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SUMMARY

i A substantially superior second generation oxalate ester chemical light

system has been developed. The new system generates three times as much light

I' 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

j 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-I up to 15 hours of use in contrast to

less than four hours of useful life for the first generation system. The bright-

V 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.

Ji 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.

V Storage stability data for the oxalate component of the second generation

system is summarized in Table B. A light capacity over 600 lumen hours per liter

j remains after 90 days storage at 750C In Teflon FEP. Moreover, polyethylene

lightsticks contjining the uew second generdtion formulation have been shown in

a separate program to give acceptable performance after 30 days storage at 750C

(1670 F). Lightstickfr c~nt3iriinc the new formulation art: thus expected to meet
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military storage criteria, in contrast to first generation lightsticks, which have

poor stability at 750C.

The new system is based on the oxalate ester bis-(2,4,5-trichloro-6-carbo-

pentoxyphenyl)oxalate (CPPO) and the new fluorescer 1-chloro-9,10-bis-(phenyl-

ethynyl)anthracene (I-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 fluorescer structure to inherent chemiluminescence efficiency,

resistance to concentration quenchingsolubility, and stability. The res'i]lts

of the study indicated that dichloro derivatives of 9,10-bis-(phenylethynyl)

anthracene (BPEA) were inherently efficient and, in contrast to BPEA itself, were

substantially resistant to efficiency loss at high CPPO concentrations., On the

dark side, however, the dichloro BPEA aerivatives 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 order of BPEA type fluorescers to be BPEA > 2-ClBPEA

1-ClBPEA >? 1,5-DCBPEA > 1,8-DCBPEA (see Table D for abbreviation

identifications). Since theory indicated greater stability for the monochloro

derivatives I-ClBPEA and 2-ClBPEA, they were prepared for test. Evaluation

showed that the monochloro derivatives were in fact substantially more stable

than the dichloro derivatives, and that they retained 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 investigation of

stabilizing additives was carried out. It was found that certain phenolic

antioxidants., such as 2,6i vn.,t]-4-mehylphenol, were partially effective in
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stabilizing fluorescers toward destruction both in stor,, . and in the reacting

I system. The use of such additives with I-CIBPEA ptovided sufficient stability

for the design of the practical second generation system. Indeed, in the second

generation system of Tables A-C, only lu% ct the I-.C.BPEA fluorecer is destroyed

during a 90-day period at 750C in Teflon FEP.

A new green fluorescer, 2-CIBPEA, akso resulted from the fluorescer study.

IWhile not as efficient as 1-ClBPEA, 2-CIBPEA gave light capacities over 700 lumen
1- 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 max.

L 520 rim).

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-ClBPEA and a by-product formed at high CPPO con-

centration may be responsible in part for the increase in efficiency.

Several new oxalate esters were prepared in preliminary efforts to over-

come the limiting 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

I.. efficient at .01 M ester concentration, but concentration quenching markedly reduced

the efficiency at .10 M with these esters.

A light capacity of 410 lumen hours per liter -,as obtained from the

j- aliphatic o:calate his- (2-trichloromethyl-1 , 1,1,3,3,3-hexafluoro-2-propyl )oxalate

(TCHFO) at .10 M concentration using 1-CIBPEA as the fluorescer. Attempts to re-

duce concentration quenching at 0.20 M TCHFO by substitution of other electron

withdrawing groups for the CC 3 group in TCHFO have bexen unsucressful thus far.

A study of the effect of storage conditions on the development of induction

periods in BPEA oxalate components indicated that storage at 6°F aind 90 , relative

humidity in polyethylene ]ightstickq -_-i produce the induction period in 30 days.

1 ~ However, small ('(7 mole %) amounts of water in the oxalate can be tolerated without

effect on perfoian,-e., Lrrqer quantities of water (over 100 mole %) cause rapid
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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 efficient 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

r.5% of the theoretical chemiluminescence light capacity. At this level 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.

4
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I Table C

j Composition of Second Generation System

I Oxalate Component (3 parts by volume)

Concentration

Material g/l

Bis-(2,4,5-Trichloro-6-carbopentoxy-I phenyl)Oxa]ate (CPPO)

I-Chloro-9,10-bis(phenylethynyl) 12F Anthracene (1-CIBPEA)

2, 6-Di-t-butyl-p-cresol 0.001 0.220

Dibutyl Phthalate SOLVENT

I

Standard Activator Component (I part by voJume)

Concentration

J Material _ q/l

Hydrogen Peroxide 1.5 51.0

Sodium Salicylate 2 x 10- 3  0.320

80% (by volume) Dimethyl
phthalate

SOLVENT

L 20% (by volume) t-Butanol)

I 3

The high intensity formuldtion contains 4 x 10- 3 M (0.640 g/l) of sodium
salicylate and the long-lived formulVtion contains 4 x 10- 4 M (0.126 g/l)
of tetramethylammonium 3,5,6-trichlorosalicylate.
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[The objectiver of thiis jcsearc -program -wait- the-develormexit of I
'high performance oxalate chemical lighting syftes comprising both high

light capacity and high curve shapet efficiency. the first generation sys.

;Utim 1 '' based .on the, reaction -of- bis(2i45-trihlro6carbopnt MO.ny)
bale -CPWO and -hydrogen, peroxide with 9,-16-bis (Pihyiethynyi) Atthracener (DPWA as the fluorescer has a practical light capacity limit of about

150"400 liuen hours liter" because of a decrease in efficiency which takea

I. place with increasing concentration of the oxalate ester, CPPOe The factors

causing this concentration quenching have been partially established in

previous studies2 ' and these results have beon applied to the develqouut

of a practical highf light capacity second generation syste.

n. DIR0O N I
Mt American Cyanamid Company has conducted research on chemilu-EI

minescence since 196 with Governejent sponsorship beginning on Jura 1, 1963.

El Work under the initial contract, Nonr 4200(00), funded by the Advanced Research

Projects Agency administered by the Office of Naval Research, was principally

concerned with fundamental investigations of ch--lainsconce mecheniems and was

directed toward the discovery of the basic knowledge required for the design of

practically useful chmlmnscent reactions* Basic knowledge doveloped under

[ ~that contract resulted in the discovery of "Peroaiyoalate Chmlanscence", a

group of mechanistically related reactions inherently capable of high light

C emission efficiencies. 1

While peroxyoxalate chemiluminescence was inherently efficient, it was

clear that a substantial effort would be required to develop the reaction Into



a practical lighting system. Major problems dealiig With the design of specific I

Oxlates and fluorescers and with the selection of catrclysts ard solvents re-

quired for the formulation of an easily used system meeting performance, storage

-stability and other practical requireents6 had to be soived. This task was suc-

cessfully accoplished under Conit act N60921-67 C-0214i- funded by the Naval

Ordnance Systems C and ,under contract with the NavalOonance Laratory.2

Under that contract a first generation practical, two-component chemical lighting

system- was- developed. (see Tabie A). i

The results of the initial Naval Orae 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 IeI A second program was undertiken with the Naval

Ordnance Laboratory under Contract N60921.-70-C-0198 to establsh design criteria L-
which would overcome the concentration quenching obstacle.3 Discoveries in that Jj
program indicated that the prospects for development of a superior system were

promising, and the program summarized in this report was undertaken with the

Naval Weapons Center to fulfill that promise.

III* CONCEPTS AND- BACKGROUND ii
The performance of chemical lightirg 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. [.1

JT- L~ Id
L9V

T1. =0I
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[t n quain 1, t is- the l~iu s flux in lume, Tis tim in

hourts and V is the V6lume of the fokiidution in liters. -Thd light cdadity,

L, has the units of iUmeh -hours pe lterk. It fbilows from eqkution I that

__ ihnresad light capacity -ii provid #() greater brightness over .6 given

L iftima, (2) longer lifetime &t A given brightness level: and (3) loWdt

bulk, Leo, more lumens burs per uit Weight or Vo6lume
.2The light capacity is dependent on the factors indicated in .equation

L Lu 4.o7 x lo x Q C P (20)

t Q is the quantum yield in einsteins mole 1 of limiting reactant;

C is the concentration of limiting reactant in moles liter',; and P is a

photopic factor, varying from 0 to It which defines the sensitivity of the

human eye to the color of the emitted light. In principle, 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 O.O. The concentration of limiting re-

actant might, in principles be as high as about 5 moles liter" *, 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 mA, at

K the optimum wavelength for eye sensitivity. In practice, however, chemilu-

3 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 con-

pensated by higher Q or C factors to maintain the same brightness and lifetime
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The light capacity of the CPPO-BPEA chemical lighting formulation

is pit 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 capacity still represents less than 0.2 percent of the

theoretical chemiluminescence potential. As indicated in Table 1, light capacity

iLmprovement is possible both through increases in quantum yield and through higher

reactant concentrations. Quantum yields as high as 2a have been obtained from

peroxyoxalate chemiluminescent reactions,
I thus a goal of 9000 lumen hours liter

-I

seems reasonable for an oxalate chemilumzinescent system. The data summarized in

Table I clearly illustrate that the greatest potential for large increases in

light capacity over the CPPO-DPEA system lies in increasing the corcentration of

the limiting reactant, the oxalate ester. As the concentration of the oxalate

ester is increased, however, a loss in efficiency, termed "concentration quunching",

generally results. With the development of more soluble oxalate esters such as

CPPO, the efficiency loss was found to be substantial above .10 M. Typically4 ,

the CPFO-BPEA system gives a 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 cap3city 147). Since the light

capacity is proportional to the oxalate concentration, in the absence of quenching

effects, one would have expected a three fold increase in light capacity by in-

creasing the CPPO concentration from .10 K to .30 M.

Concentration quenching in a chemiluminescent reaction, in principle,

can include two general clas3es of quenching mechanism : chemical quenching and

fluorescence quenching.

Chemical quenching is an interference with any of the chemical re7ction

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

thus involves side reactions which divert chemilizainescent intermediates from the

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

oxalate I, decompositiou of the monoperoxy acid 2 (liberating carbon motoxide and
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carbon dioxidej and decomposition of the dioxetandione 3. -

Chart I

00 00

00 0
RoR + H202 R0C oC + RoH

i0

2 3

0 0 0 0
C C + Fluorescer C- C Fluorescer0I Io---o o--oi

0 -0

CreC + Fluomrescer -h CmC + Fluorescer
I U

_ tl

I~LI!

!The key intermediate, -, can decompose either by a unimolecular j_

pathway dependent only on the concentration of 3 or by second (or higher)
order processes dependent on the concentration of 3 and some other species I_

present in the reaction mixture. Since the formation of the fluorescer-..

dioxetandione complex 4 is a bimolecular process, the second order decom-

position of 3 should be "swamped out" by increases in the fluorescer con- I
centration.

Recent evidence 5 obtained by stopped flow kinetic measurements



,r
suggests that the reaction of the key chemiluminescent intermediate with the

fliorescer 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 pictured6 as a substance which robs the energy rich singlet state molecule

of its energy, the energy then being released as heat.

j 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.

Ii Structure-fluorescence quenching correlations with a nuniber 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.[
I IV. INVESTIGATIONS OF NEW FLUORESCERS

A* Desigin and Synthesis
34

Experiments carried out under the Naval Ordnance Laboratory contract3

indicated that 1,5-dichloro-9, 0-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 chemiluiinescent system. The synthesis of a series of

I. chlorinated derivatives of BPEA was undertaken in an effort to find a more soluble

analog of 1,5-DCBPEA Which maintained its resistance to fluorescence quenching by

CPPO and high efficiency in the chemiluminescent reaction.

The synthetic schvme outlined in Chart II wns used for the synthesis

of all the flourescers. The products were purified by recrystallization ano
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purity was verified by absorption spectra, thin layer chromatography and elemental j
analysis. 7,8

Synthesis of 1,4,5, 8-tetrachloro-9, 1O-bis(phenylethynyl)anthracene 11
7

was attempted b-.t the pure material could not be isolated from the crude product

mixture. Qualitative chemiluminescent tests with the Impure material indicated L1
it gives an orange emission when treated with H202 and CPPO. L-

Chart 11

Synthesis of New Fluorescers
cPhj

R 0 R R HO C1' R

R2 R2

q 4 C=C-4iC I+ Ph C C Li Dioxane

R 0 R3  HO C4  i
Ph

ILI
Ph

R HOo R 4 C R2 ,.R

+ 2n~

R HO C. R3

Ph I L
Ph

1-Chloro-9,10-bis(phenylethynyl)anthracene (2-ClBPEA): R = Cl; R2,R3,R4 = H.

2-Chloro-9, 1O-bis(phenylethynyl)anthracene (2-ClBPEA): R 2 Cl; RR39R4 H.

1,5-Dichloro-9,10-bis(phenylethynyl)anthracene (1,5-DCBPEA): R1,R 3 = Cl; R2 ,R4 = H.

1,8-Dlchloro-9,I0-bls(phenylethynyl)anthracene (1,8-DCBPEA): R.,R4 = Cl; R2 ,1 3 = II.
4 2 3
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F)
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 maxim=u of tr,2 9pectral distribution is observed at

565 nm with a photopic factor of 0.70 at the optimum concentration of fluorescer

in the chetlnuinescent 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 8-DCPEA and CPPO

CPPO 1 4a

0 0.930

0.28 00944

B11
a. Fluorescence quantum yield. Excitation wavelength

was 429 rm. Solvent was dibutyl phthalate. The
concentration of I,8-DCBPEA was 4.54 x 10- 3 M.

"c The initial set o! chemiluminescent experiments using 1,8-DCBPEA and

Is. 0.21 M CPPO is reported in Table 3. This set of experiments was designed to de-
EA

Etermine the optionu concentration of the fluorescer. This optionz was determined

" ( to be 5.67 x I0 "3  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-DCF'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 deccposition rates (see Section IV-F)
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Footnotes for Figure -1

Cheiiltuminescent reaction contained 3.41 x 1 4 ,8-dichloro-I 9,1O-bis(phe6nylethynyl)anithracene (1,8-CBPEA), 0.21 M bis-
( 2,'4,5-trichloro-6-carbopentoxypthen yl-)oxal~te (CPPO)i 1.56 x
to 1"H sodiu salicylate -and 0. 375 -M hydrogen, peroxide in aphthAlae 20%dmt2 phthalate, 5%
t-butanol. intensity scale is in relative quanta sec. euSpectru is corrected for in~tensity decay.
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confirmed this hypothesis.

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"1) was obtained at 5.67 x 10-3 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 fluorea.r decomposition studies

(Section IV-F) where the decomposition rate of 1,8-DCBP.S was appreciably faster

at 0.21 M CPPO than at 01.0 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- 4 I I
centration quenching. The results are summarized in Table 5. The highest light

capacity (545 lumen hours liter-') 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 NSRN-80, which was

previously found to be highly effective3 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, ai light capacity of 410 lumen hours liter L
was obtained with 1,8-DCBPEA in contrast with a value of 284 with 1,5-DCBPEA. A

comparison of the intensity values at the &) we* ate point and beyond indicates j
that fluorescer decomposition is contributing to ihe loss in efficiency with 1,5-

DCBPEA. The highest value obtained with the I,5-isomer was 360 lumen hours liter".

as compared with 545 with 1,8-DCBPEA.

The improvement in performance using tetrabutylammonium perchlkrate

(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

5 [ 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.)* The

brightness after nearly eight hours (over two foot lamberts cm" ) was parti-

[ cularly encouraging for a long-lived formulation.

