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SUMMARY

Progress in determining the processes fundamental t¢ chemi-
luminescence is destribed with particular reference to (1) mechanism
studies of oxalyl percxide, 3-aminophthalhydrazide, and anthracene
photoperoxide chemiluminescent reactions; (2) synthesis ani exploratory
studies of potentially new chemiluminescent materisis; and (3) energy
transfer studies :n chemiluminescent systems.

The chemiluminescent reaction of oxalyl chloride with
hydrogen peroxide is more efficient in polar than non-polar solvents,
and use of rubrerce as a fluorescer gives greater over-all efficiency
than 9,10-diphenjanthracene. Experiments witn pairs of fluorescers
are discussed. Analyses of gaseous products from oxalyl chloride-
hydrogen peroxide reaction show carbon monoxide and carbon dioxide as
main products with some phosgene, but little oxygen formed. A new
example of oxalyl peroxide chemiluminescence is reported.

Strong chemiluminescence from 3-aminophthalhydrazide was
generated in neutral non-aqueous solvents st an electrolytic cathode
in the presence of oxygen. Evidence suggests reaction of an oxygen
dianion produced at the cathode with 3-aminophthalhydrazide, followed
by previously studied reactions.

Collisional energy transfer was observed in the system:
3-aminophthalhydrazide-base-hydrogen peroxide-rubrene-dinethylsulfoxide
as evidenced by a substantial quantum gain derived from the addition of
rubrene. The system is not suitable, however, for quantitative energy

transfer studies.
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Synthesis of a series of anthracene photoperoxides is described.
9,10-Diphenylanthracene pholoperoxide gives low level chemiluminescence,
with 9,1C-diphenylanthracene as the only observable product. 1,4k-Dimethoxy-
§,10-diphenylanthracene gives moderate chemiluminescence snd more complex
decomposition products.

Efforts are described to prepare potentially chemiluminescent
acridine peroxides based con mechanistic hypotheses. None of the des’ved
compounds have yet been obtained. Reiated studies have provided chemi-
luriinescent reactions believed to involve electron transfer processes
with ion radicals. Chemiluminescence is obtained in the absence of

oxygen.




INTRCOUUCTION

Emission of light in chemiluminescence &s in fluorescence
results from the transition of an eleciron from an energetic antibonding
orbital in an excited molecule L0 & stable bonding or non-bonding orbital
(generally the former) corresponding to the ground state molecule. Thus
a chemiluminescent prccess must accommodate the formation of excited
molecules as a product of chemical reaction. Two requirements for
chemilumizescence are immediately apparert: (1) the reaction must
liverate an amount of chemical energy at least equivalent to the energy
difference between & product molecule and its excited state (41 to 72
KCAL/mole for emission of visible light) and (2) the product either
must be fluorescent itself or be capable of transferring its excitation
energy to a fluorescent compound present in the system. Many, if not
most, reactions meeting these requirements do, in fact, generate a low
level, barely discernible chemiluminescent emission. Moderately brigit
emission, however, is limited to & very few reaction systems. Clearly
a third requirement exists that an efficient mechanistic pathway must
be available for the conversion of chemical energy to electronic exci-
tation energy. It is also clear that this third requirement is rarely
met.

Detc:minaticon of this crucial mechanism for generating
excited molecules is the primary goal of chemiluminescence research.
Once this mechanism is understood, new chemiluminescent systems can be

designed having the efficiency and other characteristics necessary for




practical lighting. Two approaches sare being taken to achieve an under-
standing of the chemical chemiluminescence mechanism. The first
approach {Section I) invelves direct mechanism studies of several known
chemiluminescent reactions. The second approach (Section II) involves
exploratory studies of new, potentially chemiluminescent reactions
designed to test working hypotheses regarding the chemiluminescence
mechgnism and to provide structural criteria for chemiluminescent
compounds.

The third section of the report deals chiefly with the
physical processes assocliated with chemiluminescence. Quantitative
spectroscopic determination of quantum yields, spectra, reaction rates
and related physical properties are describec. in this section. The
third section also deals witkh quantitative energy transfer studies
designed to clarify the role of energy transfer in chemiluminescence and
to distinguish the scurce of yield loss in chemiluminescence between
chemical and physical ateps.

The reports in this series follow a consistent format so that
the progress of a specific investigation can be followed conveniently
over periods longer than a singlg quarter. To avoid excessive repeti-
tion, the objectives of a particular study are described in detail only
in the report where the study is begun. Except for the discovery of
ion radical chemiluminescence described in Section IIB, this report

describes work introduced in earlier reports.




SECTION 1

REACTION MECHANISMS IR CHEMILUMINESCERCE

A. Oxalyl Peroxide Chemiluminescence

Oxalyl peroxide chemiluminescence is illustrated by the
reactinn of oxalyl chloride with hydrogen peroxide in an organic

solvent containing a fluorescent compound.

a 8 .
Cl C C Cl + Ho0, -BUtAracene . g , co, + HCL + Cl g c1

The emitted light is characteristic of the normal fluores=-
cent emission of the fluorescent compouniS. Under certain (arhydrous)
conditions the over-all chemiluminescence efficiency js as high as 6%2.
Tne reactiun is of substantial interest because of the implied energy
transfer process whereby chemical energy released by the decomposition
of peroxidic intermediates appears as singlet excitation energy in the
fluorescent compound. Moreover, the simplicity of the starting
materials and products offers opportunity for detailed mechanistic
investigation in spite of the now evident complexity of the reaction.

An adequate description of the over-all mechanism requires
answering fundamental questions dealing with: (1) the chemical mechan-
ism of the process involving oxalyl chloride which leads %o the
generation of electronic excitation energy, and (2) the mechanism of
the process by which the energy appears as the singlet excited state of
the fluorescent acceptor. Our program is currently investigating both
of these areas. The experimental work bearing on *he second question

is primarily spectroscopic and ic discussed in Section III.




The previous report3 sumaarized results up to the end of the
third quarter. Results bearing on the chemical process obtained during
° e fourth quarter are summarized telow.

1. Effect of Reactant Ratios on Chemiluminescence Efficiency

Oxalyl chloride has been found to be a powerful quencher of
hydrocarbon fluorescence (see Section III). Fluorescerce quenching is
thus & 1likely cause of decreasing efficiency with incressing oxalyl
cbloride-hydrogen peroxide ratios.

g, Free Radical Inhibitor Effects

The effects of the free radical inhibitor, l-methvi-2,6-di-t-
butylphenol, on the oxalyl chloride-hydrogen peroxide reaction have
been found to vary markedly with solwveat and other conditions. Moreover,
recent qualitative experiments indicate that the induction period pre-
viously reported2 is difficult to reproduce. A quantitative study of
inhibtitor effects will be undertaken to clarify the relationship of free
radical chain processes to chemiluminescence.

}, Solvent Effects

Qualitative observations have been made of the oxalyl chloride-
hydrogen pefoxide reaction in various solvents. The results are sum-~
marized in Table I. In most of the solvents studied strong intensities
and brief lifetimes were found. In several non-polar solvents, where
hydrogen peroxide was poorly soluble; wveak emizsion was observed at the
peroxide-solvent interface. Acetophenone, however, offered a strong

emission in spite of iis low solvent capacity for hydrogen peroxide.




Tavle I

Solvent Effects on Oxalyl Chloride-Hydrogen Peroxide

Chemiluminescence'®
Chemiluminescence
Solvent Intensity Ouration

Diethyl ether strong short
Di-n-butyl ether strong short
1,2-Dimethoxyethane strong short
Tetrahydrofuran strong short
Diphenyl ether(b) weak long
Anisole(b) weak =
Methyl isobutyl ketone strong short
Acetophenone(b) strong short
Ethyl acetate strong short
Dimethyl phthalate strong short
Triethyl phosphate strong short
Benzene(b) weak -

(a)

(v)

One molur oxalyl chloride solutions were added to one molar
hydrogen peroxide solutions (or mixtures) containing 6 x 10-I
molar 9,10-diphenylanthracene.

Hydrogen peroxide was substantially insoluble in the solvent.
Chemiluminescence was observed at the interface.




L. Scope of Chemiluminescence from Oxalyl and Related Peroxides

Five new chemiluminescent reactions based on oxaly] peroxide
chemiluminescence have been reported in previous report3213. To further
define the essential structural teatures of the key peroxidic inter-
mediate in the chemiluminescent reaction, the additional experiments
summarize? below were carried out.

Oxalyl Chloride and Tetralin Hydroperoxide

o
0—0 C 8 0—0_ H ek

—+

H
+ mggm ——

’ H_QOR
; Fd .
COz + CC = N + + LIGHT

The reaction of t-butyl hydroperoxide with oxalyl chloride in

ether containing 9,10-diphenylanthracene (DPA) is not chemiluminescept3
indicating that the decomposition of di-t-butyldiperoxyoxalate,

But 00 g 8 00 Bu' does not produce excited molecules. We find, however,
that the corresponiing reaction with tetralin hydroperoxide produces a
moderately .trong, brief chemiluminescent emission. The reaction is
somevhat similar to the previously reported chemiluminescent reaction of
t-butylperoxyoxalyl chloride wiiu isopropyl alcohol3. 1In each case
chemiluminescence is evidently associated with the activ  tertiary hydro-
gen alpha to the peroxidic group. This in turn, as indicated previously,

suggests a free radical chain process involving hydrogen abstraction as
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a critical step. 3Such a process ctrrnot occur with di-t-butyi-
diperoxyoxalate.

Diisopropyl Diperoaycarbtonate Decomposition

Pecomposition of the peroxycarbonate in dilute ether or 1,5-
dimethoxyethane solutions containing 9,10-diphenylanthracene generated
veak chemiluminescence when warmed. Light was not obtained in the
pregence of methune sulfonic acid. A weak emission was obtained in the
presence of oxalyl chloride,

Tne weak emissicn observed in these experiments is evidently
characterictic of the chemiluminescen. = observed from most peroxide
decompositions. The recult emphs. =ec the unique character ¢f the oxalyl
peroxide structure,

5. Gas Phase Products from Oxalyl Peroxide Decomposition

Reactions

The preceding report described preliminary analyses of the
gaseous products evolved from a number of oxalyl chloride-h drogen
peroxide reactions. Those results were described as tentative, pending
confirmation of the mass spectrometric asnalytical method by vapor phase
chromatography. The results have now been confirmed with good agreement
being found for th- two analytical procedures. Aiditional experiments
have also been carried out to extend the range of conditions studied,
aid several acalyses have been performed on related systems.

