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A substantially superior second generation oxalate ester chemical light
system has been developed. The new system generates three times as much light
per unit volume (light capacity) as the first generation system and provides
yellow-green emission in contrast to the green emission of the first generation
system.

Three modifications of the new system, formulated to meet brightness-
lifetime requirements for a variety of applications, are compared with the first
generation system in Table A. Relative to the first generation system: (1)
the new high intensity formulation is seven times brighter up to 10 minutes of
operation for applications which have short lifetime requirements; (2) the new
standard formulation is three to four times brighter up to two hours use for
intermediate lifetime applications; (3) the long~lived formulation provides a
brightness above two foot lamberts cm.'1 up to 15 hours of use in contrast to
less than four hours of useful life for the first generation system. The bright-
ness of the high intensity and standard formulations is adequate for certain
illumination applications as well as marking and signaling applications, while
the long=-lived formulation will accommodate overnight marking.

The color of the new system is visibly more yellow than the green emission
of the first generation formulation; the spectral distribution (Figure A) shows
a maximum near 550 nm which is close to the optimum wavelength (555 nm) for de-
tection by the human eye. In contrast the first generation, green formulation,
has a maximum emission wavelength of 510 nm.

Storage stabllity data for the oxalate component of the second generation
system is summarized in Table B. A light capacity over 6C0 lumen hours per liter
remains after 90 days storage at 75°C in Teflon FEP. Moreover, polyethylene
lightsticks contuining the uew second generation formulation have lwen shown in

a separate program to give acceptable performance after 30 days storage at 75°%¢

(167°F). Lightsticks containing the new formulation are thus expected to meet
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military storage criteria, in contrast to first generation lightsticks, which have
poor stability at 75°C.

The new system is based on the oxalate ester bis-(2,4,5-trichloro-t~carbo-
pentoxyphenyl Joxalate (CPPO) and the new fluorescer 1-chloro-9,10-bis-(phenyl-
ethynyl)anthracene (1-ClBPEA). The composition of the system is summarized in
Table C; a single "oxalate component" is combined with one of three "activator
components" selected to give the desired brightness-lifetime performance.

Development of the new system was based on a partial investigation of the
relationship of fiuorescer structure to inherent chemiluminescence efficiency,
resistance to concentration quenching,solubility, and stability. The results
of the study indicated that dichloro derivatives of 9,10-bis-(phenylethynyl)
anthracene (BPEA) were inherently efficient and, in contrast to BPEA itseif, were
substantially resistant to efficiency loss at high CPPO concentrations. On the
dark side, however, the dichloro BPEA cerivatives were found to be less stable
than BPEA, and the initial dichloro derivatives, 1,5-DCBPEA and 1,8-DCBPEA were
too unstable for practical use. Molecular orbital calculations indicated the
theoretical stability ordec of BPEA type fluorescers to be BPEA > 2-C1BPEA
g ‘1-C-1BPEA 2? 1,5-DCBPEA > 1,8-DCBPEA (see Table D for abbreviation
identifications). Since theory indicated greater stability for the monochloro
derivatives 1-C1BPEA and 2-C1lBPEA, they were prepared for test. Evaluation
showed that the monochloro derivatives were in fact substantially more stable

than the dichloro derivatives, and that they ratained the high inherent efficiency

and resistance to concentration quenching characteristic of the dichloro derivatives.

In spite of the superior stabilities of the monochloro derivatives, however, they
were still too unstable to meet 75°C, 30-day stability criteria in CPPO chemical
light formulations.

Concurrent with the fluorescer design e.fort, an investigatiion of
stabilizing additives was carried out. It was found that certain phenolic

antioxidants, such a5 2,6-c¢i t hutyl-d4-methylphenol, were partially effective in
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stabilizing fluorescers toward destructicn both in ster i, : and in the reacting

system. The use of such additives with 1-C1BPEA provided sufficient stability
for the design of the practical second generation system. Indeed, in the second
generation system of Tables A-C, only 1u% of the 1-ClBPEA fluoreccer is destroyed
during a 90-day period at 75°C in Teflon FEP.

A new green fluorescer, 2-C1BPEA, aliso resulted from the fluorescer study.
While not as efficient as 1-C1BPEA, 2-C1BPEA gave light capacities over 700 lumen
hours per liter at 0.21 M CPPO. This fluorescer is substantially superior to the
first generation fluorescer for applications requiring a bright green color (/a maxe
520 nm).