The experiment with 214,6-tri-t-butylphpnol (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
3

x 10" M) was sufficiently high to overcome any effect of fluorescer destruction

I Eon the light output. 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-

I minescent experiments carried out on the 0.21 !! CPPO - 1,8-DCBPEA formulation to

determine the optimum concentration and the optimum molecular weight range of the

polymer. TaDle 9 summarizes the effect of Polyox WSRN-80 concentration on

Lchemiluminescent reactions containing 0.21 M CPPO. The maximum concentrati.n

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

L 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 concentration 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 I
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 i
to the lowet 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 performance

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 summarizes the

effect of five known antioxidants on the chemiluminescent reaction. At 0.75

x M0" M and 3.75 x 10" M concentrations, 2,4,6-tri-t-butylphenol (TBP) had

no significant effect on the light capacity or lifetime. No significant effect U.
on performance was observed with 2,6-di-t-butyl-p-cresol (DBPC), but a 10% re-

duction in light capacity was found with 2,4-dimethyl-6-t-bu'c.ylphenol (DMBP).

The effect of the anisole derivatives, 3-t-butyl-4-hydrowyanisole (BHA) and jj
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 lifetimeI I
three fold. The reason the anisoles quench the chemiluminescent reaction is un-

clear at present, but cannot be due to an acidity effect since these compounds Li
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 L
in Table 12. Only DBPC had any significant effect on reactions containing tetra-

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

BHA and DBHA, were used at one-fifth the concentration of the alkyl phenols because
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of the serious quenching problem observed in the reactions without any additive.

In the reactions containing polyethylene oxide, only DBPC had a significant effect,

reducing the light capacity by about I0M

The data summarized in Table l3a illustrate the doncentration quenching

'. IL effects observed in the 1,8-DCBPEA - CPPO formulations. The additives, TBAP and

I< [Polyox 80, which give the greatest improvement in light 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 quenching effects at the high oxalate concentration.
The effect of the tetrafluoroborate salt was particularly interesting.

A definite induction period was observed 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 tetrafluoroborate salt is

equally as effective as the perchlorate salt in improving the light output with the

additional benefit of reducing the lifetime.

Two lithium salts, the perchlorate and the trifluoroacetate, were

evaluated in the CPPO-BPEA chemiluminescent. system. The lithium salts were

screened because lithium is known to react with carboxylic acids, which may be

responsible for chemical quenching. In particular oxalic acid, a powerful quencher,

E 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: lithium trifluoroacetate acts like a weakly basic catalyst

I increasing the early intensities 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
L
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Table 13b

Screening of Additives for-CPPO Chemiluinescence

Tergitol Nonionic U. Carbide CH (CH2 )CH(CH 2)CH3  Good
15-s-7 L

o(c,-2c.12 )nH

x+y- 9to13 n ?

Flexol 360 U. Carbide Triethylene glycol Good
Di(2-ethyl)hexoate

Flexol 3GH U, Carbide Triethylene glycol Good
Di(2-ethylbutyrate) j_1

Dibutylcarbitol U. Carbide C4 HCOCH CH2 )20C4 H9  Poor

Surfonic N-40 Jef ferson secomC -&4,).(C 2  O H oo9n

Zgepal CO-530 G.A.F. .:.-C 9 1,1 9  (CH2CH2 0)nH Poor

Igepal CA-620 G. A. F. t..H o(CHPP. Poor

Tergitol, Nonionic U. Carbide C1 H 1.O(CHCH )9  Poor
12-P-7

a. Standard CPPO oxalate component was diluted 2:1 with additive and compared
visually against a control sample diluted with dibutyl phthalate in the
chemiluminescent reaction with H202 .