Yields of gaseous products are summarized in Table II.
Reasonable account (generally within * 104) of the oxalyl chloride car-

bon from hydrogen peroxide reactions was obtained as carbon monoxide,
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Footnotes for Table 11

Per cent conversion of oxalate carbhon,

Moles of oxygen as a percentage of azid chloride charged.

This reaction was allowed to age 36 min. following the end of light
emission before sampling the evolved gases. All other experiments
were sampled within two minutes after chemiluminescence had ceased.

One mole per cent based on oxalyl chloride of L-methyl-2,6-
ditertiarybutylphenol was present asc a radical inhibitor.

Relative yields. Absolute yields were not determined.




carbon dioxide and {in dimethyl phthalate experiments)as phosgene. Ratios
of CO to CO- were somevhat variable even within a set of experimental
conditions, but lower CO:C0, ratios were obtained in dimethyl phthalate
than in ether. Resulis in ether suggest tentatively “hat additional CO
is liverated following the end of chemiluminescence so that a higher
C0:C0> ratio is obtained vwhen the reaction mixture is alloved to age
before sampling. This effect as well as the relationship of gas evolu-
tion rate to chemiluminescence intensity will be studied further. The
free radical inhibitor, L-methyl-2,6-di-t-butylpnenol had little effect
on products except in & 1:2 oxalyl chloride-hydrogen peroxide experiment
in dimethyl phthalate where the C0:C0, ratio was increased.

Substantial yields of phosgene were found in dimethyl phthalate
experiments but not from experiments run in ether. The rapid gas
evolution in these experiments is evidently able to remove phosgene from

the 1igquid phase in spite of its reactivity toward hydrogen peroxide.
It is likely, however, that a portion of the CO, found resulted from &
phosgene-hydrogen peroxide reaction. Phosgene reacts with hydrogen
peroxide to give CO, exclusive of CO as indicated in the table.

Only insignificant amounts of oxygen were found in the experi-
ments. Reabsorption by autooxidation of libezrated oxygen would be
expected in ether under the conditions used, but this is unlikely in
dimethyl phthalate, It is clear from the 1:1 oxalyl chloride-hydrogen
peroxide stoichiometry previously reported that one atom of hydrogen

peroxice oxygen remains unaccounted for by the gas phase analysis.




—

CL + Hp0p =——9 ZHCL + CO + CO0» + (0)

Ligquid phase producis will be determined.

The chemiluminescent reaction of tetralin hydroperoxide wit.
oxalyl chloride provided approximately equal amounts of CO and CO. but
little oxygen.

t-Butylperoxyoxalic acid decomposes in hexane to provide
carbon dioxide as the major product with only &% of the oxalic carbon
appearing as carbon monoxide. This small yield of CO may derive from
oxalyl chloride as an impurity, but its possible relationship to chemi-

luminescence must be considered.
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B. Reductive Electirochemiluminescence of 3-Aminophthalhydrazide

It has been cbserved tha’ electrolytic reduction of air
saturated, ueous alkaline solutions of 3-aminophthalhydrazide gener-
ates a weak light at the cathodeﬁ. This electrochemiluminescence is
distinct from anodic emission and has been attributed to the reduction
of 0o to HO>~, followed by the usual chemiluminescent reaction of HO,™
with S-aminophthalhydrazide5 monoanion (LE~). It had also been noticed
during the course of studies on the electrochemical oxidation of LH™

2 that the auxiliary electrode (a cathode) was

in non-agueous systems
exhibiting rather intense electrochemiluminescence. An investigation
vas begun to determine ithe reaction sequence responsible for the
cathodic generation of light in these non-aqueous systems.
The system investigated most extensively was dimethylsulfoxide

(DM50), 0.1 M in tetrabutylammonium perchlorate. The reduction of
oxygen in the absence of LE™ was examined first. Figure I shows the
cyclic voltammagram of an air saturated solution obtained on a

platinum micro-electrode. The existence of a reoxidation peak, and the
quasi-reversible appearance of the peaks indicates that the reduction

is quite different from the process observed in aqueous solutions.
The aqueous reduction is described by the following equation:

Oz + 2~ 4 Y —p HO,™

Reductions involving proton transfer, however, are generally very
irreversible in a solvent such as DMSO, im which the availability of
rotons is very low. This suggests that the oxygen simply picks up

one electron and exists as the superoxide anion:
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This supposition is substantiated by Figure II which shows the same
system after the addition of 1073 M 3-aminophthalhydrazide (LH,j. The
scan was started at -0.4 volts vs. the saturated calomel electrode
(SCE) and scanned anodically over the phthalhydrazide oxidation peak
to +1.1 volts, cathodically to -2.1 volts, anodically to +C.4 volts
and finally back to -G.4 volts. Three conclusions can be drawn from
this experiment: 1) The oxidation peak at +0.1 V is identical in
potential and product lifetime to that observed2 for LET but it only
occurs after the oxygen reduction peak has been scenned. 2) The
height of the oxygen reduction peak is more than double that observed
in the absence of LH,, indicating the up-take of more electrons.

3) The oxygen reoxidstion peak has decreased considerably in size
indicating a reduced lifetime of the product. These observations indi-
cate that the following reactions are occurring when oxygen is reduced

in the presence of LE-.

0 + & & 0,° (1)
0,* + LH, — LH- + HO3 (2)
R03 + e {0,%) ——— HO™ + (0,) (3)

The LH; apparzntly supplies protons rapidly enough *to convert the oxyzen
reduction process largely to the nomal two-electron reduction to
peroxide observed in aqueous systems, thus increasing the reduction
peak height, decreasing the GE; cxidation peak height and generating
B

fowever, when the same platinum elecirode was visunlly observed




in 8 darkroom as the potential was scanned or held st suitable fixed
values, only barely detectable light was emitted in the potential
region between the O, reduction peak and background discharge (~-2 V.).
Therefore, equations (1)-(3) do not generate significant concentrations
of species responsible for light emission.

Intense electrochemiiuminescence is observed, however, when
the electrode potential is shifted to the -2.3 to -2.5 V. region. The
reason for this was found by examining the polarography of oxygen in
DMSO on & DME {dropping mercury electrode) in the absence of any LHs.
The over voltage for solvent reduction on wircury is greater and hence
the useful range on this electrode extends to -2.7 volts. Figure III
shows two oxygen reduction waves. The first observed at El/e = -0.73 V.
¥s. the 5CE corresponds to the peak previocusly observed on platinum,

The second wave, not seen on platinum, appeared at E = 2.40. The

1/2
-urrents corrected for the changes in drop time for wavesl and 2 are

3.2 u aand 2.1 p a, respectively. This indicates that two one-electron
processes are involved. The reduction of oxygen in non-aqueous solvents
then appears analogous to the reduction of aromatic hydrocarbons in

similar systems. Slow protonation of 0,* by the solvent (or impurities)
may be responsible for the lack of a 1:1 ratio of diffusion currents for

wave l:wave 2. The equations may be written:

wave 1 Op + €7 == 0" (L)
0,* + H* 329 4 Hos (5)

HO; + e~(0p*) L8k _p HO,™ + (Oz) (6)




)

(o—— [Hrosmnonn ] gy

)

Wave 2 0.5 v e — 0.= (N

= e -, a=
0-° + SE —+&fk pHO,- + 3
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Thus to the extent that G;: is protonated by traces of impurities in ik
solvent, wave 1 will increase at the expense of wave 2.

Further evidence for the existence of essentially two one-
electron waves was obtained by analyzing the slope of the rising portion
of the first wave in the usual manner?; A slope of 0.070 was obtained
and is considered consistent with a one-electron wave. Also a para-
magnetic species was detected by means of electron spin resonance
spectroscopy in a solution in which prolonged oxygen reduction had been

*
>

carried out. The spectrum was very similar to that reported6 Por HOs .

The intense electrochemiluminescence cbserved in the -2.3 to
-2.5 volt region evidently involves & simple acid-base reaction between
LH; and the bases produced by the second oxygen reduction process,
resulting in the generation of substantial quantities of L®. L is
known to react chemically directly with oxygen, producing light7’8’9’lo.
The oxygen lon radical, 0,*, while able to monoionize LH,, is apparently
not a strong enough base to form significant quantities of L:, hence the
rate of the light producing reaction is very low when the potentisl is
such that only the first oxygen reduction process is occurring. When
the potential is sufficiently negative to carry out the second oxygen
reduction, the concentration of L¥ is much higher and, consequently,
the rate of light generation is much greater. The reaction occurring
during the second oxysen reduction process in the presence of an acid
{LH,) are presumably:

On + be™ 4 TH, ———» 20H™ 4+ IF

+ 05 ———p products + hv/

T
i
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{. Anthracene Photoperoxides

As discussed in Technical Report Ko, 33, thermal decomposi-
tions of certain 9,i0-diphenylanthracene photoperoxides are chemilumi-
nescent and are reported Lo proceed cleanly to give the parent anthra-
cene and OoXygen as sole productsll’lgil3. The reaction thus appears
to provide an opportunity to investiga®te directly a one-step process
produciﬁg an excited product. A number of photoperoxides are being
prepared for an initial zurvey of chemiluminescence efficiencies and
reactlion products.

Photoperoxide Synthesis

Anthracenes I through VI have becnu Or are being prepared for con-
version to the corresponding photoperoxides. Preparations of I and III

were described in the previous repartE.

) ¢6Hs OCHS OCH
~ | ~ /\ e
~ Ve ~ ~
‘\.«’HS OCEB
I

&
111
s J(CHs)2 CBRp Gl OCHs
: N N
! |

CéH.EN(CHZ,)Q CH;0  CgHqg

v v VI

The synthesis of anthracene II, described in the previous

report, has been substantially ‘mproved by carrying out the sodium

hydride-dimethyl sulfate methylation of 1,4-dihydroxyanthraquinone in




i

1,2-direthoxyethane instead of the more uzual solvent, dimethylformamide.
The yield of 1,L4-dimethoxyanthraquinone was 55% in contrast to the 11%
yieid previously obtained. This marked improvement may be related to

1k

the known cation solvating power of 1,2-dimethoxyethane” which could

increase the reactivity of the alkoxide groups.

et
Oﬂ

9e®
9 o.
~.Na+
The over-all yield of anthiucene II in the three-step synthesis3 is now
35%.

