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SUMMARY

Progress toward the development of chemiluminescent systems
is reported with particular referernce to systems encompassing the peroxy-
oxalate-fluorescent campound mechanism. Synthesis and qualitative evaluation
of a number of new chemiluminescent compounds are reported.

In a series of nine new oxalate esters, seven provided at least

|

medium chemiluminescent intensities in standard cqualitative chemiluminescence
tests. The active compounds were all electronegatively-substituted aryl esters,
thus confirming previous conclusions. Solubilities in several solvents were
determined for the more promising compounds a8 a preliminary to quantitative
examination. Bis[2,4-dinitrophenylloxalate has been investigated quantitatively
in terms of reactant concentration effects and in terms of the effects of
accelerators and inhibitors. Triethylamine and 2,4-dinitrophenol gtrongly
accelerate the reaction; 2,6-di-Efbutyl-h-nethylphenol h;s little effect on
the reaction rate but severely reduces quaatum yields. Fluorescer stability
was found to increase at low hydrogen peroxide concentrations.

In a series of eight compounds related to oxamides, four were
found to be chemiluminescent in qualitative testing. Efforts to develop an

air-activated chemiluminescent system based on the peroxyoxalate mechsnism have

been essentially unsuccessful.
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INTRODUCTION

while the requirements for a practicul chemical lighting
system necessarily depena on & specific anticipated application, it is clear
that for any given use a praciiczl system must deliver light above a minimum
specified intensity level for a specified length of time. The intensity
and lifetime of a chemiluminescent system are related to the system's light
capacity in lumen-hours liter=l by equation [1] where L is the light capacity,
I is intensity in lumens, T is time in seconds and V is the volume of the

system in liters.

T=0  Id4T
(1] L=

3600 V

It is clear that L is a fundamental criterion for practical chemiluminescence,
since a systom where L ic below soic specified level cannot be made to meet
the intensity-lifetime performance demanded by practicality.

While some chemiluminescent systems described in the literature
meet certain requirements for practical lighting, all are deficient in terms of
light capacity. The design of high light capacity systems iz thus the primary
goel of research directed toward practical chemical lighting.

Early efforts in this program coupled with z survey of the
literature indicated a small probability at best of providing high light capacity
systems through empirical modifications of chemical structure or reaction
conditions of zxicting systems. It was also evident that availarle information

on the mechanisms of chemiluminescent processes was inadequate for the deliberate




design of new systems. A program was therefore instituted to determine

mechanistic and structural criteria for chemiluminescence so that high
light capacity systems could be designed.

Our understanding of these criteria remains incamplete and
work aimed at providing mechanigtic information is continui.g. However,
mechanistic work nox completed has already provided a substantial insight
into the nature of chemiluminescence. The results of this work have been
used to denign chemiluminescent systems considerally superior in efficiency
to those previously known. Thus, a major part of our current effort is
being directed toward the discovery of efficient chemiluminescent systems,
designed on the basis of newly derived me-hanistic hypotheses, and the
development of systems now in hand.

In this report, we describe current efforts to improve light
capacities, emission lifetimes, and operating characteristics for peroxy-
oxalate chemilumisescent systems. Our aims are to: [1] expand the scope
of the general class [2] determine the detailed structural requirements
for efficient chemiluminescence [3] provide more soluble luminants so that
high concentrations can be obtained [4] provide luminants capable of use in
sater (5] determine the effects of reaction conditions on light capacities

and lifetimes [6] modify the systew to accommodate air-activation and [7]

to provide efficient, stable fluorescers with high photopic constants.
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SECTION I

OXALIC ESTERS

Preparation and Qualitative Evaluation of Oxalic Esters

In the previous report9, & numter of aryl oxalic esters
were shown to produce strong chemiluminescence when reacted with hydrogen
peroxide in the vresence of a fluorescer. Electron withdrawing cubstituents
improved the intensity significantly while electron releasing substituents
diminished the efficiency. We are preparing additional aryl oxalic esters
to expand the scope of the system and to provide oxalic esters with still
higher chemi)-minescent quantum efficiencies and improved solubilities. The
evaluation of these compounds is expected to illucidate further the effects
of substituents on chemiluminescence and to provide data for the design of
a future practical chemiluminescent system.

The new oxalic esters prepared are listed in Table I. Most
of these e3ters were prepared from the reaction of oxalyl chloride with
the desired phenol or alcohol in the presence of triethylamine as described
earlier.7»9 A simplified procedure suitable for larger scale preparation
has also been devised and used with good results.

All the newly prepared oxalic esters were subjected to
qualitative chemiluminescent tests for preliminary evaluation. The results
are summarized in Table II. All of the aryl oxalates prepared were found
to be at least moderately chemiluminescent. Although strict camparison is

iifficult on the besis of qualitative visual observations, the most promising
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TABLE IT

Qualitative Chemiluminescent Test of Oxalic Esters

Tests®
A B C D
[anhyd. Kz0p] [Hz20p + KOH] [HpOp + Hp0] [Hz0p + Hao']

< -o-g- M Vs M None

02 2
/NC‘

K -o-@- sP S-Vs M None

| ] 2

F -O-@- S Vs M None

W M W w
M-MS M-MS W=W None
([CHs]a-C-O-g- ) None None None None
2

[ CFQ'CHQ'O'@" 12 None W None None




NOTES TO TABLE II

(a] The tests were carried out as follows:

Ao

B.

c.

D.

Approximately 3-5 mg. of the compound to be teated is added to a
5 ml. solution uf about 1 mg. DPA and 0.2 ml. anhydrous HpO2
in anhydrous l,2-dimethoxyethane maintained at 25°C.

Approximately 3-5 mg. of the campound to be tested is added to a
5 ml. slurry of 1 mg. DPA, 0.2 g. XOH (1 pellet] and 0.2 ml.
anhydrous Hz0> in anhydrous 1,2-dimethoxyethane maintained at
25°C.

As teat A except that approximately 0.1 ml. water was added prior
to the addition of the compound being tested.

