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SUMMARY

Progress in determing mechanlsms of processes fundamental
to chemiluminescence is reported with particular reference to (1) studies
of oxelyl peroxide chemilumineacence (2) studies of new, potentially
ugeful, chemiluminescent reactions related to oxalyl peroxide decom-
positions, and (3) synthesis and exploratory studies of new potentially
chemiluminescent systems.

Reaction _rs:hesr and quantum yields were determined as a
funetion of reactant concentrations for the oxalyl chloride; hydrogen
peroxide, fluorescer chemiluminescent reaction with the three fluorescers
9,10~diphenylanthracene (DFA), perylene, and rubrene. Qumtm_y;elds
inereased with ircreaaing fluorescer conc_:entra:tion- and with inereasing hydrogen
peroxide concentrations. The relative é“oilities of the 'fluorescera to
accept excltation energy in the reaction inereases in the order DPA &
perylene { xubrene, Experiments bearing on the effect of water on the
reaction show that the reaction rate and quantum yleld increase
stantially as the water concentration ineredses up to a limiting value,
Added ethanol also increases the rate but decreases the quantum yield,

The mechanistic significance of these resulis 1s discussed.

A nev chemiluminescent reaction was found in the decom-
position of 9-hydroxy-9-carboperoxy-10-methylecriden, prepared in situ
from 9-chlorocarbonyl-10-methylacridinium chloride and hydrogen peroxide.

A quantum yield of about 1% has been obtained.
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Other new chemiluminescent reactions are reported including
reactions of mixed oxalic anhydrides with hydrogen peroxide, the reaction
of oxalyl chloride with oxalic acid dihydrate, and the reactiona of alkaline
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hydrogen peroxide with trichloroacetyl chloride and with tetracyancethylene,
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.chemiluminescent emission. Moderately bright emisaien, however, is

INTRODUCTION

Emission of light in chemiluminescence as in fluorescence

results from the transition of an electron from an energetic antibonding
orbital in an excited molecule to a stable bonding or ron-bonding orbital
(generally the former) corresponding to the ground state molecule. Thus

a chemlluminescent process must accomodate the formation of excited
luminescence sre immediately apparent: (1) the reaction must liberate an
amount of chemical energy at least equivalent to the energy difference
between a product molecule and its excited atate (hlrto T2 KCAL/mole for
emission of visible light) and (2) the product either must be {lucrescent |
1taelf or be cgpable of tranaferring i1ts excitatlon energy te a.fluorescent
eompound prgsent in the system. Many, if not most; reactions meeting

these requirements do, in faet, generate a low level, barely discernihle

limited to a very few reaction systems. Clearly a third requirement

exists that an efficient mechanistic pathvay must be avallable for the
converaion of chemlcal energy to electronie exeitatioh energy, It is

also clear that this third requirement ls rarely met.

DY N T TN - AT

Determination of this crucial mechanism for generating exclted

molecules is the primary goal of chemiluminescence research. Once this

mechanism is understood, new chemlluminescent systems can be designed

having the efficiency and other characteristics necessary for practical
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lighting. Two approaches are being taken to achieve an understanding of
the chemical chemiluminescence mechanism. The first approach (Section I)
involves direct mechanism studies of several known chemiluminescent
reactions. The second approach (Section II) involves exploratory studies
of new, potentially chemiluminescent reactions designed to test working
hypotheses regarding the chemiluminescence mgchanism and to provide
structural criteria for chemiluminescent compounds.

To avold excessive repetition, the objectives of a
particular study are described in detall only in the report where the
study is begun. The progreas of a speaific investigation can be followed
conveniently over periods longer than a single quarter by retg:iing tq

the Tables of COntantul’2'3'h’5’6,.
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SECTION I
REACTION MECHANISMS IN CHEMILUMINESCENCE

Oxalyl Peroxide Chemiluminescence

Oxalyl peroxide chemiluminescence is illuatrated by the
reaction of oxalyl chloride with hydrogen peroxide in-an organic solvent
containing a fluorescent compoundl"?' 3,4, 5’6’7.

0 anthracene . g

CL-0-C-C1l 4 Hp0p =—ee—ee—p CO + COp + HCL + (1-C-Cl

The reaction is of subatantial interest because of the
implied energy tranefer process whereby chemical enargy ;‘eleaaed by the
decomposition of peroxidic intermedlates appears as singlet excitation
energy in the fluorescent compound. Moreover, the simplicity of the
starting materials and products offers opportunity for detailed
mechanistic investigation in spite of the now evident complexity of
the reaction.

An adequate description of the over-all mechanism requires
answering fundamental questionas dealing with: (1) the chemical mechaniam
ot“the process involving oxalyl chloride which legda to generation of
electronic excitation energy, and (2) the mechanism of the process by
which the energy appeers as the singlet excited state of the fluorescent

acceptor. Qur program is currently investigating both of these areas.

aemdiiibigd it i e




1. Effects of Reactant Concentrations on Reaction Rates and Quantum
Yields,

In previous reportss’é quantum yields and reaction rates
have been reported for a number of oxalyl chloride, hydrogen peroxide,
9,10-diphenylanthracene (DFA) experiments, where the concentrations of
reactants were varied over substantial ranges. The conclusione from
this study were summarized in the last reporté, where we also reported
difficulty in reproducing the absolute magnitude of the quantum yileld
and rste values., The major source of this difficulty now appears to be

the purity of the ether used as solvent for the study. We find that

adequate reproducibility can be achleved, however, by using reagent-grade

ether, further purified by passage through a neutral alumine columns

A new get of quantum yleld and rate data has been obtained

for & series of chemiluminescent reactions with DPA. The results are
summarized in Table I, and agree well with the rosu;.ts reported for
the first experimental aets.