Compound IV was prepared from tetrschloro-anthraguinone by
addition of phenyllithium and subsequent reduction of the diol with
titanium trichloride. Zinc-acetic acid failed to effect the reduction
even in the presence of small amounts of potassium isdide. Methylation of
1,4-diamincanthraquinone to 1,4-bis(dimethylamino)anthraguinone required
for the prenaration of V failed with dimethyl sulfate in triethanolaminel5

or in pyridinels. However, the alkylation was effected in a small

(3%, yield with triethyl phosphate. Further steps will involve addition

of phenyliithium and reduction to Compound V.
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A number of attempts were made 1o prepare 1,2,5,C-tetramethoxy-
anthraquinone needed for preparation of VI. The complete meihyliation
of 1,2,5,8-tetrahydroxyanthraguinone failed with potassium hydroxide-
dimethyl sulfate., Very small yields (2-3%) were obtained with sodium
hydride-dimethyl sulfate in 1,2-dimethoxyetnane or in dimethylformamide.
Another attempt will be made under other conditions.

Three of the required photopercoxides have been prepared to

date.

The photoperoxides were prepared by irradisting oxygen saturated
solutions of the anthracenes with ultraviolet light. These reactions
are tedious on a preparative scale, since quite dilute (0.5%) anthra-
cene solutions are required to avoid concentration quenching and in
some cases dimerization. Moreover, precautions must be taken to avold
light and thermal decomposition of the products. Photodecomposition
can be avoided by using & pyrex filter to remove light below about

350 mp. Thermal decomposition becomes serious On a preparative scale
for compounds decamposing below room temperature, since the immersion
lamp used as the ultraviclei source generates much heat. Adequate
cooling of the lamp is necesgary but is difficult for temperatures much

velow 0°%.
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Compound VII formed readily on irradiation of the parent
anthracene in carbon disuifide saturaled with oxygen. Tre carbon disul-
fide was dried over wolecular sieves {io remove water, a known inhibitor.
Rapld agitation of ihe solution was also essential to assure & reasonable
rate. Because of the sirong absorption of carbon disulfide at wave-
lengths snorter than 375 mp, sgitation is required to renew the surface
film of the solution that is effectively irradisted.

The methoxy-substituted anthracenes VIII and IX were converted
to unidentified carbonyl containing products on photooxidation in
carbon disulfide or in chloroform. Tne desired peroxides could be
obtained, however, from reactions in diethyl ether or in ethyl acetate.
Ether, however, presents a potential danger due to its tendency for
peroxide formation, its high volatility, and its low autoignition point.
Fthyl acetate is preferred.

Deccmgpsition Studies

The chemiluminescence, reported in the literature of peroxides
VIT and VIII has been confirmed. Peroxide VIII emits light above 30°
in solution, but the chemiluminescence is readily observed only at
70-80° C. The quantum yvield is estimated to be lower than that of the
luminol system by visual observation. Compound VII is also chemilumi-
nescent at temperatures above 230* C., but is substantially less
efficienc than VIII.

Decompositions of peroxides VII and VIII were followed in
tetrachlioroethylene solution by infrared analysis. The reactions were

~arried ou®t in hested salt cells. An observable decomposition  VII
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to 130° C. Peroxide VIII, however, decomposed at 100" C. to pr

exhibiting carbonyl and carboxyl bands. The expected anthracene was

not detected. Decompositiion of peroxide VIII in Z2-methoxyethanol at

60® yielded at least some 1,4-dimethoxy-9,10-diphenylanthracene, however,

as indicated by ultraviolet anclysis. Although these observations
indicate that the chemistry of the decomposition of some pnotopercxides
may be complex, a carelul study of the adecomporition will be required

prior to a final conclusion.
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de with Tetralin Hydroperoxide -
Addition of 5 ml. (5 m,"*mnl es } i M oxalyl chloride in benzene to

25 ml, (10 millimoles; of O.h 4 M tetralln hydroperoxidell in benzene
coniaining 5 mg. of §,10- ~diphenylanthracene produced a brief blue chemi~
luminescence. When a similer reaction in ether containing 5 mg. rubrene
was maintained at -78° C. for 10 minutes, then allowed to warm to room
temperature, a weak long-livad yellow chemiluminescence was observed.
Addition of hydrogen peroxide hiad no effect on the intensity, while the
addition of waier increased the intensity slightly.

Reaction of Oxalyl Chlc
1

Diisopropyl Diperoxycarbonate Decamposition - To 25 ml. of
a 10~3 molar solution of 9,10-diphenylanthracene in ether wgs added
.2 & (1.1 x 10-3 mole) of diisopropyl dlperoxycarbonatel . When the
resulting sclution was warmed on the steam bath a very weak light
emission was observed. In a similar reaction with anhydrous 1,2-di-
methoxyethane as the solvent again a very weak chemiluminescence was
observed on warming.

Reaction of Diisggrogxl Diperoxycarbonate vith Methane
Sulfonic Acid in Giyme - The addition of 0.2 g. (1.1 x 10=3 mole) of
diizopropyl diperoxycarbonate to 25 ml. of 0.5 molar methane sulfonic
acid in glyme contsining 10-3 moles per liter of 9,10~diphenylanthracene
failed to produce light at room tewperature. Oa heating to 60° the
reaction still produced no light.

Pesction of Diisopropyl Diperoxycarbonate with Oxalyl
Chloride - To 25 ml. of 0.5 M {12.5 millimoles) oxalyl chloride in
anhydrous 1,2-dimethoxyethane containing 10-3 moles per liter of 9,10-
diphenylanthracene was added 1.8 g. (10 millimoles) of diisopropyl
diperoxy carbonate. Gas was evolved, but the reaction was dark. On
warming to 60" a weak blue chemiluminescence was observed. In a
similar reaction with ether as the solvent, no light was obtaiaed at
reflux. However, when water was added to the ether solution after
refluxing, a weak blue chemiluminescence was observed.

Tertiary Buiyl Peroxy Oxalyl Cbloridel? . The procedurs of
the last report’ was followed up to the removal of the solvent at reduced
pressure. An addition funnel in the apparatus was used to add 4O ml.

f nexane %o the distillation flask, and this fresh solvent was removed
under reduced pressure. The process was repeated several times until
the distillate no longer gave chemiluminescence when rescted with hydro-
gen peroxide solution containing §,10-diphenylanthracene. The dis-
+illate also 4id not chemiluminesce when reacted with water in the
resence of 3,1C0-diphenylanthracene indicating that no tertiary bucyl
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peroxy oxalyl chloride had distilled over. A known weigh
wi3 then addead %o the disidiaticn flask ans the result inz

weighed to determine a crude yield; .1 g. {~o5%) of ms
< r*s_o

obtained. The product was siored at 757,

ot

Dehydration of Ether-Hydrogen Peroxide Solutions - A one
melar solution of hydrogen peroxide in ether was vprepared by cautiously
ding 37.8 z. (1.0 mole) of 9U% hydrosen peroxide in water 4o ether and
diluting %o one liter in a volumeiric flask. Aliguots of this solution
were then allowed to stand over the dehydrating agents listed below for
8 2b-hour period. The absorbance of each solution st 1640 cm~1 was then
measured and compared 1o that of the unirested solution.

Dehydrating Agent Absorbance Moles/1. H,O
none 0.h2 0.21
anhydrous MgS30, .11 0.06
anhydrous N&-S04 0.38 5.19
molecular sieve Type 5A 0.52 peroxide decomposed

Gaseous Products from Oxalyi Chioride-Hydrogen Peroxide
Reactions - 1The reactions in Table 11 were carried out in &n epparatus
cocusisting 0 a 500 ml. round bottom flask equipped with a magnetic
stirrer and fitted with two evacuated gas sample bulbs, & 10 ml. drop-
ping funnel and & three-way stopcock leading to a helium tank, a
differential manometer, and a vacuum pump. The total volume of the
system was 620 ml. A solution of hydrogen peroxide in ether or dimethyl
phthalate conteining 10 mg. of 9,10-diphenylanthracene was placed in
the flask, cooled to -78° C. and the sysiem evacuated. The system
was tested for leaks by observing changes in pressure with the manometer
after isolating the vacuum pump by means of the stopcock. The cooling
bath was removed and oxalyl chloride added from the dropping funnel.
When chemiluminescence had ceased, the pressure of the system was
observed and a sample of gas taken for analysis by mass spectroscopy.
The system was then raised to atmospheric pressure with helium and a
sample of gas taken for analysis by vapor phase chromatography (VPC).
Mass specfroskoplc analysis provided the mole fractions of ether, CO,
€05, 0-, phosgene and nitrogen {to guard against leakage) present and
thus allowed the calculation of the yields of the various products from
the obcerved pressure, temperature and volume of the reaction system.
Since only the CO- determination was free from possible interference by
peaks from other components of the system, the reliability of oxygen
and carbon monoxide analyses Was considered uncertain. To double check
these resulua, tn VP“ analysis was used to oblain the ratios of the
various compon Lo C0-. These ratios were compared with the
unambisuous uﬁa aﬁalys;a obtained ©y mass speciroscopy to determine the
reportec VPC yields. In experimenis with inhibitor present, the
innibitor ves added to the peroxide sciution &t the start. The experi-
ments with reactanis other than oxalyl chloride and hydrogen peroxide
were conduct similar manner with ihe acid chloride bveing added

R . . S
from unnel to the oxizant 10 vactuo.
o




1,#-DimethoxXyanthraquinone

anibraguingne {(Fastman; was exiracied
beiling acetone, and the combined exi:
activated charcoal. Evapcration of zolvent
satisfactory purity. Twenty grams {C.08 mole) of the yu*$119d anthra-
q3§39F¢ were dizsolved in 1.5 liters 3f hot 1 a-¢1me+noxyevﬁane
[previously dried over molecular sieve (Linde hA) ;) and the solution
was filtered, drisd over element I sodium and ¢ decanted,

iinydroxy-
ons of

3
A
I+
is.

Sodium hydride dispersion (10 g. of 50% disp. in mineral oil,
G.c mole) was washed three times with anhydrous 1,2-dimethoxyethane,
centrifuged and decanted, (Caution: dry NaH is pyrophoric), then added
in & siurry with dry 1,2-dimethoxyethane to the stirred solution of
1,b-dinydroxyanthraquinone.

The dark brown mixture was stirred one hr. at reflux tempera-
ture in a 3.necked flask equipped with water-cooled condenser, calcium
chloride drying tube and mechanical stirrer, Freshly distilled dimethyl
sulfate was added slowly to the stirred mixture. The reaction mixture
was ref)uxed 2 hrs., then 6.3 g. (0.05 mole) of dimethyl sulfate was
added. The reaction mixture was refluxed for one additional hr., and
diluted with 3 volumes of water.

The quenched reaction mixture was saturat~d with sodium
chloride, stirred for 1 hr., and filtered. The precipitate was
collected on a filter, washed with water, dried on the filter under
rubber dam, and digested in 2 liters of hot benzene. The benzene
solution was itreated with activated charcoal, fiitered, evaporated to

1/3 itz volume, then allowed to stand at 5° to obtain the erystalline
product. The yellow needles were collected on a filter, washed with
petroleum ether, and dried on the filter under rubber dam to obtain
16.2 g. of product. The benzene filtrate was diluted with 5 volumes
of heptane to cbtain an additional 2.1 g. of product. Total yield of
product, (m.p. 170-171°), was 55.2%.