Approximately 3-5 mg. of the compound to be tested is added teo a
5 Il. Bol\ttion Of l .80 DPA ma 002 llo CHaSOsH in l,2-dimthoxy—
sthane containing 5% water and maintained at 25°C. About 0.5 ml.
30% Hz02 is added immediately. :

Qualitative intsnsities are based on the MI chioride, hydrogen peroxide
reaction taken as scirong [S]. Other designations are M = medium; W = weak;
W = very weak, barely visible.

[b] A brief induction period was observed.

i
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esters appear to be dinitrophenyl, dinitrocresyl, trifluoramethyl-nitro-
phenyl and pentafluorophenyl oxalates. The chemiluminescence from these
esters is similar to that available from the very efficient bis{2,4-dinitro-
phenyl]oxalate reported earlier.? However, the final evaluation must wait
until the planned quant'm yield measurements are campleted.

The two dinitronaphthyl oxalates shown in Table II are only
moderately chemiluminescent probably a result of their poor solubilities.
Bis-2,2,2-trifluoroethyl oxulate is weakly chemiluminescent but better

than di-t-butyl oxalate which gives chemiluminescence cn.y at 60°C or higher.

Solubility and Solvent Studies

Since high light capacity requires high luminant and hydrogen
peroxide concentraticns [up towr 10-1 molar], the more promising esters
are being screened for solubility and for solvent effects on chemiluminescence.
The results of screening DNPO in 34 solvents are summarized in Table III.

Esters, ketones, ethers and epoxides represent the most
promising group of solvents found. The otherwise solubilizing solvents
dimethylsulfoxide, hexamethylphosphoremide, and tetramethylurea interfered
with the chemiluminescent process.

A series of chemiluminescence tests carried out in various
mixtures of water and 1,2-dimethoxyethane, are sumsarized in Table IV. The
chemiluminescence was found to decrease with increasing water concentration;
chemiluminescence was not observed in water alone. It is not known at present
if the effect of water is due to decreased solubility of the reactants or

to interference with the chemiluminescent reection.

LTI
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TABIE III

Test of bis[2,bk-dinitropheryljoxalate [DNPO] for
Chemiluminescence in Various Solventad

Solubili-y of DNFO Solubility of Ha0p Testa®
[moles 1-1} [moles 1-1) A B
3 Acetone >2x 102 >0 8 ]
g 1,2-Propylane oxide >2x 102 >1.0 Vs V3
: 1,2-Dimethoxyethane >2 x 1072 >1.0 s s
Dimsthylcarbonate >2 x 1072 >1.0 S{long) 8!long]
Propylsne Carbonate >2 x 1072 >1.0 S[long] S[long)
Dimethylpithalate >2x 102 >1.0 8[long] 8[long)
Tetrahydrofuran >2 x 10-2 >1.0 s s
Nitromsthane >2 x 1072 >0.1 w 5]
Ether <2 x 1072 >0.1 8 s
Tristhylphosphate <2 x 102 >0.1 8
Perflucroksrosens <2 x 1072 20.1 None None
Ethyl perfluorcoctancate <2 x 1072 >0.1 None w
Anisols Not Soluble
Bentene <2 x 1072 Not Soluble
o-Dichl:robensere <2 x 10-2 Poarly Soluble M8[ Long)
Tetralin <1 x 10-2 ~ 0,03 L]
Litrobenss® <2 x 102 <1.0 w w
Sulfolane® <2 x 1072 >1.0 -
Dimethylformemided »2 x 10-2 >1.0 S[very short] S[v:;ym]
Dimethylsulfoxide >2 x 10-2 >1.0 Fone
Bexams thylphosphoramide >2x 1072 >1.0 None
Tetramethylurea >2 x 102 >0 None
Chlorofarm <2 x 1072 >1.0 ¥ M[ 1ong]
Methylene Chloride <2 x 1072 .0 v M long]
Carbontetrachlorids ¥ot Soluble
Acetomitrile <2 x 1072 >1.0 N M
t-Butyl alcohol <2 x 1072 >0 W W long]
Glycerine <2 x 1072 >1.0 None None
[deep yellow color present]
P+yylacetate <2 1 1072 2> 0.1 S[short] S{short]
Diethyloxalate <2 x 1072 > 10 M3[ long]
Cyclohexane < x 10~2 <1l.0 W  W(long]
Chlorcbenzene <2 x 10-2 <1.0 s vs
Pyridine reacte with DFKFO >1l.0 None None
Acetic Acid <. x 10"2 1.0 M s[ long]

= < B i ——— T T Mg, - o gt Nt g ot

- ' . = 1




[a]

(b]

[c]
[d]
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NOTES TO TABIE III

The bis[2,4-dinitrophenyl]oxalate [DNPO]-hydrogen peroxide-9,10-
diphenylanthracene chemiluminescent system was tested in various
solvents to obtain a qualitative evaluation of the chemiluminescent
light intensity emitteu as well as of the approximate solubility

of reagents. The visually observed chemiluminescent intensities

are based on the oxalyl chloride-hydrogen peroxide reaction in ether
taken as strong [S]. Other designations are M = medium; W = weak;
VW = very weak, barely visible.

A 50 mg. DNPC was added to 5 ml. magnetically stirred solvent in a
test tube. After 15 minutes the solubility of DTPO wes observed.
Approximately 1 mg. 9,10-diphenyla ithracene was added and then
sufficient 98% hydrogen peroxide was added to give eithzr 1 mole 1-

or 0.1 mole 1-1 concentraticn &s noted. Chemiluminescence was observed
in the dark, and then the solubility of hydrogen peroxide was noted.

B As test A except prior to the addition of hydrogen peroxide,

approximetely 0.2 g. KOH was added.
Solvent is coiored.

DNPO reacted with the solvent.