The high efficiency of the second generation system may be related to
large spectral shifts which take place during the chemiluminescent reaction. The
effect of reaction variables on the rate and extent of spectral change indicates
formation of a complex between 1-C1BPEA and a by-product formed at high CPPO con-
centration may be responsible in part for the increase in efficiency.

Several new oxalatc esters were prepared in preliminary efforts to over-
come the ilimiting solubility of CPPO (0.28 M in dibutyl phthalate). Substitution
of one or more nitro groups for chlorines in CPPO gave esters which were moderately
efficient at .01 M ester concentration, but concentration quenchirng markedly reduced
the efficiency at .10 M with these esters.

A light caracity of 410 lumen hours per liter -w.as obtained from the
aliphatic oxalate bis~-(2-trichloromethyl-1.1,1,3,3,3-hexafluoro~2~propyl)oxalate
(TCHFO) at .10 M concentration using 1-ClBPEA as the fluorescer. Attempts to re-
duce concentration quenching at 2.20 M TTHFO by substitution of other electron
withdrawing groups for the CCl3 group in TCHF) have bheen unsuccessful thus far.

A study of the effect of storage conditions on the development of induction
periods in BPEA oxalate components indicated that storage at 10C°F and 90 relative
humidity in polyethvlene lightsticks ~an prnduce the induction period in 30 days.
However, small {(7 mole %) amounts of water in the oxalate can be tolerated without

effect on performance. Lerger quantities of water (over 100 mole %) cause rapid




formation of induction periods or complete failure. A tentative mechanism for
the hydrolysis of CPPO is discussed in the text of the report.

In addition to the direct value of providing a substantially superior
chemical light formulation, the results of this study indicate substantial
promise for the development of still more effinient systems in the future. It
is now evident that concentration quenching, which has limited light capacities
in the past, can be overcome through proper oxalate ester and fluorescer design
and through the use of certain anti-quenching additives. Moreover, the discovery
of fluorescer stabilizers permits far wider scope in fluorescer design than has
been possible previously.

The second generation system discovered in this study operates at only
f.5% of the theoretical chemiluminescence light capacity. At this ievel of per-
formance a six-inch second generation lightstick, containing 10g of active
ingredients, is equivalent to the light output (9 lumen hours) of a candle burning
for 43 minutes and is 5.3 times as efficient on a light output per weight basis
(lumen hours per gram) as a size D drycell battery in continuous drain. (The D-
cell weighs 86g and generates 15 lumen hours of light in continuous drain). We
believe that a system capable of operating at two to 10 times the efficiency of
the new second generation system (up to 5% of the theoretical limit) is feasible,
and it is evident that such a third generation system would provide a major benefit

in terms of brightness-lifetime performance and portability characteristics.
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Table C

Composition of Second Generation System

Oxalate Component (3 parts by volume)

Concentration
Material v} g/l
Ple= (s -teienlorog canbopentony-
tosrx 12 a.a0sg
2,6-Di-t-butyl-p-cresol 0.001 0.220
Dibutyl Phthalate SOLVENT

Standard Activator Component (1 part by volume)

Concentration

Material M g/l

Hydrogen Peroxide 1.5 51.0
* -3
Sodium Salicylate 2 x 10 0.320
80% (by volume) Dimethyl
phthalate
SOLVENT

20% (by volume) t-Butanol

"The high intensity formulation contains 4 x 10-3 M (0.640 g/1) of sodium
salicylate and the long-lived formulation contains 4 x 10-4 M (0.126 g/1)
of tetramethylammonium 3,5,6-trichlorosalicylate.
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Footnotes_to. Fiqure A

'rhe chem:llmqinescent reaction -contained 0.21 M bis(2;4,5-trichloros6-
arbo ) {(CPPO); 04375 M H; 0. 5. +008’ M 1-chloro-9,1.0-

e (1.-CIBPEA) and g

in a solvent mixture*of 75% dlbutyl phthalate, 20% - di.methyl phthalate,

5% g1:-1)1.\t:a|'so:|.. The spectm was: recorded ‘two ‘hours -after :the initiation

of the: reaction and is- correct:ed for the intensity decay. '

% 10-4-M"sodium salicylate
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high performance oxalate cliemical lighiting systems comprising both high

I PROGRAM :OBJECTIVE

The objéctive of thils research program was the development of

light capacity and high curve shape efficiency. The first generation sys-
tein}?213 paged-on the reaction of bis(2;4;5+trichloros6scarbopéntoxyphienyl)

eialate (CPPO) and hydrogen: pecoxidé with 9;10-bis(phenyiethynyl)antiiracene

(BPEA) as the fluorescer has a practical light capacity limit of about
3502400 lumen hours liter™! because of a decrease in efficiency which takes
place with increasing concentration of the oxalate ester, CPPO. The factors
causing this concentration quenching have been partially established in
previous studies?’® and these results have been applied to the developient
of a practical high light capacity second generation system.