1,4,5,8-Tetrachloro-9,10-diphenyl-9,10-dihydroxy-g,10-dihydro-

anthracene =- 1,4,5,0-Tetrachlorocanthraquinone IZ??%g. 0.07 mole) was
added slowly to a stirred soluticn of 175 ml. of 2.4 M phenyllit thium in
ether-benzene {Lithium Corvp. of America) and 200 ml. tetrahydrofuran.
The solution was stirred for 15 min. and allowea to stand for 2 hrs.
Dilute acetic acid (20C ml., 10%) was added slowly to the stirred
reaction mixture. The organic phase was separated, and the agueous
phaze exiracted with two 250 ml. portions of ether. The combined
srranic phase was washed with two 250 mi. portions of water, dried
with MgsO,, and evaporated to - yness to obtain 15 g. (42%) of red oil
as product.
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0.002 mole! was ¢
trichloride {10 =.}
was refluxez 10 hrs.,
in an i¢e bath
was cOollected, hed ¢
recovered from the eluent by evaporation to obtain G.2 g
non-crystalline yellow product, whose infrared spectrum
with that expected for the desirea producy. Further
be carried out after ine preparatlion of the compound on
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1,4~(Diethylaminojanthraguinone - A mixture of 2.4 g. {0.C01
mole) of 1,4-diaminoanthraquinons and 25 ml. of trieihyl phosphate was
refluxed 4 hrs. Then 75 ml. of 20% sodium hydroxide was added and the
reaction mixture “Pfluaed an additional hour.

The reaction mixture was diluted with 250 ml. of water, then
extracted with two 500 ml. portions of henzeme. The combined benzene
solutions were washed with *hree 250 ml. porticns of water, dried over
magnesium sulfate, then evaporated to dryness. The semi-solid residue
was taken up in benzene sng chromatographed on a neutral alumina column
prepared in hexane. The eluent was collected snd evaporated to dryness
to obtain 0.1 g. (13%) of brown product, whose infrared spectrum is in
agreement with that expected for the desired product. Further
characterization is planned when a larger sample iz available.

Purification of Anthracenes - After repeated recrystailiza-
tion from methanci, the samples described in the previous report’ were
driel under vacuum at B0® mnd were submitted for JLementary analysis.

§,10-Diphenylanthracene

o d Por 0 [ o+ O Gh4 21w oo hG
Caled. for O, Hya: C, 94.51; H, 5,435,
i = ~ Gh SR w o LG
ound: O, Sw.OHC; E, 5S.4Y9.
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B [ Cm oy &L
m.p. 220=%17, Lit. B.p. 250-51

1,4-Dimethoxyanthracene

- L
nd, for C-7/8B-L0~r 2, Bo. G5 B, 5.03- G,
led. for TiaH:500:r Z, BO.65; H, 5.92; 0, 13.43.
- ~ . 1T £ v =

Found: o, SG.62; H, &.02; 0, 11.31,
™
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1,4-Dimethoxy-G, 10-diphenylanthracene

Caled. for CogHnn0,: €, 86.12; H, 5.68; 0, 8.19.
Found: C, 85.88; ¥, 6.01; 0, 7.89.
m.p. 199-200°, Lit. m.p. 202-203*23

G,10-Diphenylanthracene Photoperoxide -~ A three-neck flask
{1000 ml.) was proviced with a capiliary oxygen inlet tube, and with a
dry ice condenser protected by a drying tube. A solution of 7.79 g. of
9,1C-diphenylanthracene (Aldrich Chemical Co.) in 800 ml. of carbon-
disulfide (Baker Analyzed Reagent, dried over molecular sieves, Linde
LA) was added to the flask and was agitated vigorously with a magnetic
stirrer. The solution was irradiated with & 140 Watt Hanovia "utility"
mercury lamp through a pyrex filter for 32 hours. At that time s
sample of the solution evaporated to dryness showed no fluorescence
when it was redissolved in benzene.

The mixture was evaporated to dryness and was twice re-
erystallized from carbon disulfide to obtain 7.4 g. (87%) of peroxide,
m.p. 184° dec. (melting point dependis on rate of heating).

Anal. Calcd. for CogRyg0p: C, 86.18; H, 5.00; 0, 8.83;
mol, wt., 362.1k.
Found; C, 86.19; H, 5.16; 0, 8.1h;

moi. wi., 330 {vapor pressure thermister method in chloroform24).

i-Methoxy-9,10-diphenylanthracene Photoperoxide - A solution
of 0.5 g. of l-methoxy-G,10-diphenylanthracene (Aldrich Chem. Co.) in
1800 ml. of ethyvl acetate was placed in a photoreactor, which consisted
of a cylindrical pyrex vessel (diameter: 100 mm; length: 300 mm)
equipped with thi-ze tapered glass joints (66/50, 19/38, 24/LG) to
accommodate, respectively, & Hanovia immersion well (19433, Vycor)
containing r 450 Watt mercury lamp (£7QA-36) with pyrex filter, a
capiiiary for oxygen addition and a dry ice condenser protected by a
reury bubbler valve %o exclude air and moisture. An ice bath was
used to cool the solution and ice water was circulated viz & pump
in the jackei of the immersion well. The solution wss vigorously
sitatsd "y s large magnetic stirrer.
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The irraciation was carried out in faree 15-min. intervais
interrupted by 1%5-min. cooling periods. At 5 point ultravinlet
analysis showed essentialiy no unrescted anthracene prezent.
The reaction mixture was evaporated to dryness under vacuum
and the residue was recrystallized from ether to obtain 0.25 g, {46%)
of phoioperoxide, m.p. 173° dec. Infrared and ultraviolet ~pecira
truct

"«

W“ere in agreement with the assigne

)

Analysis is pending.

1,4-Dimethoxy-G, 10-diphenylantaracene Ph toperoxide - 2
solution of l,k—dimethexy-9,lﬁ-iiphenylanthracene in €50 ml. of anhydrous
ether (Mallinckrodt Chem. Works) was placed in g photoreactor. The
reactor was a small version (length: 250 mm, diameter: 80 mm) of the
one described above for the preparation of l-methoxy-9,10-dirhenyl-
anthracene photoperoxide. Cooling was provided by a diy ice-alcohol
bath, The immersion well of the lamp was cocled by pessing nitrogen
gas through the ‘acket. (Ether as solvent creates g potentially
hazardous condition by its tendency for peroxide formation and due to
the possible overheating of th~ lamp coupled with the low auto-
ignition temperature of ether. Ethy) acetate will be used for future
experiments. )

The irradiation lasted for two 15-min. invervals interrupted
by & 15-min. cooling period. Yltraviolet analysis showed no sigrifi-
cant amount of unreacted anthracene.

The product {C,15 g., T0%) was recrystallized from ether,
Infrared and ultraviolet spectra agreed with the assigned structure.

Chemiluminescence of Photoperoxides

Household Wax (Esso) was melted in a ceramic casserole and
heated to the desired temperature with an electric {mmersion heater.
This molten paraffin wax was vigorously agitated via a megnetic stirrer.
The experiment was carried out in a dark room. After the lights were
turned off, a small sample (~ 0.0l g.) of the photoperoxide was added
to the hot paraffin bath, The chemiluminescence was obzerved visuaily.

J,10-diphenylanthracene thotooxide:; dhort lived (1-2 seconds), weak
intensitiy, blue light ocoservabie only over 230°,

;}k-dimethoxy=9,l@—diphen;lasthraeene: Biue light readily observes at

60~7C° with @ Llife timo of 0.5~1 minute
s

ight is much more intense
and has A& shorter duration (Le5 second y
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Deccmposition Study of §,1C-Diphenylanthracene Photcperoxide VII

A Perkin-Elmer 521 infrared spectrophoiometier was uscd for the study.
Sodium chloride solution cells provided with electric heater and thermo-
couple were employed for the measursment. A soluticn {~20%) of VII in
tetrachloroethylene (Eastman Spectro Grade) was placed into the cell and
was heated in 20° sieps accompanied with periodic scanning. The
decompogition of the phetoperoxide was monitored at the wave numbers:
1455, 671 and 633 em~l. The appearance of anthracene was followed at
the wave numbers: 1381, 660, aud 607 cm~l. Detection of other compounds
vae feasinle at regions where the solvent tetrackloroethylene did not
sbsort (L000-1360, 1330-1200, 1100-1000, T25-600 cm~l),

No decomposition of the photoperoxide occurred below 100°.
Abuve this temperature sole product of the decomposition was §,10-
diphenyianthracene. Neither intermediates nor by-products were
detected.

Decomposition Study of 1,4-Dimethoxy-9, 10-diphenyla~threcere
Prhotoperoxide VIII -~ A study of the decomposition was carried out
using an infrared technique identical to that described above for VII.

The decompx +ition of VIII in tetrachloroethylene up to 1GO*
resulted in products showing carbonyl and carboxyl sbsorption bands
at 1603, 1667, and 1735 cm~l. Bands corresponding to the expected
anthracene wers not observed under these conditionms.

Because photoperoxide VIII is insufficiently soiuble in non-
polar solvents (e.g. i-octane) 2-methoxyethanol was chosen as solvent
for the study of the decomposition by Wltraviolet analysis. The solu-
tion was maintained at 50° in a constant terpe.ature bath. Samples
vere withdrawn perindically snd analyzed by Cary 1k spectrometer. The
photoperoxide was monitored at ‘A260-320 mpu and the anthracene was
followed at "A360-420 mu. Bands corresponding to the anthracene
appeared gradually during the decomposition. However, the fipal decom-
position product contained less than 50% of the theoretical anthracene
yield.
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A. Relationship of Peroxides to Chemiluminescence

While chemiluminescenze iz observed during oxidationz of a
variety of apparently unrelated organic compounds, with few exceptions
appreciable chemiluminescence is observed only from oxidations by
oXygen or hydrcgen peroxide. This almost general oxygen requirement
, ) . _ b,10 = .
has been interpreted by others in terms of oxXygen pri oted
triplel-singlet intersystem crossing. IHowever, the relatively high
efficiencies of the 3-aminophthglhyirazideg’8?le and oxalyl chloride
chemiluminescenth systems are not consistent with a process involving
triplet intermediates. In a triplet process the maximum efficiency

would necessarily be that observed in slow fluorescence and be less

226 ; . . -
than about 10757, Moreover, we have demonsirates (Section IIB) that

oxygen is not essential to oxidative organic chemiluminescence.

