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Work during this pericd has been divided between (1)
agsembly and calibration of radiometric apparatus, (2) synthesis
designed to test the validity of several hypotheses; and (3) explora=
tion of the behavior of a recently réported new chemiluminescent
system.

Apparatus intended for quantitative measuréement of chemi-
luniniéscence as a funetion of time; temperaturé and wavelength has
been assembled and calibration is virtually compléte. Optional front
side illumination has been included ih the design t6 enable investi-
gation of fluorescence and energy transfer phenomena at high
concentrations.

None of the six synthetic approaches initiated during the
peried have yet been completed and it appears likely that onme or two
will be abandoned. Three syntheses are under investigation involving
preparation of energy rich precursors which should collapse on heat-
ing or reaction to give the known fluorescing agent N-methylacridone,
or a derivative. These reactions resemble processes which may occur
in the known lucigenin chemiluminescence. Routes to a cyclic diacyl
peroxide which can collapse to a fluorescent cyclic amhydride on
reaction with a phosphine are described. Preparation of a key inter-
mediate for the synthesis of a highly fluorescent or, alternatively,

a polymeric derivative of luminol (aminophthalhydrazide) is described;



however, the desired products have not yet been obtained.
A literature réport that oxalyl chloride and hydrogen
peroxide liberate light only in the présence of an energy acceptor

has beéen confirmed and amplified. Our résults réequire non-radiative

energy transfer, but do not yet enable choice of & méchanism. The

reactions might be chemiluminescent if proper methods for transeferring

energy could be éstablished.
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INTRODUCTION

The research program to be described in this and ensuing
reports is concerned with all elements of the process by which chemical
énergy is converted inte visible light. Its over=all objective is to
seek an understandinig of chemiluminescence; using the information ob-
tained t6 design new systems of greater brightness or efficiency than
those presently available.

In the broadest sense chemiluminescence can be divided iate
two successive procésgés--thé first involving one of mbre chemical
steps by which molecules in ah electroni¢ ground state react to form a
product molecule in an electromic excited state and the second involving
the physical process by which the excited state emergy is converted into
light of a suitable wavelength. The over-all yield of a chemilumines=
cent reaction is, then, the product of the yields of the chemical pro-
cess and the physical process and an improvément in either will result
in increased over-all efficiency.

To the scientist, the most mechanistically significant
yield--that is, the number of quanta of light produced in a given system
divided by the number of molecules reacting. Therefore, quantum yield
will frequently be discussed in these reports. However, it should be
remembered that visual output or luminosity is the practical measure of
chemiluminescence and involves primarily quanta emitted clese to 555 m,

the region of maximum eye semsitivity. Thus visual efficiency requires



a weighting of quanta at different wavelengths in proportion to the
relative sensitivity of the eye at those wavelengths. This emphasizes
the importancé to this prograim ¢f methods for ¢ontrolling not only the
quantum yi€ld but also the spectral distribution of chemiluminescent
systems.

This report is divided into twe parts--chemical and physical.
The chemical section describes work intended to6 establish the effect of
chemical structures (or conditions) om chemiluminescénce while the
physical section concerns problems of measurement and factors affecting
the emission of excited state emérgy or its transfer to an energy
acceptor. Various energy transfer mechanisms are well known in studies
of fluorescence and their importance in thé quenching or enhancement
of chemiluminescent emission will be discussed when the principles are

pértinent to the work being reported.
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New Chemiluminescent Reactions

reaction are (1) that the reaction liberaté sufficient energy to
generate quanta in at least the visual portion of the spectrum (72
kCal /mole to 41 kCal/mole) abd (2) that a compound be available to
convert this energy to a radiative electronic eéxcited state. A
third requirement is that an efficient pathway be available for com=
version or transfer of the available chemical energy to the molecular

electronic energy required for émission. While it is a straightforward
matter to design emergetic reactions providing products known to be
fluorescent (capable of emission), it is clear from the literature
that most such reactions are net substantially chemiluminescent, and
that therefore the third requirement is not commonly met.

To provide information upon which to6 base structural criteria
for the third requirement, we are attempting to prepare the compounds

shown below.




Iv

These compbund8, as a consequence of their peroxidic structures should
meet requirement (1) and by suitable choice 6f reaction conditions can

be expected to meéet requirement (2). Thus thérmal decompositions of

I, II, and III should produce the highly fluorescent N-methylacridone,

V while reaction of IV with triphenylphosphine should gemeraté k-diethyl-
aminophthalic¢ anhydride, VIl. Although the latter has not been reported
previously, its fluoréscence can be predicted confidently by analogy

with the known and substantially fluorescent® 3-aminophthalic anhydride.