102-



'4 4 C4 44 C4 A 4 WO N 0

~~~V 004 ~
* * * * * * *.

_ 1 . 0 w on0 enQ 0 nv I

%I0 0 P- imo

4' 0 % 0 vo non e v I

co 
.4 40M *

s a0 8 9 4EL-

q4.

u rA

40*

A 0 0 " W



I,

-29-

oxidles prompted us to study the effect of a number of commercially available poly- L)

ethylene glycol derivatives wherein one or both hydroxyl substitutents are blocked

as ether or ester groups. Table 13b summarizes the results of qualitative screening

tests designed to eliminate those materials which obviously quench the chemilu- Li
minescent reaction. The additives which performed "good" were evaluated quantitative-

ly in the CPPO-BPEA system (Table 13c). The results indicate that none of these

materials gave significant improvement over the control sample which contained no

additive. The Tergitol 15-S-7 lengthened the lifetime appreciably but no improve-

ment in light capacity was found. "

D. Storage Stability of Formulations Containing 1.,8-DCBPEA

Results from a series of accelerated storage stability experiments on --

1,8-DCBPEA formulations are summarized in Table 14. In dibutyl phthalate solution

1,8-DCBPEA decomposes at a moderate rate in the dark at 750C even in the absence

of CPPO; 44% is lost in 21 days. Air does not effect this reaction. In the
absence of air, CPPO has no effect. But in the presence of both air and CPPO,

fluorescer decomposition is markedly accelerated. This latter rapid decmposition -

is substantially reduced by the addition of the antioxidant TBP* In contrast, TBP

has little effect in the absence of air. In general, the loss of light capacity

parallels the loss of fluorescer.

These results are consistent with a fluorescer decomposition mechanism

involving two major pathways: (1) a thermal decomposition which takes place under

all conditions at 75°C and (2) an autooxidation-derived free radical induced

decomposition, which is promoted by the presence of CPPO. The thermal process

may be difficult to eliminate, but it is clearly possible to minimize the auto-

oxidation process by adding a sufficient amount of an efficient free radical

inhibitor which probably scavanges radicals produced from the decomposition of CPPO.

The products from the decomposition of 1., 8-DCBP A have not been iso-

lated and identified. The absorption spectra of the oxalate components (Figure 2)
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indicate that a product with an absorption maximum near 465 nm is being formed

[ at the expense of 1,8-DCBPEA. The chemiluminescent emission from samples con-

taining large amounts of the decomposition products is shifted slightly towards

[ - the red (a yellow-orange color). Fluorescence measurements indicate that the

fluorescence efficiency of the by-product is from 35 to 70% lower than 1,8-

I. L DCBPEA. However, the results in Table 15 indicate that the products from the

- decomposition have no large effect on the chemiluminescent efficiency, suggesting

that the lowering of the fluorescer concentration is the major factor in the de-

U crease in light capacity in samples stored at 750C.

Results discussed earlier indicated that a substantial proportion of

concentration quenching is observed at high CPPO concentrations with 1,8-DCBPEA

in the absence of additives (typical values are light capacity 450 at 0.21 M.CPPO

and 438 at 0.10 M CPPO). Thus, small losses of CPPO in storage at 75°C should not

be reflected in the light capacity. This has been verified experimentally from

the results summarized in Table 16 by storage of an oxalate component containing

CPPO alone in dibutyl phthalate. After 35 days at 75°C, 91% of the initial light
capacity was retained. This compares with 16% of the initial light capacity left

after 21 days from the sample stored with CPPO and 1,8-DCBPEA. A similar result

was found when TBP was added to the CPPO solutions. These results support the

conclusion that fluorescer decomposition is responsible for most of the decrease

in light capacity of oxalate components containing 1,8-DCBPEA on storage at 750C.

The additives which give the greatest improvement in light capacity

(TBAP and the polyethylene oxides) tend to promote destruction of the fluorescer

in storage tests as indicated by the results sumarized in Table 17. The

appearance of the intensity decay curves obtained from these stored solutions is

similar to those obtained from the oxalates stored without additives.

The results summarized in Table 18 indicate that at .005 M additive

I concentration all three antioxidants increase the storage lifetime of the oxalate

a components containing 1,8-DCBPEA. Better performance was found with DBPC and
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DMBP (58% and 54% of the initial light capacity retained after 35 days at 75°C)

than with TBP (24% left after 35 days),. The additives which reduce concentration

-quenching (TBAP, TBAFB and the polyethylene oxide) were found to deteriorate rapidly

even in the presence of .005 M TBP.

A set of supplementary storage stability experiments have been completed

at 50 C, and the results are summarized in Table 19. As expected, the rate of

fluorescer decomposition and loss in light capacity is slower at this temperature.

The absorption spectra are also similar, suggesting that the same product are being

formed in both cases. {
The use of an antioxidant such as TBP has been shown to retard the rate

of fluorescer destruc*ion in the presence-of CPPO and air, as discussed earlier 11

(Table 15), although the decomposition rate with .001 1M TBP was still rapid. Thus,

two other efficient antioxidants, 2,6-di-t-butyl cresol (DBPC) and 2,4-dimethyl-6-

t-butylphenol (DMBP), were compared with TBP at .005 M concentration in an attempt

to provide better storage lifetime for the oxalate components containing 198-DCBPEA.

In addition, the effect of the higher concentration of TBP on the storage stability . I
of high light capacity formulations containing TBAP, TBAFB and polyethylene oxide

was studied.

Table 19 summarizes the effect of several phenolic antioxidants on the ::J
50PC storage stability of oxalate components formulated with 1,8-DCBPEA. At .005

M concentration (in the onalate component) the alkylated phenols 2,6-di-t-butyl-p- [.

cresol (DBPC) and 2,4-dimethyl-6-t-butylphenol (DMBP) retarded the autooxidation of

the fluorescer and gay, acceptable storage stability after 116 days at 500C. Only '..

10% of the initial light capacity was lost with DBPC added as an antioxidant and

only 20% was lost with DMBP. The formulation containing Polyox WSRN-80 had slightly

better storage stability than the formulation with tetrabutylammonimu perchlorate 1J
(TBAP). The two anisoles, 2-t-butyl-4-hydroxyanisole (BHA) and 2,6-di-t-butyl-4-

hydroxanisole (DBHA), quenched the chemiluminescent reaction at 0.005 M in the

oxalate component, but provided good storage stability for these low light capacity
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Footnotes for Table 14

a. Chiemiluminescent reactions contained 5.67 x 10"3 1

A M1, 8-dichloro-9, 10-
bis (phciylethynyl) anthraccene (I,8-DCIIPEA), . 21 14 bis (2,4,5-trichloro-
6-c6arbopcntoxyphenyl)oxalate (CPPO), the indicated concentrations of
soditn salicylate (NaSal) and 0.375 M HO in a solvent mixture of 75%
dibutyl phthalate, 20% dimethyl phthalao 5% t-butanol.

b. Oxalate components contained 7.67 x 103M 19,8-DCBPEA and the indicated L1
concentrations of CPPO and 2,4,6-tri-t-butylphenol (TBP).

c. Determined from the absorption band at 495 nm.

d. Concentration in the chemiluminescent reaction.

e. Light capacity in lumen hours per liter.

f. Inme required for emission of 75% of the total amount of light.

g. Stored in Teflon PEP bottles.

h. Stored in sealed N.51A glass amoules*i

1. By-product absorption contributes to .this value.

* .•

• , •~ •1* l .

, • • ,
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Absorption Spectra of Oxalate Components
Containina 198-DCBPEA Stored at 7 5oCab
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Footnotes for Figure 2 H

a. Oxalate components initially contained .28 M bis(214,5-trichloro-
6-carbopentoxyphenyl)oxilate (CPPQ) and 7.56 x 10-3 M 1,8-dichloro-
9,IO-bis(phenylethynyl)anthracenc (1,8-DCBPEA) in dibutyl phthalate
and were stored at 750C in Teflon FEP bottles under air.

b. Absorption spectra -were recorded on aliquots of the oxalate corn-
ponents diluted 1:200 with dibutyl phthalate.

° LI

'I
ii

11
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IFootnotes for Table 16

a. Chcmil.tuninescent reactions -contained: .21 M bis(2,4,I-trichlo'o-6-carI.O-

pentoxyphcnyl)oxalate (CPPO), 5.67 x 10-3 M 1,8-dichloro-9,10-bis(phenyl-V . ethynyl)anthracene (1, 8-DCBPEA), the indicated concentration of sodiun
salicylate (flaSal) and 0.375 14H 20 in a solvent mixture of 75Z dibutyl
phthalate, 20% dinethyl phthalate, 5% t-butanol.

K b, These solutions were stored without fluorescer, aliquots were withdrau.
at the appropriate time intervals and 1,8-DCBPEA added to the desired
concentration, 7.56 x 0-3 N.

•c. Determined from absorption band at 495 nm.

[do Light capacity in lumen hours per liter.

ev Time required for emission of 75% of the total amount of light.,

Ef. Concentration in the chemiluminescent reaction..

By-product absorption contributes to this value.

,p . " ....

i4 -

h °-. , , .
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Footnotes for Table 18

a. Chemiluitinescent reactions contained 0.21 M bis(2,4,5-trichloro-6-caLrbo- i
pentoxyphenyl) oxalate (CPPO), 5.67 x 10"3 l 1,8-dichloro-9,10-bis(pentyl-
ethynyl)anthracene (1,8-DCBPEA), 0.375 V& H202, 5 x 10-4 M sodium salicylate
in a solvent mixture of 75% dibutyl phthalate, 20% dimethyl phthalate, 5%
t-butanol. Oxalate components contained 0.28 M*CPPO and 7.56 x 0 3  1,8-
DC13PEA stored in Teflon FEP bottles.

b. Phenols used: 2,4,6-tri-t-butylphenol (TDP), 2,6-di-t-butyl-p-cresol (DBC)
and 2,4-dimethyl-6-t-butylphenol(DMBP). Concentrations are in the oxalate
component.

c. Additives used: Tetrabutylammonium perchlorate (TBAP), Carbowax 4000, a
polyethylene oxide 4000 mol. wt. (c W4M) and tetrabutylammonum tetrat.Luoro-
borate (TBAFB). Concentrations are in the oxalate component. L_

d. Determined from absorption band at 495 nm.

e. Light capacity in lumen hours per liter.

f. Time required for emission of 75% of the total amount of-light.

g. By-product absorption contributes to this value.

"..

* • . . . .* .
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Footnotes for Table 19 .

a. Cheiniluminescent reactions contained 0.21 M bis(2,4,5-trichloro-6-
carbhpentoxyphenyl)oxalate (CPPO.), .375 M H202, 5 x 10-

4 M sodium,
salicylate and 5.67 x I0-3 M I,8-dichloro-9,10-bis(phenylethynyl)
anthracene (I,8-DCBPEA) in a solvent mixture of 75% dibutyl phthalate,
20% dimethyl phthalate and 5% t-butanol. -

b. Oxalate components contained 0.28 M CPPO, 7.56 x 10 "7 M 1,8-DCEPEA i I
and the indicated concentrations of antioxidants and additives
stored in Teflon FEP bottles at 750,

c. Antioxidants used: 2,6-di-t-butyl-p-cresol (DBPC), 2,4-dimethyl-6-
t-butylphenol (DMBP), 2-t-butyl-4-hydroxyanisole (BHA) and 2,6-di-,
t-butyl-4-hydroxyanisole. Concentration is in the oxalate components.

d. Additives used: polyethylene oxide 300,000 mol. wt. (Polyox WSRN-80),

polyethylene oxide 4,000 mol. wt.. (CW4M) and tetrabutyl ammonium
perchlorate (TBAP).
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formulations. Reducing the concentrations of BHA and DBHA to .001 M overcame the

qu enching problem, but storage stability was much poorer.

Table 20 summarizes additional storage stability experiments designed

17i to explore the effect of different solvents, dimethyl phthalate (DMP) and dibutyl

terephthalate (DBTP) and the effect of sodium salicylate on the storage lifetime

of oxalate components containing 1,8-DCBPEA. None of these formulations showed

E any improvement compared to the standard 1,8-DCBPEA.oxalate compone't. The rapid

f.ilure in DBTP indicated an impurity might be present in this solvent.

The storage stabilities of oxalate components containing 0.133 M CPPO

and 7.56 x 10-3 M 1,8-DCBPEA at 75 C is summarized in Table 21. In the absence ofI!
i. antioxidant., the 0.133 M formulation is more storage stable than the analogous

ji- 0.28 M CPPO oxalate component (Table 17). Again, the use of an antioxidant such

as DBPC retards the destruction of the fluorescer and improves the storage life-

[. i" time. The anisoles, BHA and DBHA, were less ieffective than the alkyl phenols as

antioxidants for these formulations.1" 1
E. Relative Storage Stabilities of Oxalate Comporents Containing Different

Fluorescers

U-. A series of storage stability experiments were carried out on oxalate

components containing 0.28 M CPPO and four different fluorescers: BPEA, I-ClBPEA,

1,5-DCBPEA and 2-CIBPEA. The relative storage stability of these formulations was

determined under a standard set of conditions to assess the relationship between

fluorescer structure and stability and thus facilitate the design of more stable

oxalate components. The results summarized in Table 22 indicate the relative order

of fluorescer stability is: BPEA . 1-ClBPEA C' 2-ClBPEA -> 1,5-DCBPEA. A

comparison with earlier results on similar oxalates containing 1,8-DCBPEA indicates

this fluorescer is somewhat less stable than the 1,5-isomer. These results are in

general agreement with molecular orbital calculations carried out by Dr. M. Orloff

91. in another program. The loss in light capacity generally parallels the decrease

in fluorescer concentration. It appears evident that the rate of fluorescer
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Table 21

rStorage Stabilities. of 1,8-DCBPiI.A Oxalate
Comnponnts Containii:L .133 11 CIPPO at 750 a b

Day. % 14 -iQF.A % of 3nitial Q. . Yrtenslty (Ft. lIbt. 4 v. T1f;c 7 ' ..c

htoxidts'nt &L7 O-~ni Lt. _ Ea . tcA. 10i2  T-.71 2 10 3,) - 0- 93) In 1 MO

.ione 0 --- 304 . 10.6 91 53.21 5. 17.6 5.6 2.9 2.0 1.4
7 66 103 314 11.0 161 53.8 37.2 15.2 5.0 2.7 1.9 .2

21 46 "63 253 8.C1 171 7.3 26.9 12.3 4.9 2.6 1.7 I.C

42 25 46 139 4.07 76 24.8 16.9 "7.0 3.2 1.7 1.1 0.6
62 17 29 87 3.03 E.6 13.6 0.4 4.8 2.6 1.5 1.0 C.5
90 ... 1 34 1.20 70 6.1 3.6 2.0 1.0 0.6 0.4 0..

TBP 0 .... 296 10.4 7Q 53.2 37.7 18.6 5.2 2.5 1.7 1.2 .

7 73 109 324 11.3 92 61.7 44.4 17.2 4.8 2.3 1. E- I.-
21 60 99 294 10.3 173 47.1 32.3 14.5 5.1 2.6 1.7 !.'
4.42 41 72 212 7.40 Ol 37. 4 25.4 11.5 4.4 2.4 2.6 1.0
62 32 52 153 5.35 182 21.3 12.6 6.2 3.2 2.1 1.6 l.I
9 38 114 3.97 148 14.9 9.0 5.1 2.8 1.8 1.4 0.9

DBPC 0 --- 316 11.1 62 56.4 40.6 20.4 5.9 2.8 1.9 1.4
7 76 116 358 12.5 126 64.6 47.6 18.3 5.2 2.6 1.8 1.2

21 6/2 9. 290 10.4 17 51.0 35.2 15. 6 5.4 2.7 2.7 1.1
F 4? 41 72 227 7.94 95 40.4 26.4 22.1 4.7 2.4 1.6 2.0

62 37 52 166 5.81 185 23.5 13.0 6.47 3.4 2.3 1.7 2.2

-~ 90 40 125 4.36 159 *12.4 ID.1 4.8 2.8 1.7 1.2 0.6

DOWP 0 299 10.5 67 51.8 37.7 10.4 5.6 2.7 1.0 1.3
7 78 11? 334 12.7 83 62.6 46.6 17.5 5.0 2.4 - 1.§ .1

21 58 105 314, 21.0 237 51.7 36.7 15.7 5.4 2.6 1.7 '1.0
42 40 £8 202 7.07 75 37.4 25.0 11.2 4.4 2.3 1.5 .09
62 30 44 131 4.59. 142 18.8 11.8 5.9 3.0 2.0 1.5 1.0
90 32 96 * 3.37 84 8.5 5.G 3.2 1.0 . 1.1 0.7 0.3

DBMh 0 214 7.47 .151 27.9 20.0 11.7 4.5 2.8 2.1 1.5
7 79 184 351 12.3 51.6 37.8 15.6 4.7 2.7 1.9 1..3

21 68 141 302 10.6 47.5 32.9 14.6 5.4 2.8 1.8 1.1A , 42 36 91 194 G.77 82 3:.3 22.8 10.9 4.3 2.3 1.5 0.9
G2 27 70 49 5.21 160 18.2 12.5 (.9 3.5 2.3 1.7 1.1

90 ... 27 5 2.01 142. 10.3 C.6 4.2 2.7 1.7 2.2 0.?

MA 0 ... 214 7.49 165 27.5 20.2 12.4 4.5- 2.6 1.9 1.4
7 79 136 291 10.2 6--- 38.3 33.2 14.5 4.3 2.2 1.6 1.2
21 66 IA38 295 10.3 .--- 43.1 30.5 14.1 5.2 2.5 1.7 1.1
42 43 .91 595 .6.82 81 35.2 22.7 10.8 4.4 2.3 .5 0.9
62 35 72 155 5.42 196 19.1 12.1 6.3 3.4 2.2 1.7 1.2

90 43 92 3.23 34 2.8 1.8 0.6 0.2 0.1 ... ..

. .

• .. ; S
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Footnotes for Taible 21

a. Cheiniltunincscent, reactions contained .10 14 bis( 2,4,5-trichloro-
6-carbo-<pertoxypholi(nyl )oxalaito, 5.67 x 10 3rM 1, 8-dichloro-9, 10-
bis(phenylethiynyl)anthracene (I, 8-DCBPEA), .375 MII fl20 and 1.56
x 10-4 M sodium salicyJlate in a solvent mixture o;f 751 dibutyl
phthaliJte, 201. dimethyl phthalate and 5% t-butanol.

b. Oxalate components were stored in Teflon FCP bottles and contained
.133 Mi CPPO, 7.56 x io-3 -M 1,8-DCBPEA and the indicated concentration 4
of 2,4, 6-tri-t-butylphenol (TI3P), 2, 6-di-t-buty).-p-crcsol (DI3PC:),
2, 4-dimethylrG-t-butylphenol (DMBP), 2, 6-di-t-butyl-4-hydroxy-
anisole (DL*I) and 2-t-butyl-4-hydroxyanisole.



*~ I0;0 1 0 0 I to 0 q: 'A4 a q, 40 I S0C'** .6 ******* I I . . * S

to
00 0 0 4C VNcvf v r .C v 4V 4 0 0

go f~li~~-t-'ON 'OO'SO fI~

ooocc~ A e~c~Ac' r4;~jcj;;, c~ooti

1' l I!C l 0 oCYt 4c 0 LI nL 0~r M0MMO J~N CJ In~ to In4$0 -