II  INTRODUCTION

The American Cyanamid Company has conducted research on chemilue
minescence since 1961 with Goverrment sponsorship beginning on June 1, 1963.
Work under the initial contract, Nonr 4200(00), funded by the Advanced Research
Projects Agency and administered by the Office of Naval Research, was principally
concerned with fundamental investigations of chemiluminescence mechanisms and was
directed toward the discovery of the basic knowledge required for the design of
practically useful chemiluminescent reactions. Basic knowledge duaveloped under
that contract resulted in the discovery of "Peroxyoxalate Chemiluminescence", a
group of mechanistically related reactions inherently capable of high light
enission efficiencies.’

While peroxyoxalate chemiluminescence was inherently efficient, it was

clear that a substantial effort would be required to develop the reaction into
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a practical lighting system. Major problems dealing with the design of specific
oxalates and fluorescers and with the selection of catelysts and solvents ree

quired for the formulation of an éasily ised system meéting. performance, storage

§tability and other practical requirements had to.be solved. This task was suc-

cessfully accomplishéd under Contract N60921-67:C~0214;. fundéd by the Naval

‘Ordnance Systems Cofmand undér contract with the Naval .Oxdnance La’bbr;i:pfy.z

Under that contract a first generation practical, twWoscomponent chemical lighting
system was developed (see Table A).

The results of the initial Naval Ordnance Laboratory Program indi<
cated that a substantial increase in light output, which was needed for broad

utility, would be a formidable task because of "concentration quenching" effects

discussed in Section III. A second progran was undertaken with the Naval
Ordnance Laboratory under Contract N60921-70-C=0198 to éstablsh design criteria

3

which would overcome the concentration quenching obstacle.” Discoveries in that

program indicated that the prospects for development of a superior system were
’p'ranising, and the program summarized in this report was undertaken with the
Naval Weapons Center to fulfill that promise.

III. CONCEPTS AND-BACKGROUND

The performance of chemical lighting formulations is measured in
terms of the light capacity.
The light capacity is the integrated output of visual light per unit

volume, as defined in equation 1.

T mog
L] ' (1)

T=0

.,
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In equatiocn 1, I is the lidinous flux in luméns; T is timeé in
hours and V is the volumée of the formulation in liters: tie light capacity,
L, has the units of 1uméh hours per liter. It follows from equation 1 that
increaséd light capacity will p};-oi}i"aé (1) gréater brightness over a given
lifetime, (2) 1longer ~lif§tifﬂé &t a given brightnéss level and (3) lower
bulk; i.e., more lumens hours. pér unit weight or volimeés

The light capacity is depéndent on the factors indicated in equation
2,

Ls 4.07x10%xqcp (2)

1

'Q is the quantum yield in einsteins mole - of limiting reactant;

C is the concentration of limiting reactant in moles liter';; and P is a
photopic factor, varying from O to 41, which definés the seénsitivity of the
‘human eyeé to the color of the emitted light. In principlé, one molecule of
reactant can generate one quantum of light, and one mole of reactant can
generate one einstein. Thus quantum yields of one are possible in theory.

In practice, however, quantum yields of the most efficient classical chemilu-
minescent reactions are only about 0.01. The concentration of limiting re-
actant might, in principle, be as high as about 5 moles 1iter), as for
example, in a two reactant system where each reactant has a density of one
and a molecular weight of 100. In practice, however, high quantum yields
usually require relatively low reactant concentrations. The photopic

factor would be a maximum of 1.0 for a yellow line emitter at 555 q/a., at
the optimum wavelength for e&e sensitivity. In practice, hgwever, chemilu-
minescent emitters have broad spectral distributions and the maximum practical

protopic factor is about 0.86. The photopic factor decreases rapidly toward

the blue and red ends of the visible spectrum, the lower P factor must be com-

pensated by higher Q or C factors to maintain the same brightness and lifetime.