+ R2Cf-:0+N2

+ (CgHs)3P=0
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Since these test reactions meet requirements (1) and (2), their ability

to accommodate requirement (3) can be determined by examining them for
chemiluminesceat behavior. Moreover, the results will have direct
mechanistic significance bearing oh the third requirement, since the
cheiical mechenisms of the four reactions will differ. Sywthesis of
Compounds I through IV is currently underway, and the synthetic aspects
of this effort are described in the following paragraphs.

Synthesis of I (R=CgHs) has been attempted by the route

diagramed below.
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Reaction of 9-chloro-l0-methylacridinium dichlorophosphate VII with
benzhydrylhydrazine, VIII, would be expected to produce the bénzhydral-
hydrazone, ix3. Autooxidation of IX might be expected to provide the
desired azoperoxide I directly by way of the intermediate azohydro-
péroxide X. Alternatively, oxidation of IX could give the azine XI,
vwhich might then be autooxidized to I. When the réactién was carriéd
out, azine XI was cbtained directly, presumably by in situ oxidation
of IX. Attéempts to convert XI t6 I will be made in the néar future.
The preparation 6f II will be carried out by a similar

route.

Autooxidation of the phenylhydrazone XII is expected to be straight-

forvard by analogy with the known autooxidation reaction shown bel.owu.

Comnnd  Powewi  vwwend powed pewrd openi el ol RN
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Two attempts to synthesize III by the following reaction have

given only 1O-methylacridone, V.

e
. P02012 + HpO2 NEQC‘%_
Hy0

'06

While III would be expected to give the acridone op decomposition, we
have no compelling reason to suspect it as an intermediate in the over-
all reaction. Moreover, a peroxide of structure III might be expected
to have reasonable stability by analogy with the appreciably stable
"diacetone peroxide,” XI11°.

0—0

(033)2(020 e(ca

3)2

X111
The over-all reaction as carried out was not chemiluminescent. An

attempt will be made to prepare III by an alternate route.
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The préeparation 6f IV has been attempted by the follewing

route.

nacg (Calls)oM

Reduction of k-nitrophthalimide under conditions described in the
l,i,tergtu:eé gave 4-aminophthalimide in100% yield. Attempted alkylatien
of the amine with dimethylsulfate under literature conditio:;7save
meager amounts of the 4-diethyl derivative, but alkylation with tri-

ethylpholpha.tea gave L-diethylaminophthalimide in 34% yield. Hydrolysis
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of the imide followed by reaction with acetic anhydride gave the
degired Lsdiethylaminophthalic amhydride XIV, which was feuhd to
have the expected strong flucrescetice.

A number 6f attempts to convert the anhydride XIV %6
h-diethylaminophthaloyl peroxide IV, however; have failed. Siace
phthaloyl chieride is known to give phthaloyl peroxide on treatment
with sodium peroxide?, ve first sttemptéd to prepare h-diethylamino-
phthaloyl chloride. Reactions of anhydride XIV

210c10, venzotrichloride=zinc!®

, or phosphorus pentachloridell,

however, gave only unchangéd anhydridée and tars.

An attempt to convert thé abhydride directly to peroxide IV

by reaction with hydrogen peroxide in methane sulfonic acid was also

nnsuccesgfullg.

Concentration quenching, well known in fluorescence
spectroscopy!3, is characterized by the loss of emission efficiency
with increasing concentration of luminant above about 10-3 molar in
solution. Since the emission process corresponding to the radiative
decay of an excited molecule, is the same in chemiluminescence as in
fluorescence, concentration quenching would also be expected in
chemiluminescence. Loss of chemiluminescent efficiency with increasing
concentration has been well established experimentally, particularly in
the phthalhydrazide chemiluminescent system. In chemiluminescence,

moreover, the concentration problem is further worsened by the
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probability that key radical intermediates required for the chemi-
luminescent process will be destroyed by coupling or disproportiona=
tion at higher concénmtrations. It can be calculated that chemilumines-
éenit intensities suitable for broad use will requiré luminant c¢ohcens

trations on the ordér of one-tenth molar. Simce efficiency loss begins

at about one-thousandth molar, it is clear that concentration quenching,

both spectroscopic¢ and chemical, represents a serious problem im the
development of practical chemiluminescence.

Both quenching processeés require close approach of imter-

mediates derived from the luminant. Thus a chemiluminescent system that

decreases the probability of such ¢ollision should permit higher effi-
ciency at high concentration. In fluoréscence this can frequently be
achieved by increasing the viscesity of the solvent or by lowering the
temperature. Early attéempts in this laboratory to increase chemilumi-
nescent efficiency by increasing viscosity did not give encouraging
results. However, in at least three chemiluminescent systems, effi-
ciency does increase with decreasing temperature.