TABIE IV
The Chemiluminescence of DNPC in Water-1l,2-Dimsthoxyethane
Mixed Solvent
Test®
100% water None
95% vater - 5% 1,2-dimethoxyethane w
7% water - 25% 1,2-dimethoxyethane W
50% water - 25% 1,2-dimet! oxyethane ]
254 water - 75% 1,2-dimethoxyethane W
0% water - 100% 1,-dimethoxyethane S

{a] Approximately 3-5 mg. bis(2,k-dinitrophenyl]joxalate [DNPO] was added
to & 5 ml. solution of about 1 mg. 9,10-diphenylanthracene and 1 mg.
disodium fluorescein and 0.2 ml. anhydrous hydrogen peroxide maintained
at 25°C. ’

Qualitative chemiluminescent intensities are based on the oxalyl chloride
hydrogen peroxide reaction taker as strong [S]. Other designstions
are M = medium; W = veak; VW = very weak, barely visible.

? T

g
S




-12-

The more promising esters in Table II were tested for
solubility in a series of splvents as indicated in Table V.

All solvents used dissolve st least 0.l mole liter-l
hydrogen peroxide and do not appear to seriously interfere with the chemi-
luninescent reaction. Solubilities were highest in propylene carbonate
and 1,2-dimethoxyethane for most oxalic esters.

As indicated in Table V, 3-trifluoramethyl-k-nitrophenyl
oxnlate showed particularly high solubilities among the campounds tested.
Compouwads with modera.e solubilities included pentafluorophenyl and 2-
methyl-U,6-dinitrophenyl oxalate. Naphthyl oxalates in general were poorly
soluble.

In another approach toward achieving high luminaat concen-
trations, liquid oxalic esters were tested for chemiluminescence in the
absence of solveut. Diethyl oxalate, which is only weakly chemiluminescent
in 1,2-dimethoxyethane solvent when reacted with hydrogen peroxide in the
presence of a fluorescer was found equelly chemiluminescent without solvent

present. This observation suggests the fearibility of using a very high

concentration of liquid moderately efficieut oxalic ester for chemiluwinescence.
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Quantitative Evaluation of Aryloxalate Chemiluminescence

The chemiluminescent properties of the most promising oxalate
esters prepared in our synthesis program ars being determined quantitatively
to provide mechanistic information and to permit evaluation and comparison
of the esters in practical terms. Adequate evaluation requires the measurements
of light intansities, lifetimes and quantum yields as a function of [1]
reactar concentration, [2] alternative and suplementary reactants, [3]
solve. ., and [4] temperature. The qualitative measurements to date deal
partially with the influence of first two variables on bis[2,4-dinitrophenyl]
oxalate chemiluminescence. In addition, less extensive data are provided
for two other chemiluminescent oxalate esters.

Bis[2,4-dinitrophenyl]oxalate [DNPO]

It was evident from the considerable number of quantum yield
and intensity decay rate measurements reported in the previous report9 that
while quantum yields could be determined with satisfactory reproducibility,
decay rates varied substantially under apparently constant conditions. The
problem of reproducing intensities and decay rates is emphasized by the new
results summarized in Figure I, where decay cruves are presented for identical
chemiluminescent reactions of two separately prepared, but analytically and
spectroscopically pure samples of DNPO. While the quantum yields, represented
by the areas under the curves, varied little between samples [1] and [2],
it is seen that ~smple [2] was substantially less bright initially but longer
lived than sampie [1]. Specifically, the discrepancy appears in the length
of the induction period in the value of maximum light intensity and in the
rate of chemiluminescent decay. Provided the solvent war carefully dictilled,

individual repitition of experiments [1] and [2] showe. that the ser=arate
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results could be reproduced satisfactorily, indicating that the discrepancy
resulted from an impurity present in DNPO. The c¢ffect of smsii concentrations
of possible impurities were then examined. As indicated in Figure I, low
concentrations of triethylamine [curve 3] or 2,4-dinitrophenol [curve 4]
substantially accelerated the reaction, while a low concentration of nitro-
benzene [curve 5] which is used to recrystallize DNPO appeared to retard
the rate. Thus any of these materials may be the cause of irreproducible
rates. It is clear from the low concentration required for catalytic
activity that very high purity DNPO will be required for reproducible rate
measurements. Since 2,4-dinitrophenol is a product of the chemiluminescent
reaction, its strong accelerating effect shows that the reaction is subject
to autocatalysis; this effect, if general for phenols, may czuse difficulty
in providing long lifetimes at high phenolic ester concentrations, unless
inherently slower reactions are found. The apparent effect of nitrobenzene
in retarding the reaction will thus be given extensive study. The effect
of acids and bases on the reaction rate, however, also offer the prospect
of rate control, which may make possible the flexible adjustment of emission
lifetimes.

The effects of several additives on quantum yields are summarized
in Table VI. Under the conditions studied, triethylamine and nitrobenzene
had little effect on quantum yield, while 2,4-dinitrophenol decreased the
quantum yield only moderately. 1In contrast, the free radical inhibitcr
2,6-di~t-butyl-k-methylphenol strongly depressed the quantum yield. The smaller

l/h lifetime listed for the inhibitor experiment in Table V, implies that
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TABLE VI

The Effect of Impurities on DNPO Chemiluminescence®

Additives *Inax.”
[mole 1-1] [min.]
None® 6.2
None 8.0
7 x 106 trietnylamine 5.0
3.7 x 10~% nitrobenzene 9.0
1 x 103 2,k-dinitrophenol L.k
2.87 x 1072 2,6-di-t-butyl-
4-methyiphenoi 9.2

DNPO sample [2] was used except where noted.

t1/4 I max.© Quantum Yieldd

(min.] [einatein mole-l x 102]
26.9 7.£6

40.7 7.79

29.6 7T.k42

k9.5 T.b5

23.5 6.35

18.0 0.37

The concentrations we

DNFO, 1 x 10-2 mole 1-1; H20», 0.82 x 10~1 mole 1-1; DPA, L4.16 x 10~* mole 1-1

in dimethylphthalate at 25°C.

o

jo

maximm value.

s

DNPO sample [1] was used.

Quantum yield is based on PNPO.

T T g e e o
£

Time required for the chemiluminescent light to reach maximum intensity.