The action of oxXygen or hydirogen peroxide in cherilumines-
cence 1s betiter explained in terms of the formation of essential
peroxidic intermeiiatesl. Thus while a variety of oxidizing agenis
will oxidize 3-aminophihalhydrazide, only oxygzen or hydrogen peroxide

would sccommodate the formation of a hydroperoxzide intermediate,

Moreover, several unambiguous hydroperoxide decompositicns are, in

fact, chemilumirescent. Prominenti examples include the tetralin hydro-
8.5 5 s 27
peroxide-porphyrin reaction®!, the oxalyl loride-hydrozen perox




The generality of the relationship beiween peroxide decomposi-
tion and chemiluminescence is belng examined by the design and syninesis
of new compounds. The potential chemiluminescent compounds described
below have been selected to meet three criteria: (1) Formation of
fluorescent decomposition products; (2) Ease of preparation (although
synthesis in this area is inherently difficult); (3) Structural
variation to provide a correlation between structure and chemilumines-
cence efficiency.

1. Peroxides Based on the Acridine System

Th~ acridines represent s particularly atiractive compound
group upon which to base the design of new chemiluminescent materials.
Many members of the class have the high fluorescence efficiency required
for an efficient emitting species in chemiluminescence. Moreover,
several reactive acridine derivatives can be readily prepared to serve
as versatile starting materials for synthesis. Some approaches and
attempts to synthesize potentially chemiluminescent compounds based on
acridine chemistry werc described in Technical Report Nos. ll and 33.

In Technical Report Wo. 3 we reported progress toward the

synthesis of acridine peroxides III and IV by the following route:
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g-Carboxyacridine, I, had been satisfactorily prepared, snd
we indicated tentalively that its methviation had provided Q-carboxy-
l0-methylacridinum chloride, II. Closer examination of the methylation
product, however, has demonstrated that the product obtainea was
actually the isomeric 9-carbomethoxyacridine hydrochloride. Me'hylation
of I under more vigorous conditions is expected to provide 9-

carbomethoxy-10-methylacridinum chloride, and acid hydrolysis of the

5 expecied Lo provide the desired acic IT.
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Efforts to prepare the azo peroxides VI and VIII by autooxida-

e 2
tions of azines ‘13 and VII~ have been unsuccessful.

Attemptad reactions of V or VII with oxygen in the presence of cobalt
naphthenate under ultraviolet irradiation in chloroform for extended
reaction periods resulted only ir unchanged starting materii. s. An
additional attempt will be made under more vigorous conditions.
Preparation of the hydrazine bis acridan, IX, wanted as a
possible precursor for peroxide X, has been achieved in moderate yields
by reaction of lO-methylacridinum chloride with hydrazine under mild

conditions under an inert atmosphere.
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Hydrazine IX was found to be highly sensitive toward oxXygen and was
contaminated with its oxidation products even when moderate precautions
were taken to exclude oxygen during its preparation and isolation.
Autooxidation of IX is complex, and it is now uncertain that
X can be prepared by this route. Addition of oxygen to & solution of
IX in methylene chloride at -60° has been indicated by n.m.r. analysis

10 proceed by the following course:




Compounds IX and XII exhibit distinct pairs of absorption peaks
in their n.m.r. spectra for the N-methyl groups and 9,9' protons. Another
distinct pair of similar peaks (all pairs show the anticipated 3:1 ratio
on integration) in the spectrum of crude IX correlate well with the
predicted chemical shifts of XI (a summary ofyr-scale chemical shifts
for these derivatives in chlorofcm-d is given in Table I). This latter
pair of peaks increases during oxidation at -60° C. with concurrent
dimizution of those due Jo IX. At rocm temperature, however, peaks due
to XII also increase, suggesting thermel loss of nitrogen from XI.
Compound XII was also the only isolab'e product when IX was oxidized by
mercuric oxide in chloroform at room temperature. The transformation of
XII to XIII was demonstrated independently by infrared analysis of a
chloroform solution of XTI on exposure to air. A more detailed n.m.r.
study of the low temperature oxidation of IX is planned in order to
confirm the transformations outlined above and to determine whether the

azo compound XI can be oxidized to X.

i
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2. Peroxycarboxylic Acid Chemiluminescence

Mechanism studies in progress (see Section I of this and
preceding reports), while incomplete, suggest that peroxyacids XIV and XV

will provide chemiluminescence on decomposition.

Carbonation of the dianion produced by the action of sodium metal on
9,10-diphenylanthracene afforded the disodium dicarboxylate {(xvI).

Treatment of this dicarboxylate with oxalyl chloride resulted in a

SlggCl

vigorous reaction. The product, however, was nmot XVII but the bridged
anhydride, XVIII. Evidently as the acid chloride is formed in the $-
position, immediate cyclisation occurs by displacement via the carboxylate
anion in the 10-position. The anhydride is expected to be useful for

the synthesis of XV.
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» ivnh Radical Chemiluminescence
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Buring the fourth quarter two new classes of chemiluminescent
reactions were discovered involving oxidations and veducticns of certain
aromatic nydrocarbon derivatives. 1In the first, chemiluminescence was
‘ound to accompany certain oxidations of anion radicals ts corresponding
fluorescent hydrocarbons or neterocycles. The second new process nmay
involve the reduction of & ¢nticr radical to a fluorescent compound.

(1) A* + OXIDANT — — A + LIGHT
(2) AY + REDUCTANT —— —p A + LIGHT
Anion radical chemiluminescence iz illustrated by the oxidation

of sodium §,10-diphenylanthrecenide by chlorine in tetrahydrofuran.

- Cells

LT v

i - it

+ NaCl + LIGHT

—

The reaction is essentially instantaneous, generating a bright blue
flash. The color of the emission is typical of 9,10-diphenylanthracene
fluorescence. During the reaction the solution loses the dark opacity
characteristic of the radical ion and becomes transparent. The blue
fluorescence of 9,10-diphenylanthracene is clearly evident,

Resulls obtained by oxidizing sodium G,10-diphenylanthracenide
with other oxidants are summarized in Table II. Chemiiuminescence was
observed in oxidations of chlorine and btromine but not iodine. Similarly,

chemiluminescence was generated by benzoyl peroxide but not oxXygern.
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Effect of Various Oxidants on Sodium

§,10-Diphenylanthracenide in Te trahydrofuran

Oxidant
Chiorine
Bromine
Iodine
t-Butylhypochlorite

Oxalyl chloride

Oxygen

Benzoyl peroxide
Hydrogen peroxide
Fotassium superoxide
Benzil

Benzophenone
T,7,8,8-Tetracyanoquinonedimethane
Diphenyldisulfide
Potassium persulfate
Potassium permangsanate

Potassium ferricyanide

Chemiluminescence
;ntensij.y

strong
strong
none
medium
medium
none
strong
none
none
none
none
none
none
weak
none

none

Color
blue

blue

blue




Mo p— -

i
ik

5t
[} n

[

it i

i
i

- b3 -

ince each of these five oxidants convert the ion radical ito the anthra-
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cene, iodine and oxygen evidently release insufficient energy to produce
an excited intermediste. OQOther explanations are possible, however, and
are being invesiigated.

Tertiarybutyl hypochlorite produced o medium intensity chemi-
luminescence as dld oxalyl chloride. The latier reaction presumsbly

occurs as indicated in the equation below.

oNat AT 4 Cl-g-g-”l ~—p 2Nall + 200

Similarity is evident between this reaction and the chemiluminescent
reaction between oxalyl chloride and hydrogen peroxide in the presence
of 9,10-diphenylanthracene (Section IA), and a possible mechanistic

correspondence is being investigated,

Other organic electron ascceptors such as benzoguinone and 7,7,8,8-

tetracyanoquinonedimethane failed to produce chemiluminescence. While
the latter is a strong oxidant, it may quench anthracene fluorescence.
Oxidants contalining active hydrogen such as hydrogen peroxide, were
ineffective, as expected. The reaction mechani:m with such materials
follows an entirely different caursez&. Inorgaaic oxidants insoluble in
tetrahydrofuran were also ineffective with the exception of potassium

persulfate, which produced a weak emission. Oxidation st an electrolytic

anode was also observed to produce luminescence.

Results obtained from oxidizing a series of anion radicals
are summarized in Table I1I. The required anion radical was generally
prepared by reaction of scdium naphthalenide with the corresponding

, . g . .
aromatic hydrocarbon or heterogycleg’, but in some cases the anion




Table III

Anion Rgiical Che&ilumiﬁescence

Reducing

Subs.rate Agent Solvent _Oxidant Intensity Color
Anthracene Na NAF THF Cl, Very weak Blue
Anthracene Ka, STILB THF Bz. perox. None -
1,b4-Dimethoxy- Na HAP THF Cl, Weak Blue
anthracene
9,10-Diphenyl- Ka THF Cls Strong Blue
anthracene
9,10-Diphenyl- Ka THF Bz. perox. Strong Blue
anthrrcene
9,10-Diphenyl-~ Ha NAP THF Bz. perox. 3trong Blue
anthracene
9,10=-Diphenyl - Ra, STILB THF Bz. perox. Strong Blue
anthracenc
1-Methc=y-9,10- Na NAP THF Bz. perox. Medium Blue
diphenylanthracene
1,k-Dimethoxy-3,10- Ha NAP THF Bz. perox. Medium Green
diphenylanthracene strong
1,4-Dimethoxy-9,10- HNa, STILB TEF  Bz. perox. None -
diphenylanthracene
Rubrene Na RAP THF Bz. perox. Strong Yellow
Rubreune Ha, STILB THF Bz. perox. Strong Yellow
Pyrene Na NAP THF Bz. perox. Weak Blue
Pyrepe Na, STILE THF Bz. perox. BKone -
Corgniene Ha RAP THF Bz. perox. Medium Blwe
Decacyclene Na NAP THF Bz. perox. Very veak Green
2, 3-Benzofluor- Ka HAF THF Bz. perox. Medium Biue

anthene
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Table III (Continued)

Reducing

Substrate _hgent  Colvent Oxidant Intensity Zolor
Dinaphthalene oxide Na NAP THF Bz. perox. Medium Blue
1,3-Diphenyl- Na NAP THF Clo Very weak Blue
isobenzofuran
1,7-Phenanthrolene Na NAP THF Bz. perox. Very wesak -
1,1G-Phenanthrolene Ha NAP THF Bz, perox. Very vesk -
Benzodifoen- Na NAP THF Bz. perox. Medium Blue
anthridine
N-methyl- Ka HNAP THF Bz. perox. Medium Blue
puenothiazine
Trans-stiibene Ha THEF Cls None -
Trans-stilbene Ha NAP THF Cls None -
Trans-stilbene Ra, STILB THF Bz. perox. KNone -

Regative chemiluminescence results were obtained by benzoyl
peroxide oxidations of mixtures of sodium naphthalenide with
acridine, dimethyldibenzisoquinoline, pentaphenylphosphole,
anthraquinone, 1,4-dimethoxyanthraquinone, 7-E-benz(d,e}-
anthracen-~7-one, and disodium fiuorescein.




radical was prepared from reaction with disodium stilbene dianion or by

28
direct reaction with sodium .

