calibration have been
described elsewhere.®? Early experiments were carried out in a
10-mm-thick, 3-ml, rectangular quartz cell contained in a
thermostated housing attached to the monochromator. Later
experiments were carried out in a 10-mm-deep, 3.0-ml cylindrical
cuvette to permit reference to the absolute calibration. The
cuvette was blackened on the rear face to minimize reflection.

Aliquots of the reaction components were combined in the
cuvette, with the persulfate added last. The recorder was
started with persulfate addition. The intensity of a 5-mm-wide
emission band, usually centered at 430 mg, was followed for at
least two reaction half-lives. Results from a typical experiment
are summarized in Table VIII.

Tasre VIII
APH Ligat EMIssioN vs. TIME®
Intensity,?

Time, einsteins sec 1 ki X 104
sec ml-1 X 101 sec 1
0 1.928 .
60 1.838 7.97
120 1.749 8.12
180 1.656 8.45
240 1.564 8.72
300 1.500 8.37
360 1.430 8.30
420 1.363 8.26
480 1.292 8.34
540 1.226 8.39
600 1.162 8.44
660 1.107 8.41

s [APH] = 4.0 X 1073 M; [Ks8:04] = 6.0 X 102 M; [H,0,] =
30 X 1072 M; [K,CO; = 1.0 X 107! M at 29.2°, ? Inte-
grated over the spectral distribution.

Emission spectra were determined manually at several decay
times throughout selected experiments by intermittent rotation
of the monochromator wavelength drum over 5-mg intervals.
The spectra appeared as a step function on the recorder chart.
The scan time was short relative to the rate of intensity decay,
but a small correction for intensity decay was made. The chemi-
luminescence spectrum (Figure 1) was invarient with time and
reaction conditions under the conditions studied.

Quantum yields in einsteins mole~! were calculated as pre-
viously described,4? and refer to the total quanta of light emitted
over the spectral distribution and reaction time divided by the
moles of APH introduced.
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