IIo. 0N
4) -;-&Ao r D 4 U t-~ .-4 Chq DCY% TM M

F..
00'

V44 T.~ I. ") .5. T4

'.40

.0C ID4 15 to;LA z '
4

A~f 0 M ; AA A 4 A , 0 )

4:N V V4 TJV.N n - l n oO.0 tinf m NNsNrNv5 0 14 4

Ow. IN -4

00 . 0 .

4)I * I U.

14) L

00 a

4 24
0r4O )CsON N momcOt- 'N to w0 0 4 " 0 WNmQ'tNt H'.WN % . 0 g

lo M V C,.1' tomr n J '?.tJo o W at M - C, N N T

01 1 4. M 14

(aj V 144 4 p
&.1 >:cm 4J

0 s viNt D% 1 - a .r D0 DI ot -f 0 n -?
of) .t Q s-a



- 49-

decomposition in oxalate components at 750C increases with the number of chlorine

substituents on the anthracene nucleus. From a performance-stability viewpoint,

I-ClBPEA is the best fluorescer of those evaluated so far. The concentration of

1-ClBPEA employed in this set of experiments is not the optimum which was subse-

quently determined in a more extensive evaluation of this fluorescer (see Section IV-

V). The low concentration of 1,5-DCBPEA used in those experiments was dictated by

its low solubility in dibutyl phthalate.

F. Fluo-esce Decomposition in the Chemiluminescent Reaction

The chemiluminescent performance results (Section IV-A) with 1,8-DCBPEA

and BPEA indicated decomposition of the fluorescer might be cont-ibuting to the

loss in efficiency of the chemiluminescent process at high CPPO concentrations,

particula ly during the later stages of the reaction. A method was therefore de-

veloped to monito- the concentration of fluorescer as a function of time during

the chemiluminescent reaction. Table 23 summarizes the kinetic data on the fluores-

cer decomposition studies. With one exception (I-ClBPEA), the rates of decomposition

of several fluorescers were found to follow a pseudo first order relation at 0.21 M

CPPO (graphical data is presented in Appendix I), but deviated substantially from -

first order at 0.10 M CPPO. The data indicate that at 0.21 M CPPO 1,5-DCBPEA de-

composes at a faster rate than either BPEA or 1,8-DCBPEA. This result coupled with

the lower solubility of 1,5-DCBPEA would seem to rule out this fluorescer for con-

sideration in a high light capacity system, especially since the concentration of

this fluorescer cannot be increased enough to "swamp out" the decomposition effect.

Chemiluminescent experiments at the solubility limit of 1,5-DCBPEA (Section IV-A)

have confirmed this conclusion.

The addition of polyethylene oxide (WSRN-80) decreased the decomposition

rate of 1,8-DCBPEA by more than half, suggesting that this additive was improving

the light output by stabilizing the fluorescer. Similar effects were found with

tet:abutylammonium perchlorate (TBAP) and 2,4,5-tri-butylphenol.
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Table 23

r3*1I
Kinetics of Fluo-escer Decomposition in the Chemiluminescent Reaction at 25oCa

F Relative
Initial Flr. Decomp.

Fluorescer Conc. M x 103 CPPO M T 1/2b -kCx I04 RateI --
BPEA 2.25 0.10 31d -------

I BPEA 2.25 0.21 56e 2..6+. 17e 1.00

1,8-DCBPEA 3.43 0.10 58d  .........

j 1 1,8-DCBPEA 3.43 0.21 39e  3.0 2+.20e 1.34

1,8-DCBPEA + 3.43 0.21 8 7e 1.3 +°.17 e  0.60

0.3% WSRN-80

1,8-DCBPEA + 3.43 0.21 71d 1.60f  0.71
7.5 x 10m3 MLi

TBAP

i1,8-DCBPEA + 3.43 0.21 77d 1.28 f  0.57

1,5-DCBPEA 1.35 0.21 3 0e 3.82+.4 1e 1.68

I-CIBPEA 8.0 0.21 53d g ---

L
a. Chemiluminescent reactions contained the indicated concentrations of

bis (Z,4,5-trichloro-6-carbopentoxyphenyl)oxalate (CPPO) and fluores-
cer along with 0.375 M H 0 and 1.56 x 10-4 M sodium salicylate in a
solvent of 75% dibutyl pAtgalate, 20% dimethyl phthalate, 5% t-butanol.
The I-ClBPEA reaction contained 5 x 10-4 M sodium salicylate.

b. Half-life (minutes)of the fluorescer in the chemiluminescent reaction.

c. Pseudo first order rate constant (in second" ) for the fluorescer de-
c. composition.

d. Estimated from absorbance versus time curve.

e. Determined from least squares fit.

f. Determined from graphical plot.

g. id not fit pseudo first order plot.

J¢
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These results clearly establish that fluorescer destruction can

contribute substantially to the loss in chemiluminescence efficiency at high

CPPO concentration. Fortunately, this lowering in fluorc-scer concentration can

be overcome by increasing the concentration of the fluorescer and/or by use of

an additive to minimize fluorescer destruction. The antioxidant, TBP, in

addition to retarding the rate of fluorescer destruction is beneficial in im-

proving the storage stability.

As more soluble oxalates are developed, and oxalate concentration in-

creases fluorescer decomposition is expected to become more serious (1,8-DCBPEA

decomposes fester at 0.21 M CPPO than at 0.10 M). The future development of

high light capacity systems could depend on a fundamental knowledge of fluorescer

decomposition mechanisms. The most likely fluorescer decomposition pathways are

outlined in Chart III.

Chart III

Fluorescer Decomposition Pathways

(Fluorescer . C 0) ) Fluorescer Decomposition (1)

Fluorescer ) Fluorescer Decomposition (2)

Fluorescer 4 X ) Fluorescer Decomposition (3)

Fluo-escer destruction can arise from (1) a side reaction of the decomposition of

the energy-rich complex of dioxetanedione and fluorescer, (2) a photodecomposition

derived f-om the excited fluorescer or (3) a second (or higher) order chemical pro-

cess with some other specie(s) in the ground state. We plan to continue efforts to

dete mine which of these is responsible for fluorescer destruction since this know-

!edge is fundamental in designing higher light capacity systems.

. Fluorescence of I-ClBPEA and 2-ClBPEA

'1',.:o new fluorescers, I-ClBPEA and 2-ClBPEA were prepared as described
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above in Section !V-A in attempts to incorporate the stability of BPEA and the I

desirable properties of 1,8-DCBPEA (resistance to fluorescence quenching by CPPO

and high efficiency in the chemiluminescent system) into a single molecule. The

L fluorescence spectra of I-ClBPEA and 2-ClBPEA are shown in Figure 3. The two

fluorescence spectra are quite similar in shape, but the emission from 1-C1BPEA

is shifted by about 20 nm towards longer wavelength and is visibly more yellow

[ than the color of 2-ClBPEA fluorescence.

The extent of fluorescence quenching by CPPO on these two fluorescers

was measured in two Stern Volmer 0 experiments which are summarized in Table 24.

LBoth of these chloro derivatives have lower fluorescence quantum yields than BPEA
(0.85) under similar conditions and are quenched by CPPO. The extent of this

C fluorescence quenching as compared to BPEA and 1,8-DCBPEA is illustrated in Figure

4. The relative magnitude of the slopes, a measure of the extent of fluorescence

[quenching by the oxalate ester, indicates that increasing chlorine substitution
on the anthracene nucleus of BPEA reduces the extent of fluorescence quenching

by CPPO. Thus, BPEA is the most severely quenched (slope 3.40), 1,8-DCBPEA is

Knot quenched to any significant extent, and the mono-chloro derivatives fall between

these two extremes (I-Cl slope 1.04, 2-Cl slope 1.43).

[ The presence of CPPO has very little effect on the fluorescence spectrum

of either I-ClBPEA (Figures 5a and 5b) or 2-ClBPEA (Figure 6). However, when the

solvent mixture (75% dibutyl phthalate, 20% dimethyl phthalate, 5% t-butanol) used

E in the chemiluminescent reaction was employ-d for fluorescence measurements,

higher fluorescence quantum yields ,.:-re noted for 1-ClBPEA than were obtained in

I dibutyl phthalate alone (Table 25).

H. Spectral Changes in the Chemiluminescent Reaction

"1The effect of CPPO concentration on the spectral distribution of the

I emission from chemiluminescent reactions containing 2-ClBPEA is illustrated in j '

Figure 7 a. The general shape of the spectra at .10 M and .21 M CPPO is the same
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Table 24

Effect of CPPO Concentration on the Fluorescence Quantum Yields
of 1-Cl and 2-ClBPEAa

Fluorescence Quantum Yieldb

Conc.
CPPO M I-ClBPEA 2-ClBPEA -

0 0.710 0.665

0.07 0.664 0.593

0.14 0.626 0.552

0.21 0.584 0.511

0.28 0.527 0.482

I

a. Concentration of I-ClBPEA and 2-CIBPEA
was 0.003 M in dibutyl phthalate.

b. Excitation wavelength was 429 nm.
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Footnotes to Figure 3

a. Concentration of 1-chloro-9,10-bis(phenylethynyl)anthracene
(1-Cl BPEA) and 2-chloro-9,10-bis(phenylethynyl)anthracene
(2-Cl BPEA) was 0.003 M in dibutyl phthal&te.

b. Exccitation wavelength was 429 ml.
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Footnotes to Figure 4

a. Concentrations of fluorescers were: 9,10-bis(phenylethynyl)
anthracene (EPEA), 0.002 M; 1-chloro-9, 10-bislphenylethynyl)
anthracene (1-Cl BPEA), . 63 M; 2-chloro-9,10-bis(phenyl-
ethynyl)anthracene (2-Cl BPEA),* .003 M; 1,8-dichloro-9,10-
bis(phonylethynyl)anthracene (1,8-DCBPEA), .0045 MI. Solvent
was dibutyl phthalate. CPPO is bis (2,4,5-trichloro-6-carbo-
pentoxyphenyl)oxalateo Slopes are indicated in parentheses.

b. Excitition wavelength was 429 rn.

. L
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Footnotes to Fig.ure Sa

a. Fluorescence spectra were measured on solutions containing .003 ft
.chloro-9,'iObis phenylethynyl)anthracene (I-Cl DPEA) and the

indicated concentrations of bis (2 . 4. 5-trichloro-6-carbopentoxy-
phenyl)oxalate (CPPO) in dibutyl phthalate. Excitation wavelength
was 429 rn. The two upper spectra have beer displaced by ir.=re-
ments of 0.1 along the ordinate.
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Footnotes to Figure 5b

a. Pluorescence spectra were measured on solutions containing .008 m
-chloro-9,l0-bis(phenylethynyl)anthracene (-Cl SPuA) and the

indicated concentrations of bis (2,4,5-trichloro-6-carbopentoxy-
phenyl)oxalate (CPPO) in a solvent mixture of 75% dibutyl phthalate,
20% dimethyl phthalate, and 5% t-butanol. Excitation wavelength
was 429 rum. The two upper spectra have been displaced by incre-
ments of 0.1 along the ordinate.

.1•
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Footnotes to Figure 6

a. Fluorescence spectra were measured on solutions containing .003 M
2-chloro-9, 10-bis(phenylethynyl)anthracene (2-Cl KFA) and the
indicated amounts of bis(2,4, -trichloro-6-carbopentoxyphenyl)
oxalate (C!PO) in dibutyl phthalate. Excitation wavelength was
429 m. The two upper curves have been displaced by increments
of 0.1 along the ordinate. *

* . .*

. .,

* . . •
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Table 25

it. Effect of Solvent on the Fluorescence Quantum Yield of I-C1BPEAa

I
Fluorescence Quantum Yield

I CPPO M DBP b  DBP/DMP/TBAC

0 0.710 1.0

.10 0 . 646d 0.796

.21 0.584 0.716

I:

a. Excitation wavelength 429.

I b. Dibutyl phthalate, concentration of I-ClBPEA, .003 M.

cO Solvent mixture of 75% dibutyl phthalate, 20% dimethyl
phthalate, 5% t-butanol, concentration of I-ClBPEA,.008 M.

d. Interpolated from Figure 2.

Iii

IL



- 65-

with maxima near 520 nm. No significant changes were evident in the spectral

distributions over the course of the reactions. However, measurement of the

spectral distribution of the emission from a chemiluminescent reaction containing

I-ClBPEA revealed that large spectral shifts take place during the fIrst 90 minutes

of reaction. Figure 7b illustrates the variation of the spectral distribution

as a function of time in a typical reaction of .21 M CPPO, 0.375 M H 0 and
-22

0.008 M I-ClBPEA. Within the first two minutes the spectrum shows a relatively

sharp peak at 530 nm. As the reaction proceeds, the longer wavelength portion

of the spectrum broadens and a new maximum is finally evident at 555 nm. -

The change in spectral distribution as a function of time (Figure 7b)

suggested that a new emitting species was being formed in the reaction. A com-

parison of the chemiluminescent and the fluorescence spectra or I-ClBPEA is -

illustrated in Figure 8. The chemiluminescence spectrum reveals a large batho-

chromic shift (30 nm) with reference to the fluorescence emission. One might

expect the shorter wavelength peak (500 nm) in fluorescence to be reduced in

intensity from reabsorption in chemiluminescence, but the longer wavelength

slope of the fluorescence spectrum should be nearly superimposable on the chemi-

luminescence spectrum. However, the difference between these spectra is probably

too large to be accounted for on the basis of reabsorption alone. A similar

but less pronounced effect was observed with 1,8-DCBPEA (Figure 9). This

observation suggests that a new emitting species is being formed in the chemilu-

minescent reaction of I-ClBPEA. A different emitting species may also be formed

in the reaction of'1,8-DCBPEA, but the spectral distribution of the 1,8-DCBPEA

reaction is constant with time so that new species, if present, must be formed

very rapidly at the beginning of the reaction.

A convenient unit for expression of the rate of spectral broadening is

the unit spectral area, the ratio of the total radiant energy output to the energy

output at a specified wavelength (FIgure 9).
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I[ The unit spectral area is used in our experiments to determine the total.

am6unt of radiant energy produced at any point in time during a chemiluminescent

reaction from the energy output at a single wavelength. If the unit spectral

area does not change Ouring the decay experiment, then the total radiant energy

17 and therefore the quantum yield and light capacity can be calculated from the

intensity decay curve measured at a single wavelength.11 The wavelength used

for the chemiluminescent intens;ity decay experiments was 555 nm since the re-

flative intensity at this wavelength increases at the same rate as the spectral
broadening so the unit spectral area remains constant with time. However, to

Iuse the unit spectral area as a measure of spectral broadening, we selected
a wavelength (525 nm) near the initial maximum of the chemiluminescent spectral

distribution. The change of the unit spectral area at this wavelength reflects

the overall spectral changes.

The change of spectral distribution with time is an unusual phenomenom

[I in peroxyoxalate chemiluminescence. The unexpectedly high efficiency of the I-Cl

BPEA system (described in Section IV-I) prompted us to study the effect of re-

action variables on this spectral change since the efficiency may be a direct

result of t. observed spectral changes.

Figure 11 illustrates the effect of I-ClBPEA concentration on the change

I of unit spectral area. Increasing the fluorescer concentration increases both the

ii rate and extent of spectral broadening. Figure 12 indicates the CPPO concentration

also has a substantial effect on the unit spectral area change. Note that the unit

i lspectra area goes through a maximum at the highest CPPO concentration. This may

indicate the new emitting species can be destroyed under these conditions. At

0.10 M CPPO only minor changes in spectral distribution are evident. However, as

the CPPO concentration is increased to 0.21 M the spectral changes become much more

pronounced. A comparison of the spectrum of the 0.21 1l CPPO reaction recorded at

[ tc tvio minutc pointL and the spectru of the 0.10 M reaction af ULed dflu the

unit spectral area has leveled off (60 minutes) is illustrated in Figure 13.I.
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The two spectra are essentially identical. This suggests that the new emitting

species is not present in any significant amount at any point in the 0.10 M CPPO

reaction nor at the two minute point of the 0.21 M reaction. Increasing the con-

centration of sodium salicylate (to .001 M) or H 0 (to 0.50 M) retards the ex-
2 2 0.0Mreadthex

tent of spectral change as indicated in Figure 14. An antioxidant, 2,6-dibutyl-

4-methylphenol (DBPC), has no effect on the spectral change while the addition

of a polyethylene oxide completely inhibits formation of the broadened spectrum.

In principle, the product of the CPPO - H20 2 reaction, pentyl-2,4,5-

trichlorosalicylate (PTCS), might complex with I-ClBPEA to form the new emitting

species. However, the experiment illustrated in Figure 15 indicates this is not

the case. No change in the rate of spectral broadening is evident when PTCS is

present from the beginning of the reaction. Figure 15 also illustrates that the

formation of the broadened spectrum is retarded by omitting the fluorescer from

the reaction and adding it at the 30 minute point. This experiment confirms that

formation of the new emitting species requires the presence of the fluorescer

during the rapid phase of CPPO reaction, in agreement with the effects of CPPO

And I-ClBPEA concentration changes.

The change in spectral distribution derives from the formation of a