Quantun yleld and resction rate data have also been
determined for chemlluminescence experiments with the fluoreacers
perylene and rubrene at various fluorescer and hydrogen peroxide
concentrations. The results are summerized in Tebles II and III. The
quantum yleld results are qualitatively the same With these fluorescers
as for experiments with DPA. Thue the quantum yield increases with
increasing fluorescer concentration and with incressing hydrogen

peroxide concentration.
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Plots of quantum yield versus fluorescer or hydrogen peroxide
concentrations are not linear but (as required on mathematicel grounds)
show that in esch case a limiting quantum yleld is approached at the
higher concentrations. Alternatively, as was reported earlier for DPAs,
Plots of the reciproeal of the quantum yleld versus the reciprocal of the
fluorescer concentration are linear (Figures 1 and 2). As in experiments
with DPAs, the slopes of the lines d&cisass hydrogen peroxide
concentration. i

The relative abllities of the three fluorescers to accept
axcltation energy in the reaction are shown graphically in Figure 3. It
is seen qualitatively that rubreneris substantislly better able than pery-
lene to accept excitation energy and that perylene {s a more efficient
acceptor than DPA. This efficiency order is the same as the order of
decreasing singlet excited state energy levels for the three fluorescers
suggesting a possible correlation. The efficlency order is the reverse
of the order of the fluorescent yielda.

Attempts to determine the linearity of plots of the
f;ciprocal of the quantum yield agalngt the reciprocal of the hydrogen
peroxide concentration are complicated by the decreass in hydrogen
peroxide concentration during a reaction. At low ratios of hydrogen
peroxide to oxalyl chloride an apprecisble fraction of the hydrogen
peroxide is consumed during the reaction so that the over-all quantum
yield is not precisely related to the initial hydrogen peroxide concen-

tration. This effect is illustrated by the right hand cwve of Figure L,
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where it is seen as espected that the greatest deviation from linearity
occurs at the lowest hydrogen peroxide concentration. Results reported
in the following section, as well as results reported ea.rl:l.ers, indicate,
however, that one equivalent of hydrogen peroxide is consumed rapidly
in a reaction with oxalyl chloride which la essentially complete before
the 1ight emission procesas. If this 1s correct, the relevant hydrogen
peroxide concentration for quantum yield correlation should be that
concentration remaining following the rapid l:l reactlion. The center
line in Figure 4 shows the result of making this correction. Also shown
for purposes of comparison is a plot showing & marked deviation from
linearity, ﬁhich was obtalned assuming a rapid 2:1 lyarogen peroxide-

oxalyl chloride reaction,. Plots corrected for a rapid 1l:1 reaction

' are shown for various fluorescer concentrations of the three fluorescers

studied in Figures 5, 6, and 7.
The relationship of quantum yleld to fluorescer and
hydrogen peroxide concentrations shown in the Figures is that expected

for a two-fold branched competitive process. The data is currently

being analyzed by computer to permit its comparison with several possible

mechanistic models.
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FIGURE 1
RELATIONSHIP BETWEEN QUANTUM YIELD AND PERYLENE CONCENTRATION
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FIGURE 2
RELATIONSHIP BETWEEN QUANTUM YIELD AND RUBRENE CONCENTRATION
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FIGURE 3
RELAT!ONSHIP BETWEEN QUANTUM YIELDS AND YARIOUS FLUDRESCERS
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FIGURE 4

RECTING INITIAL HYDROGEN PEROXIDE CONCENTRATION
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RELATIONSHIP BETWEEN QUANTUM YIELD AND H20; CONCENTRATION FOR DPA REACTIONS
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FIGURE 6
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FIGURE 7

RELATIONSHIP BETWEEN QUANTUM YIELD AND H,0, CONCENTRATION FOR
RUBRENE EXPERIMENTS
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The Effect of Water on the Reaction Rates and Quantum Yielda.

The effect of water on the chemiluminescent reaction is
shown in Table IV. As seen in the Table small concentrations of water
have relatively little effect on the rate or quantum yleld. At higher
concentrations, however, the rate increases almost linearly with the
vater concentration, and the quantum yield increases to a maximum value

el mambimes amanmmadeamdd maa aa A b] r] &= A 4 b -d .
i & waler concentration usar C.033 melar wndsr the ccn i1tions gtvdied,

High water concentrations present at the start of the
reaction might be expected to decrease the quantum yleld by a direct
non-chemiluminescent reaction between water and oxalyl chloride.a

Gl-g-g-Cl + HoQ ~eereepp 01-8-8-03'-£ngb HCL + CO + COg

*
HC1

This effect evidently beging to appear at the highest water concentration

investigated where the guantum yield begins to decresse. At intermediate

wvater concentrations, however, the increase in quantum yield indicates

that water is poorly able to compete with hydrogen peroxide for oxalyl

chloride and that most of the oxalyl chloride reacts to form chloroperoxy-
oxalic acid.

(1) Cl-g-g-Cl + HpOp —mm—p Cl-g-g-OOH + HCl

This conclusion 1s consistent with the greater nucleophilic reactivity

of hydrogen peroxide relative to water?,
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TABLE IV

The Effect of Water on the Reaction Rate and Chemiluminescence Quantum Yiold'
for the Oxalyl Chloride-Rydrogen Peroxide~Fluorescer Reaction in Bther

Solutiong®
(et "' Rate Constant Rt Yield
- 2.k x 1072 3.09 x 107
0.1267 2.30 " 291 "
0.333 2ub7 M 3.6 0"
1.67 3.82 " 5.08 "
2.5 5. " 5.3 "
3433 6.02 " 63 "
5.0 11.10 " 6.09 "

& Reactant concentrations: §,l0-diphenylanthracene = 0.75 x lo‘h M;
[Hg021 = 0482 x 1071 M; [OxClz] = 2.35 x 1073 M.