Tipe required for the light intensity to decrease to ore quarter of i's
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the inhibitor strongly accelerates the decay rate; but the acceleration is
actually only moderate as demonstrated by the decay curves in Figure II.
One-quarter intensities are evidently misleading indications of rate effects.
The absence of a pronounced induction period form the inhibited reaction

in Figure II and the relative minor effect on reaction rate indicates that
the rate controlling step in the chemiluminescent reaction is not a free
radical chain process. The reduction ia quantum yield, however, suggests
that following the rate-determining step a rapid reaction leading to chemi-
luminescence is subjec’ to inhibition.

The effect of hydrogen peroxide concentration on the reaction
rate and quantum yleld is summarized in Table VII and Figure III. As indicated
in Table VII the hydrogen peroxide concentration did not effect the quantwm
vield substantially below about 0.1 mole 11, at high concentrations,
however, hydrogen peroxide decreased the quantum yield significantly. Thus
mole ratios of fram 1 to 8 moles of hydrogen peroxide:DNPO caused no large
change in quantum yield, and even when scmewhat less than 1 mole hydrogen
peroxide per DNPO was present, the quantum yield decreased only moderately.
These observations indicate that the chemiluminescent reaction requires a
1:1 hydrogen peroxide:DNPO stoichiometry.

The hydrogen peroxide concentration, as illustrated by Pigure III
did not substantially effect the rate of the chemiluminescent reaction in
the range of 1 x 10~2to 8 x 10-2 mole 1-1 hydrogen peroxide. Tae reaction
is slightly slower and slightly more efficient when 0.04 mole 1-1 hydrogen
peroxide ic used then at lower or somewhat higher »rdrogen peroxide concen%ra%ion.
At very high concentrations of hydrogen peroxide, however, the decay curve

is changed profoundly and the rate of the chemiluminescent reaction is
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TABLE VII
The Effect of Hydrogen Peroxide Concentration on DNPO
Chemiluminescence®
[H-02) _[Hepal tmax.b  t1/k I pax.© Quantum Yieldd
[mole 1=1] (DNPO) [min. ) min. ] [einstein mole=l x 102]
0.0082 0.82 0.75 1.5 7.2
0.0164 1.6k 0.9 3.0 8.2
0.041 b1 1.3 9.0 8.7
0.082 8.2 1.6 8.0 8.1
0.514 51.4 7.5 20.0 5.5

Concentration of Reactants:
DNPO: 1 x 10-2 mole 1-1; DPA = L.16 x 104 mole 171 in dimethylphthalate
solution containing 9 x 10~3 mole 1-1 water at 25°C.

o

([-4

Time required to reach maximm cheriluminescent light intensity.

i

Time required for the light intensity to decrease to one quarter of its maximum
value.

i

Based on DNPO.




PP

decreased substantially. Results showing the effect of water are summarized
in Table VIIIand Fipgure IV. Water had little effect on the quantum yield
but was found to accelervte the reaction moderately.

Results indicating the effect of several fluoresce=s on the
DNPO-hydrogen peroxide system at relatively high hydrogen peroxide concen-
trations are summarized in Table IX. The fluorescers examined were chosen
because of their fluorescent light emission whicn is close to the yellow
region of the spectrum where the human eye is most sensitie to light. DPA
is provided for comparisoune.

The stability of several of the fluorescers under the reaction
conditions was determined by ultraviolet spectral analysis. Substantial
fluorescer consumption was observed for the yellow Calcotlmuu-QD dyes
at high hydrogen peroxide concentrations. Substantial fluorescer consumption
would be expected to cause lower quantum yields and faster light decay rates.
Indeed the higher quantum yield and slower decay rate observed for Calcofluor
yellow?(}® at low hydrogen peroxide concentration suggests that fluorescer
consumption decreases with decreasing hydrogen peroxide concentrations.

This conclusion is supported by the data of Table X as discussed below.
The effect of hydrogen peroxide concentration and other reaction conditions
on fluorescer stability will be studied in detail.

Highest guantum yields were obtained with DPA and rubrene.

The lower quantum yield observed for Calcofluor'ﬂ}qa is in line with its
lower fluorescence quantum yield. The faster light decay rate observed for

7G is a possible consequence of rate catalysis by the amino group in its

structure.
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TABLE VIII

The Effect of Water on DNPO Chemiluminescence®

HoO tT max.P
[mole l'l! [(min.]
0.5 x 10-2 4.8
0.9 x 10-2 3.0
2.83 x 10-2 3.0
10.6 x 10-2 1.7
12.8 x 1072 2.3
12.3 x 10-2 D0 2.0
21.6 x 102 1.4

i®

o

o

value.

7"

Based on DNPO.

4.16 x 10~} mole 1-1

tl/‘* T max.©

[min. ]

27.5
17.0
17.0

7.5
12.0
14.0

6.0

Quantum Yieldd
[einstein mole~l x 10°]

8.2
8.2
8.1
7.8
TT
7.8
8.0

Concentrations: DNPO, 1 x 10°2 mole 1~1; Hz02, 0.82 x 1071 mole-1; DPA,
in dimethylphthalate at 25°C.

Time required to reach maximum chemiluminescent light intensity.

Time required for the light intensity to decrease one quarter of its maximum
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FOOTNOTES FOR TABLE IX

Concentration of reactants: DNP) = 1 x 10°¢ mole 1'1; H20> = 0.1 mole 1~1
in dimethylphthalate solvent at 25°C.

Time required to reach maximm chemiluminescent light intensity.

Time required for the light intensity to decrease to one quarter of its
maximum value.

Based on DNPO
The Ho0» coacentration was 2.05 x 1072 mole liter-l.
Not determined.

The H>0» concentration was 1.0 x 10'2 moles liter-l.

e sp—
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Results showing the effect of DPA conzentration on light
intensity =ad lifetime are surmarized in ‘‘able X and Figure V. The data
indicate that at DPA concentrations below 4 x 10~} mole liter-1 the quantum
yield decreases substantially. However, in the higher concentration range
no significant variation of the quantum yield was observed. As indicated
in Figure V a higher decay rete was observed below 4 x 10~ mole 1-1 DPA
than ir the higher concentration range. The higher decay rate observed at
low DPA concentretion suggests that under those conditions fluorescer
:ona_umption decreases the quantum yield as the reaction proceeds.