species which emits at a longer wavelength than I-ClBPEA (A max. 530 versus 555).

If a ground state species were responsible for the bathochromic shift of the chemi-

luminescent emission, one might expect a corresponding change in the absorption

spectrum. In contrast, formation of an exiplex would not be evident from the

absorption spectrum. A series of absorption spectra were measured on the undi-

luted chemiluminescent reaction in a thin (I mm) cell. Figure 16 illustrates the

change in absorbance at 510 M/f versus time. The absorbance increases for the

first 40 minutes of reaction and levels off to a constant value. This change

parallels the change of unit spectral area measured from a similar reaction. How-

over, hon aliquots are removed from the reaction and diluted two hundred fold, no

increase in absorbance nor any new bands are evident. Under the latter conditions,
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the concentration of fluorescer is found to decrease smoothly with time as found

with other BPEA derivatives.

Although further experimental work is required to definitely establish the

pathway by which the new emitting species is being formed in the reaction of 1-Cl

I BPEA, the scheme outlined in Chart IV represents one proposal which is consistent 4

I with the experimental evidence.

CHART IV

Tentative Mechanism for Spectral Change in the Chemiluminescent
Reaction of I-ClBPEA

22CPPO + H202 Fluorescer )X (a by-product) (1)

Fluorescer + X" - ...' (Fluorescer . X) (2)

(Fluorescer . X) + C204--- Fluorescer . X) + 2C02 (3)

(Fluorescer . X) -(Fluorescer . X) + h (4)

I:
A by-product, X, is produced by a side reaction which becomes im-

portant at CPPO concentrations on the order of .21 M. The concentration of X

is thus dependent on CPPO ooncentration. However, increasing the rate of CPPO

reaction by increasing the catalyst or H202 apparently decreases the concentration

I of X. This could be due to other side reactions consuming X which are promoted

by these reagents. Since there is no evidence of the presence of X in a re-

1. action carried out in the absence of I-CIBPEA, it would appear either that I-Cl

BPEA stabilizes X from undergoing a destructive side reaction or that X is produced

from a reaction involving both an intermediate derive- from CPPO and I-ClBPEA. In

the second step, a charge-transfer complex is formed between the fluorescer and

X (eq. 2). Increasing the fluorescer concentration thus favors the formation of

(. this complex. This complex formation must be reversible since the absorption

spectrum of the complex is no longer evident on dilution. The complex then undergoes

V , m , m
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Footnotes to Figure 7a

a*% Chemiluminiscent reactiotis''ontained, the indicated conctntratibnk1 1 of bis(24,5:trichoro6,caibopentoxyphenyl)oxalate 
(CPPO)* .7SHmetyl~0.00 ~ .chlrd~9,10bspheuylethyylanthrac~n

- ~. .~ 2-Cl EA) in a solvent miktufre of 75% dibuty. pitIlate , 2?4% s~l-
mty hthalate, 5% t-butanol.' The 0.21 M CPPO re4Lctiocriftained
,5 104 Msodi~im salicylate and-the 0.10 Hreaction cont ainqd 1.56X 10j-4 M sodjiun .galicylate. No significant changes in ti~e lpectral

d1kstritUtions were detected over the course o~f t~hpse readtis'

4 
0

I.



III LA

I 3I LA

LA)

'A &n

~in

LA

LA

in

Ln

T
4

V 0;



- 72 -

Footnotes to Figu.re 7b

a. Chemiluminescent reaction contained .21 M bis(2,495-trichloro-
6-carbopentoxyphenyl)oxalate (CPPO), .375 M H20 2 , 5 x 0 . M 
sodium salicylate and'.008 M 1-chloro-9,10-bis(phenylcthynyY)
anthracene (I-Cl BPUA) in a solvent mixture of 75% dibutyl
phthalate, 20% dimethyl phthalate and 5% t-butanol. Spectra
are corrected for intensity decay.

b. The two upper spectra have been displaced by increments of 0.2
along the ordinate.



Li

0
%D

LLI

'In

0

tIt

.. 8

U Ln
%D 0 4q

8 ~mb =V AIM



-74-
Fco,,tnotes to Fiqure S

a. Fluorescence spectrum of a solution containing .008 M 1-chloro-
9, 1O-bislphenylethynyl )anthracene (I-Cl BPEA) and .21 M bis

(3,4,5-trichloro-6-carbopentoxyphenyl )oxalate (CPPO) i7 a solvent
mixture of 75% dibutyl phthalate, 20% dimethyl phthalate and 5%
t-butanol.

b. Chemiluminescence spectral distribution of a reaction containing
.008 N_ I-Cl BPEA, 0.21 M CPPO, 0.375 14 H202 and 5 x 10-4 sodium
salicylate in a solvent mixture of 75% dlbutyl phthalate, 20%
dimethyl phthalate and 5% t-butanol. SpectrL-n was recorded 211
minutes after mixing the reagents and is corrected for intensity

II decay.

C. Absorption spectrum was measured on a sample containing 4 x 10
1" 1-Cl BPEA in dibutyl phthalate.
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Footnotes to Fiqire 9

I.
a. Chemiluminescence reaction contained .21 M bis(2,4,5-trichloro-

6-carbopentoxyphenyl)oxalate (CPPO), 5.67 x .10-3 11,8-dichloro-
9,10-bis(phenylethynyl)anthracene (1,8-DCBPEA), .375 MH02,
5 x 10-4 M sodium salicylate in a solvent mixture of 75% dibutyl
phthalate, 20% dimethyl phthalate and 5% t-butanl. Spectrum is
corrected for intensity decay.

b. Fluorescence spectrum was measured on a solution containing .21 M
CPPO and 5.67 x 10- M 1, 8-DCBPE4 in a solvent mixture of 75%
dibutyl phthalate, 200 dimethyl phthalate and 5% t-butanol.
Excitation wavelength was 429 nm.

c. Absorption spectrum Was measured on solution of 3.78 x 10 14
1,8-D-BPEA in dibutyl phthalate.

I

I
I:
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Footnotes to Fiue 11

• .* a. Chemiluminescent reactions contained 0.21 M bis(2,4,5-trichloro-
6-carbopcntoxyphcnyl)oxalate (CPPO), 0.375! H202, 5 x 0

-4 M
,sodium salicylate and the bidicated concentrations of 1-chloro-
9,10-bis(phenylethynyl)anthracene (i-Cl BPEA) in a solvent mixture
of 75% dibutyl phthalate, 20% dimethyl phthalate, 5% t-butanol.

b. P atio of 'the total radiant rrergy emitted (in quanta sec. " ) from
495 nm to 695 nm to the ernrgy emitted at 525 nm.
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Footnotes to Fiqure 12

a. Chemiluminescent reactions contained .008 M 1-chloro-9,10-
bis(phenylethynyl)anthracene (i-Cl BPEA), 0.375 M H202 and
the indicated concentrations of bis(2,4,5-trichlro-6-carbo-
pentoxyphenyl)oxalate (CPPO). The 0.10 M CPPEO reaction contained
1.56 x 10-4 M sodium salicylate (NaSal) and the higher CPPO
concentrations contained 5 x i0-4 N NaSal. Solvent mixture
was 75% dibutyl phthalate, 20% dlmethyl phthalate and 5% t-
butanol.

b. Ratio of the toal radiant energy emitted (in quanta sec. "

from 465 nm to 695 nm to the energy emitted at 525 nm.

i11
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Footnotes to Figure 13

a Chemilumwinescent reactions contained .375 M 120, 0.008 M "
1-.chloro-9, 10-bis( phenylethynyl)anth racene-(1-C BPEA) and
the indicated concentrations of bis(2,4,5-trichloro-6-car- L
bopentoxyphenyl)oxalate (CPPO) in a solvenE mixture of 75%
dibutyl phthalate, 20% dimethyl phthalate, and 5% t-butanol.
The 0.10 1. CPPO reaction contained 1.56 x 10-4 M sodium
salicylate WaSal) and the 0.21 M'1 CPrO reaction contained
s x 10-4 i-I NaSal. Spectra have been corrected for intensity
decay.

b. The 0.21 1.1 CPPO spectrum has been displaced by 0.1 along
the ordinate.
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Footnotes to Figure 14

as Unless otherwise indicated chemiluxniriescent reac,-iors containe3d 0.21
M bi s( 5 -t r ichloro- '-ca. bopentoxyphonyl) oxa late (CPPO), 0.008 M
-I-chiloro-9, 10-his (pheniylethiynyl )a-nthcraccnie (I-Cl BPEA), 0. 375 M
" 20 2 and 5 x 1C)-4 sodium salicylate (NaSal) in a .ivent mixture of
75%0 dibutyl plithalate, Mm" d4itethyl plithalate and 5% t-butanol.
Additives used: 2,6-di-t-butyl-p-cresol (DBPC) and polyethylene
oxide (Pblyox VISRN-80).

b. Ratio of the total radiant energy output from 485 nm to 695 ran to
the energy emitted at 525 rn.

NOWLi
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Footnotes to Figure 15

a. Unless indicated otherwise cheuiluminescent reactions contained 0.21
H bis(2,4,5-trichloro-6-carbopentoxyphenyl)oxilate (CPPO), 0.375 M .
H2 02 , 5 x 10-4 M sodium salicylate and .008 H 1-chloro-9,10-bis-
(phenylethynyl)anthracene (i-Cl BPEA) in a solvent mixture of 75%
dibutyl phthalate, 20% dimethyl phtlalate and 5% t-butanol.

b.. Ratio of the total radiant energy output from 485 nm to 695 nm to the
energy emitted at 525 rn.

c4 This reaction initially contained .105 M pentyl-3,5,6-trichloro-
salicylate (PTCS), .158 M CPPO and .006 H. I-Cl BPEA. This corresponds I I

to 25% of the CPPO consumed in a typical 0.21 M CPPO reaction.

d.' The I-Cl BPEA was omitted from the reaction and added at the 30
minute point. Final concentrations are as in footnote a (above)..
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Footnotes to Figure 16

a. Chemiluminescent reaction contained .21 H bis(294,5-trichloro-6-
carbopentoxyphenyl)oxalate (CPPO), .375 14 1120 2 , .008 M 1-chloro-
9,10-bis(phenylethynyl)anthracene (I-Cl BPEA) and 5 x-10-4 sodium
salicylate in a solvent mixture of 75% dibutyl phthalate, 20% dimethyl
phthalate and 5% t-butanol. Spectral measurements were carried out
on a Cary 14 spectrophotometer .sing reversed optics to minimize
contribution from the chemiluminescence emission.

b. This sample contained the reaction mixture described in "a" (above)
ina I mm cell. Absorbance was measured at 510 m. i_

c. An aliquot of the reaction mixture was diluted 200 fold with dibutyl
phthalate and the absorbance measured at 476 nm (the absorption
maximum of 1-Cl BPEA). LI

* . -it.

. .- LJI
a .. . I

I .•

* IL

iI

• • ; . .°-" ,I



F-90-
excitation by the key intermediate in the usual manner providing a lower energy

pathway (eq. 4) for release of the energy of the key intermediate, and emission

is observed at a longer wavelength than from the fluorescer itseli

The high efficiency observed from the I-ClBPEA reaction could be related

to an increase in excitation yield resulting from the lower excitation energy of

the complex. 1 2 ,1 3 The mechanism proposed here is necessarily speculative due to

the limited experimental results available. However, the observation that large

spectral changes can be produced by compounds present in the chemiluminescent re-

action deserves much closer investigation since the potential of producing high

light output is promising. Moreover, if the "X" species can be identified it may

I be possible to increase the efficiency of current chemical light systems and/or

produce a bathochromic shift of the spectral distribution by adding "X" or a similar

I I
compound to the reaction.

it: I. Chemiluminescent Performance of I-ClBPEA and 2-ClBPEA

The chemiluminescent performance obtained with 2-ClBPEA at two con-

[[I centratlons of CPPO, 0.10 M and 0.21 M, is summarized in Table 26. Light capacities

[ - at the lower CPPO concentration were in the range of 420-460 and in the range of

680-730 at the high CPPO level. Concentration quenching is evident as the quantum

yield decreases by about 25% on increasing the concentration of CPPO two fold.

Initial results on the chemiluminescent performance of I-ClBPEA indicated

that higher efficiencies were obtained by use of this fluorescer than with 2-Cli3PEA.

These results together with better solubility for I-ClBPEA prompted us to study its

chemiluminescence performance in more detail. The effect of fluorescer concentration

on the efficiency of chemiluminescent reactions containing 0-10 M CPPO is summarized

laL -1
in Table 27. High light capacities (520-575 lumen hours liter ) were found for all

[ the I-ClBPEA concentrations studied, with the corresponding quantum yields (16-18%)

being particularly encouraging.
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The intensity decay curve shape of the 1-ClBPEA system is compared

to the BPEA system in Figure 17. The 0.10 M CPPO-1-ClBPEA system provides a

more efficient distribution of the available light with respect to time than

"ther BPEA at 0.10 M CPPO or I-ClBPEA at 0.21 M CPPO.

The effect of 1-ClBPEA concentration at 0.21 M CPPO is summarized in

Table 28. Light capacity values above 800 lumen hours liter *were found for

all the reactions within the range of 1-ClBPEA concentrations investigated. The

optimum concentration of fluorescer (.007 M in the chemiluminescent reaction)

provided the highest light capacity yet reported, 900 lumen hours liter "1 (average

of two experiments). The effect of sodium salicylate and H202 concentrations and

effects of certain additives on the chemiluminesc-nt performance of 1-CIBPEA at

the 0.21 M CPPO concentration is sumarized in Table 29. A two fold increase in

the concentration of catalyst produces a very bright system and reduces the T.75

lifetime by about half. This formulation could be effective for illumination

applications and in marker applications where long lifetime is not critical. The

high intensity formulation may also be useful in low temperature environments.

A 25% increase in H 0 concentration slows the reaction rate slightly and provides
2 2

a better distribution of the light intensity without significant change in light

capacity. The antioxidant, DBPC, causes an 8% reduction in light capacity,

principally due to lower intensity values beyond two hours. The addition of Polyox

reduces the light capacity by 17%. This decrease is associated with the absence of

spectral change as discussed earlier.

The sodium and tetrabutylammonium salts of salicylic acid have been

shown2 '3 to be effective catalysts in oxalate chemiluminescent reactions at low

-3 -4Jcatalyst concentration (ca. 10 - 10 M). We sought to study th effer af w'

bases on the 0.21 M4 CPPO system since a higher base concentratior -v br -cial qf

in neutralizing trace amounts of acidic contaminants which can .un periods.

In p:inciple, an alkali metal or tetra alkylammoniun salt of jer acid than

salicylic should be a weaker base. The relative acidities of salicylic acid
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(pKa = 2.97) and 3,5,6-trichlorosalicylic acid (pKa = 1.85) indicated that a salt

of the trichoro acid mih.t be effective. Concurrent studies9 in a company sponsorf.

program indicated that the tetramethylammonium salt of 3,5,6-trichlorosalicylic

acid (TMATS) might be the most effective from both stability and performance

criteria. The data summarized in Table 30 illustrates the effect of the concentration

of TMATS on the performance of formulations containing 0.007 M I-ClBPEA and 0.21 M

CPPO. At the lowest concentration (10-4 M) a system was produced which provided

I a brightness level above two foot lamberts cm- 1 for more than 15 hours. This

fo-mulation could be useful to the military in overnight marking applications where

high brightness is not required. Increasing the concentration of catalyst shortens

the lifetime but does not produce the high initial intensities which are observed

with sodium salicylate. Omission of a catalyst from this system causes a severe

f loss in light output (light capacity of 80 to 95 lumen hours liter'q). A progressive

decrease in light capacity is also observed with increasing concentrations of TMATS.

lIz The effect of CPPO concentration on the efficiency of chemiluminescent

[j reactions containing 1-ClBPEA is summarized in Table 31. The quantum yield de-

creases with increasing concentration of ePPO, but conceatration quenching does

not become severe until above 0.21 M. Oxalate components supersaturated with CPVO

were used in two of these experiments (.255 M and .30 M CPPO in the reaction) to

Iascertain whether modifying the basic CPPO structure to increase solubility would

be a practical approach to higher light output. The data indicate that a new

oxalate ester is probably required for increases in light capacity above the 900

lumen hours liter "I level. However, development of an oxalate ester which main-

tains the current 14% quantum yield at 0.4 . concentration would give a light

capacity of nearly 1700 lumen hours liter-

!I
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Footnotes for Figure 17

I
a. Chemiluminescent reactions contained the indicated amounts of

bis(2,4,5-trichloro-6-carbopentoxyphenyl)oxalate (CPPO). The
0.21 M CPPO reaction contained .007 M 1-chloro-9,10-bis(phenyl-
ethynyl)anthracene (I-ClBPEA), 5 x 1&-4 M sodium salicylate
(NaSal). The 0.10 M CPPO reactions contained .005 M I-ClBPEA
or 2.25 X 10-3 M 9,*O-bis(phenylethynyl)anthracene (BPEA) and
1.56 x 10- 4 M NaSal. All three reactions employed 0.375 M
H20 and a solvent mixture of 75% dibutyl phthalate, 20% dimethyl
phtgalate and 5% t-butanol.
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J. Storage Stabilities of Oxalate Components Containing I-CIBPEA

A series of storage stability experiments were carried out with the

high light capacity (over 900 lumen hour liter" ) chemiluminescent systems con-