b Hy0 added and mixed with reactants prior to OxClp injection.
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The alternative possibility that chlorooxalile acid is formed
from the reaction of oxalyl chloride with water and that it can react
with hydrogen peroxide in a atep leading to chemiluminescence is improbable
under the conditions investigated. Jince the reaction of water with chloro-
oxalic acld is unable to compete with the unimolecular decomposition of
chlorooxalic aeida, hydrogen peroxide could trap chlorooxalic acid only
it v is s
reactivity of hydrogen peroxide is almost certainly resl under the conditions
studied, its acceptance leads to the same conclusion that water is also
unable to compete with hydrogen péroxide in the first step and that chloro-
oxelic acid is not formed at low water concentrations,

8inee reaction of water with oxalyl chloride would necessarily
deorease the quantum yleld, the actlon of water must occur at & later reaction
step. Moreover, this later step would appear to be & rate determining
proceas &8s indlicated by the increase in reaction rate with increasing water
concentration., Thus, reaction (1) is apparently not rate-determining and ie
subgtantially faster than the over-all reaction rate, a coneclusion con-
sistent with earlier reaultss. Confirmatory experiments are being
carried out.

The effect of added water must also be reconciled with the
observation that substantial light intensities are produced in the absence

of added water. This latter result, however, does not necessarily indicate

an alternative chemiluminescent pathway operating exclusive of water.
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Low but finite water concentrations are probably present in any case in

the hydrogen peroxide solutions. Moreaver, water is & poasible product

SRFBRRIL s Vs na, L L

of the oxalyl chloride-hydrogen peroxide reaction. Indeed the effect of

P
R

added water on reaction rate and quantum yleld is of the same character
as the effect of added hydrogen peroxide. The poesibility that increasing

R I U

hydrogen peroxide acts to incremse the quantum yield by increasing the

steady state concentration of water is heing investigated.

The effect of added water at various times after the
start of a chemiluminescent reaction is shown in Table V. It 18 seen
that under the conditions studied the ability of woter to increasge
intensity, rate end quantum yield im independent of the time of water

s o L e e e D e it

addition. This result indicates that the concentration of the key
chemiluminescent intermediate decreases with time at the same rate as

the intensity decays, and that the inteneity is directly proportional

i b R B o oy

to its concentration. A typical intensity decay plot showing the effect

of added weter ia shown in Figure 8.
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FIGURE 8

TYPICAL DECAY CURYE SHOWING THE EFFECT OF WATER ON
THE CHEMILUMINESCENCE OF THE '"Ox Clz - H20; — FLOURESCER"REACTION
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The Effect of Ethyl Alcohol on the Reaction Rate and Quantum Yield

The effect of added ethyl alechol on the chemiluminescent

P T S

reaction is shown in Tables VI and VII, It is seen that ethyl alcohol

ETA

increases the reaction rate but decreases the quantum yleld. The result

indicatee that aleohol reacts analogously with water with a key inter-

B TSP R T Y S

mediate in the chemiluminescent reaction to produce a non-chemlluminescent
product, The result is consistent with our earlier obaervation3 that ethyl

peroxyoxalate does not undergo chemiluminescent reaction under the conditions

studied. é
Effect of Free Radical Inhibitors and Orgenoperoxides ;
The effect of added tetralin hydroperoxide on the chemi- i

luminescent reaction is shown in Table VIIL. Even at concentratione %
equivalent to the hydrogen peroxide concentration no effect 1s detectabla. %
E

Tetrallin hydroperoxids and oxalyl chloride glve very little chemiluminescence

o LA

under these conditions in the absence of hydrogen peroxide.

The effect of the free radical inhibitor 2,6-di-t-butyl-

L.methylpheno) on the chemiluminescent reaction is also indicated in
Table VIII. There is no observable effect on the reaction rate, but

the quantum yield is drastically reduced. The decrease in quantum yileld
far exceeds the dec¢rease in quantum yleld produced by ethyl alcohol under
comparable conditions. This comparizson, as well as the absence of a rate
effect, substantially eliminates the possibility that the phenol reduces
the quantum yield by competing with water or hydrogen peroxide in an ionic

process. The phenolic inhibitor was found to have little effect on the



fluorescence quantum yleld of DPA at the concentrations used showing that
the reduction in chemiluminescence quantum yield did not result from
fluorescence quenching. The absence of a rate effect indicates that the
bulk of the reaction is not a free radical chain process. The decrease
in quantum yield, however, suggests that the small fraction of the total
reaction (0.5% with rubrene under the conditions studied) that generates
light may be & free radical chain process, Additionsl experiments l.re '
planned.
Correction

In Technical Report No. €5 on pages 8 and 9, the legend
along the left sides of the graphs should be corrected to resd:
1/Q.¥. (x 1074,

At e

Sl e fan o N Ll

e

DO



-27-

B T A £ L

*HOTIBIMISIUCD 3PLIOTYD TATaY0 Uc passg q

"W O X SE°2 = [FT0%0] i 0T x gg°0 = [%7H] W 0T x &l°0 = [vaa] :-suorjeizuedU0) Jrejdesy e

#-0T ¥ 09°T 2-0T X gE°€ UOTFIWSL JO 3IV3S 3I033G
4-0T ¥ 68°T 2-0T X %0°€ UOT3IVAL JO 3IWIS 310F73q
UL ot 2-0T X 1g°2 UOTIOWAL JO IeIS II0FIq
4-0T X €T°¢ 2-0T X e -
qPT3TX WeISUC) 318y PSPPY S8 TOUOOTY
20U20SaU TN TREGY JSDIQ ISITL OPRIsd = TAIH 9OTM 3% Bupy

W 50T X L9°9
W ,_0T X 0°S
W 5.0T x £°¢

UOTIBRIFABIUCD
ToyosTY TAYM

gUOTINTOS Iaq3d UT UHNTIOB3AY JODSAIOHLS ~ ISPIXOXad udBoxpl - SPIIOTUd TATe*0 243 J037