Results indicating the effect of Calcofivor 76 ® concen-
tration on the chemiluminescence at low hydrogen peroxide concentration
are sumarized in Table XX. The quantum yield is significantly lower at
concentrations below 4 x 10 mole 1-1 than in the renge of 4 x 104 -

10 x 10"* mole 1'1, vhere it is essentially comstant. The constant
quantum yield above 4 x 10'1' molar fluorescer indicates that fluorescer

consumption is relatively small at low hydrogen peroxide concentrations.

Bis([l4-cyanophenyl]oxalate [CPOj

The CPO-hydrogen peroxide-DPA chemiluminescent systea has
been examined briefly to provide the results summarized in Table XII and
Figa 1. These data indicate that CPO chemiluminescence cun be efficient
and very long lived. Thus a quantum yield of 9% was cbta‘.ed in the absence
of water and triethylamine. Furthermore, the light emission was fairly evenly
distributed during the 3 hours chemiluminescent life time as indicated by
the decay curve in Figure . The long lifetime of course results in low
light intensities. Initial attempts to increase the rate of the chemi-
luminescent reaction by the addition of water or triethylamine have lead to

a decrease of both lifetime and quantum yield.




TABLE X

The Effect of DPA Concentration c¢n the DNPO Chemiluminescence®

Concegi.’iation t max.” t1/4 Imax.© Quantum Yiela
{moles iiter~l] [min.) [min.] [einstein mole™! x 102]
1 x 107" 3.0 8.5 3.2 ©
.16 x 10°Y 2.75 18.0 8.6
7.5 x 107% 2.5 15.5 9.1
10 x 1074 3.0 17.0 £.6

o

o

[-%

o

Concentration of reactants: DNPO = 1 x 10~2 mole 1-1; H.0» = 0.83 x 101
mole 1-1 in dimethylphthalate containing 0.9 x 10-2 mole 1-1 water at 25°C.

Time rsquired to reach maximum chemiluminescent light intensity.

Time required for the light intensity to decrease to one quarter of its
maximm value.

Based on DNPO

All DPA was consumed by the end of the reaction.
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TABLE XI

The Effect of Calcofluor Yellow TG ® Concentration on the
DNPO Chemiluminescence®

Calcof'luoz'®

Yellow 7G t b t c

Concentration 1 max. /4 T max. Quantum Yielad
[mole 1-1] (mi..] _[min.] [einstein mole~t x 109]
1.0 x 1¢ b 0.7 3.75 2.2

k.16 x 107 0.6 6.5 5.7

7.5 x 104 0.4 k.0 5.7

10 x 10°% 0.5 5.0 5.6

a Concentration of Reactants: DNPO = 1 x 10-2 mole 1~1; Hz0- = 1.68 x 10-2

mole 1~1 in dimethylphthalate containing 9 x 10~3 mole 1-1 water at 25°C.

lo

Time required to reach maximum chemiluminescent light intensity.

1o

Time required for the light intensity to decrease to one quarter of its
maximum value.

{=1

Based on DNPO.
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TABLE XII
Chemi luninescence 6f bis[l-cyancnhenyl]oxalate [CPC] &
Water Triethylamine I max.P b1/ T max.© Quantum jield? R
(mole 171] _[mole 1-1] (min.] [min.] [einstein mole~l x 107
None None 5.5-260° 100 9.3
None 1 x 10°3 0.2 1.5 2.8

Concentration of Reactants: CPO = 3.3 x 10~% mole 1-1; H.0» = 0.1 mole=l; DPA =
5 x 10-4 mole 1-1 in dimethylphthalate at 25°C.

Time required to reach maximum chemiluminegscent light intensity.

|or

Time required for the light intensity to decrease to one quarter of its maximm
value,

o

Based on CPO.

f=2

There are two maxima.

o
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Bis[U-nitrophenyl]oxalate [NPO]

The chemiluminescence of NPO-hydrogen peroxide-DPA
system was examined, and the results are shown in Table XIII.In the absence
of water the quantum yield was slightly less than 1%, however, it was
almost doubled by the addition of 0.4 mole 11 water. The lifetime of the
chemiluminescent reaction, and the gemeral spape of the decay curve appeared
to be similar to that of DNPO discussed above. But the available chemi-
luminescent light intensity is 5-10 times lower than from the DNPO system.
A further drawback of this system lies in the very poor solubility of

NPO in organic solvents.

e

i ——yy vosngil " ennsmenm———ys.
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TABLE XIII

Chemiluminescence of bis{4-nitrophenyl]oxalate {NPO]2

Hydrogen Peroxide water tr max.b t1/4 1 MAX.C Quantum Yie.d
[mole 1-1) _[mole 1°1] [min. ] [min. ] [einstein mole=l x 10°]
0.k None 1k Ly 0.91
0.k None 12 35 0.93
0.l 0.4 10 27 1.56
0.1 0.k 8 60 1.68

Concentration of Reactants: NPO = 6.67 x 10~¥ mole 1-1; DPA = 3.3 x 10~* mole 1-1
in dimethylphthalate solvent at 25°C.

|¢o

o

Time required tc reach maximum light intensity.

Time required for the light intensity to decrease to one quarter of its maximum
value.

L]

1=3

Based on NPO.

& ¥



ECTION I

SECTION I

Bis(2,%4-Ainitrophenyi Joxalate [DNPO]. - The procedure described
erlier?,? was modified for larger scale preparation. 2,4-Dinitrophenol
[368.2 g., 2 moles] was iissolved in 4 liters of reagent grade benzene in
a 5 liter-three necke2 flask equipped with & stirrer. The solution was dried
by azeotropic distillation of 1 liter of solvent. [A smaller amount [3 liter]
of benzene is s'fcicient when a Dean-Stark appsratus is used for the azeo-
tropic distilistion.]

‘The dried solution was cooled %o 10°C under a nitrogen atmos-
phere. “ith good stirring, 202.4 g., [2 moles] of freshly distilled tri-
ethvizaine was added, followed by the addition during 30 minutes of 139.6 g.
[1.". moles] of oxalyl chloride. The temperature was maintained between
1.;=25°C by cooling during the addition.