taining I-ClBPEA, which were optimized as described in the preceding section.

Thg results of the stability tests, which were carried out in Teflon FEP at 750C,

c 'Tre sumhmarized .in Table 32. Two concentrations of 1-CIBPEA were employed (.007

M and .008 M in the chemiluminescent reaction) and the effect of the antioxidant

2,6-di-t-butyl-p-cresol (DBPC) on the stability of each formulation was als,

determined. Light capacities over 600 lumen hours liter were obtained after

90 days at 750C from formulations which contained the antioxidant 2 6-di-t-butyl-

L [ip-cresol (DBPC). Appreciably lower light outputs (light capacities 371 and 448)

were obseived from the oxalate components stored without the antioxidant. The

effect of the antioxidant is also apparent from the amount of I-ClBPEA remaining

after the 90 day period (67-68% remained without DBPC, while 88-89% remained with

iLDBPC).

[r A series of storage stability experiments was carried out on three

formulations containing TMATS to determine if this catalyst could overcome the

deterioration of oxalate components stored at 100°F and 90% relative humidity in

polyethylene and to determine the storage stability in polyethylene prctected from

moisture. The results summarized in Table 33 indicate that a slight reduction in

1light output is evident after 10 days at high humidity with all three concentrations
of TMATS. The two higher TMATS concentrations gave better performance after 20

days at 100°F, 90% relative humidity than the long-lived formulation, but slight

induction periods were evident in both of these samples. All three formulations

showed severe reductions in performance after 30 days at high humidity. Satis-

factory performance was observed for all three formulations stored for 30 days at

250C and 50°C in polyethylene.
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V. OXALATE SYNTHESIS AND EVALUATION

A. Design and Synthesis of New Oxalate Esters

1. Derivatives of Hexafluoroacetone |I

Aliphatic oxalate esters have the potential advantages of high solubility

and low molecular weight. The most efficient aliphatic oxalate yet prepared3 is

bis(2-trichloromethyl-1,1,1,3,3,3-hexafluo,'o-2-propyl)oxalate (TCHFO). This compound i I
is highly reactive towards hydrogen peroxide but suffers concentration quenching

above 0.10 M.

CF 0 0 CF
13 II II 1 3

X- C - 0 - C-C - 0 - C - X
I I
CF 3  CF 3  L

la X = CCI 3  ; TCHFO

Ib X = CN ; CNHFO

Ic X = C M-C-Ph; PEHFO I

We therefore sought to modify the structure of TCHFO to increase the resistance to j
concentration quenching and possibly change the reactivity towards hydrogen peroxide.

The reactivity of an oxalate towards nucleophilic displacement by hydrogen i 1
peroxide generally increases with the acidity of the leaving group.1 Inunyants 15 has

established that for a series of fluorinated alcohols a linear reaction exists between

the sum of the Taft polar substituent constants 5, and pKa. The acidities

of several derivatives of l,1,3,3,3-hexafluoro-2-propanol were estimated and the

results summarized in Table 34.

uL
1]'
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Table 34

Acidities of Fluorinated Alcohols, X (CF )COH

X pKa Calcd. a pKa Found Derived Oxalate

SCF3  2.60 7.80 5.4 5.217

- CCI 3 2.65 7.85 5.4 5.1i TCHFO

C - C-Ph 1.35 6.55 7.2 7.8-7.914 PEHFO

CN 3.64 8.84 3.9 Not Measured CNHFO

Ii a. Calculated by the following equation pKa =1.44j:(3-. + 16.67.

The pKa, while a general guide to ascetaining reactivity, is not the only factor

[1 operating. For example, on the basis of pKa alone one would predict TCHFO would

be about as reactive as CPPO (pKa's of the products are 5.45 and 5.1 respectively).
However, CPPO requires basic catalysis and even with catalysis its reaction rtoit

remains slower than TCHFO. With this in mind we selected PEHFO (X = C s C-Ph)

and CNHFO (X = CN) as potential chemiluminescent materials. We expected PEHFO

U to react somewhat slower than TCHFO and the cyano derivative to react faster.

The synthesis of PEHFO was accomplished
18 according to the route outlinedinU Chart V.

I
2!



I

Chart V

Synthesis of Bis( 2-Phenylethynyl.1, 1,1,3,3,3-Hexafluoro-2-Propyl)
Oxalate (PEHFO)

0 CF

C -C Li +CF 3 -C- CF 3 C C - C-OH
CF3

CF 0
3I 14%

C =C C - OH + C- C -C -ClI ,
3

C - C - - O - C-C

CF3  CF3 PEHFO m.p. 60.5-61.5°C

The oxalate ester (PEHFO) is highly soluble in dibutyl phthalate (solutio,

up to at least 1 M can be prepared) and can be purified by recrystallization from

petroleum ether. TIe chemiluminescent performance of PEHFO is summarized in

Section V-2. The data indicated that this compound is inherently efficient at .01

M. but that concentration quenching substantially reduces the efficiency at .10 M.

Although PEHFO is n.t suitable for a practical chemical lighting system, it does

indicate that a solM d oxalate and high solubility in dibutyl phthalate are not

mutually exclusive.
The cya\ ohydrin of hexafluoroacetone has not been characterized. How-

ever, alkylations of the sodium cyanide-hexafluoroacetone adduct have been reported.

ester, CNHFO, was therefore prepared (in 28% yield) by treatment of

this adduct with oxalyl chloride. 8 The chemiluminescent performance of this

oxalate is summarized in Section V-2.

NaCN + CF - C - CF3  NC - CF - CNC - C - OCCO - C - CN
S Ii i(F3  3 F3

m.p. 113-114.50C



w -107-

The efficiency was only about half of the efficiency obtained with TCHFO, and the

solubility in dibutyl phthalate was low (.04 M maximum).

2. Derivatives of Phthaldehydic Acid

Phthaldehydic acid (2 a,b) exists as an equilibrium mixture of cyclic

(87%) and open chain (13%) tautomers. The cyclic form, 2b, is reported 9 to have

an acidic hydroxyl function (pKa = 4.53).

0 R OH

L 2a R = H 2b R = H
2c R = CH3  2d R = CH3

UOn he basis of the literature19'20'21 we thought that the oxalate ester derived
from 2b might be an efficient chemiluminescent material, since the anion of 2b should

|j be a good leaving group in a nucleophilic displacement. Moreover, addition of

phthaldehydic acid to a CPPO chemiluminescent reaction did not produce noticeable
! [i quenching.

La solid, m.p. 239-240 dec. Elemental analysis together with infrared spectral

evidence suggested the product was the desired oxalate ester of the cyclic form, 2b.

The oxalate proved to be highly insoluble in most organic solvents (sol. in dibutyl

LIphthalate/ 5 x 104 M), which precluded a normal rmr analysis.

We attempted to improve the solubility by preparing an oxalate derived

from the cyclic form of o-acetylbenzoic acid (2d). The oxalate could not be purified

to permit quantitative evaluation of its chemiluminescence, but the crude product did

give light emission on treatment with H202 and a fluorescer.

t2

..................................



3. Nitrosalicylic Acid Derivatives

The most efficient oxalate ester now known is bis(2,4-diUtrophenyl)

oxalate (DNPO), which gives a 23% quantum yield22 at .001 M concentration. How- 1.
ever, DNPO is not sditable for a practical chemical lighting system because of

low solubility, poor storage stability and serious concentration quenching. Since

introduction of another cacboalkoxy group was found to improve solubility and sub-

stantially decrease concentration quenching in bis-trichlorophenyl oxalates, 2,3

a series of nitro substituted carboalkoxyphenyl oxalates was prepared. The oxalate LI
esters indicated in formula 3 were prepared as typical representatives of the series.

CO2 R cop

NO 2  NO2

3a X= NO2, R = n-C4H9  (DNCPO) Li
3b X = C, R = n-C5H11  (NCPO) H

Oxalate DNCPO had been prepared previously2 by treatment of butyl 3,3-

dinitro-salicylate with oxalyl chloride. However, its chemiluminescence performance

could not be determined because too little of the oxalate was obtained. In the pre- j
sent work sufficient quantities for evaluation were achieved. Oxalate NCPO was

prepared in a similar manner by reaction of pentyl 3-nitro-5-chlorosalicylate 1
with oxalyl chloride. Recrystallization from hexane afforded the pure NCPO, m.p.

85.5-87. Preparation of the starting material 3-nitro-5-chloro salicylic acid

was accomplished by nitration of 5-chlorosalicylic acid with a 25% excess of 10%

aqueous nitric acid at 700. The use of more drastic nitration conditions caused

decarboxylation and the formation of large cqantities of 2,6-nitro-4-chlorophenol.

M
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B. Chemiluminescent Performance of New Oxalates

I. Derivatives of HexafluoroacetOne

The soluble, efficient aliphatic oxalate ester, bis(2-trichloromethyl-

1, 1,1,3 3,3-hexafluoro-2-propyl)oxalate (TCHFO), has been evaluated in chemilumines-

cent systems containing 1,8-DCBPEA and the results are summarized in Table 35.

Since this oxalate has been shown to react very rapidly with hydrogen peroxide

in the absence of a catalyst, the effect ol addition of two acids on the decay

curve shape was explored. Only minor effech were evident by the addition of acetic

acid at the four oxalate concentrations studied. Trifluoroacetic acid, however,

provided a marked effect at .10 M TCHFO causing a three fold increase in the three

quarter lifetime and providing a brightness of 1.7 foot lamberts an after an

hour.

As indicated by the results summarized in Table 36, the use of I-ClBPEA

as the fluorescer in the TCHFO reactions gives more than a 40% increase in light

capacity at the .10 M oxalate concentration compared to a similar system foimulated

with 1,8-DCBPEA. The 14% quantum yield obtained is particularly encouraging since

it indicates the basic hexafluoro-2-propyl substrate may be highly effective at

[i higher concentration with alternative groups substituted on the oxalate.

'he chemniluminescent performance of two such oxalates is summarized in

ITable 37. Oxalate PEHFO reacted :cmewhat slowly with H202 and severe concentration

El quenching was observed upon icrasing the concentration from 0.01 to 0.10 M

(quantum yield decreased from *.7% to 0.35%). The cyano compound reacted more

I°i rapidly (T.75< 2 minutes), but the efficiency at the solubility limit (.03 M) was

only about half of that found wit"',% .

2. Nitro Salicvlic Acid Derivatives

The chemilum.inescent performatice of NCPO and PNCPO is summarized in

Table 38. The oxalate NCPO is fairly efficient at .01 M conc.ntration (10% quantum

yield), but suffers severe quenching when the ester concentration is increased ten

fold. Relatively high catalyst concentration is required for a reasonable lifetime
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aL .01 M NCPO, but the slow reaction rate of DNCPO is somewhat surprising. A {.
r;jpi reaction is observed with bis(2,4-dinitrophenyl)oxalate in the absence of J i

catalyst, and one would normally expect the addition of carboalkoxy group to

increase the acidity of the leaving group and increase the rate of nucleophilic

displacement by H202 . The opposite result was found, however, indicating again

that other factors, possibility steric effects, contribute to the rate effect. I .

VI. STORAGE STABILITY OF BPEA OXALATE COMPONENTS

A. Effect of Storage Conditions on Development of Induction Periods

Some batches of first generation oxalate component (.133 M CPPO and 1 1
.003 M BPEA in dibutyl phthalate) develop induction periods after 10 days storage

in polyethylene lightsticks at 1000 F and 90% relative humidity. Other batches L-.
requlire 20 to 30 days to develop the induction period while scme others never fJ
develop the induction period but merely lose lifetime during 30 days storage in

the humidity oven. We carried out a series of experiments in an effort to define __
the causes of this induction period.

It is known that water under certain circamstances can produce the 1_.
induction period; polyethylene lightsticks stored in a humidity oven develop

the induction period while identical lightsticks stored dry do not. Heating an

oxalate component having an induction period at 750 C restores the initial per-

formance temporarily, but the induction period generally reoccurs even in room

temperature storage. The addition of sodium salicylate, a weak base, or weak U .
acids (phthalic, acetic) does not cause the formation of the induction period in

humidity oven tests, Strong acids such as oxmlic acid quench the chemiluminescent

reaction from the time of addition. In general, the causes of the induction period

could be one or a combination of the following: water, polyethylene, oxygen and

unknown contaminants.

Two Cyanamid production batches of the oxalate component were employed

in this study: batch 6031 (did not develop an induction period in humidity storage)

and batch 6030 (developed an induction period after 10 days in the humidity oven). j

- ~------------



These oxalate components were stored as received and with 0.02 M water added under

[ four sets of conditions; (1) in polyethylene lightsticks at 1000F, 90% relative

humidity, (2) in polyethylene lightsticks at 100°F sealed in a glass tube under

[- nitrogen, (3) in polyethylene lightsticks at 100°F sealed in a glass tube under

oxygen, and (4) in sealed N51A glass ampoules at 100°F. The stored components wereL
evaluated against a single lot of activator component which was kept at room

temperature in a Teflon FEP bottle. All the lightsticks contained a filled N51A

glass pod of activator component which was used where indicated in the tables.

I Table 39 summarizes the data obtained with the typical "good" batch,

6031. In the humidity storage test the presence of water had no significant effect

on the performance. No induction period was apparent after 30 days and the initial

intensity values actually increased with storage. The pzesence of water had no

effect in storage under nitrogen, although the light capacity was somewhat higher

than the samples exposed to humidity. A comparison of the samples stored in oxygen

versus nitrogen revealed a slightly lower light output from oxygen storage but no

indications of any induction period. Again, the presence of water at 0.02 M made

L little difference. Good performance was obtained from both oxalate components

stored in the NSIA ampoules.

[ Table 40 summarizes a similar set of experiments carried out on oxalate

component batch 6030 which in an earlier test had been shown to develop an induction

1113 period after 10 days storage at high humidity. In experiments carried out with

unstored activator component, after 30 days in the humidity oven the light capacity

fell to about 200 lumen hours literI but no induction period was evident. The

pattern of the results in the other tests paralleled the data from batch 6031. The

samples under ritrogen gave slightly higher light capacities than those stored

under oxygen and good performance was obtained in the N51A ampoules. Again, the

preseiice of water in these samples did not make any significant difference. Since

these results were contrary to those obtained previously on batch 6030, we determined

-
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the effect of the stored activator component on the samples of oxalate which had LI
bee-n sto-red 30 days under each set of conditions. Induction periods now became

apparent in both of the samples which had been stored in the humidity oven.

Iodometric titration indicated no loss of peroxide in the activator, suggesting LI
that the combination of a trace of acid in the activator and a partially deteriorated

oxalate component was responsible for the induction period. i I
An extensive set of experiments was set up to explore the possibility

that the combination of partially deteriorated oxalate and activator components

was responsible for formation of an induction period. The data from this set of J
storage stability experiments is summarized in Table 41. After 10 days storage

the initial intensity values increase with a corresponding decrease in the 10 and

30 minute intensities resulting in a small loss in light capacity. After 20 days

storage induction periods are evident in the samples with betch 6030 being the most

pronounced, but no large decrease in light capacity is noted. At the 30 day point,

however, the loss in early brightness in batch 6031 particularly becomes quite

pronounced. The induction period observed in the sticks from batch 6031 is con-

siderably longer than in batch 6030 although the latter sample has a slightly

lower light capacity. We conclude from this set of experiments that induction periolU

can be produced in humidity-stored lightsticks after 20 days, but these induction I_

periods do not become serious until 30 days storage at 1000F, 90% relative humidity.

In this series of experiments, no significant difference was noted in the use of

unstored activator versus activator which had been stored in the N51A glass pod