_’i Wt

+

The ability of sodium naphthalenide to transfer an electron to higher
polycyclic aromatic hydrocarbons has been well documented in the
literature®?, However, the formation of some of the heterocyclic anion
radicals by this reaction is less secure and will require additional
preof.

All of the fluorescent polycyclic aromatic hydrocarbon anion
racicals studied generated chemiluminescence on oxidation. Some of the
fluorescent heterocycles were effective, while others were not, as
indicated ‘n Table III. 35ide reactions may be important where negative
results were ¢btained; this will be studied further. Chemiluminescence
was not obtained by oxidation of ithe st_lbene anion radical or disodium
stilbene., Evidently the reaction fails to produce a singlet excited
state of trans-stilbene. Oxidation of several ion radicals derived from

fluorescent ketone: also failed to produce light.
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Cation radical chemiluminescence may be involved in the

-

fpmoms

reaction of 9,10-dichloro-9,10-diphenyl-5,10-dibydroanthracene with

-

i sodium naphthalenide.

/’\/\l

- Tre over-all reaction is essentially instantaneous and provides a bright

- blue flash of light. Blue fluorescence apparently corresponding to

of the hypotheticsl cation radical intermediate will require further

g,10-diphenylanthracene is evident in the reasction product. The validity

evidence. Chemiluminescence is also observed when $,10-dichlorc-%,10-

diplienyl-9,10-dihydrounthracene is reduced with sodium wetal, disodium
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stilbene dianion, sodium stilbene anion radical, or sodium $,10-diphenyl-
anthracenide, The latier reaction may be a combination of anion radical
and cstion radical chemiluminescence, Attempied reactions of the
chloroanthracene with zinc, magnesium, aluminum, lithium dicyclohexyl-
phosphide, sodium hydride apnd sodium borohydride were not chemilumines-
cent, although witk the metal hydrides chemical reaction was observed

to occur, Rewction with lithium aluminum hydride in the presence of
oxygen produced = weak yellow chemiluminescence entirely different from
9,10-diphenylanthracene fluorescence. In contrast to the chemiluminescent
resctions described sbove, emission was not observed in the absence of
oxygen.

These demonstrations of bright (although brief) chemilmminescence
under oxygen-free conditions indicate that oxygen does not play an
essent’al and general role in the chemiluminescent process. The require-
ment of oxygen {or hydrogen peroxide) in other ligquid phase chemilumi-
nescent reactions such as 3-aminophthalhydrazide or oxalyl chloride
oxidations seems best explained in terms of essential hydroperoxide
intermediates vhich cannot be generated by other oxidaits. (See Section
I1A)

The chemistry of anion radicals and, to a lesser exteni, cation
raiicals has been described in some deteil in the literature>°. Ion
radical chemiluminescence, however, has not been reported, to our knowledge.
The reactions reported here appear to involve vlectron transfer processes.
It is possible %that electron transfer may be directly involved in some of

the Xpown solution chemiluminescent reasctions. Luminescence apparently
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related 10 electreon transfer has been observed previcusly in both the gas
and solid phases, as illustrated by the reactions of chlorine with sodium
vaporil and by cation-electron recombination following irradiation of
certain solid glasses and crystals32. The present work seems to be the
first authentic example of electron transfer luminescence in solution.
Additional work will be carried out to define the scope,
conditions, and mechanism of solution ion radical chemiluminescenc and

related processes.




SECTION 1i

Methyl G-acridine Carboxylate - The product previously
reported in n Techoical Report Bo. 33 io be G=carboxy-l10-methylacridinium
chloride was shown to be methyl 9-acridine carboxXylate nydrochloride by
treatment of a suspension of the material (150 mg.) in 30 ml. of water
with 5 ml. of saturated agueous sodium bicarbonate. The yellow color
was immedistely discharged and the white precipitate was extracted with
methylere chloride. The extract was evaporated and dried with sodium
sulfate to afford almost pure off-white crystals of methyl-9-acridine
carboxylate, m.p. 127.5-128.5° (11133 128-130°).

Ansl: Calcd. for CycH);N0,: C, 75.9; H, 1.67; N, 5.9.

Found: C, 75.5; H, 4.50; K, 6.2.

Attempted Air Oxidation of 10-Methylacridan-9-one Azine (V) -
A solution of 1 g. of V3 in 500 ml. of chlorcform was treated with 1 ml.
of & commercial &% solution of cobalt naphthenate (Muodex). Oxygen was
passed through the solution via a capillary for fourteen hours, an aliquot
was withdrawn and evaporated. The recovered red solid exhibited an
infrared spectrum identical to that of V. The solution was then
irrediated with a Hanovia lamp for eight hours while oxygen was bubbled
through the solution, but again no change was observed in the infrared
spectrum of recovered solid material.

Preparation of 9,9’43&:‘320?:15(1&-%&:1@) (1Ix) - To
a solution of 20 ml. of hydrazine hydirate in ml., of water in a
2=1., Erlenneyer flask equipped with & magnetic stirrer and flushed with
nitrogen, a freshly prepared solution of 10 g. of N-methylacridinium
chloride in 500 ml. of water was added. A white solid immediately
precipitated, and the mixture was stirred for 1 hour. The vhite solid
dissolved on addition of 500 ml. of chloroform. The organic layer was
separated, extracted with 500 ml. of water, separated, dried over
magnesium sulfate and filtered to obtain a clear pale yellow chloroform
solution of product (a2 nitrogen stream was maintained through all flasks
and funnels during these operations). The chloroform was evaporated to
cas. 50 ml. at the aspirator using a nitrogen capillary bleed. Some
solid had separated from the cold dark brown sclutiorn but redissolved
on brief warming. The flask was swirled as Z0C ml, of methanol was
added. Almost immediately after the addition rapid crystallization
occurred and the mixture was stored overnight in an icebox. The product
was filtered and dried in vacuo to afford 6.05 g. (66.5%) of off-white
crystals. The M.p. was lmieteminate, slow decomposition occurred
beiween 170-250°, The n.m.r. specirum indicated the presence of
impurities corresponding to oxidation products of IX. {See Table L)
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Anal: Calci. for Coof, Fi: C, 80.3; H, 5.22; E, 13.h.
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FQ’,H}L&; s 5@-4; }i, ’c‘:%;‘-'}} }3, igogt

Oxidation of 9,9'-Hydrazobis{10-metnylacridan) (IX) witn
Mercuric Oxide - In a8 1C0-ml. sk bearing a drying tube and nitrogen

Inlet, 2 £. of hydrazo compound {IX} was dissolved in 50 ml. of chloro-
form and 16 g. of mercuric oxide was added. The mixture was surrounded
by an ice bath and magnetically stirred under nitrogen for three hours.
Sodium sulfate (ca. 5 g.) was added together with 25 ml, of chloroform,
the mixture stirred a further two bours and then filtered. Chloroform
was evaporated in a nitrogen stream st the aspirator until the volume
wvas ca. 25 ml. The addition of 50 ml. of methanol produced crystalliza-
tion. The solid was collected and dried in vacuo to afford 1 z. of
material, m.p. ~240-260° dec. (Lit.34 ca. 280° dec.), which vas shown
by infrared and n.m.r. spectra to be §,3'-bis{10-methylacridan)}.

Oxidation of 9,9'-Hydrazobis(10-methyiscridan) (IX) st -60°-
A boiling tube containing 1 g€. Of the Crude Nydrazo compound (1X) dis-
solved in 50 ml. of methylene chloride was :mmersed in & dry ice bath.
Air was bubbled through the solution, which was maintained below -60°,
for five hours via a capillary. 3Some crystallization occurred, but on
varming to room temperature, a clesr solution was obtained contaminated
with a small upper layer of water. The solution was dried briefly over
magnesium sulfate, filtered and the filtrate evaporated at the aspirator
using a nitrogen capillary bleed. The brown solid thus obtained was
analyzed by n.m.r. and though the major component was that assigned the
azo structure (XI), the presence of the starting hydrezo compound (IX),
the bis{acridan) (XII) and the acridone (XIII) was noted. The aprroxi-
mate molar ratio of these compounds appeared to be: XI:D{sXiI:;XIII =

$3:3:1.

Preparation of G,10-Dihydro-3,10-diphenylanthracene-9,10-
dicarboxylic -ide - A sclution of 3.3 g. of §,10-diphenyl-
antoracene \Aldrich Chem. Co.) in 100 ml. of tetrabydrofuran was
treated with approx. 1 g. of freshly cut sodium pieces. The mixture was
stirred magnetically for 72 bours in a nitrogen atmosphere in a
stoppered flask. The solution became violet-black. The flask was
opened under nitrogen pressure and carbon dioxide gas was rapidly swept
over the surface of the solution. The mixture became pink. The mixture
was diluted with excess water and s solid crystallized. Fractional
erystallization from acetic acid afforded only mixtures. The various
factions were ihen combined and dissolved in 150 mi. of ethanol. The
diition of approx. 40 ml. of 2N agqueous sodium hydroxide caused rapidé
crystallization of a product, m.p. 272-4*, (1.25 g.) which was shown by
infrared acalysis to be the disodium salt of the dicarboxylic acidi. The
3alt was ireated with 5 ml. of oxalyl chlioride. A vigorous reaction
occurred, and an orange, semi-solid mixture was obtained. After briefly
heating on & steam bath, excess oxalyl chloride was removed at an
aspirator and the residue dissolved in 50 ml., benzene, Evaporation %o ca.
30 ml. end addition of hot neptane caused & so0lid to crystallize, which




was collected and dried to afford 300 mg. of material, m.p. 237° dec.
Infrared analysis indicated that the product was ihe bridged anhydride of
3,10-dihydro-9,10-diphenylanthracene dicarboxylic acid.

Founi: C, 83.25; H, Lk.62.
Sodium !La;hth&leniée@ - A nitrogen filled 250-ml. round
bottom flask was charged with 1.28 g. (0.1 mole) naphthalene in 100 mi.
of freshly distilled anhydrous tetrshydrofursn and 2.3 g. (0.1 g. at.)
of sodium metal was added. The system was allowad to stir under nitrogen

for three hours. A green color appeared almost instantly and was very
intense at the conclusion of the preparation.