The thick yellow slurry was stirred for an additional 3 hours
at 25°C and was evaporated to dryness under reduced pressure. The dry residue
was stirred well with 1 liter of reagent grade chloroform. The insoluble
ester was filtered on a sintered glass funnel, washed twice with 500 ml.
portions of chloroform and dried under vacuum. The product was dissolved
in 600 ml. nitrobenzene at 100° and crystallized at 5°C. After washing
five times with 150 ml. portions of chloroform to remove nitrobenzene, the
product was dried under vacuum to obtain 151.3 g. [35.8%4] of pale yellow
crystals, m.p. 189-92°C.

Oxalic esters prepared by the procedure described for DNPO
above are summerized below.

Solvents Used for the Recqstallization of Crude Oxalic Esters®

“is[2-nitrophenyljoxalate methylene chloride
bis[2,5-dinitrophenyl]oxalate nitrobenzene
bis[2-methyl-l,6-dinitrophenyl]joxalate benzene-petroleum ether [1:1]
bis[3-trifluoramethyl-b-nitrophenyl]-

oxalate methylene chlorice
bis[pertafluorophenyl]joxalate methylene chioride
bis[2,U-dinitro~-l-naphthyl Joxalate nitrobenzene-hexane [1:2]
bis[1,6-dinitro-2-naphthyl]oxalate not recrystallized but washrd

with ho* chlorobenzene then
with wethylene chloride
bis[2,2,2-trifluoroethyl]oxaiate distilled 44-45°C/1.8mm. Hg

a All solvents used were reagent grade.

—— o e YT VI v T g i

[T S—— WP 5 ¢ o A o "+"“M"“~"




~36-

SECTION II

OAALIC AMIDES

The substantial chemiluminescence observed from electro-
negatively-substituted oxalic esters in reactions with hydrogen peroxile
and fluorescent compounds has encouraged us to examine selected oxamides
and oxamic acids for chemiluminescence. Although in general, amides are
less hydrolytically active than esters,llit seemed pessible that active
amides,12 in particular amides electronegatively substituted on nitrogen,
would show sufficient hydrolytic activity to accommcdate the general peroxy-
oxalate chemiluminescence mechanism. Oxamic acids, moreover, might offer
& direct route to monoperoxyoxalic acid by reaction with hydrogen peroxide

and thus provide increased efficiency.
0 off
RoNCCOH —————> H OH + RoNH

Oxamic acids might also be suitable for use in an aqueous chemiluminescence
system.

Preliminary experiments have been carried out with the compounds
in Table I. As indicated in the table, chemiluminescence was observed from
compounds IV through VII. The results with compounds III, VI, and VII, however,
are only tentative since these materials have not yet been entirely character-
ized. It appears from these preliminary results that chemiluminescenrne can
be obtained from oxamides derived from relatively acidic amine. and imides,

Lut not from oxamides prepared from less acidic amines such ac diphenylamine.

Base catalysis is evidently required; chemiluminescence was not observed

under neutral or acidic conditions.
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TABLE I
Structure _Tests Chemj luminescence
(CgHs]oNCOCOH A and B None
((CeHs 2NC0]2 A and B None
SO3H
[%N@'Nﬂcolz c None
,NOQ
[02N-®-NHCO]2 c Weak - 30 sec.
[CeH5S021C0] o A Weak - 2 hrs.
CgHs B None
(o5 g
\ D Weak - U5 sec.
2
- 15 sec.

=
( DN-COJ D Weak
NS 2

[C6H5)2-RCOCOCoHs A and B None

a The tests were carried out as follows:

A.

B.

Approximately 3-5 mg. of the amide was added to 5 ml. of anhydrous dimethyl-
phthalate containing 1 mg. of 9,10-diphenylanthracene [DPA], 0.2 ml. of 50%
potassium hydroxide and 0.2 ml. of 90% hydrogen percxide.

Approximately 3-5 mg. of the amide was added to a solution of 1 mg. DPA,

0.2 ml. of 90% hydrogen peroxide and 0.2 ml. of trifluoroacetic acid in 5 ml.
of anhydrous 1,2-dimethoxyethane.

Approximately 3-5 mg. of the amide was added to a solution of 1 mg. of DPA, 0.2
ml. of 904 hydrogen peroxide and 0.2 ml. of 50% potassium hydroxide in 5 ml.

of anhydrous 1,2-dimethoxyethane.

Same as Test 3, except no base is used.
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By far the most efficient amide investigated was the oxalyl
bissulfonamide V. Chemiluminescence intensities and lifetimes derived from
V were investigated under a variety of conditions. The results are summarized
in Table II.

As indicated in Table II, tke best results in terms of intensity
and lifetime were obtained with sodium carbonate in polar solvents. In future
quantitative light measurements, the quantum yield of V will be determined

nnder several sets of conditions.
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TABLE II
Experiment
Number Test? Solvent Chemi luminescence
1 A Tetrahydrofuran None
2 A Dimethylsulfoxide None
3 A Ethanol None
4 A Acetonitrile Weak - 4 minutes?P
5 A 1,2=-Dimethoxyethane lione
6 B 1,2-Dimethoxyethane Medium ~ 9 minutes
7 C 1,2=-DimethoxyetlLane Medium - 95 minutes,
then weak for 5 1/2 hrs.

8 D 1,2-Dimethoxyethane None within 45 minutes®
9 D 1,2-Dimethoxyethane and water [k:1] None€
10 D 1,2-Dimethoxyethane and None

Dimethylphthalate [1:9]
11 B 1,2-Dimethoxyethane and Weak?

Dimethylphthalate [1:9]
12 c 1,2-Dimethoxyethane and Noned

Dimethylphthalate [1:9]
13 A Dimethylformamide None
14 B DimethyLformamide Weak - 3 minutes
15 C Dimethylformamide Medium - 25 minutes,

then weak for 5 1/2 hrs.