A third method of limiting collision at high concentration
might be to tie the luminescent structure into a relatively immobile
polymer backbone. In a polymeric system, where molecular motion is
damped it can be shown that the time required for an initial collision
between active sites is considerably lengthened. Since concentration

-8
of excited species are short (10 seconds), even a small decresse in
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the collision frequency can be expected to increasé emmision efficiency.
Polymers containing ionized groups should be particularly effective
since change répulsion would reduce coiling and intramolecular approach.
An optimum result might be éxpected in a cross<linked polymer where
mobility is severly restricted.

To test this genmeral approach the polyamide XIX and the

polymer XX are being prepared by the following routes.
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Fusion of 3-nitrephthaliec acid with methylamine hydrochloride
and sodium carbonate gave 3=nitro-N-methylphthalimide in 91% yield.
Reduction with tin II chloride and hydrochloric acid gave 3-amino-N
methylphthalimide; XVI in 82% yield. '

Several early attempts to nitrate the acetyl derivative of
XVI by the "traditional” method of nitrating aryl amines gave poor
yields. It was subsequently found, however, that direct nitration of
the free amine gave the desired 3-amino-6-nitro-N-methylphthalimide XVII
in 90% yield. Reduction of XVII to the diamine XVIII proceeded inm onmly
20% yield, although additional work is expected to improve this.
Conversion of the diamine to the desired polymers will begin in the

near future.



erivatives

The geheralizeéd mechanism of chemiluminescence requires the
formation of an excited state by chemical reactioh followed by the
radiative decay of that excited state as diagramed below.

Equation (1) represents a chemical reaction; actually a series of
steps, between a "luminant", L, and an oxidant, Ox. A product, PX,
of this reaction appears in an éxcited state which then radiates as
in equation (2). As stated in the intreduction, the efficiency of
the over-all process will be the product of the efficiency of steps
(1) and (2). Since step (2) is identical to the radiative process in
fluorescence, the over-all efficiency will depend on the fluorescence
efficiency of the emitting species, P. In phthalhydrazide chemilumi-
nescence, as in most chemiluminescent systems, the idemtity of the
emitter has not been established. However, a high fluorescence
efficiency of the emitter might be assured by incorporating the
chemiluminescent phthalhydrazide structure into a highly fluorescent

backbone.

Attempts to synthesize the benzothiazole XXI and the acridome

XX1I, designed to test this possibility, have thus far been unsuccessful.
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X1 XXI1

In the former case, application of two standard thiazole syﬁtheseslu to

In the latter case reaction of 3-chloro-F-methylphthalimide XXIV with
anthranilic acid in the Ullmann reaction’’ failed to give the required

intermediate diphenylamine XXV.
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Failure of XVII to react with thiocyanogen (KCNS + Bre) may
be attributed to6 the low electron density of the aromatic ring résult-
ing from the electronegative nitro and cyelic imide substituenmts,
although p-nitroahiline undergoes reaction Suceessfullylu° The failure
of the Ullimann reaction; however, is less easily accounted for since
the chlorine is activated toward nucleophilic Substitution by the imide

16

ring” .
A further attempt will be made to prepare XXII by another route.
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Expe riﬁeﬁtal(a') _(Chemistry Section)

A A P B
oxychloride17 irylhydrazine was prepa.red rrom benzophigone and
hydrazine followed by reduc on with lithium aluminum hydride 4=
Aninophthal imid ridg-h‘ydfochloric acid
Other starting

Tédﬁéfaidﬁ Of thé eorreapo'ndins nﬁi,tréphﬁhal

forma.mide wag added slewly at room tempera. ure to a stirred solution of
9.5 g. (0. 028 mole) of 9-chloro-10-methylacridinium dichlorophosphate
in 250 ml. of dry diméthylformamide. After stirring 2 hours at room
temperature, the mixture was made alkaliné by the addition of 200 ml.
of 5% sodium bicarbonate. A tarry orange precipitate was obtained.

The tarry solid was dissolved in acetone, treated with activated
charcoal, and the acetone was evaporatéd under vacuum. The residual
red oil ¢rystallized upon treatment with hexane. Recrystallization
from hexane gave 2.5 g. (23.3%) of material, m.p. 125-6°.

NMR and infrared spectral analyses were in agreement with
the azine structure.

Aoal. Caled. for Co7HpN3: C, 83.69; H, 5.47; N, 10.84.
Found: C, 83.42; H, 5.39; N, 10.69.