o
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The light capacity of the CPPO-BPEA chemical lighting formulation
is put into perspective in Table 1. While this oxalate system is considerably
more than effective than the most efficient reactions known at the start of this
program, its light capecity still represents less than 0.2 percent of the
theoretical chemiluminescence potential. As indicated in Table 1, light capacity
improvement is possible both through increases in quantum yield and through higher
reactant concentrations. Quantum yields as high as 28% have been obtained from
peroxyoxalate chemiluminescent reactj.ons,‘:l thus a goal of 9000 lumen hours liter‘1
seems reasonable for an oxalate chemiluminescent system. The data summarized in
Table 1 clearly illustrate that the greatest potential for large increases in
light capacity over the CPPO-BPEA system lies in increasing the corcentration of
the 1limiting reactant, the oxalate ester. As the concentration of the oxalate
ester. is increased, however, a loss in efficiency, termed "concentration quenching,
generally results. With the development of more soluble oxalate esters such as
CPPO, the efficiency loss was found to be substantial above .10 M. Typicaily®,
the CPFO-BPEA system gives & 9% quantum yield at .10 M CPPO, (a light capacity of
260). However, at .20 M the quantum yield drops to 4%, (light capacity 220) and
at .30 M CPPO the efficiency is only 1.7% (light capacity 147). Since the light
capacity is proportional to the oxalate concentration, in the absence of quenching
effects, one would have expecterd a three fold increase in light capacity by in-
creasing the CPPO concentration from .10 M to .30 M.

Concentration quenching in a chemiluminescent reaction, in principle,
can include two general classes of quenching mechanisas: chemical quenching and

fluorescence quenching.
Chemical quenching is an interference with any of the chemical re:ction

steps leading to the generation of the excited fluorescer. Chemical quenching

thus involves side reactions which divert chemiluminescent intermediates from the

chemiluminescent reaction path. Typical side reactions would be hydrolysis of the

oxalate 1, decomposition of the monoperoxy acid _Z_(Iiber:ating carbon monoxide and
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carbon dioxide) and decomposition of the dioxetandione 3.

Chart I
00 00
. ) ) . W
ROCCOR + aéoé ey ROCCCOH + ROH
1 2
Q0 o)
Il | i
RO‘C('!OOH > ics.—c + ROH
b—4
2 3
i Bl '
ClZ"'"'C': + Fluorescer «———> i’:-—-(‘: « Fluorescer
Q=0 0~—0
3 4
ad Iol }o' —
1
T—-—-i: o Fluorescer |=——ee— Pluorescer‘ + 2002
0 ——0
4

The key intermediate, 3, can decompose either by a unimolecular
pathway dependent only on the concentration of 3 or by second (or higher)
order processes dependent on the concentration of 3 and scme other species
pre.sent in the reaction mixture. Since the formation of the fluorescer-
dioxetandione complex 4 is a bimolecular process, the second order decome
position of 3 should be "swamped out" by increases in the fluorescer cone

centration.

Recent ev:l.dem:es obtained by stopped flow kinetic measurements
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suggests that the reaction of the key chemiluminescent intermediate with the
fluorescer to produce light is very rapid relative to the preceeding steps.

Fluorescence quenching is any non-radiative de-excitation of the
excited fluorescer., This results from the interaction of the excited molecule
with another species in the system. In general the fluorescence quencher can
be picturcd6 as a substance which robs the energy rich singlet state molecule
of its energy, the energy then being released as heat.

A detailed study of concentration quenching processes revealed that
in the BPEA-CPPO system approximately equal contributions from fluorescence
quenching and chemical quenching were responsible for the efficiency loss.
Structure-fluorescence quenching correlations with a number of substituted BPEA
derivatives indicated that substitution of chlorine atoms on the anthracene
ring substantially reduced fluorescence quenching by CPPO. The use of certain

polymeric additives apparently reduced chemical quenching as well.