16 D Dimethylformamide None®
17 D Dimethylformamide and water [l:1] None®

o

[-¥

The tests were curried out as follows:

A.

B.
c.
D.

The reaction occurred in a heterogeneous medium.

Appror.imately 3-5 mg. of V wes added to 1 mg. of “luorescein, 0.2 m’.. of
90% hydrogen peroxide and 0.2 ml. of 50% potassium hydroxide ir 5 m .. of
solvent.,
The same as A, except 0.2 ml. of 5% potassium hydroxide was used.
The same as A, except 0.2 ml. of 10% sodium carbonate was used.

The same as A, except no base was used.

Light of medium intensity was observed for 15-30 minutes when 0.2 ml. of 10%

sodium carbonate was added.

Dilution with 10 ml. of 1,2-dimethoxyethane gave a weak light.

Lifetime of light of weaker intensity was 2-4 hours.

Addition of 0.2 ml. of 10% modium carbonate produced light of medium intensity
for 2 minutes.
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EXPERIMENTAL

Diphenyloxamic acid [I]. - Oxalyl chloride [5.19 g., 40 mmoles]
was added portionwise to 3.38 g. [20 mmoles] of dipnenylamine at 5°C, and
an exothermic reaction took place. The slurry was stirred at room temperature
for one hour, then poured into 100 ml. of water. The solid formed was dissolved
in 50% ethyl ether-benzene and the solution was washed with water. Evaporation
of the aqueous phase and recrystallization of the resulting solid from benzene
gave 3.54 g. [79%] of colorless prisms, m.p. 145-147.5° [1it.13,m.p. 146°].

Tetraphenyloxamide [IX] and Ethyl diphenyloxsmate [VIII]. -
Oxalyl chloride [5.1 g., 40 mmoles| was added portionwise to 1.69 g. [10 mmole]
of diphenylamine and an exothermic reaction took place. Within 5-10 minutes
the temperature of the mixture had dropped to 30° and the mixture was then
refluxed for 15 minutes. The solution was cooled and poured over 100 g. of
ice. An oil formed and was triturated with ethanol to provide a solid, which
was recrystallized £§om absolute ethanol. The yield of tetraphenyloxamide,
m.p. 167-170° [1it. 7sm.p. 169°] was 140 mg. Evaporation of the mother liquors
afforded 1.68 g. of ethyl diphenyloxamate, . .p. 85-86.5° [lit.l ,m.p. 86-87°].

bis-N,N'-Benzmnesulfonyloxanalide [V]. - The oxanalide was
prepared fram benzenesulfonanilide and igalyl chloride according to the
procedure described by Mustafa and Ali.

2,2'-{oxalyldimino]bis[5-nitrobenzenesulfonic] acid [IIX]. -
To a mixture of 18.6 g. io.l mole) of L-nitroaniline-2-sulfonic acid, 75 ml.
of pyridine and 75 ml. of benzene was slowly added 12.6 g. [0.1l mole] of
oxalyl chlcride. A solid product was obtained having an infrared spectrum

different from the starting aniline. The product decamposed when an attempt
was made to recrystallize it from pyridine.

2,2',l4,4'-Tetranitrooxanilide [IV]. - Oxalyl chloride [20 ml.,
0.23 mole] was added dropwise to 100 ml. of dimethyl formamide [DMF] &t 25°
to form a ten slurry. A solution of 18.3 g. [0.l mole] of 2,4-dinitro-
aniline in 50 ml. of DMF was added over 30 minutes to the slurry at room
temperature. After stirring for three hours the reaction mixture was poured
into 400 ml. of ice-water mixture. The solution was filtered to obtain 18.7 g.
of yellow crystals. After recrystallization from ether tae product, m.p.
dec. at 135° and 168° melting 171-174°; infrared, 2.90 [W], 3.0 [S] and
5.86 u [VS]. Anal.: Calcd for CyHgNgO;jo: C, 40.00; H, 1.92; N, 20.00.
Found: C, 39.70; H, 2.40; N, 19.G4,
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Bis[4-nitrophthalyl]oxamide [VI]. - To a mixture of 15 mi.
(0.11 mole; of triethylamine, 19.2 g. [0.1l mole] of L-nitrophthalimide and
100 ml. of benzene was added dropwise over 10 minutes 6.35 g. [0.05 mole]
of oxalyl chloride. The reaction mixture was filtered and the collected
solids were washed several times with water. A small portion of the solid
was recrystallized from ethyl acetate benzene. A product was obtained having
an infrared spectrum in agreement with that expected for the desired amide.
The material gave a positive chemiluminescent test when 5 mg. was added to
a mixtwe of 5 ml. of 1,2-dimethoxyethane, 0.2 ml. of 90% hydrogen peroxide
and 3-5 mg. DPA. An attempt to recrystallize a large amount of the product
from pyridine gave only a negligible amount of triethylamine hydrochloride.

di-1-Tmidazolylglyoxal [VII]. - To a suspension of 13.6 g.
(0.2 mole] of imiduzole in 100 ml. of benzene was added 6.35 g. [0.05 mole]
of oxalyl chloride. The liquid portion of the reaction mixture was decanted,
leaving & large amount of gummy yellow solid. This gum was extracted with
1l,2-dimethoxyethane. The solvent was removed on the rotary evaporator,
leaving a heterogeneous yellow salt-like solid, which became colorless on
standing. The infrared spectrum of the colorless material was different
fram that of the yellow solid. Due to the instability of the yellow solid
characterization could nct be completed, although the infrared spectrum
appears to be in agreement with that expected for the desired product. The
product produces a bright brief flash of light wher added to amixture of
5 ml. of 1,2-dimethoxyethane, 0.2 ml. of hydrogen peroxide and 3-5 mg. o
DPA. :
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SECTION IIT

Chemiuminescent Autooxidation

Two approaches toward the development of efficient chemi-
luminescent autooxidation reactions are being examined. The first requires
a rapid reaction of oxygen with glyoxalic acid or a dialkoxyacetic acid to

give monoperoxyoxalic acid.9
oggﬂ ogg fluorescer
H + 0p ——>»  HOCCOOH -

H20 + 2C02 + fluorescer*

The second approach requires the rapid formaticn of a hydroperoxide in the
presence of a chemiluminescent oxalate and a fluorescer.