PISTL INRUEN} SIUDGIUTMTIIGY) DUB 338y UOTINE3Y 31 TO TOYOITY TAIF JO 303IJd Ayl

IA FTTGVL



-26-

*AIB3SUOD IFBL IIPIO ISITY ocpnasd = o™ F
*{10933° O%H I0F] UOT3OSE [ejusurriadxe q3 UT TIPISP NT P3QTIOSIDP 3T SUOTIVINOTED 3S3UL b
*GOTIBIIUIDUOD IPTIOTUD 14ATex0 uc paseg q
W o CT X GE°2 = (*ox0] W oT x 280 = {%0%H] W §-OT % Gl°0 = Vi@ :SUOTIBIIUAOUO) IUBIOBIY ¥
Ot x Gl°g #-0T X a1t cL*o 99°C m.oﬂ x @ LOUx £i-e LS 2-0T ¥ S 9ld
0T x 62 ‘To._,. x o€t 251 He T 20T * 19°2 2-0T * #0°2 %2 20T X €€
0T x of*2 -- 2ree -- 20T X 18°2 -- ¢] 2-0T ¥ 139049
- 40T X grt -~ 22e - 2-0T X T1°2 -- o
_I338A TIIM J9388 INOTIIM UOTITOY  UOTITFRY TOTITPEV oTITPW T8 UCTIIWRY L I9IT] S3TGR
o q SFTRTR @mem) X299V axoyagd HEC3Z I91JY  HOIF 330zed 233¥8 *5235 TOYOITY
WOTITIPRY TOousqad JC TOTATPRY TOUODTY TAuR
swyy 7® LISUI3NT SATIBTH o (y_*998) i TAAE Jo 30T

gSUOTINTOS I3Y UT uoTeIL
Xa08a100Ti-2PTX0Iad UIBOoIPAE-SPEIOTID 1£Tex) 3q3 <03 ST enyuend 32U20S2aU THIMT TIRYD
pue 298y Lwoog 9Y1 TO {SIWLE QOTIVTIY SNOLIBA 3B oppe) TogodTV TAUId J© 199533 A4l

ITA TTAVS



I03TQEOT £-0T X g4°1 20T X te%e

- o x .
g-OT X §°¢ 50T X LLeg

&
' I03TATYRT €-0T x gl*c 20T X 125
-- £-OT * #70°¢ 20T ¥ 22
1018T1TUT ¢ 0T X g&-¢ 50T * 1g°1
(X0721373298) ~
- ¢ 0T X #i° m-o.ﬁ x )11
T TTSwTemag | GPURIK "quessuc)y 338y
2UIISIUTINT IIBYS IIpI0 ISITI OPrasg

*@OoTIVIQUDITCD ILLICTYS TATEYO

W, 0T X 6°2

“H__OT X 29°

<

R ¢

0T x* 9°C

We OT X ¢l*1 = [“10x0]

“H_ 0T X §g2 = [“1ox]

£

“H_OT 5€*z = {“1o%0]

Touaydyfiyjom

Sa_ rT X Yer

Wi Satde

‘N, 0T x G)°0
r-

EH 0T x oL*n

w ! ;..Hm w

= [<pept o
. ~ b

= | <oy )

Uo paswe PIST "ivomy 9

—+4-TA3na Lreia23ip-ge

Touaudy A3em

--TAInG Lre1p133In-0¢2 Jip 0T %

aprxcxadoaply ATTRIIOL

S 0T X

<

1, N a2
i, T ¥

SATITIETY JC
UOT5RIJUIDUOD

SATITRR?

SUGTINTOS I9G3d O UOT}0wSy I90Saron(3 - AplXcasg UamcIp/y

- 3pIIoTHs TATe 341 Uo SIOIRISTIIW PUB JIOLTQTUT TEXTPBH 331: B JC 12311 auyL

IIIA ST6VL

Fra S ST e

UGTABIN 10000

W._uT ¥ Lo
= {ounagrai]

0T ¥ Lo
‘= ,Mo:.uh:.::.._
¢ = Twyg)

¢ = {yagl

u

€+ = {vae}

Tel = fuicy

5 17]
J328820NT !



-30-

*g0T X 20°9 £q Ardyym Hn.HE.nu.uwm BUMENDE 31040 O

60T X Le=2 Lé=y 20T~ €50 gOtL * 06°1c 0°9T £-0T ¥ oy°2
o1-CT * 219 =T ¢ 0T X €T ¢-0T ¥ 07°01 £°ge g-0T * 0%°C
7-0T X on°T 2Ho*D n.oa x mw.m #-0T X 66°€ wolt ¢-0T ¥ o%°¢
27-01 * 87T %00°12 §-oT * €0 §-OT X LE®0 T°8Y £-0T x cx*e
£-0T X 20°2 €9* T 2-0T X OE"T g-0T X T°TT 69 g-0T X SE°2
oT-0T ¥ T2 9T2*) m.oa x 99°1 g o1 > -4 6°61 g-0T X GE 2
el go*2 gr0°*" ¢-0T ¥ 21°0 :IOH x ol y Llelt g-OT X gt*2
_0T % 13° T00°) 0T x LL°0 oT X gI°*0 €9t _0T X O°2
A 4 - £
m.Oﬂ X 90°1 Leigt 20T x 052l m.od ® g*ly &9 g-OT X 22°¢
a1-0T X 92°q 60y 2-CT X 19°% ¢-0T X 06°¢ 9°tt g-0T x 2t°2
o1-Ot * €8%0 lz°t 2-0T x Lé*o ¢-OT X gg°2 g 6n ¢-CT X g2°e
ar-CT ¥ £1°0 (51 Adh] 2-0T X 4T°0 g-OT X &°0 £ 6y g 0T x 2t-2
[_ T 59F sateisuri) SSewmoW 3 WO I - (W/susmr] PLoIL mnjaey Tesoag 23171 /seTcK
- wmﬂm TOTSSTM, Iof 23I9GWY] 3004 AJTSOUTIRY] SOUIDSIUTHLTTRIYS ut *oUD)
smamend TeI3TUL ssaugyitag TsF3ITuL 97TI-JTE8R 2PTISTUD TAT®0