IV. INVESTIGATIONS OF NEVW FLUORESCERS

A. Design and Synthesis

Experiments carried out under the Naval Ordnance Laboratory contract3
indicated that 1,5-dichloro-9,10-bis{phenylethynyl)anthracene (1,5-DCBPEA)
was resistant to fluorescence quenching by CPPO and moderately efficient in the
chemiluminescent reaction. However, this compound was not sufficiently soluble
(maximum solubility in dibutyl phthalate is 1.8 x 10™3) to obtain the optimum
performance from the chemiluminescent system. The synthesis of a series of
chlorinated derivatives of BPEA was undertaken in an effort ‘o find a more soluble
analog of 1,5-DCBPEA which maintained its resistance to fluerescence quenching by
CPPO and high efficicency in the chemniluminescent reaction,

The synthetic scheme outlined in Chart II was used for the synthesis

of all the flourescers. The products were purified by recrystallization'and
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pﬁrity vas verified by absorption spectra, thin layer chromatography and elemental
analysis.7'8

Synthesis of 1,4,5,8-tetrachloro-9,10-bis(phenylethynyl)anthracene
was attempted7 bt the pure material could not be isolated from the crude product
mixture, Qualitative chemiluminescent tests with the impure material indicated

it givés an orange emission when treated with H_O, and CPPO.

22
Chart IT
Synthesis of New Fluorescers Ph
HO c”
?
+ Ph«C=C =-1Li Dioxane
HO Co
Qb\
Ph

1-Cnloro~9,10-bis({phenylethynyl )anthracene (1-ClBPEA): R, = Cl; Ra,R3,R4 = H,

2-Chloro=9,10-bis(phenylethynyl}anthracene (2-C1BPEA): R, = Cl; RysRqsR, = He

1,5-Dichloro-9,10-bis(phenylethynyl)anthracene (1,5-DCBPEA): Ri’R3 = Cl; RZ’R4 =

1, 8=Dichloro-9,10-bls(phenylethynyl)anthracene (1,8-DCBPEA): = Cl; R

RyR,

H.

piRy = He
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B. Chemiluminescent Performance of 1,5~ and 1,8-DCBPEA
The solubility of 1,8«DCBPEA in dibutyl phthalate is quite good;

oxalate components containing 1.3 x 10~2 M 1,8-DCBPEA can be prepared readily.
The spectral distribution of the chemiluminescent emission from 1,8-DCBPEA is
shown in Figure 1. The maximum of thc snectral distribution is observed at

565 nm with a photopic factor of 0.70 at the optimum concentration of fluorescer
in the chemiluminescent reaction. The color of the emitted light is a bright
yellow. A Stern-Voimer quenching study (Table 2) indicated that CPPO does not-
quench the fluorescence of 1,8-DCBPEA to any significant degree at the solubility

limit of the oxalate.

Table 2

Fluorescence Quenching Experiments with 1,8-DCB§EA and CPPO

CPPO M F
0 0.930
0.28 0.944

a. Fluorescence quantum yield. Excitation wavelength
was 429 nm. Solvent was dibutyl phthalate. The
concentration of 1,8-DCBPEA was 4.54 x 10~3 M,
The initial set of chemiluminescent experiments using 1,8-DCBPEA and
0.21 M CPPO is reported in Table 3. This set of experiments was designed to de-
termine the optimum concentration of the fluorescer. This optimum was determined

3

to be 5.67 x 10~ M since no significant change in the efficiency of the chemilu-

minescent reaction was evident above this concentration. The three lower con-

centrations of 1,8-DCP/EA gave significantly lower brightness levels starting at
180 minutes. It seemed likely that fluorescer decomposition was contributing to
the efficiency loss in the later stages of- the-chemiluminescent reaction. Inde-

pendent measurement of the Eluorescer decomposition rates (see Section IV-F)
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Footnotes for Fiqure 1

Channminescent reaction contained 3.41 x 10" -3 M 1,8-dichloro-

9;10-bis(phenylethynyl )anthracene (1,8-DCEPEA), 0.21 M bis-

- (2;4 5-trichloro-G-carbopentoxyphenyl)oxalate (CPPO); 1:56 x

10-4 M sodium salicylate ‘and 0:375 ‘M hydrogen peroxide in a
solvent of 75%. dibutyl phthalate, 20% dimethyl phthalate, 5%
tsbutanol. Intensity scale is in relative quanta sec.-1.:
Spectrum is corrected for intensity decay. .
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confirmed this hypotheésis.

A similar series of chemiluminescent reactions was carried out with
1,8<DCBPEA at 0.10 M CPPO (Table 4) and the highest light capacity (438 lumen
hours liter™!) was obtained at 5.67 x 107> M. The intensity values toward the
end of the reactions do not appear to reflect any significant loss in fluorescer
concentrations. This was also confirmed in the fluores~er decomposition studies
(Section IV-F) where the decomposition rate of 1,8<DCBF- was appreciably faster

at 0,21 M CPPO ‘than at 0.10 M CPPO.