9, 10-Diphenylanthracene Radical Anion -~ A 125-ml., flask was
carefully swept with nitrogen and then charged with 3.3 g. (0.0l mole)
9,10-diphenylanthracene in 50 ml. of anhydrous tetrahydrofuran. Sodium
metal (0.23 5., 0.0l g. at) vas added to the flask and the mixture was
stirred under nitrogen for 1k hours. A deep purple solution was obtained
indicating that the radical an‘on had formed.

In several experiments the anthracene radical ion was produced
st & mercury or platinum electrode maintaiped at -2 to -2.2 volis vs.
the satureted calomel zlectrode in a 2 millimolar solution of 9,10-
diphenylanthracene in 2-methoxyethane containing O.i molar tetrabutyl-
smmouium perchlcrate.

Radical Anions from Sodium Naphthalenide®” - A solution of
0.33 g. (1 millimole) of §,10-diphenylanthracene was dissolved in 10 ml.
of aphydrous tetrahydrofuran and placed in a nitrogen filled 50-ml.
Erlenmeyer flask. Wwithout disturbing the nitrogen atmosphere of the
flask, 1.0 ml. of 1 M sodium naphthalenide in tetrahydrofuran wvas added
to the anthracene soiution. An intense purple color developed immedi-
gtely indicating the formation of the anthracenide,

The seme technique was used to form radical anions from trans-
stilbene radical ion. See Table III for a list of the anions prepared.

Chemijuminescence from Reacticn of Sodium 3,10-Diphenyl-
anthracenide with Chiorine -~ A solution of 1.5 g. (C.1 mole)} of sodium

§,10-dIpheny.anthracenidae in 50 ml. of anhydrous tetrahydrofursn con-
tained in & glass-stoppered 125 ml. Erlenmeyer flask under nitrogen was
priefly exposed ic chlorine gas at the liquid surface. A brief, bright
chemiluminescence was observed and the color of the purple anthracenide
was discharged. ther reactions of radizal anions with chlorine wvere
¢onducted in a similar manner and are recorded in Table III,
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(1 millimole} of 1 M sodium naphthalenide in tetranydrofuran under
nitrogen, ves repidly added 0.2k g, (1 miliimole} of benzoyl peroxide.

prief E*iésk blue ﬁhem4-umiaefcea ¢ waz observed and ihe purple color
of the antnracenide immediately changed 1 ther reactions of
benzoyl peroxide and rauiual anions, recorded in Table III, were carried
out by a similar procedure.
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Effect of Various Oxidanis on Sodium 9,10-Diphenylanthracenide
in Annydrous Teirahydrofuran - For tine experimenis summarized in
Tatie 11 a 10-ml, aliquot of sodium 9,10-diphenylanthracenide solution,
which had been prepared by aailng 16 mi. {16 miliimoles) of I M sodium
naghthalenide in anhydrous tetrahydrofuran to 5.28 g. (16 millTmoles)
of 9,10-diphenylanthracene in ‘kb ml. of anhydirous tetrahydrofursn,
was r;a;ei in 5 nitrogen filled flsask. Gne millimole of the oxidant was
then added to the solution in the dark and the intencity of the chemi-
luminescence observed. Even in cases where no light was observed, the
addition of oxidant destroyed the anthracenide as was evident f*cm the
discharge of the strong deep purple color of the anthracenide.

In experiments with anodic oxidation, 2-methoxyethane solutions,
107 3 1o 102 molar in sodium or ammonium 9,10-diphenylanthracenide and G.1
molar in ammonium perchlorate, were elecirolyzed using mercury or platinum
electrodes. Luminescence was observed at the anode in these experiments
with an anode voltage of about -1.5 vclts vs. the saturated calomel
electrode and a current of 0.5 ns.

Cnemiiuminescence of Radical Anions - the experimenis
summarized in Table 111, one millimoie of test compound was dissolved in
10 ml. of anhydrous tetrahydrofuran in a nitrogen filled 50-ml. flask
and 1 mi. of 1 M sodium naphthalenide in anhydrous tetrahydrofuran was
added to ithe solution. A color change indicated the formation of the
radical anion, Chlorine gas was then passed over the surface of the
sol-tion in the dark and the color and intensity of the emitted light
was Gbserved. ternatively, 0.1 g. of solid benzoyl peroxide was added
under nitrogen to the radical anion solution instead of chlorine gas.

A change of color was an indication that & reaction had taken place.

Reduction of 3,10-Dichloro-G,10-diphenyl-9,10-dibydroanthracene
with Sodium usphtnalenide - A dark green solution of sodium paphtha-
lenide {9 z;‘} prepared from 6.4 g. of naphthalene (0.05 mole) and
exr=ss sodium metal in 100 ml, of tetrabydrofuran was added under nitrogen
jropwice to a solution of 1 g. of G, 1G-dickloro~9,10-diphenyl-9,10-
iihyivaanth*acene (2.5 mmole) in 100 mi. of tetrahydrofuran. A brizht
blue lignht sion gecurred with the addition of each drop of naphthalenide
golution. ?he final reaction mixture exhibited the [luorescence typical
of ,,1G,a;phenylanbhracene.
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Reaction of Sodium with 9,10-Dichlore-G,10-diphenyl-G,10-
dihydroantiracene - Addition of 0.25 g. of freshly cut sodium metal
(0.11 g. atom} to a solution of 1 g. of ©,10-dichloro-9,10-diphenyl-9,10-
dikydroanthracene (2.5 mmole) in 100 mi. of tetrshydrofursn produced a
weak blue lignt emission from the surface of the sodium.

Reactions of 9,10-dichloro-9,10-diphenyl-9,10-dihydroanthracene
with sodium stilbene ion radical, stilbene dianion and scdium 9,10-diphenyl-
¢ athracenide were carried out by essentially the same procedure.

Reaction of 9,10-Diphenyl-9,10-dichloroanthracene with Lithium
Dicyclohexyl Phosphide - Addition of 10 ml. (k.0 miliimoles) of O.§ M
Ii%ﬁium d%cyclohexyl Phosphide3® in ether to 0.40 g. (1.0 millimole) of
9,10-diphenyl-9,10-dichloroanthracene in 10 ml. of ether under nitrogen
produced no light. Shaking the reaction mixture in the presence of
oxXygen was al3o non-luminescent. The reaction of lithium %%eyelohexyl
phosphide with oxygen is a known chemiluminescent reaction-”. Therefore,
the result obtained indicates that a non-chemiluminescent reaction did
occur between the phosphide and the chloroanthrac:zne.

oo N
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SECTION II1

SPECTROSCOPY AND ENERGY TRANGFER

A. Recalibration of Spectirorsdiometer-~Fluorimeter

Certain components of the raaiometric equipment used for
quantitative, absolute light measuremenis are subject to aging effects,
and the instrument must be recalibrated periodically. The recalioration
has been carried out as described in the Experimental JSection. The new
calibration factorc agree to within 10% of the old, but the ocutput
intensity of the excitation source was found to have decreased about
15%. The new calibration curve is shown in Figure I.

As u test of the new calibration, the fluorescence quantum
yield of guinine sulfate in O.1 N sulfuric acid was measured and
compared to an earlier measurement anda literature value. The data is
surmarized in Table I, The fluorescence yield &as newly measured agrees

well with our previous measurement and is &% higher than the

Table I

Fluorescence Yield of 1073 Molar Guinine Sulphate in O.1 N H-504

Date of Set of Literature Value30
Experiment Factors Used Quantum Yield for Quantum Yield
1-15-6h4 0id 0.60

C.55
S-14-64 New 0.60
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B. Oxalyl Chloride-Hydrogen Peroxide Chemilum'nescence

Fluorescence Quenching Effects in the Uxalyl Chloride-Hydrogen
Peroxide-9,10-Diphenylanthracene Reaction

in the previous report3 wve showed that the exciied state
corresponding to the fluorescent additive in the sbove reaction was the
emitting species. Since the over-ail chemiluminescence yleld is in
part dependent on the fluorescence efficiency of the emitting species,
it is important %o know whether constituents of the reaction mixture
are fluorescence guencaers. In the previous report we showed that the
products from the reaction were not quenchers.

Experiments to determine the quenching effects of the starting
materials, oxalyl chloride and hydrogen peroxide, are summarized in
Table II. It is seea vhat oxalyl chloride is, in fact, a powerful
quencher of 9,1C-diphenylanthracene fluorescence. At an oxalyl chloride
concentration of 6 x 10'3 molar the fluorescence efficiency drops to
244 of its unquenched value. It was also observed during the experiment
that the exciting light used for the fluorescence measurements rapidly
photolyzed oxalyl chloride. The photolysis products were not quenchers
and after a brief excitation period the fluorescence efficiency returned
to the unquenched value. Hydrogen peroxide had only a small fluorescence

quenching effect.

prap——_
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1he Quenching of the Fluorescence of
9,10-Diphenylanthracene in Ethereal Solutions

a

Intensity of the 430 mp
Emission Band

Additive (Concentration) Initial At 5 Min, At 1C Min.
None T4.0 4.0 4.0
/. dyl chloride (6.0 x 1075 M)® 18.0 4.0 74.0
Oxalyl chloride (6.0 x 10-3 M)° 18.0 52,0 68.0
H,0; (0.1 M)° 70.0 70.0 70.0

1
a) 9,10-Diphenylanthracene concentration was 0.70 x 10°" molar
b) Exposed continuously to exciting lightl

¢) Masked from exciting lightl between measurements

Quantum yield of the Oxalyl Chloride-Hydrogen Peroxide Systen
wilh Rubrene as the Acccptor

The quantum yield of a reaction of oxalyl chloride with
hydrogen peroxide in ether containing rubrene and the quantum yield of
the corresponding reaction with §,10-diphenylanthracene are summarized
in Table III. It is seen that rubrepe is substantially more efficient
than 9,10-diphenylanthracene in accepting excitation energy. Neither
rubrene nor 9,1C-diphenylanthiracene were consumed uncer the conditions
used. The over-all chemiluminescence reaction rate is not influenced

by the acceptor as indicated in Table III and Figures II and III,




Table III

Quantum Yields of Oxalyl Chloride-Hydrogen Peroxide Reactions in
Ether with Rubrene and with 9, Ll0-Diphenylanthracenec

Fluorescence Chemiluminescence Psecudo First Order

Acceptor Quantum Yield Quantum Yield Rate Constant
Rubrene 0.08 1.6 x 1073 3.3 x 1072 sec”t
9,10-Diphenyl - 0.75 0.22 x 1073 3.2 x 1072 gee T

anthracene

a) The concentrations were: o 1 chloride = 4.12 x 10-3 M;
hydrogen peroxide = 1.10 x 107 M; acceptor = T.14 x 10-F M.