Attempts to provide chemiluminescence by autooxidizing
glyoxalic acid or dimethoxyacetic acid have given poor results. The
results of a series of qualitetive tests for chemiluminescence are summearized
in Table I. Chemiluminescence was not observed under conditiocns which
have been shown to be active for related autooxidations.

The rate at which glyoxylic acid and its dimethyl acetal
are autooxidized under such conditions were determined by measuring the
rate of oxygen uptake in a Wiberg apparatus}6 The results summarized in
Table II show that autooxidation is too slow for reasonable light intensities
to be possible.

The second approach is illustrated by the equations below.
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Rgﬂ +0p —> RgOOH

,

Rcoornx@@x — Rg“u'x

boofllx + r0 —  abooltln

@eog@ fluorescer g
R OH - RCOH + 2C02 + fluorescer®

Since chemiluminescence is obtained under appropriate conditions from

iret2tions of perisxyacids and other hydroperoxides with chemiluminescent
oxalate derivutives, the formatior of peroxides in such systems might be
expected to provide chemiluminescence.

This approach has been investigated in a preliminary way
by autooxidizing seversli aldehydes, phenylhydrazones and a sulfinic acid
in the presence of DNPO and a fluorescer, and observing the systems for
chemiluminescence. The qualitative results, summarized in Table III,
"adicste that weak chemiluminescence can be obtained from benzaldehyde,
and two hydrazones under conditions where auoctoxidation is known to produce
hydropercxides. The weak light irptensities, howeve:i', indicate that

substantirlly better conditions must be found.
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TABLF I

Tests for Chemiluminescence from Glyoxylic Acid and Dimethoxy
Lcetic Acid

Rea.ctg:._

ol
woll
ol
ol
voll

bl
[CﬂsO]zCH@OCHa

[Cﬂeolﬂﬂ@wﬁa
[CHSOJzCﬂ&m
(o501 crilon

[Moles/1 x 102] Solvent Additive Result
1.84 MSO* KOBu® ob
2.0 HMPAC KOBu® od
[6.0 x 10~2M]
2.0 ZL0Ac® cott (oL}
[8.0 x 104M)
8.0 Hz0 co*t oP

(8.0 x 10%:]

20 HOAc co*t o®
(4 x 10~3M]

8.0 tBuOH o®

70 EtOAc Cot++ o8
(5.0 » 10~8]

24 HMPA KOBut 0
(7.2 x 10~1M]

8.0 HMPA KOBut o?

20 HOAc cot* o®
(b x 10=3u)

HMPA is he
5.0 x ]q_gt

Islaloiole

EtOAc is eth

DMSO is wthylsulfoxide
5.0 x 1 M rubrene was present ax fluorescer.

anethylphosphoramide
M disodium fluorescein was present as flucrescer
hyl acetate.
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TABLE III
DNPO = 5 x 1073 M DPA = 10-3 M
Aldehyde Conc. [mole/1] Solvent Catalyst® Result
p@u 10-2 EtOAc co** Weak
pgﬂ 10-2 PH cott Weak
C1 @-gﬂ 12 EtOAc co*t None
1072 fH Cott None
CHa0{ O >-@H 10~2 EtOAc cot* None
1072 pH Cot++ Fone
[%]2“-@-83 1072 EtOAc cott None
10-2 P Cott None
?
HO @ 10-2 EtOAc Cott None
102 fH Co*+ None

O
0] -@H 1072 EtOAc co** None
10-2 fH Co*+

None

@:ﬂ«-ﬁn 1072 pH -- None®
5 x 10-3 fH -- We

5 x 10-3 fH -- Weak

5 x 10~3 fH - Weak®

pgan-g-p 10-2 pH -- Weak

1072 £ .- None®

HsC@SOzH 1072 EtOAc -- None

No DNPD present
0.5 g. naphthaldehyde present
0.5 g+ anisaldehyde present

inoie
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SECTION III

Experimental

Sodium Salt of Glyoxylic Acid Dimethyl Acetal [Sodium Dimethoxy
Acetate]. - Dichloro acetic acid [130.0 g., 1.0l mole] was added to 3.0
moles of sodium methoxide [freshly prepared from 69 g. [3.0 g.-atoms] of
sodium metal and 620 ml. of anhydrous methanol] at a rate which maintained
gentle reflux [50 min.] The reaction mixture was refluxed for 20 hours,
cooled to 0-5°C, and neutralized with CO> gas. Evaporation of the clea
filtrate cbtained by removal of the solids left a sticky mass which was
boiled witk 30C ml. of 1l:1 hexane-trichloroethylene for 1 hour to give
116 g. [82%]) of a white solid which had an IR spectrum in agreement with
the assigned structure.

A 3.0 g. sample was crystallized from a mixture of 35 ml.
uf tertiary butanol and 15 ml. of methanol to obtain an analytical sample
x.p. ) 250°C. _

Calculated for CyH,OLNa: C, 33.81; H, 4.97; Na 16.18.
Found: C, 31.71; H, 4.99; Na, 16.31.

An RMR spectrum of the compound was taken in D>0 and showed
-CH at 4.60 O and -OCHas &t 3.33 O°. The proton ratio CH/CHs was 1/6, in
agreement with the assigned structucre.

Cyclohexanone phenyl hydrazone and benzaldehyde phenyl hydra-
zone were prepared by literature procedures 17 The sodium salt of glyoxylic
acid dimethyl acetal is reported above, All other materials were from
commerical sources and were purified by crystallization or distillation prior
to use.

Autooxidation rates were determined by the Warburg “echnique. 16
The rate of oxygen uptake in a constant volume apparatus at 29.2°C was followed
by the change in pressure with time. Chemiluminescence experiments were
conducted in an oxygen filled 500 ml. glass stoppered erlemmeyer flask in
the dark, the flask being shaken vigorously for 3-5 minutes to insure
maximm oxygen absorption.
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