C. The Effects of Additives in the Chemiluminescent Performance of 1,5«
and 1,8-DCBPEA

A series of additives were evaluated with 0.21 M CPPO and 1,8-DCBPEA
to investigate the relationship of additive structure to the reduction of con-
centration quenching. The results are summarized in Table 5. The highest light
capacity (545 lumen hours liter'i) was obtained with polyethylene oxide (Polyox
WSRN-80). Other additives also improved performance but were generally less
effective, The combination of Half-Second Butyrate and Polyox WSRN-80, which was
previously found to be highly effect:l.ve3 with 1,5~-DCBPEA, was somewhat less effective
than Polyox alone. Half-Second Butyrate, alone, was substantially less effective.

A similar series (Table 6) was carried out using 1,5-DCBPEA as the
fluorescer. In general, the performance of this fluorescer was poorer than the
1,8-isomer. Thus, without any additive, i ight capacity of 410 lumen hours lzm:er""1
was obtained with 1,8-D(’£BPEA in contrast with a value of 284 with 1,5-DCBPEA. A
comparison of the intensity values at the & minvte point and beyond indicates
that fluorescer decomposition is contributing %o the loss in efficiency with 1,5«
DCBPEA. The highest value obtained with the 1,5-isomer was 360 lumen hours liter™
as compared with 545 with 1,8-DCBPEA.

The improvement in performance using tetrabutylammonium perchlcrate

(TBAP) with 1,5-DCBPEA (Table 6) led us to examine this additive further with

the 1,8-isomer. Substantial improvements in light output were found (maximum
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light capacity 620), as summarized in Table 7. Significant increases in light
capacity were also obtained using combinations of Polyox WSRN-80 and a fluoro
silicone. Performance data on systems containing Polyox WSRN-80 and TBAP with
a series of catalyst concentrations are summarized in Table 8. Increasing the
catalyst concentration has the anticipated effect of increasing brightness and
shortening lifetime. The highest light capacity (683 lumen hours liter™ ') was
obtained with TBAP although with a rather long lifetime (T.75 634 min.)s The
brightness .after nearly eight hours (over two foot lamberts cm"l) was parti-
cularly encouraging for a longe-lived formulation.
The experiment with 2,4,6-tri-t-butylphenol (Table 7) was particularly
interesting. This additive was found (Section IV-F) to substantially retard
the decomposition rate of 1,8+-DCBPEA. However, no significant increase in
light capacity was observed when this free radical inhibitor was added to the
CPPO - 1,8-DCBPEA reaction. Apparently the concentration of fluorescer (5.67
X ‘10"3 M) was sufficiently high to overcome any effect of fluorescer destruction
on the light ocutput. This experiment establishes that TBAP and the Polyox are
increasing the light capacity by mechanisms other than fluorescer stabilization.
Polyethylene oxide was investigated further in a series of chemilu-
minescent experiments carried out on the 0.21 M CPPO - 1,8-DCBPEA formulation to
determine the optimum concentration and the optimum molecular weight range of the
polymer. Table 9 summarizes the effect of Polyox WSRN-80 concentration on
chemiluminescent reactions containing 0.21 M CPPO. The maximum concentratica
of polymer employed in this series of experiments was 1% in the chemiluminescent
reaction (1.3% in the oxalate component). Above this concentration of polymer
the oxalate component becomes highly viscous and stirring the chemiluminescent
reaction is difficult. No significant differences in performance were apparent

between 0.3% and 1.0% concentrations {light capacities 598 and 597 respectively)

but a slight loss in light capacity was observed at 0.1%. No large differences
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in lifetime were evident within the concéntration range studied.

On the basis of these results, the effect of the polymer molecular
weight was studied at two polymer concentrations (0.3% and 0.75%). The results
summarized in Table 10 indicate a general trend of increasing light capacity
with decreasing polymer molecular weight at the lower concentration. At the
higher Polyox concentration the trend is less clear, but there is a significant
decrease in light capacity with the 600,000 molecular weight range as compared
to the lower polymers. The optimum range as determined from these experiments
is the 400 molecular weight polymer.