9-acridanone was added 10 ml. of phosphorus oxychloride ai:d the
resulting mixture was refluxed for three hours. On cooling a bright
yellow solid was obtained and was collected and washed well with ether.
The solid (9-chloro-10-methylacridinium dichlorophosphate) was dis-
solved in 250 ml. of ice water and treated in the dark with 100 ml.

of a cold (0°) solution of 10% hydrogen peroxide in 5% aqueous sodium
bicarbonate. The reaction mixture was stirred at 0®* for 20 hours. No
luminescence was observed. A brown solid separated and was collected
and washed well with water to obtain 0.9 g. (90%) of 10-methyl, 9-
acridanone, m.p. 197-199° (1it.19 m.p. 201°) further characterized by
comparison of its infrared spectrum with that of an authentic sample.

[Ta): Melting points and boiling points are uncorrected./



L-Diethylaminophthalimide - A mixture of 5.0 g. (0.03

mole) of h-aminoph and 20.0 g. of triethylphosphate was
refluxed (210° to 230°) for 5 hours. The mixture was cooled to

50° and poured over excéss crushed ice. The resulting solution was
neutralized to pH 7 with s -id sodium ca.rbona.te, a.nd the selutwn was

pressu.re to abeut 30 ml. The solutien was chromatographed en a 33 by
3 ems néutral alumina éolumnh to obtain 3.2 g. (32%) of yellow solid,
m.p. 175=6° (1it.T m.p. 177°).

- An earlier attempt to carry out the alkylation with dimeéthyl-
aulfetfe? was unsucéessful.

Disodium 4-Diethylaminophthalate - A mixture of 1.6 g.
(0.007 mole) of L-diethylaminophthalimide and 25 ml. of 50% aqueous
sodium hydroxide was boiled for 30 minutes. The disedium salt (1.3
&. 63%) separated on cooling and was recrystallized from a mixture
of water, ethanol, and acetone to obtain an analytical samplé, m.p.
250°.

Anal. Caled. for 072H130uNNa C, 51.25; H, 4.66; N, 4.98.

Found: C, 50. 76: H; L. 85, N, 5.17.

b “1deﬁ_x1v) = A mixture of 3.0

obtei,n 1., o 8- (h3%) of materiel. l_,nelting at 9h-98° Recrystal.lizetion
from a benzene petroléum ether mixture gave material melting at 102-3°

Anal. Calcd. for CypHy3NO3: C, 65.74; H, 5.98; N, 6.39.
Found: C, 65.51; H, 5.73; N, 6.55.

Attempted Preparation of 4-Diethylaminophthaloyl Chloride (XV)-
Attempts to react h-diethylaminophthalic ‘aphydride with thionyl chloricle:Lo
benzotrichloridelo, or phosphorus pelzn'.a.chlorzl.delL under conditions suc-
cessful for the conversion of phthalic amhydride to phthaloyl chloridelO,1ll
gave only mixture of unchanged anhydride and tars.

A solution of 1. os‘g}wff*‘ 5 mole) o ‘,-diethylaminophthalic anhydride
in 15 ml. of methane sulfonic acid was treated with 0.7 g. (0.019 mole)
of 90% hydrogen peroxide and allowed to stand at 35° for four hours.
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The resulting solution was pouréd over 50 g. of ice, and the clear
solution was neutralized to pH 7 with aquéous sodium carbonate solutien.
Sinee preeipitation did not occur, the neutral solution was extracted
with thrée 100 ml. portiofis of chléroform. The extract was in turh
extracted with 5% aqueous sodium bicarbonate. Evaporation of the
chloroform gave only a trace of tar. The bicarbonate extract was
neéutralized with acetic acid amd extracted with chloroform. The
chloroform extract on eévaporation gave 0.15 g. of k-diethylaminophthalie

aéid; m.p. 149° ; characterized by comparisen with an authentic sample.

limide = 3<Nitrophthalie acid (50.0 g.,

3=Nitro=N-méthylpht
0.24 mole) was mixed thor with 34.0 g. (0.50 mole) of methylamine
hydrochloride and 26.5 g. (0.25 mole) of sodium carbonate. The reac-
tion mixture was heated at 160° for 3 hours with occasional stirring
and then ¢ooled. The solid was washed well with 250 mli. of watér and
the yellow product was collected on & filter and dried to obtain 45.0
g. (91.0%) of material, m.p. 110-112° (14t.20 112-113°).

I
/,\ =
[

Ansl. Caled. for C»“aou' C, 52.43; B, 2.93; N, 13.59.

. 3-Amino-N-methylphthalimide (XVI) - 3-Nitro-N-methyls
phthalim:l.de ( "5“ O"g’l ," 0’ 2’13"1:1016 ﬁiﬁadded with st:lrr:l.ng to a solution
acid and 300 ml. water. The solution vas magnetically stirred and
maintained at 38<43° for 1 hour, at which time the hydrochloride of the
product began to separate. The product was collected when the reaction

to 1iberate the bright yellov free base ’ which was collected ‘and dried
to give 30.7 g. (82%) of material, m.p. 198-200° (1it.Sl m.p. 199°).