Distribution of Chemiluminescence between Two Acceptors

As discussed in the previous report3, criteria for efficient
transfer to au acceptor in the oxalyl chloride-hy irogen peroxide system
can be determined by experiments employing two acceptor species, vhere
the ratio of transfer rate constants to the acceptors, ka/kp, can be
obta‘ned graphically from equation (1)3.

(1) 22 c kA
ode kb/B 7 Fb

To draw reliable conclusions regarding the chemical or
physical characteristics of acceptors that determine transfer efficiencies,
it is necessary to study a number of acceptor pairs. Chemiluminescence
and fluorescence yield data for the pyrene-G,10-diphenylanthracene pair
were reported in the previous erortS. Corresponding results for s

pyrene-anthraccne system were determined during the current quarter,




Chemiluminescence quantu: yields, (Q.Y.x)}, as functions of
acceptor concentrations ZTX;7, for accephtor pair experimenti; with pyrene
and antiiracene are summarized in Table IV, Fluorescernce yield data
(F4 in equation 1) for this systemare sumsarized in Table V. Additional

experiments are in progress and a detailed analysis will be presented

in a forthcoming report.

Table EX

Chemiluminescence Quantum Yields for Oxalyl Chloride-
Hydrogen Peroxide Reactions with Pyrene, Anthracene,
and Pyrene-Antnracene Mixtures in Etherf

Concentrations b
(Moles per Liter) Chemiluminescence Yields
~ Pyrene Anthracene Total

Pyrene Anthracene Observed Observed Corrected® Corrected
2.32 x 1072 - 0.73 x 1073 - 0.73 x 10-3
.25 x 1072 - 0.87 x 1077 - 0.87 x 1073
N 0.53 x 1072 ; 0.83 x 10°%  0.87 x 10™* 0.87 x 107%
- 2.3k x 1073 - 0.45 x 103  0.55 x 103 0.55 x 10-3
- 1.57 x 102 - 0.45 x 103 0.55 x 10°3 0.55 x 10~3
k.25 x 1072 0.93 x 10"* ~0.83 x 10°3 ~0.02 x 10"3 ~0.02 x 10-3 0.85 x 10°3
4,25 x 1072 2.3% x 10-3  0.80 x 107  0.10 x 10™3  0.12 x 10-3 0.92 x 10-3
2.32 x 107° 1.57 x 102 .4k x 1073  0.31 x 1073 0.38 x 10-3 0.82 x 10-3

a) Ethereal oxalyl chloride was injected into ethereal hydrogen
peroxide to obtain (inal concentrations of 0.93 x 10-2 molar
and 1.70 x 10-1 molar, respectively.

b) Einsteins per mole of oxalyl chloride.

c) Corrected for " absorption.
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Fluorescence Quantum Yields for
Aothracene and Pyrene in Lihers

Concentration Fluorescence

M Slbles[t.iterz gua.ntm Yield
Obsge TTeC

Pyrene 2.32 x 10~2 0.16 0.16
Pyrene h.25 x 1072 0.1h 0.1h4
Anthracene 0.93 x 10-% 0.26 0.26
Authracene 2.34 x 103 0.22 .25
Anthracene 1.57 x 1072 0.13 0.1k

o

a) The solutions contained 1.70 x 10-1 molar
hydrogen peroxide.

b) Fluorescence yields corrected for self-
sbsorption. See Experimental.
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C. Energy Transfer in 3-Aminophthalhydrazide Chemiluminescence

In the previous report3 wg deacribed chemiluminzsCence quantum
gain produced by tie addition of disodium flucorescein to the agueous 3~
aminophthalhydrazide-potassium persulfate-hydrogen peroxide-sodium
carbonate chemiluminescent reaction. It was aleo pointed out, however,
that self-absorption and self-quenching of fluorescein at the high concen-
trations required, seriously complicated interpretation of the results.

In a search for a more suitable system for anelysis of non-radiuciive
energy transfer, we have carried out* a 3-aminopnthalhydrazide-hydrogen
peroxide reaction in a dimethylsulfoxide-benzene mixture containing

rubrene. The results are summarized in Table VI.

Table !1

Effect of Rubrene on 3-Aminophthalhydrazide Chemiluminescence

3-Aminophthalhydrazide Rubrene
{moles per liter) (moles per liter)  Chemiluminescence Yield
1x 1072 None 2.8 x 10°3
1 x 1072 2 x 1072 L.k x 103 @

a) Total emission derived from rubrene. Not corrected for
self-absorption.

As indicated in the table, the chemiluminescence yield is
cubstantially increased by the presence of rubrene. Unfortunately, a
portion of the rubrene was observed to precipitate during the course
of the reaction, thus obscuring the quantitative aspect of the

experiment. The result, however, clearly indicates the occurrence of
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non-radiative energy transfer. Efforts are contiruing to find a systcm

suitable for quantitetive study.
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SECTION III

EXPERIMENTAL

Recalibri “ion of the Spectiroradiometer-Fluorimeter - The cali-
bration of the photumutiplier tube was carried out as described
previouslyls2 using a 50C watt N.B.S. standard lamp and a ferrioxalate
actinometer solntion37. The factor to convert the energy entering the
monochromatorl'to total energy emitted by the sample was obtained using a
translucent 12 volt spherical light bulb closely approximating the
dimensions of the radiometric cuvette, The bulb was first immersed in a
ferrioxalate actinometer solution (10 mm depth all around it) and the
ferrous ions per minute produced by the totally absorbed lighi were
determined. The bulb was then placed in the position of the sample
[-éee Figure 1, p. 34, Technical Report No, l';7 and = 10 mm. deep
actinometer solu-lon placed behind the entrance slit to the monochromator
The ferrous ions produced per minute were determined. These two figures
gave the required "spherical" factor. The loss in the instruuent
monochrometor was determined using external monochromatic light from a
"Farrand" monochromator and measuring the light beéhind the entrance and
exit slits of the spectrofluorimeter. A varrier layer cell and a micro-
voltmeter were used for this measurcment.

The new calibration factors for conversion of observed
intensities to absolute microwatts and quanta/sec agree to within 10% of
the previously determined factors.

The B.L.B. U.V. lamps used as "exciting lights" during
fluorescence measurements were found to have aged and their total out-
put had éropped by approximately 15-20%.

The new calibration factors (Figure 1) have been introduced
into the computer programs and will be used for all quantum yield
determinations until further recalibration is required.

Fluorescence Quantum Yield Measurements - The experimental
procedures and calculations were those previously described2, In some
cases it was desirable to correct quantum yields for self-absorption.
This correction was made using the following formula:

l?
ob N\ / I°a X
Q.Y. corrected = (Q.Y. observed) - A / A
X K
IOb’ I* )
) x ax
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IOb_)_ {s the observed intensity from the sample to be corrected

at a waveiength, )\, chosen well sbove ‘he abgorptmn band 80
that it is not appreciably reabsorbed, andf 1906 g

is the corresporiing !niegrated spectral ares. I°a and

A
2
I N I*iX are the corresponding values for a dilute solution of the

sample where self-absorption at short wavelengths is not appreciable.
These corrections nrz small (see Table V) for front-surface fluorimetry.
Such corrections are valid only when the fluorescence yield of the
sample is relatively low. 1In other cases an additional correction must
be made to take into account the emission produced by reabsorption.

This secondery correcticn was not needed for the results repcrted °n
this report.

Chemiluminescence Quantum Yields for Reactions of 1
Chloride with Hydrogen Peroxide in the Presence of Rubrene and
gzihsglan%hracene e experiments summariz gu in le JII were

carried out essentially as described previously Kinetic plots of log
intensity (observed) vs. time are shown in Figures II and III. The
emission of the 430 mp band was used to follow the decay rate in the

9,10-diphenylanthracene experiment; the 550 mp band was used for
rubrene.

Chemiiumine.cence Yields of the Oxulyl Chloride-Eydrogen
Peroxide Reaction ip Lthereal SoLution with Pyrene and Anthracene as
Mixed Acceplors - The experimental procedure and method for calcula-
tion of results for the experiments summarized in Table III were thcse
described in the previous report. The emission intensities at 40O mp
and 500 mu, respectively, were used to calculate separate anthracene
and pyrene yields. Yields, corrected for self-absorption, were obtained
from the following equation:

: [ 1%
Q.¥. corrected - Q.Y. oObserved ( ID\ )1 A
)\2 Ie -
X Id) A
1 I

Az
I~ 1is the observed time-integrated intansi%y at lI»OO np and le Ia X
is the integrated spectral area. I" - and f I“d)\ are tne
corresponding values obtained 7 {luorescerce sxperiawnts is diiute

solution. This equatiin has the effect of replacing a spectral ares
which is errcnedusly small tecause of reabsorpticn at short wavelength,

Irn B R e e

’10\'30:*"34“—"

5¢




with a theoretically valid and constant speciral area. This correction
can be substantial in chemilumincscence experiments (see Tatle I1I
because emission from a significant depth of solution occurs and short
wave length emission is subjsct to serious reabsorption. Pyrene dimer
emission is not reabsorbed and no correction is needed in thi. case.

Spectral distributions for the experiments in Tables I1I are
shown in Figures IV, V, and VI. A typical rate curve is shown in
Figure VII.

Energy Transfer in 3-Aminophthalhydrazide Chemiluminescence -

Stock Solutions

A. 3-Aminophthalhydrazide in dimethyl sulfoxide 2.5 % 10-2 M
B. Rubrene in benzene - 2.0x 102 M
¢. Triton B in methanol - Lok

2 M

D. Hydrogen Peroxide in teriiary butanol -

Solution D (0.50 ml.) was added to a 25-ml. flask containing
4,0 ml. of solution A, 5.0 ml. of solution B and 0.50 ml. of solution C.
The timer was started with the last addition. After mixing, 3 ml. of
this solution was transferred to the cuvette celll and the dergy rate
of the 585 mm band followed (Figure VIII). A wavelength distribution
was also taken (Figure IX). The decay curve became first order after
6 minutes and the emission for this period was calculated using Simpson's
rule of integration.

The calculation of quantum yield of chemiluminesc ‘nce has
been described previously3.

The experiment was repeated with pure benzene replacing
solution B, The results are r marized in Table III
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FIGURE V
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FIGURE vi

SPECTRAL DISTRIBUTION AT ONE MINUTE FROM START OF OXALYL CHLORIDE (0.93 X 10-2 M)
HYDROGEN PEROXIDE (1.70 X 10-' M) ACCEPTOR EXPERIMENTS IN ETHER
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FIGURE Vil
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