The effect of a number of phenolic antioxidants on the performaﬁce
of CPPO - 1,8«DCBPEA formulations was explored to determine the concentrations
of these potential stabilizers which can be tolerated in the chemiluminescent
reaction without seriously effecting the efficiency. Table 11 sumwmarizes the
effect of five known antioxidants on the chemiluminescent reaction. At 0.75
x 1073 M and 3,75 x 1073 M concentrations, 2,4,6-tri~t-butylphenol (TBP) had
no significant effect on the light capacity or lifetime. No significant effect
on performance was observed with 2,6~di-t~butylep-cresol (DBPC), but a 10% re-
duction in light capacity was found with 2,4-dimethyle6-t=burylphenol (DMBP).
The effect of the anisole derivatives, 3-t-butyl-4-hydroxyanisole (BHA) and
3,5=di-t-butyl-4-hydroxyanisole (DBHA), was more pronounced. Both of these
compounds reduced the light capacity by more than 50% and increased the lifetime
three folde The reason the anisoles quench the chemiluminescent reaction is un-
clear at present, but cannot be due to an acidity effect since these compounds
are weaker acids than the alkyl phenols.

The effect of a series of phenolic antioxidants on chemiluminescent

reactions containing additives to reduce concentration quenching is summarized

in Table 12. Only DBPC had any significant effect on reactions containing tetra-

butylammonium perchlorate (TBAP) reducinj the light capacity by 7. The anisoles,

BHA and DBHA, were used at one-fifth the concentration of the alkyl phenols because
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of the serious queénching problem observed in the reactions without any additive.
In the reactions containing polyethyléne oxide, only DBPC had a significant efféct,
réducing the light capacity by about 10%.

The data summarized in Tablé 13a illustrate the éoncentration quénching
effects observed in the 1,8-DCBPEA - CPPO formulations: The additiveés, TBAP and
Polyox 80, which give the greatest improvement in liéht capacity at 0.21 M CPPO are
virtually without effect at 0.10 M CPPO. These additives must be increasing light
output by reducing the chemical quenchjng effects at the high oxalate concentration.

. The effect of the tetrafluoroborate salt was particﬁlarly interesting.
A definite induction period was cbserved in the oxalate component used in the last
four experiments either with no additive or with TBAP added. Addition of TBAFB ’
caused this induction period to disappear. This TBAFB might be useful in protecting
oxalate components aginst this undesirable effect. The tetrafluorcborate salt is
equally as effective as the perchlorate salt in impioving the light output with the
additional benefit of reducing the lifetime.

Two lithium salts, the perchlorate and the trifluorocacetate, were
evaluated in the CPPO-BPEA cheﬁiluminescent.system. The lithium salts were
screened because lithium is known to react with carboxylic acids, which may be
responsible for chemical quenchinge In particular oxalic acid, a powérful quencher,
has been identified in oxalate ester chemiluminescent reactions, and lithium
oxalate is insoluble in organic solvents. Table 13a summarizes chemiluminescent
experiments carried out by adding lithium trifluoroacetate and lithium perchlorate
to the activator component. The two salts have opposite effects on the chemilu~
minescent reaction: 1lithium trifluoroacetate acts like a weakly basic catalyst
increasing the early iﬁtensiéies and shortening the lifetime; the perchlorate
salt tends to decrease the initial intensity and prolong the reaction. Both types

of decay curve shapes can be useful depending upon the particular application.

The improvement in performance obtained by the addition of polyethylene
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Table 13b

Screening of Additives for CPPO Chemiluminescence

Tergitol Nonionic U. Carbide

15-8=7

Flexol 3GO v. (.:arbide '
Flexol 3GH _ U, Carbide
Dibutylcarbitol U, Carbide
Surfonic N-40 Jefferson
Igepal CO-530 Ge Ao Fo

. Igepal CA-620 Ge Ao F.
Tergitol Nonionie

U, Carbide
12-P-7 :

Standard CPPO oxalate component was diluted 2:1 with additive and compared

CH3(CHZ)xCH(CH2}yCH3

O(CHZCH2)nH
X+yYy=9to13 n=7

Tri.ethylene glycol
Di ( 2-ethyl Jhexoate

Triethylene glycol
Di(2-ethylbutyrate)

c 489(0(!32(:32 ) ZOC 4H9

seo::.-cgl-l19 (cazc}lzo)nl-l

uc.-cgnﬁ@omxzcazo)na
t.-CgH, .@. O(CH,CH,0) H
€, Ho .@o(cuzcazo)ga

Good

", Good |

Good

Poor

Poor

Poor

Poor

Poor

visually against a control sample diluted with dibutyl phthalate in the

chemiluminescent reaction with H

%2

e S A A
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