-Aceteqido-6-nitro-_ met, l ;hthalimide - 3-Am1no-ll-

i .1de. The mixture was cooled to room temperature ‘and 87 5 ml. of
90% HNO3 was added dropwise with stirring to the solution, keeping the
tempere ure between 35-40°. The bright orange solution was stirred an
additional two hours after the addition and then poured over 2 kg. of
crushed ice. An orange, tarry seml-solid separated from solution and
was collected on a filter. The product was recrystallized from a 10%
solution of acetone in 2B alcohol to give 2.6 g. (7.9%) of material,
w.p. 174-176°.

Anal. Calcd. for CLLHQN3°53 C, 50.19; H, 3.45; N, 15.96.
Found: C, 49.9; H, 3.24; N, 15.98.



Several other attempts to carry out the nitration using
varying reaction times and temperatures either failed or gave poor
yields., A sulfurie acid-nitric acid nitration at 0° was unsuccessful.

3=Amino=6-nitro=N-methylphthalinide (XVII) = To 300 ml. of
cone. sulfuric acid cooled to O° was added 40.0 g. (0.22 mole) of 3=
amino=N-methylphthalimide. A solution of 16 ml. of 70% nitric acid,

L ml. watér and 80 ml. ¢omé. sulfurié acid was added dropwise with
stirring during one hour at 0° t6 5°. The reaction mixturée was

stirred 6 hours at 0-=5°, then poured into 5 1. of an ice-water mixture.
The orange precipitate was collected on a filter » washed well with water,
and dried to obta.in N& o g. (90 3%) of product y .p 195 -200°. Res

Anal. Caled. for 09 ~N 0t G 48.87; H, 3:19; N, 19.00.

c { m hyd L. water vas added 5 0 €.
(0.023 mole) of 3 amino-é-nitro-n-methylphthali,; “Sodium hydro-
sulfite (12.0 g., 0.069 mole) was added to the mixture in three
portions with stirring. The réac¢tion mixture was boiled 5 minutes,
filtered ’ and heated on a steam bath for 30 minutes. The product
separated on cooling and was recrystallized from water to obtain
0.8 g. (18.2%), m.p. 240-45° (dec.).

Anal. Caled. for CoHONJ0,: C, 56.53; H, 4.Th; N, 21.97.

Found: C, 56.25; H, 4.34; N. 22.19.

B. To a solution of 6.2 g. (0.12 mole) of ammonium chloride
in 20 ml. water and 80 ml. 2B alcohol was added 5.0 g. (0 023 mole) of
3-amino-6-nitro-N-methylphthalimide. Powdered iron (6.4 g., 0.115
mole) was added, and the mixture was refluxed 2 hours. The solvents
were evaporated on the steam bath, and the residue extracted with
several portions of chloroform totalling 800 ml. The chloroform was
evaporated to obtain 0.9 g. (20.5%) of product, m.p. 242-L6°.

C. An attempt to reduce 3-a.m1no-6-nitro-N-methylphthalimide
with tin II chloride and hydroechloric acid failed.
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thiazoledi

acetic acid and 10 ml. methyl alcohol were added 9. 0 €. (0 Ok mole)

of 3-amino-6-nitro-N-methylphthalimide and 15.6 g. (0.16 mole) potassium
thiocyanate. The solution was cooled to 15°, and 13.3 g. (0.08 mole) of
brominé in 50 ml. glacial acétic acid was addéd dropwise with rapid
stirring over & oné périod. The reaction was stirred for 45 minutes,
and then heated to 70°. Water (50 ml.) was added, and the mixture was
heated t6 100°. The mixture was allowed to stand at 100° for 15 min-
utes, then filtered while het to recover 5.5 g. of the starting material,
m.p. 185-194°. The filtrate was made basic by addition of ammoniim
hydroxide, and thé precipitate was collected. Infrared analysis
indicated that the product was not the desired benzothiazolé; the
material was not further identified.

o 3<Amino-6-nitro-N-methylphthalimide (5.0 g.; 0.022 mole)
was mixed thoroughly with 19.0 g. (0.lk mole) of anhydrous copper II
chloride and 17.0 g. (0.17 mole) o6f potassium thiocyanate. Glacial
acétic acid (8 ml.) was added and the mixture was heated 1 hour at
40° and then U4 hours at 1.00°.

) The reaction mixture was treated with 500 ml. water and heated
to beiling. The insoluble material was ¢ollected on a filter, washed
well with water, and dried. Only starting material was obtained.

3 hranilic acid and 182 3 g. (l 32 mole) of potassium
carbonate. The mixture was boiled with stirring for 1 hour, during
which time ten per cént of the alcohol was boiled off to remove water
of neutralizatien.