0,62 18 Jdc.i3d U SUCTIME3Y IRISAAFT-IPTXOIDI aIBCIpA
-3pTIOTY) TATE™0 24TuuRsazday Joy BYBG SSIAGYILIG pre L3Tsoupm]

XI TaVE

20T X 91°2
2-0T * go*1
2-0T X 2°2

NuOA X T°1

70T x2

HuOﬁ T

mnoﬂ % <

S OT%T

1 Y T
dlnﬁ T°0
auathiag

0T X 00°0T
OT ¥ 00°¢

oT *

Q

neT

(48]
oy

1%
::0

auadBIyUET Audyd1n-01°%/

70T X TE 0T ¥ et

20T ¥ S (ol %1,

NIOH X c m:OH ¥ g

2CTXT o1 %ol

ERRE et

193 T1fs9Tel 19371 /RaT16:
*uU0) -O-Y *oun;

B ERTES S



-31-

SECTION I

EXPERTMENTAL

Quantum yield and rate determinations for oxalyl chloride-
hydrogen peroxide-fluorescer experiments were carried out as previously
deseribed? . Reactant solutions were prepared in reagent grade ether
which had been passed through & 2.0 cme x 33 cm. neutral alumina column.

New Technique for Handling Fast Reactions

It is necessary to thoroughly mix the reactants in any
chemilumlnescent system to produce homogeneous emission of light for
quentlitative measurement. We have until now mixed the aolutions prior
to placing them in the spectrometric apparatus, but this time consuming
process prevented the recording of the first 8 seconds of the reaction .
In very fast reactions this time cen amount to one half-life .or moré and
therefore the technique described below was developed for fast mixing of
the reactants and recording of their emission from the start of the reaction,
The ability to continue mixing throughout & run without interfering with
the recording of the data 1a also useful where gas evolution cccurs or
vhere precipitates form.

The cell dimensions are 3 cm. diameter by 1 om. thickness
and it was found possible to use a micro-magnetic stirrer in conjunction
with a stirrer-hot plate placed vertically behind the cell to get excellent
mixing. The magnet kept the stirrer away from the front surface of the
cell and thereby eliminated any interference to the measurements.

Experiments carried out by this technique have given
essentially ildenticel results to those obtalned by the earlier method.

Effect of Water on the Oxalyl Chloride, Rydrogen Peroxide and Fluorescer
Reaction in Ether Solutions

Two sets of reactions involving water were carried out:
(1) where known, varying quantities of water were added prior to the
addition of oxalyl chloride and (2) where a constant concentration of
vater wao added at varying times after tue start of the reaction.

The technique involved the use of the magnetic atirrer
described above to enable rapid mixing where the water was added during
the emission.
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). Appropriate aliquots of the stock solution of water
in ether were pipetted into the cuvette after the aliquots containing DPA
and HzOp had been added. After mixing, the cuvette was placed in position
and the magnetic stirrer started. Oxalyl chloride was injected and the
data recorded. Table IV summarizes the results.

2. DPA and HpOp solutions and ether were pipetted into the
cuvette, The magnetic stirrer was atarted and, with the recorder running,
oxalyl chloride was injected. After 20 seconds, an ethere. water solution
vwas injected and the decay curve was completed. This experiment was
repeated with identical concentrations with the water injection occurring
at varylng tlmes. The reswlts ars summarized iz Teble v,

The quantum yield measurements headed "without water" in
Table V were celculated in each sxperiment from the observed initial
intensity and the observed pseudo first order rate comstant obtained prior
to water injection,

The quantum yield values in Table V for water addition
vere calculated from the following equation:

rQ®
t t
Qv * k QOb Q

where ngga the calculated overall quantum yield in the presence of

vater, is the portion of the total quantum yleld observed following
the time of water addition but in the absence of water, QO° is the portion
of the total quantum yield observed following actual water addition, and
QY 18 the total quantum yleld in the absence of water, This formule
assumes that the quantum yield is directly proportional to the amount of
& key chemlluminescent intermediate present at any given time, The
constancy of the quantum yield values reported in Table V verifies this
asgumption.
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SECTION II

STRUCTURAL CRITERIA FOR CHEMILUMINESCENT COMPOUNDS

PART A

Relationship of Peroxides to Chemiluminescence

While chemiluminescence ia observed during oxidations of
a variety of apparently unrelated organic compounds, with the exception
of electron transfer luminescencel;’S appreclable gmission has been
observed principally from oxidations involving oxygen or hydrogen
peroxide. The action of oxygen or hydrogen peroxide in chemiluminescence
seems heut explained in terms of the formation of essential peroxidié
intermediates!. Preceding reports5 deseribed in detsall the evidence
leading to this conelusion. In an effort to establish detailed criteria
bearing on the relationship of peroxide structure to chemiluminescence
efficliency, atterpts have been made to synthesize severa) types of
peroxides predicted on the basis of supplementary hypothesee to exhibit

chemiluminescent decomposition.

1. Peroxides Based on the Aeridine System

Previous reportsh'5’6 have described efforts to prepare
9-carhoxy-10-methylacridinium chloride (I) and 9-chlorocarbonvl—10-
methylacridinium chloride (IIX), wanted as precursors to 9-carboxy-9-
hydroperoxy-10-methylacridan (II) and 9-carboperoxy-9-hydroxy~-10~methylscridan
(V)e Uhile the structures of peroxides IT and V differ substantially it was
considered 1ossible that both might generate chemiluminescence on deecompositinn

by o concerteld multiple bond cleavage mechenism.
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Preparation of I was described in the preceding reports. A satilsfactory
analysis has now beén obtained. Reaction of I with thionyi chloride has
now provided III in quantitative yield. We find that reaction of I with
alkaline hydrogen peroxide 1s not chemiluminescent, but that reaction

of II1 with aqueous hydrogen peroxide provides a moderately strong chemi-
luminescent emission. The chemistry of acridines I and ITII is now under

investigation. The currently available information is summarized below.