within the lightstick. I I
Data summarized in Tables 39 and 40 indicated that the addition of .02

M water to the oxalate component did not cause formation of an induction period

during 30 days storage at 1000F. Subsequently, it was determined that .11 M (0.20%)1

water permeates the polyethylene lightstick at 1000F, 90% relative humidity in 10

days. A series of experiments using 0.20 M (0.36%) and 0.28 M (0.50%) water added

to the oxalate component were set up in N51A glass pods in an effort to approximate
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the humidity storage conditions. Table 42 summarizes the results of these

experiments. At the higher water concentration, batch 6030 gave very low light

I output immediately. Batch 6031, on the other hand, initially gave an induction

period which disappeared after 10 days at 1000F. This might-be due to the decom-,

Iposition of the oxalic half-ester at 1000F regenerating CPPO as well as a reduction
of the concentration of the half-ester, a probable acidic quencher, via decom-

position. At the 0.20 M water concentration no induction periods were produced

if up to 21 days at 1000F, although significant reductions in light capacity were

observed. The rather large difference in the effect of water at 0.28 M versus

l 0.20 M seems surprising. 'It is possible that water may separate as a liquid phase

F: under these conditions, and 
that extraction of catalyst 

by the aqueous phase was

responsible for the results.

El A series of experiments was carried out to determine whether a con-

taminant in the polyethylene lightstick might contribute to th cause of the

U induction period. Table 43 summarizes the effect of heating the empty lightstick

Uin air and extracting the empty stick with dibutyl phthalate. Neither treatment

made any large difference in the humidity stability of the oxalate component,

although the light capacity of batch 6030 in the lightstick which had been heated

was slightly lower (174) than the other samples. The humidity stability of an

oxalate component prepared from the dibutyl phthalate extract of the lightsticks

was also satisfactory. Table 44 summarizes the effect of the addition of 0.02 M

pentyl 3,5,6-trichlorosalicylate (PTCS) on the humidity stability of oxalate

batches 6030 and 6031. The loss in light capacity was about the same as in the

untreated samples, but a slight induction period was evident in both PTCS-treated

samples after the 30 day period.

Mr. H. Richter has indicated that formation of induction periods can

be minimized by treatment of the oxalate component with silica gel. Table 45

summarizes the humidity stability of oxalate component 6030 treated with increasing

amounts of silica gel. Each solution was stirred at room temperature with the
%
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Footnotes to Tables 40-45

S' a. Stored oxalate components initially contained 0.133 M bis(2,4,5-trichloro-6-
I carbopentoxyphenyl)oxalate (CPPO), and .003 !_ 9,10-bis(phenylethynyl)

antlacene (BPEA) in dLbutyl phthalate (DBP).

b. Unless otherwise indicated oxalate component was stored in six-inch
polyethylene lightsticks in contact with an N5IA glass pod of activatorcomponent. Oxalate components were evaluated against a single lot of

activator component (1.5 M H 0 and 6.25 x 10.4 sodium salicylate in a
solvent mixture of 80% dlmetyl phthalate, 20% t-butanol).

C, Detetmined by infrared spectroscopy.

d. Light capacity in lumen hours per liter.

e. Time required for emission of 75% of the total light..

f. These oxalate components were evaluated against activator component which
had been stored concurrently for 30 days under the indicated conditions.[1

g. Percentage of the original amount of H202 present as determined byiodometric titration.

h. PTCS is pentyl 3,5,6-trichlorosalicylate.

i. Data not available.

S

J_ /
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indicated amount of silica gel, centrifuged and the clear supernatant stored in

lightsticks. No induction periods were noted in any of the samples or the control

even when the stored activator was used. However, a slight reduction in the early

intensities was noted with increasing amounts of silica gel. No significant

differences in light capacities were noted after 30 days in the humidity oven.

B. Hydrolysis of CPPO

A possible source of the induction period observed after humidity storage',

of certain batches of oxalate component is the presence of small amounts of the

half-ester of oxalic acid end pentyl 3,5,6-trichlorosalicylate (1). i I

C C 0 2C5H11

-l - - OH i
Cl

(1)

ii
We have attempted to prepare this acid by slow addition of the potassium salt of

pentyl 3,5,6-trichlorosalicylate to a four fold excess of oxalyl chloride,

evaporation of the excess oxalyl chloride and hydrolysis of the resulting acid

chloride. The diester, CPPO, was isolated from this reaction in 34% yield and

a small amount of a liquid acid was isolated in ipure form. During the removal

of the solvent the temperature exceeded 40°C indicating a thermal decomposition

reaction might have taken place. Previously, pentafluoroxalyl chloride was ob- I
tained24 in 60% yield by a similar reaction using only a slight excess of oxalyl

chloride. Attempts to prepare .by partial hydrolysis of CPPO were unsuccessful.

The results obtained thus far indicate a tentiative hydrolysis scheme as outlined 3
in Chart I might be possible.

3j

tV
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CHA9T I

Tentative Scheme for the Hydrolysis of CPPO

.. 2oH20
fPO 2 C 01 - i _____ON)HOCCOH +PWCS

I k dec.

PTCS + CO + CO2  Cl 2511

SCl / C . CPPO

0SCl

The initial step in the hydrolysis probably involves formation of the half-ester

L (1). This compound can undergo further hydrolysis to oxalic acid or more likely

undergo either or both of the decomposition routes indicated. The first pathway

could involve formation uf PTCS and the gaseous products while the second route

might give the intermediate formyl radical which dimerizes to regenerate CPPO.

The decomposition of alkyl half-esters of oxalic acid under irradiation has seen

reported2 5 to give yields of diester as high as 78%. This might account for the

CPPO formed in the attempted preparation of 1. Since small amounts of oxalic

acid completely quench the chemiltinescent reaction it would appear that the

half-ester (1) decomposes rather than undergo further hydrolysis ie., k H20

kde + k -dc Heating to rejuvenate an oxalate component having an induction

period might involve removing small amounts of I by accelerating the decomposition
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processes. The relatively minor effect of added water on good batches of oxilato *

component would suggest that kH 20 is relatively small under normal conditions. L
Moisture analyses have indicated that sufficient water (.20% total) permeates a

polyethylene lightstick in 10 days at 1000F, 90% relative humidity to hydrolyze [,
half of the CPPO present. The differences in moisture sensitivity of different

samples of oxalate component could be explained by catalytic effects on kH2, 

but further experimental evidence is needed to substantiate this point. jJ

LI

L

IJ

ii
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[i EXPERIMENTAL

Light Measurement

Absolute light measurements were carried out according to the procedures

previously described25 using the spectroradiometer-luminometer developed by Roberts

ndHr.26 reotd 3
and Hirt. 26Data was acquired and processed by the methods previously reported.

'7 FPhysical Measurements

Infrared spectra were obtained with a Perkin-Elmer Model 137 instrument.

FNMR spectral were recorded on a Varian High Resolution 100 MHZ instrument. Mass

spectral measurements were carried out on a Hitachi-Perkin-Elmer Model RMV-6.

FAbsorption spectra were recorded on a Cary Model 14 spectrophotometer. Melting

points wore measured on a Thomas-Hoover capillary melting point apparatus and are

uncorrected.

Kinetic Measurements

Fluorescer decomposition rates were measured on a Cary Model 1.4 spectro-i photometer operated with an infrared source and detector in the visible region of

U! the spectrum. In this mode the optics are reversed so that the monochrometer is

between the sample and the detector. This allows the long wavelength bands of the

fluorescer to be monitored without interference from the chemiluminescent emission.

A 15 to 20 ml sample of oxalate component, protected by a drying tube, was stirred

magnetically in a water bath at 25.0 + 1.0C. After equilibration, the appropriate

I I) volume of activator component (1/3 the volume of the oxalate component) was intro-

duced into the flask. At the appropriate time intervals a 0.15 ml aliquot was

withdrawn and diluted to 1u.0 ml in a volumetric flask. The absorption spectrum

I [. was recorded within three minutes after withdrawing the aliquot.

LCPPO Analyses

Quantitative analysis for CPPO in oxalate components was carried out on

a Beckman IR8 grating instrument. A comparison of the absorbance of the sample in

chloroform at 1790 cm-  to the absorbance of a standard oxalate component of known

CPPO content was used as the basis of the analytical method.
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Formulation of the High Light Capacity System

Preparation of the Standard Activator Component (I liter)

Reagent grade sodium salicylate, 0.320g, is weighed into a clean, dry

one liter volumetric flask containing a magnetic stirring bar, and 500 ml of 30%

(by volume) dimethyl phthalate (Tennessee Eastman) - 20% t-butanol (Shell Chemical

Company) is added to the flask. To the stirred mixture, 52.1g of 98% hydrogen

peroxide (FMC Corporation) previously weighed into a clean, dry glass beaker is

slowly added (Caution! 98% hydrogen peroxide is a strong oxidant. Handle with

care. Avoid contamination by not returning unused hydrogen peroxide to the original

bottle). Additional 80% dimethyl phthalate 20% t-butanol is added to just below

the mark and the solution stirred for two hours at room temperature. The stirrer

is removed and additional 80-20 solvent added to the mark and the flask shaken

to effect complete solution. The activator is stored in TeflonR FEP containers.

For the high intensity activator component 0.640g of sodium salicylate j
is used. For the long-lived activator component 0.126g of tetramethylammonium

3,5,6-trichlorosalicylate is used.

Preparation of the Oxalate Component

A clean, dry one liter volumetric flask containing a stirring bar is

charged with 189.6g of bis(2,4,5-trichloro-6-carbopentoxyphenyl)oxalate (CPPO)

and 750 ml of dibutyl phthalate (Tennessee Eastinan). The flask is then fitted

with a calcium chloride drying tube and immersed in an oil bath at 150 0C. The 'I
flask and contents are stirred for one hour at this temperature. The flask is

then removed from the oil bath and allowed to cool to room temperature. At this .
point 4.406g of 1-chloro-9,10-bi&(phenylethynyl)anthracene (I-ClBPEA) and 0.220g

of 2,6-di-t-butyl-p-cresol are added, the mixture stirred to effect complete solution

and the volume made up to one liter with dibutyl phthalate after removing the

stirring bar. The final solution is then stirred magnetically for about 30 minites.

-Chloro-9,O-Bis(Phenylethynyl)Anthracene (I-CIBPEA)

The procedure used was a modification of the method of Reid, Donner and
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Schlegelmilch.2 7  Into a 500 ml round bottor., 3 neck flask fitted with a mechanical

stirrer and a reflux condenser protected with a calcic. chloride drying tube was

charged 200 ml of dioxane (MC and B, scintillation grade) and 32.6g (0.32 mol.) of

phenylacetylene followed by 7.36g (0.32 mol.) of lithium amide under a nitrogen

atmosphere. While stirring this mixture, 19.2g (0.08 mol.) of 1-chloroanthraquinone

was added in several portions. The mixture was refluxed with vigorous stirring for

'.6 hours and during this period changed from a light orange color to a deep red.

Thin layer chrom3tography showed that only a small amount of unreacted I-chloro-

anthraquinone remained. After most of the dioxane was removed on a rotary evaporator

under reduced prestoire, a solution of lOg of ammonium chloride and 300 ml of water

was added to the residue and swirled for 30 minutes. The mixture was allowed to

stand for one hour and extracted with several portions of benzene totaling 300. ml.

The extract was heated c- - steam bath, filtered and the remaiing water removed

by evaporation of a portia- of the benzene on the steam bath. After cooling the

benzene extract in ice, -Atroleum ether was added so that the final volume of

solution was one liter. Crude 1-chloro-9,'LO-bis(phenylethynyl)anthra-9, O-diol

precipitated from the solution, was filtered and air dried (30.8g, 86%).

The crude diol (8.58g, 0.019 aol.) was dissolved in 40 ml of dimethyl

formaide and 14.7g (0.065 ool.) of stannous chloride dihydrate was added. An

exothermic reaction ensured with the iinediate precipitation of an

After stirring overnight, the solid was recovered by filtration and washed with

methylene chloride. Two recrystallizations (charcoal treated) from benzene

afforded 5.69g (72%) of 1-chloro-9,10-bis(phenylethynyl)anthracene, m.p. 203-4

(lit. 205-6); one spot on thin layer chromatography (silica gel;; absorption

spectrL= (in dibutyl phthalA) 4 max. 451 r 33,160) and 476.nm (( 36,970).

2-Chloro-9, lO-Bis( Phenylethynyl )Anthracene (2-ClBPEA)

The procedure used was a modification of the method of Reid, Donner and

Schlegelmilch. 2 7 Into a 500 ml round bottom flask fitted with a mechanical stirrer
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a reflux condenser and nitrogen gas inlet was charged successively , 200 ml of

dioxane (MC and B, scintillatron grade), 32.6g (0.32 mol.) of lithium amide and

19.4g (0.08 mol.) of 2-chloroanthraquinone. This mixture was refluxed for 16 L.
hours with vigorous stirring under a nitrogen atmosphere. Most of the solvent

was removed on a rotary evaporator under reduced pressure and a solution of Og

of ammonium chloride in 300 ml of water was slurried with the residue. The re- -
sidue was extracted with benzene, the extracts filtered and evaporated partially

on a steam bath to remove the residual water. Cooling of the benzene extract and 11
dilution with petroleum ether afforded 23.5g of a very crude product. Recry-

stallization of this material from benzene-petroleum ether (5:1 by volume) gave

10.8g (30%) of crude 2-chloro-9,10-bis(phenylethynyl)anthra-9,10-diol, m.p. 162-7 j
(lit.12 170-171).

The crude diol (8.58, 0.019 mol.) was added to a solution of 14.70g

(0.065 mol.) of stannous chloride in 50 ml of dimethyl formamide. An orange

precipitate formed immediately and the reaction was allowed to stand overnight

at room temperature. The solid was filtered and washed with dimethyl formamide

followed by methylene chloride. Recrystallization from benzene afforded 6.50g

(82%) of 2-chloro-9,10-bis(phenylethynyl)anthracene (2-ClBPEA), m.p. 222-5 (lit.27

226-7); one spot on thin layer chromatography (silica gel); absorption spectrum

(dibutyl phthalate) max 442 nm (E30,720) and 466 nm ( 32,180). I

1,4,5,8-Tetrachloro-9,10-Bis (Phenyletnynyl)Anthra-9,10-Diol L
A slurry of 34.6g (0.1 mole) 1,4,5,8-tetrachloroanthraquinone and 30.6g

(0.3 mole) of phenyl acetylene in 500 ml anhydrous dioxane was charged into a one

liter creased (Morton) flask. Lithium amide (6.9g, 0.3 mole) was added and the [j
mixture heated to reflux. The initial slurry was yellow and turned brown, then

grey as reflux continued. After 96 hours of reflux about 200 ml of solvent was

distilled out. The cooled reaction was hydrolyzed with 400 ml of water containing

16.1g of NH4Cl. A brown tar was separated from the hydrolysis ;ixture by decanting.
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Washing of the tar with hexane afforded a solid. Boiling of this solid with

F acetone resulted in an off-white solid which was collected by filtration, washed

with acetone and dried, yielding 42.6g of crude 1,4,5,8-tetrachloro-9,10-bis-

(phenylethynyl)anthra-9,10-diol, m.p. 272-276°C (dec.), 77% yield. Infra-red

spectrum is in agreement with the desired product. The crude diol was crystallized

I" from 1400 ml toluene, yielding 25.8g (61%) of purified material, m.p. 284-2860 C

(dec., softening from 2600C). The analytical sample was prepared by recrystallization

from chlioroform-hexane.

Calcd. for C 1624 C, 65.47; H, 2.93; C1, 25.77.

Found: C, 64.77; H, 2.83; Cl, 26.38.

I Several attempts to reduce this diol to 1,4,5,8-tetrachloro-9,10-bis(phenylethynyl)

I anthracene with stannous chloride under a variety of conditions were unsuccessful