To the stirred mixture was added 45.4 g. (0.25 wmole) of 3-
chlorophthalimide and 0.9 g. of active copper catalyst22. The mixture
was refluxed for 30 hours, and then steam distilled. The deep purple
non volatile residue remaining was acidified with hydrochloric acid,

and a dark-colored tar separated. Reprecipitation from sodium
bicarbonate solution gave only unchanged anthranilic acid (35.0 g., 79%).
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SECTION 2 - PHYSICS

I Ener

r Transfer Studies

Chemiluninescence from Oxalyl Chloride and Hydrogen Peroxide -

Weak chemiluminescéence from hydrogen peroxide oxidatiorshas been fre=
, 23 ,

quently observed . Very recéntly, howéver, bright chemiluminescence

has been reported from the reaction of hydrogen peroxide with oxalyl

chloride in the presence of a fluorescént material such as anthracene
- . -

or Nsnethylaefidoneg .

. anthracene .

Clgg éClJHEO;:

This reaction is of considerable intérest because of its simplicity.

0y + €O + LIGHT

Moreover, because little light 18 produced in the absence of &
fluorescent material, the reaction appears to be a clear-cut case
of energy transfer in a chemiluminescent system. In view of these
important factors we have studied certain points bearing on the energy
transfer process. Our results to date are summerized below:

(1) while the reaction at room temperature is no more than
8 bright flash, at -78° in ether solution the intensity is substan-
tially stronger, and the lifetime increases to sbout ten minutes.
(2) The original report®*

that the vapors from the reaction

give rise to chemiluminescence in contact with a fluorescent substance

is unequivocally substantiated by experiments at -78°, where the reaction

is less violent.
(3) The intensity is increased when anthracene is replaced
by the more strongly fluoresceat 9,-10-diphenylanthracene. This obser-

vation is in agreement with the prediction that chemiluminescence
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efficiency cah be increased by improving the fluoresceénce yield of
the emitter.

(4) There is negligible emission, evén in the ultraviolet,
in the absence of a fluorescent material. This was established by
searching for and failing t6 find to find ultraviolet émission with a
photomultiplier tube detector and by failing to imducé 9,10-diphenyl-
anthracené fluoréscence thréugh a quartz separator. This fact rules
out thé possibility of an emissionsreabserption energy transfer process
and indicates (by elimination) a non radiative process of energy
transfer. Whilée hon radiative énergy transfer is well known in
fluorescence sp'eetrésco}apygs , this system appears to be the first
clear-cut case of its application to chemiluminescence.

(5) A vell known form of non-radiative energy transfer is
the resonance process®. As it is customarily viewed, this process
requires close overlap between an emission band defining the electronmic
energy of the donor and the sbsorption band of the acceptor. If such
a process were involved in oxalylchloride-hydrogen peroxide chemilumi-
nescence, only acceptors having at least one closely matched absorption
band could be effective. To examine this point eleven potential
acceptors having varying sbsorption bands were tested for their ability
to generate light. All of these chemiluminescent compounds were at
least partly active, and the simple resonance transfer process must be

ruled out. The most likely remaining mechanism is a variation of a
ok

suggestion by the discoverer® .
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XXVI interacts with the ground state of the acceptor; A, im such &

way that the bulk of the available chemical energy converts A to an
excited singlet state. In such & process A might act as a catalyst
providing a new path for removal of the liberated emérgy. Such a
process would be less bound by the rigorous quantum restriction of
ordinary energy transfer since the decomposition products could carry
away varying amounts of energy. This mechanism is still of doubtful
validity and substantial work yet needs to be done. It is very umn-
for example, that a species such as XXVI would be sufficiently
volatile at =78° to provide the observed vapor phase chemiluminescence.
Moreover, the vapor phase experiment indicates that the emergetic
intermediate has a substantial lifetime. Stability would not be

expected in a species such as XXIV.
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eriments with Oxalyl Chloride and Hydrogen Peroxide -

A stock solution of one molar oxalyl chloride in diethylether was used
in the following experiments:
(1) Reaction at Room Temperature - Two mg. of 9,10-diphenyl-

atithracene was combined with 5 ml. 6f the stock solution and treated in
the dark with 2 drops of 30% adueous hydrogen peroxide. A violent
reaction occurred during which a bright but brief blue chemiluminescence
was observed. HNo luminescénce was cbsérved in the absence of the
anthracene.

(2) Effect of Cooling - Experiment (1) was repeéated at

a temperature of -78° (dry ice-acetone bath). The reaction was mild
and the intéense chemiluminescénce had a lifetime of fivé to ten minutes.