9-Carboxy-10-methylacridinium Chloride (I)

Acridinium salt I 1s readily soluble in water glving a
yellow solution. Addit':ion of dilute aqueous sodium hydroxide rapldly
(30 seconds) decolorizes the solution indicating the formation of the
pseudobase VI. Addition of aqueous hydrogen peroxide has no ilmmediate
effact, but after about 5 minutes, a yellow precipitate of 1l0-methyl-
acridone (VIIL) begins to appear. Altarnatively, addition of dilute
aqueous sodium hydroxide te an aqueous solution of I and hydrogen peroxide
results in the immediate separation of VIII. Even at a pH of 5.2, reamction
of I with hydrogen peroxide gives VIII quantitatively within a two hour
period. Reactions A, B, and D are evidently fast while reaction C is

relatively slow. Light emission from I was not observed in any of the

experimenta.
¢ P CHa
- W - .
T \Iﬁx c.  FAST = =
I A + 2508 ————— | |
P SN A \"\\‘,,”'d>. \4"
~OH HO ‘go‘
. c
I & ‘O%‘? SLW HsCa VI
>
g}ja CH3
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9-Chlorocarbonyl-10-methylacridinium Chloride (III)

Reaction of acridinium salt III with hydrogen peroxide in
water or aqueous 1,2-dimethoxyethane provides chemiluminescent emission.

The overall reaction is strongly pH dependent with the intemsity of

EA N

emission and the reaction reate increasing with increasing alkalinity.

PERE T

In solutlons of pH 1-2 the inteneity i1s weak, but lifetimes can exceed
one hour; in solutions of pH 3-4 the intensity is medium to strong with '
lifetimes on the order of 10 to 20 minutes. In neutral or alkaline
solutions the emisalon is seen as a bright flash. In very dilute,

acid solutions, quantum yields near 1% have been obtained, but other
preliminary results indicate that the efficiency decreasms as the con- _
centration of III increases. The results are consistent with the following :

processes,




Step A ls evidently slow aa indicated by & reaction of 0.16
molar ITI and 1.3 molar hydrogen peroxide in anhydrous 1,2-dimethoxyethane
where the rate of disappearance of III was followed by infra-red analysis
at 1780 and 1770 em. Y. About 20 minutes was required at room temperature
for the concentration of III to decrease by one-half. (The kinetics
were complicated by the a.ppear'ance of a slgnificant amount of water and by
a change of pH as the reaction proceeded. A good first order plot was
not obtained.) Step A, however, may proceed by an Snl mechaniem, as does
the hydrolysis of mesitoyl chloridelo, since added sodium chloride reduces
the rate (and chemiluminescence intensity) while added sodium sulfate
has little effectst™

Equ:lli‘brium B is indicated by the following observations:

(a) Water (or hydroxide ion) is reculred for appreciable
chemiluminescence. Moreover, solutions prepared from III and hydrogan
peroxide in tetrahydrofuran or 1,2-dimethoxyethane cen be stored up to
several hours before generation cf chemiluminescence by the addition of
water,

(b) fThe overell reaction rate and chemiluminescence
intensity is strongly pR dependent. A brightly glowing reaction at PH 3
in aquecus solutions can be essentlally extinguished by the addition of
dilute sulfuric acid. With the eddition of base, cheniluminesacence

reappears.
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(¢) Replacement of hydrogen peroxide with t-butylhydro-

peroxide does not interfere with chemiluminescent emission under alkaline

conditionse.

cence,

Thus ionizetion of peracid IV is not required for chemilumines-

Step C 1s indicated by the formation of 1l0-methylacridone

which has been obtained in 52% yield from the chemilumineacent reaction,

Attempts to prepars stable analogs of IV and V have thus far been unsuccessful.

Two attempts to prepare the t-butyl ester of IV gave only 10-methylecridone

(v1Iz),

An attempt to prepare the t~butyl ester of 9-carboperoxy-9-methoxy-

10-methylacridone by combining III with L-butyl hydroperoxide followed,

after 30 minutes, by reaction with sodium methoxide and methanol gave

Qecarbomethoxy«9-methoxy~-10-methylacridan in 55% yleld.
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In other chemiluminescence experiments it was found thet
a reasonably stable solid mixture of III and scdium perborate can be
prepared and that this can he used to generate chemiluminescence on
demand by addition to water. It was also found that a solution of III
and 9 molar hydrogen peroxide in dimethylphthalate whan combinad with
vater generated chemiluminescence at the interface, and that extended
lifetimes could be obtained depending on the degree of agitation.
Hydrolysia of III, like the reection with hydrogen peroxide,

-2

occurs only slowly in acidie solutions. A solution of 2.8 x 10™° molar

IIT in wator after standing one hour still generated strong emissicn on
treatment wilth hydrogen peroxide. After 90 minutes the enission was

weak, Moreover, hydrolysis does not proceed atraightforwardly to acid

I, but rather gives a mizture of I and l0-methylacridone (VIII) along with

carbon monoxide.
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Carbon monoxide has been obtained in 37% yleld along with a 57% yleld of
VIII. Since I is stable (as the pseudobase VI) in alkaline solution, the
formation of VIII and carbon monoxide from hydrolysis of III ia best
accounted for in terms of the intermediate pseudobase IX. Indeed, the
formation of VIII from hydrolysis of III supports the concept of pseudo-
base V ag an intermediate in the chemiluminescent reaction of JII with
agueocus peroxide.