due to the formation of large amounts of by-products which could not be separated

V tfrom the desired product.

1, 8-Dichloro-9, 10-Bis (Phenylethynyl)Anthra-9,10-Diol
A mixture of 22.4g (0.22 mole) of phenylacetylene and 5.Og (0.22 mole)

Ii lithium amide was refluxed two hours in 500 ml of anhydrous dioxane. Solid 1,8-

dichloroanthraquinone (27.7g, 0.1 mole) was added in portions to the dioxane

I solution and the resulting mixture was refluxed for 36 hours. About half of the

dioxane was distilled from the reaction mixture and a solution of 12.5g of ammonium14
chloride in 400 ml of water was added slowly to the cooled reaction. The aqueous

phase was decanted off after 15 minutes of stirring, leaving a sticky solid.

Washing with 250 ml benzene and filtering gave 36.6g of solid. Evaporation of the

benzene filtrate gave an additional I0.Og of crude solid. The combined crude yield

was 97%. Recrystallization of the crude diol from 600 ml of toluene afforded 35.1g

(73%) of pure 1,8-dichloro-9,10-bis(phenylethynyl)anthra-9,10-diol, m.p. 219-2210C

(uncorr.).
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1, 8-Dichloro-9,10-Bis (Phenvlethynyl)Anthracene (1, 8-DCBPEA) i I
A solution of 1, 8-dichloro-9,10-bis(phenylethynyl)anthracene-9,10-diol

11
(35.1g, 0.073 mole) and 55g of reagent grade SnCl 2* 2H 20 in 500 ml of DMF was j I

stirred at rocm temperature for 96 hours, The red-orange solid present was

collected by filtration washed with methylene chloride, and dried under vacuum

to obtain 25.6g (78%) of 1,8-dichlorc-9,10-bis(phenylethynyl)anthracene, m.p. Jj
165-167 dec. An additional 5.6g of crude 1,8-DCBPEA was obtained from the filtrate

of the first crop by he addition of 200 ml of water. The first crop (25.g) was 1
recrystallized from toluene (ca. 200 ml), yielding 20.4g (62%) of pure 1,8-dichloro- j]

9,10-bis(phenylethynyl)anthracene; TLC (silica gel, 4:1 petroleum ether-benzene),

one spot at R 0.72; max. (benzene) 495 nm ( = 31,600)'; 471 nm(6 28,200). .

•2-Phehylethynyl-1,1,1,3,3,3-Hexafluoro-2-Proy! )Oxalate (PEEFO) ii
Into a dry flask fitted with a magnetic stirrer was charged 5.75g L

(0.25 mol.) of lithium amide and 30.5g (0.30 mol.) of phenyl acetylene followed i[i
28

by 50 ml of dry dioxane while keeping under a nitrogen atmosphere. The resulting

mixture was warmed- to initiate the evoluation of ammonia and held at 60 to 800 0

for about 1.5 hours at which point the ammonia evolution slowed appreciably. An

additional 75 ml of dioxane was added and the mixture refluxed for 0.5 hour. "

The mixture was then cooled to 300, a dry ice condenser added, and the slow L
addition of 41.5g (0.25 mol.) gaseous hexafluoroacetone initiated. An immediate

exothermic reaction ensured with the temperature increasingto 600. The cooling I
and addition rate of hexafluoroacetone were adjusted to maintain the temperature u
at 30-40° . Towa rds the end of the addition an additional 100 ml of dioxane was

added because the reaction mixture had thickened and stirring became difficult.

At the end of the addition (one hour), the reaction mixture was poured into a

beaker and acidified with hydrochloric acid (30 ml conc. diluted to 100 ml). The LI
aqueous mixture was extracted several times with ether, the ethereal solution

washed three times with water and dried over magnesium sulfate.
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The ether was evaporated under reduced pressure yielding 78.7g of a

[ red oil. Distillation (680 at 6 mm) afforded 59.Og of an azeotrope consisting

of 7% dioxane and 93% (82% yield) of 2-phenylethynyl-1,1,1,3,3,3-hexafluoro-2-

2.9 o[ propanol (lit. bp for the pure carbinol 81-2 at 7 mm). The composition of

the azeotrope was confirmed by nmr and vpc. Related acetylenic hexafluoropropanols

have been reported 29,30,31 to form highly stable azeotropes with ethers. The ir

{ spectrum of the product mixture showed the following characteristic absorption

bands: 3200-3400 (broad, OH), 2250 (C C), 1220-1260 (broad, CF3 ) and 760,

720, 680 cm"1 (aromatic hydrogen). The carbinol-dioxane mixture was used without

further purification for the preparation of the oxalate ester.

[1 Bis(2-Phenylethynyl-1, 1,1,3,3,3-Hexafluoro-2-Propyl)Oxalate

Triethylamine (6.1 ml) was added to a solution of 23.Og of the dioxane-Ii
2-phenylethynyl-1,1,1,3,3,3-hexafluoro-2-propanol mixture (containing 0.08 mol.

of carbinol) in 200 ml of anhydrous ether. The resulting solution was cooled in

an ice bath and a solution of 3.8 ml (0.45 mol.) of oxalyl chloride in 50 ml of

ether was added dropwise with stirring over 40 minutes. The ice bath was removed

and the solution allowed to warm to room temperature over one hour. Vpc at this

point indicated a mixture of 60% unreacted carbinol and 40% product. Refluxing

the mixture for three hours did not change this ratio, so an additional 2.2 ml

of oxalyl chloride and 1.0 ml of triethylamine was added and the solution refluxed

overnight. Vpc indicated approximately equal proportions of carbinol and product.

The mixture was filtered to remove the amine hydrochloride and the ether evaporated

to leave an amber oil. Three recrystallizations from 30-60° petroleum ether

(charcoal added to decolorize), chilling the solution in dry ice to crystallize

the product, afforded 3.4g (14%) of bis(2-phenylethynyl-1,1,1,3,3,3-hexafluoro-

2-propyl)oxalate, m.p. 60.5-61.5; ir (Nujol), 2250, 1800, 1240, 760 and 685 cM'l

Anal. Calcd. for C 24H 10 F1204 C, 48.8J; H, 1.83; F, 38.51.

Found: C, 48.78; H, 1.72; F, 38.04.
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Bis ( 3-Phthalidyl )Oxalate

A solution of 15.Og (0.10 mole) of phthaldehydic acid (Aidrich) in 60 {
ml of tetrahydrofuran (THF) was clarified by filtration through HyfloR filter

aid. A solution of 4.2 ml (0.05 mol.) of oxalyl chloride in 10 ml THF was added [

to the filtrate with no evident reaction. Pyridine (8.1 ml, 0.10 mole) in 40 ml

THF was added dropwise to the stirring solution over a two hour period while

maintaining the temperature below 300 . A white precipitate formed after approxi- ii
mately a third of the pyridine had been added. The solution was stirred for 0.5

hour after the addition, refluxed four hours, allowed to stand overnight and re- LI
fluxed an additional two hours. The hot sclution was filtered, leaving a white

solid, which was washed with petroleum 0-her (30-600): yield 23.3g. This solid LII

was then slurried with 100 ml of absolute ethanol, filtered, washed with petroleum

ether and air dried, yielding 12.7g of a white solid, m.p. 201-210 dec. Recry-

stallization from hot (not refluxing) dimethyl formamide, washing with absolute Li
ethanol and petroleum ether afforded 5.lg (36%) of a white solid m.p. 230-232 dec.

Further recrystallizations from dimethyl formamide gave the analytical sample of LI

bis(phthalidyl)oxalate m.p. 233-235° .

Anal. Calcd. for C18H 008 : C, 61.03; H, 2.82.

Found: C, 61.23, 61.21; H, 2.90, 2.77. LI

The ir spectrtm, (Nujol) was consistent with the bis(3-phthalidyl)oxalate structure:

1780 (oxalate carbonyl), 1760 (lactone carbonyl) and 970 cm" (symmetric C-O-C

stretch characteristic of 3-phthalidyl esters 20 ). An nmr spectrum was obtained

after dissolving the oxalate ester in boiling hexamethylphosphoramide: 7" 0.62 1I

(broad singlet, relative intensity 0.4, CH), 11.75-2.50 (complex multiplet, re-

lative intensity 4.0, Ar-H) and 1 3.35 (broad singlet, relative intensity 0.5,

Ph-CH (OC-) The presence of both aldehyde and methine protons in the spectrum

indicated a rearrangement might have taken place under these rather rigorous con-

ditions.

J1



1I - 137 -

Bis (2-Cyano-1, 1.1,3,3,3-Hexafluoropropyl )Oxalate (CNHFO)

A 250 ml, three neck flask fitted with dry ice condenser, stirior, kla.;

inlet and calcium chloride drying tube was flamed dry under a stream of nitrogen.

jSodium cyanide (4.9g, 0.10 mol.) and 100 ml anhydrous tetrahydrofuran (THF) were

F- charged into the flask. Hexafluoroacetone (16.6g, 0.10 mol.) was distilled into

the flask and the sodium cyanide slowly dissolved. The solution was refluxed

vigorously for two hours after the addition of the hexafluoroacetone. A solution

of oxalyl cb'ori'e (6.3g, 0.05 mol.) in 50 ml of anhydrous THF was added to the

I cooled solution over a period of 20 minutes and the mixture was refluxed for two

hours. The hot solution was filtered to remove the precipitated sodium chloride,

and the solvent removed by evaporation under reduced prc:zt:re. Addition of hexane

to the oily residue gave crude CNHFO (10.2, 46%), m.p. 109-1120. Recrystallization

from benzene afforded 6.1g (28%) of pure CNHFO, m.p. 113-114.5 °. IR (Nujol): 2280

(very weak), 1830 Cm), 1290 (s), 1240 (s), 1120 (m), 1090 (m), 980 (m) and 720 cm-

Mass spectcum (70 eV) /e 421 (M-19), 220 (M/2), 176 (M/2-44); other strong ions

Lat m/e 157, 147, 119, 97 and 69.

Anal. Calcd. for C 0 1'2N20 C, 27.29; N, 6.36.U - ~0 C, 2729 4,6.6

Found: C, 25.99; N, 6.27.

I- Bis(2-Nitro-4-Chloro-6-Carbopentoxyphenyl)Oxalate (NCPO)

Lj Into a one lUter Morton flask fitted with a mechanical stirrer and

thermometer was charged 69.2g (0.40 mol.) of 5-chlorosalicylic acid and 300 ml of

Ii water. While stirring, 38.5 ml (0.60 mol. HNO3 ) of concentrated nitric acid was

added resulting in a slight exotherm (to about 350). The flask was then immersed

in a warm water bath and the heterogeneous mixture stirred vigorously for four%0

hours at 60-700. The mixture was poured onto ice, filtered and air dried overnight

yielding 77.7g of crude product, m.p. 142-150. This solid was dissolved in 2.2

liters of boiling benzene, the solution treated w . activated charcoal and con-

centrated to approximately 1/4 of the original volume. Cooling, filtering and
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drying afforded 46.6 (53%) of 3-nitro-5-chlorosalicylic acid; m.p. 162-164.5

(lit. 32 m.p. 162-163 ; ir (Nujol), 1670, 1520, 1350, 1230, 1180 (doublet), 910,

800, 720 and 700 cm1 ; nmr (dimethyl sulfoxide) showed an AB pattern at 1.82 7"

and 1.71 9 (1 = 314'z) along with exchangeable protons. i j
Into a one liter round bottom flask fitted with a reflux condenser,

Dean-Stark trap and a magnetic stirrer was charged 43.5g (0.20 mol.) of 3-nitro-

5-chlorosalicylic acid, 2.Og of p-toluene sulfonic acid monohydrate, 450 ml of

n-pentanol and 300 ml of toluene. This mixture was refluxed for 48 hours at

which point TLC indicated only a trace of starting material remained. The re- U
action mixture was washed with two 100 ml portions of 2.5% sodium bicarbonate

solution followed by two 100 ml water washes. The organic phase was separated,

dried over magnesium sulfate and the solvents removed under reduced pressure on

a rotary evaporation leaving a red oil. This oil was dissolved in petroleum

ether, treated with charcoal, and the solution chilled in a ice bath. A faintly

yellow solid, pentyl 3-itro-5-chlorosalicylate, was recovered in two crops,

m.p. 46-47.50, yield 37.Og (64%); ir (Nujol), 1680, 1540, 1250, 800 and 730 cm" . Li
The pentyl 3-nitro-5-chlorosalicylate (17.3g, 0.06 mol.) was dissolved

in 300 ml of benzene and 8.33 ml (6.07g, 0.06 mol.) of triethylamine added. To

the stirring solution was added dropwise a solution of 2.81 cc (4.19g, 0.033 mol.)

of oxalyl chloride in 60 ml benzene over 20 minutes. After stirring SO minutes

at room temperature, the mixture was refluxed for four hours and allowed to cool

overnight. The benzene solution was filtered to remuve the triethylamJne hydro-

chloride and the benzene removed on a rotary evaporator under reduced pressure

leaving a yellow oil which solidified on addition of hexane and chilling. Filtration 1

0A
afforded a faintly yellow solid in two crops, m.p. 83-5 . Recrystallization from

hexane yielded pure NCPO, m.p. 85.5-87; ir (Nujol), 3050, 1680, 1620, 1540, 1350,

1240, 1210 and 1110 cm 1 .

oi
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Anal. Calcd. for C 2 H2 6C2 N20 1 2 : C, 49.61; H, 4.16i M, 4.45; Cl, 11.26.

Found: C, 49.68; H, 4.37; N, 4.39; Cl, '11.31.
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Kinetic Data for Fluorescer Decomposition (Figures c7-22)

Unless indicated otherwise chemlluminescent reactions contained 0.375

H 2' 1.56 x 10 M sodium salicylate (NaSal) and indicated concentrations of

fluorescer and CPPO. The slopes in Figures 17-22 represent the least squares fit

of the experimental data. The quadratic effect is a measure of the requirement ii
of a quadratic term to fit the data at the indicated confidence level.
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DECOMPOSITION OF EPEA

CONCENTRATIONS: 2.25 x 10-3 M BPEA, 0.21 M CPPO
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DECOMPOSITION OF 1, 8-DCBPEA .

CONCENTRATIONS: 3.4 x 10- 3 M 1,8-DCBPEA, 0.21 M CPPO
0.3% POLYOX WSRN-80 11

4.0.

QUADRATIC EFFECT IS 1
3.0. SM2NIFICANT AT ABOUT THE

98% CONFIDENCE FOR (D(495 nm)
97.5% COICIDENCE FOR 0(470 mm)

2.0.

04 95 nm
1.0 SLOPE -- 1.36 x 10 - 4 SEC.-I I
0.9 (_+ 0.17 x 10- 4 )

80.7.

40.6-I

0.5 0470 m

SLOPE = -1.21 x 10 4)C. I

0.4 (+ 0.18 x 10 4 )

0.3ii

0.2

0 20 40 60 0it 100 1 140 Io
TIME (MIu T£.S)



cl

C"

I
5x

Un

10 0

0
'C-

4

r4

00

cld

00

0

0.

A*0



M zi
8It I~inI

*. In 0 1
RC

2 '

.00
ci OD N



- 147-REFERENCES

1. M. M. Rauhut, and R. A. Clarke, "Chemiluminescent Materials", Summary
Technical Report to the Office of Naval Research and Advanced Research
Projects Agency, Contract Nonr (4200(00) (1967).

2. M. M. Rauhut, L. J. Bollyky, D. R. Maulding, R. H. Whitmnan, A. M. Semsel,
B. G. Roberts, C. E. Eagle and D. H. Lantz, "Chemil u,1 nescent Materials",
Summary Technical Report to the Naval Ordnance Laboratory, White Oak,
Silver Spring, Maryland. Contract N60921-67-C-0214,

3. M. M. Rauhut, A. G. Mohan, D. R. Maulding, L. J. Bollyky, E. Klingsberg,
R. L. Narburgh and B. E. DeWalt, "Chemiluminescent Materials", Summary
Technical Report to the Naval Ordnance Laboratory, White Oak, Silver
Springs, Maryland. Contract N60921-70-C-0198.

4. M. M. Rauhut et. al., ibid, page 54.

5. Private communication from Drs. A. Granzow and A. Wilson, Americanj Cyanamid Company, Bound Brook, New Jersey.

6. G. Guilbault, "Fluorescence: Theory, Instrumentation and Practice".
M. Dekker, Inc., New York, (1967), pages 349-350.

7. A. G. Mohan and R. L. Narburgh, "Chemiluminescent Systems", Technical
Report No. 2 to the Naval Weapons Center, China Lake, California. Con-
tract N00123-71-C-1069, 1971.

8. A. G. Mohan and R. L. Narburgh, "Chemiluminescent Systems", Technical

Report No. 3 to the Naval Weapons Center, China Lake, California.
Contract N00123-71-C-1069, 1971.

9. Private communication from Dr. D. R. Maulding, American Cyanamid Company,
Brook, Jersey.

Bod B NewJ

10. N. J. Turro, "Molecular Photochemistry", W. A. Benjamin, New York, (1965)[ pages 94-5.

11. B. G. Roberts and R. C. Hirt, Appl. Spectrosc., 21, 250 (1967).

F! 12. M. M. Rauhut, Accounts Chem. Res., 2 80 (1969).

13. M. G. Evans, H. Eyring and J. F. Kincaid, J. Chem. Phys. 6, 349 (1938).

L 14. Determined by titration in 1:1 isopropanol-water and extrapolation to
pure water.

15. B. L. Dyatkin, E. P. Mochalina and I. L. Knunyants, Tetrahedron., 21,
2991 (1965).

16. R. W. Taft in "Steric Effects in Organic Chemistry, M. S. Newman, ed.,
John Wiley and Sons, New York, New York (1965), Chapter 13.

17. R. Filler and R. M. Schure, J. Org. Chem., 32, 1217 (1967).



Li

- 148- -
REFERENCES (CON'T)

18. A. G. Mohan and R. L. Narburgh, "Chemiluminescent Systems", Technical JJ

Report No. 5 to the Naval Weapons Center, China Lake, California.
Contract N00123-71-CI069, 1972.

19 K. Bowden and G. R. Taylor, J. Chem. Soc., (B), 1971, 1390.

20. D. DWd. S. Erley, J. Org. Che, 22, 547 (1957).

21. M. M. Rauhut, L. J. Bollyky, B. G. Roberts, M. Loy, R. H Whitman,
A. V. Iannotta, A. M. Semsel and R. A. Clarke, J. Am. Chem. Soc., 89,
6515 (1967).

22. Private communication from Mr. H. Richter, Naval Weapons Center, China
Lake, California.

23. M. M. Pauhut, Technical Report No. 2 to the Office of Naval Research and

Advanced Projects Agency, p. 91 (1963).

24. K. Bartel, A. Goosen and A. Scheffer, J. Chem. Soc., (C) 1971, 3766.

25. .M. Rauhut, B. G. Roberts ani A. M. Semsel, J. Amer. Chem. Soc., 88,
3604 (1966).

26. B. G. Roberts and R. C. Hirt, Appl. Spectrosc., 21, 250 (1967).

27. W. Reid, W. Donner and W. Schlegelmilch, Ber., 94, 1051 (1961).

28. H. H. Schulbach and K. Repenning, Ar. 614, 37 (1958). j

29. 1, L~. Knunyants, C. Tsin-Yunar1d, N. P. Ganib.ryan, Izvest. Akad. Nauk.
SSSR, Otdel. Khim. Nauk; 1960, 686.ii

30. R. E. A. Dear and E. E. Gilbert, J. Org. Chem., 33, 819 (1968).

31. H. E. Simmons and D. W. Wiley, J. Amer. Chem. Soc., 82, 2288 (1960). i1 }
32. E. F. Smith and G. K. Pierce, J. Amer. Chem. Soc., 1, 176 (1879).

Il