= Experiment (1) was

repeated but in the absence of any fluorescent accéptor and in a quartz
cell at -78°. No emission of light was detected when the cell was
placed against a 1P28 ultraviolet-sensitive photomultiplier tube. In a
similar experiment the U.V. cell was immersed in a dilute solution of
9,10-diphenylanthracene in ether. No fluorescence 6f this externmal
solution was detected. When a piece of filter paper which had been
soaked in 9,10-diphenyl anthracene solution and dried was held against
the cell in another experiment, no induced fluorescence of 9,10-diphenyl-
anthracene was observed, but vapors escaping from the cell produced
fluorescence on the paper. The fluorescence of 9,10-diphenylanthracene

was observed when the filter paper was irradiated with a laap. That
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the fluorescence observed near the opening of thé U.V. cell was truly
from vapors was ascertained by holding the papér 2 to 3 inches from the
opening and observing the weak fluorescence of the paper.

1 molar ethereal oxalyl chloride was added to 10 ml. of diethyl ether
containing 2-3 mg. of a fluoreacent matérial: The solution was thén
cooled in a dry ice-acétone bath and 2 drops of 30% hydrogen peroxide

added. Results aré summarized beélow:

\
PO
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Fluorescent Compov
rubrene

quinine sulfate
phenazine
trans-stilbene
pentaphenyl phosphole

2-phenylbenzos
thiazole

1,3=diphenyl iso-
benzofuran

TH-Benz (de)-
anthracéne=T=6ne

10-methyl, 9-
acridanone

9,10-diphenyl
anthraceéne

anthracene

-29 =

“U.V. Absorbtion Bands of
Fluorescent Compound (mwp.)

303, 465, 495, 530

250, 350, 360, 390
228.5, 295.5, 307:5

226, 248, 256; 297

230, 253, 283, 306, 397
256, 295, 306, 387, 4Ok

258.4, 337.0, 353.0,
37..5, 392.0

230, 250, 310, 325, 3k0,
355, 380

yellow

vielet

yellew

blue

blue

blue

siedium

strong

medium



II. Absorption and Fluorescence Spectra of Selected Compounds:

Energy transfer studiés require that a large number of
fluorescent matérials of varying absorption and emission characters
istics be available. In addition to those kmown in the chemical
literature; & number of fluorescent materials have been prepared by the
company for use as solids but never charactérized im solutien. Of
particular interest were materials likely to emit in the regiom 450-
600 mu. Company files were surveyed and the most interesting materials
obtainéd for further study.

The absorption spectra of the compounds im solution were
obtained using a Cary Model 14 Recording Spectrophotometer. The wave=
length positions of the absorption and fluorescence maxima, and the
values of the specific absorptivity are summarized in Table 1. The
fluorescence spectra were obtained using & Beckman KD-2A Ratio
Recording Spectrophotometer. No fluorescence intensities are given,
for the instrument used was not calibrated for absolute intemsity

measurements.
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h Emissio Ma.xima ror Several Fluo_rg_s_gent Com"',junds

Absorption
Maximuin
Absorpt:l.on Specific with NaOH Emission
Absorptivity added Maximum
. Compound _Solvent — : o nm)

Calcofluor Méthanol
Yellew H.E.B.

Calcofluor 6G. Methanol k35 L1.8 kko 535
Caléo'fluor Methanol ko k9.3 = 535

Calcofluor . Methanol Lys 52.7 - 538

Yellow 7G.

Ca.lcocid Urenime  H,0 kg0 83.5 490 532
. 4315 i

Calcofiuor White Methanol - 332 and 44.5 and 332 and k70
5B. conc. 372 17.0 372
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Qualitative data aloné provides an inadeéeguate basis for the
mechanistic analysis of chemiluminescent systems. Suitable equipment
i8 required which will permit intensity; spectral; lifetime; and
absoluté quantum yiéld determinations. Moreover, the equipment should
also provide for fluorescencé spectral and quantum yield measurements
t6 allow comparison with corresponding chemiluminescent systems. In
addition, a suitable instrument should provide for luminosity measure-
ments of chemiluminescent light, since even for practical purposes, the
éyé is a poor judge of visual intensity.

Thug optical studies én systemé which areé chemlluminescent
or fluorescent require measureménts to be made under well-defined and
reproducible conditions, with sultable calibrations in both radiometric
and luminous units. Quantum ylelds or efficiencies for both chemilumi-
nescence and fluorescence should be obtained from data obtained under

intensity of fluorescence arise from the mode of excitation and the
absorption of the exciting light. Most conventional fluorimeters and
spectrofluorophotometers use 90° excitation and are limited thereby in
the range of concentrations that may be reliably determined. However,

since theSe instruments are largely used in the field of trace analysis,

]
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deviations at relatively high concentrations are aot important.
Excitation from an angle as near as possible to that of the emission

t6 be measured is desirable to permit studies at higher concentrationms
and to allew the separation of the effects of exeitation absorption

and of comcentration quenching. The spectroradiometer-fluorimeter
desaribed in the experimental section was designed t6 have near-zéro
angle excitation for fluoréscence measurement, and to bé capable of
measuring chemiluminescence,; delayéd fluorescence; phosphorescence,
transmission, and also to be used as a spectroradiometer. Construction
of the equipment and three of the four steps involving calibratien

have now been completed.