The chemistry and chemiluminascent properties of III are

belng studled further.
2~gxano-2-gxdrogz-lo-metgxlacridan.'4 n tgg previous
report6 ve described isolation of a compound from reaction of 9-cyano-
10-methylaeridinium bisulfate with sodium hydroxide in ethanol, aﬁd,
pending analysis, tentatively described the product as the expected
hydroxy aeridan. Analyses of the materisl, now in hand, make this
aseignment highly dubious. The structure of the material must, for the

present, be considered unknown,
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SECTION IIA
EXPERIMENTAL

10-Methylacridinium-9-carboxylate

The preparation of this compound was reported previoualy6.

After drying the solid in vacuo for T2 hours at 100° in sn Abderhalden
piatol with KOH, an analysls was obtained for tne zwitterionic form of
the product.

ns Cal for

o \] . fal . . 2 AN
Ansl, alcd., £o clsnu:'ca- vy r My JeTVe

Found: C, 76.28; H, 4.79; N, 6.1k.

Reactions of 9-Carboxy-10-methylacridinium Chloride with Rydrogen Peroxide

The compound does not produce light when treated with
alkaline hydrogen peroxide. A yellow solution of 10 mg. of 9-carboxy-
10-methylacridinium chloride in 1 ml. of 30% hydrogen peroxide was treated
with 1 ml. of 5% scdium hydroxide. A yellow solid separated immediately,
followed by extensiva gas evolution. Water was added to facilitate cen-
trifuging the mixture, The solid was collected, washed with water, and
dried. An infrared spectrum identified the product as lO-methylacridone.

In a second experiment the yellow sclution of 10 mg. of
9-carboxy-10-methylacridinium chloride in 1 ml, of water was treated
with 1 ml. of 5% sodium hydroxide. After 10-20 seconds the solution
became colorless. When there was no precipitate after 10 minutes, 2 ml.
of 30% nydrogen peroxide were added to the solution. There was no
chemi lumineacence and no precipitate. After 5 minutes, & precipitate
began to form and gas evolution was observed.

In a third experiment, a solution of 0.27 g. (1 millimole)
of 9-carboxy-l10-methylacridinium chloride in 100 ml. of a pR 5.2 potassium
acid phthalate buffer containing ten vweight per cent hyirogen peroxide
was prepared. After standing 2 to 3 minutes a precipitate began to form.
The reaction was allowed to continue for two hours after which time the
precipitate was collected, dried and weighed to obtain: 0.19 g. (91%)
of 10-methyl-9-acridanone as identified by comparison of its IR apectrum
with that of an authentic sample.
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9-Chlorocarbonyl-l0-methylacridinium Chloride

In a 100 ml. flaek, 5.0 g. (0.,0183 mole) of 9-carboxy-10-
methylacridinium chloride was refluxed with 30 ml. of thionyl chloride
for a 6 hour period. The crude product was obtained by adding boiling
hexane to the refluxing solution until the solution becames cloudy. The
yellov product precipitated rapidly on cooling. This yellow solid vas
then dissolved in 30 ml. of boiling thionyl chloride and again boiling
hexane vaa added to the cloud point to precipitate the preduct. Infra-
red spectral ansalysis jipdicated that the product at this stage was
obtained as the 805C1\” salt. The compound wae therefore heated for
2l hours at 100°C in the Abderbalden drying pistol over KOH to yield
. the chloride salit.

Cbtained 5.3 g. (100% based on starting acid)
Anal., Calcd. for 015H11N0013 C, 61-66} E, 3;80}

N, 4.80i cC1, 2h.27. _
FO“nd:, c’ Gaolh’ K, 3.933

N, huéé; CI, 2’-&.03.

The infre-red spectrum after drylng was in agreement
with the assigned structure.

Chemiluminegcent Reactions of 9-Chlorccarbonyl-l0-methylacridinium

orlde

A. Effect of Water Dilution -~ A solution of 0.1 g. of
9-chlorocarbonyl-10-methylscridinium chioride (III) in 10 ml. of 30%
aqueous hydrogen peroxide emitted a weak green light. This solution
was then diluted, in the dark, with tap water until the emission vas
estimated to be at its maximum., The maximum emlssion ocourred after
3 liters of water had been sdded. Additional water decreased the
intensity. During this dilution the color of the emission changed
from green to blue, becoming a brilliant bluve at the maximum,

B. Reaction with 8olid Perhydrates - A mixture of
50 mg. of 9=-chlorocarbonyl-10-methylacridinium chloride (III) anmd 50 mg.
of sodium perborate (or sodium pyrophosphate peroxide) produced strong
light emission when added to 1 liter of water.

C. pH Effect - A Beckman pR meter was used to atudy
the course of the chemiluminescent reaction of 9-chlorocarbomyl-10-
methylecridinium chloride, 30% aqueous hydrogen peroxide and water
(tep and distilled)-
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1. The addition of about 0.05 g. of III to S ml. of 30%
hydrogen peroxide dropped the pH to 1.9. Distilled water (pH 6.6) was
added slowly to & maximum emiasion at pH 2.9. Excess water ralsed the
pH to 3.4 but decreased the intensity. The addition of pH 6.86 buffer
solution (prepared from Beckman Buffer #22331) brightened the emission

to a new maximum at pH 5.3,

2. On the addition of abhout 0.05 g. of III to 5 ml. of
30% peroxide (pH 2.5) the pH fell to 1.5, Tap water, pH 7.4, was added
until pH was 2.85. As the chemiluminescent reaction progresaed, the pH
dropped aradually, then steadied after 20 minutes at pH 2.45. Additional

walgsr brightonsd the amiasion to a mayimm at pH L., Exceas water

caused the light to fade at pH 5.1.
D. Effect of Acid on Reaction - A solution of about

0.05 g. of III in § ml, of 30F hydrogen peroxide was diluted with 25 ml.
0.1 N hydrochloric acid. There was no detectable light emiesion. The
addition of 25 ml. Q.1 N sodiwm hydroxide gave a rapld, intenss diffused

emission.