ious experience with the comstruction, calibration,

and use of a solar SPeetroradiometerzé led to the selection of a small
Bsusch and Lomb grating monochromator (model 33-86-25), which covers
the range from 3500 to 8000 A with & reciprocal linear dispersion of
64 Afum. A 1P22 photomultiplier tube was used in the housing supplied
with an Aminco photomultiplier power supply and amplifier. The housing
also held a shutter and space for a quartz actinometer cell. This
housing was attached to the monochromator behind behind the exit slit.
The apparatus is diagrammed in Figure 1.

The housing furnished for the tungsten light source was used
a8 the base for the excitation sources. The tungsten lamp and transformer

were removed and replaced with two General Electric type F4T5/BLB
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fluorescent tubes, mounted vertically on either side of a brass tube

serving as a light shield and lens holder. A 12 cm. focal length

glass lens was placed at its own focal distance from the slit to
receive parallel light and focus it on theé éntrance slit of the mone-
¢chromator. A hole was cut in the back wall of the housing to permit
the exciting light to strike the sample, which is houséd in a Jacket
through which temperature-controlled water is circulated.

The instrument may bée used in five ways: (1) as a fluori=
meter, with the exciting tubes irradiating the sample, (2) as a
"chemiluminometer ;" with exciting lamps off and a chemiluminescent
sample, (3) a8 a combination of (1) and (2) for measuring a combination
of chemiluminescent and fluorescent systems, (4) for transmission
measurement, with an external light source and a ceéll-in, cell=-out
technique, and (5) as a spectroradiometer with an external source of
light and suitable optics.

Provision was also made to mount a micrometer Baly ce1127
in place of the temperature=controlled cell holder. This cell is
variable from 0.0l to 5.00 mm., and will be used in studying the
effect of light path (cell length) on chemiluminescent and fluorescent
systems. The regular cell holder can accommodate cells from 5 to 50

mn. in length.

pent Calibration:

The wavelength dial of the monochromator was calibrated with

an Osram mercury lamp, and found to be accurate to well within the error
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in reading the dial markings. Fixed slits of 1.34 mm. for the entrance
and 0.75 mm. for the exit were selected. (The image of the entrance
slit is reduced by 56%.)

The wavelength response of the LP22 photomultiplier tube was
calibrated by the technique of ferri-6xalaté actinoméeter préviously
désc;?ibeaésiés , together with a National Bureau of Standards lamp having
a color temperature of 2864° K. The use of a light source of known
spectral emergy distribution gave a relative correction curve. Actinme-
meter tests (with the actinometer mounted just before the photomultiplier
and behind the exit slit) at two wavelength settings permitted the scale
of the meter to be calibrated in terms of microwatts per em per 50 A
falling on the photomultiplier. The calibration curve is shown in
Figure 2.

To check the spectral distribution of the exciting lamps, a
mirror was placed in the sample position to reflect the light from one
of the lamps into the monochromator. The corrected spectral distribution
curve agreed well with that of a quite similar 15-watt La!npgé, and is
shown in Figure 3.

The excitation input emergy to the fluorescent cell was
measured by substituting the actinometer solutiom in the l-cm cell and
exposing for a known length of time. The integrated flux amounted to
3 millivetts/cm®. This value will be used in calculating fluorescent
quantum yields (mwodified if necessary by the transmission curve of

the sample being measured).
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In order to obtain a value for the photomultiplier reading
(at & specific wavelength) in terms of total emission of a light source
in the position of the cell containing & chemiluminescent system, a
tungsten source of known candlepower and color temperature was used.
This unit vas a "Quantalumen" regulated power supply and tungsten
light of 2.3 candlepower with a color temperature of 2460° K. To
obtain its total ultravielet emission, the bulb was inverted and
immersed in a ferrioxalate solution for a fixed time. With the iamp in
the position of the cell on the spectroradiometer=fluorimeter, a
actinometer solution was exposed behihd the entrance slit of the
monochromator. The photomultiplier output was recorded before and
after the test. The results showed that 1 x 10 of the total
spherical output (2.94% x loguw wag entering the moénochromateor; this
is in good agreement with the slit area as compared to that of a
sphere of the redium équal to the lamp to slit distance.

The fluorescence spectrum of anthracene was obtaineéd, and

found to be in good agreement with spectra pub11§h§d29g The fluor-

escence spectrum of anthracene is shown in Figure L.
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