- A similar experiment using 0,001 N hydrnchboric acid
resulted in & wesk emission of light. A pH 4.0l buffer solution then
produced & steady bright emission. The addition of pH 6.86 buffer
solution gave & very bright, relatively brief light.

The chemiluminescent reaction was also quenched by the
addition of 6N sulfuric meid and revived with 50% sodium hydroxide.

E. Salt Effeat - Three simultaneous chemiluminescnnt

reactionu ware run by diluting & solution of 0.15 g. of 9-chloroearbonyl-
10-methylecridinium chloriden?III) in 3 m)l. of 30% hydrogen peroxide
with 500 ml. of pH k.0l buffer (prepared tfrom Beckman Buffer #LLoSk)
solution. One of the buffer solutions elsc contained 29.2 g. (0.5 mole)
of sodium chloride (ionic strength: 1 p); the second buffexr solution
contained 47.3 g. (0.33 mole) sodium sulfate (ionic atrength: 1 u);the
third solution contalned only the buffer. The reaction with buffer alone
vas the brightest and longest. The sodium suifate reastion was substan-
tially brighter and longer lived than the sodium chloride.

F. Other Reactions - A solution of III in 5 M hydrogen
peroxide-dimethylphthalate was allowed to stand for 30 minutes. Water
was then added and light was obgerved at the interface.

The addition of methancl or tetrahydrofuran quenches
the chemiluminescent reaction. Light emission recurs, however, when
water is added to the darkened reaction.
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Chemiluminescence Quantum Yjeld for the Reaction of 9-Chlorocarbonyl~10-
methylderidinium Chloride (III) with Aquecus Hydrogen Peroxide. - A

2.00 x 10™* molar solution of acridinium salt III was prepared by rapidly
dissolving 0.00292 g. in 50.0 ml. of 0.86 molar aquecus hydrogen peroxide.
A 3 ml. aliquot was transferred to the cuvette of the radiometer-fluori-
meterl»2, fMhe intensity decay rate, spectral distribution, and quantum
yleld were determined as previously deseribed®: Q.Y. = 9.6 x 10°3;
half-life = 210 sec.; ) max. = 450 my.

G. Infra-red Analysis of Reaction of Hydrogen Peroxide
and 9-Chlorocarbonyl-10-methylacridinium Chloride - A 5% (0.16 M)
solution of 9-chlorocarbonyl-lO-methylseridinium chloride wus made by
dissoiving TO mg. (0.25 mole) of the acridinium salt in 1.26 g. 1,2-
dimethoxy cthane to which 10 drops of 98% hydrogen peroxide had been
added. An aliquot was then used to fill a 0.09 mm. infra-red cell. A 1
series of spectra were run in the region between 2000 em. "l and 1600 cm.™,

using reference cell containing the glyme/peroxida mixture. The data
obtained is summarized in the following teble.

He  DOET DT IR ke chlenin
-
Omin.  est. .75 est. .65 100
5 .67 57 .06 89
0 61 - 5L L. 8e
15 57 b7 Teld 6
25 .34 .28 “ 40 | 45-48
45 .07 .05 —~60 9
60 <04 .03 5

a These bands were used to measure the diseppesrance of the 9-chloro-
carbonyl-l1l0-methylacridinium chloride.

b This band seems to be due to the acid derivative of the scridinium
salt rather thun u peracid. The formation of water during the reasetion
interfered with measurements of the appearance of N-methylacridone.
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Reactions of 9-Chlorocarbonyl-lO-methylacridinium Chloride
(I1I) with t-Butyl Hydroperoxide and with Perlauric Acid - A mixture of
0.05 g. of TII in § ml. of t-butyl hydroperocxide did not yield any observ-
able light when diluted with water. A brief light emission was produced
when L ml. of 20% sodium hydroxide was added. Further dilution with
water produced a weak, eteady emission. The addition of a few drops of
50% sodium hydroxide to this solution then yielded a bright, short-lived
light.

The addition of about 0.05 g. of III to 10 ml. of &
tetrahydrofuran solution of about 0.05 g. perlauric acid did not produce
an observable light emission. The dilution of the mixture with water
ylelded a medium emission.

Attenpted Preparation of the Tertiary Butyl Peroxy
Fater of 9-Carboxy-lO-methylacridinium Chloride, - Mathod A ~ A
solution of 0.5 g« (1.7l millimoles) of lo-metﬁl-%chlorocarboxvl
aeridinium chloride in 10 ml. of anhydrous tertiary butyl hydroperoxide
was heated at L0°C and 50 mm. pressure for 30 minutea. The excess
tertiary butyl hydroperoxide was then removed under reduced pressure
provided by the oil punp. The aolid residue wvas washed out of the
reactlion flask and onto a Buchner funnel with hexane, washed well
vith hexane, dried and weighed to obtain 0.35 g. (98%) of l0-methyl-
9-acridanone, m.ps 198-200° (Lit. m.p. 201-203°C) also identified
by comparing its infra-red spectrum with thet of an authentic sample.

Method B - A asolution of 0.135 g. (1.7L millimoles) of -
freshly distilled pyridine in 5 ml. of freshly distilled anhydrous glyme
vae added to 0.50 gv (1.71 millimoles) of 1O-methyl-9-chlorocarbonyl
acridinium chloride in 5 ml. of anhydrous tertisry butyl hydroperoxide
in the dark, Only the weakest perceptible chemiluminescence was obhserved.
The reaction was then stirred for 30 minutes at room temperature, The
clear solution waa separated from an oil which had settled out by de~

cantation, This oll was ldentified as pyridine hydrochloride by comperison

of its infra-red spectrum with that of an authentic sample. Addition of
50 ml. of hexane to the clear solution precipitated a solid which was
collected, washed with hexane, then dried and weighed to obtain 0,34 g.
(95%) of 10-methyl-Y-acridanone as identified by comparison of its infra-
red spectrum with that of an authentic sample.

Attempted Freparation of 9-Methoxy-9 Terti Butyl Pero
Carbonyl-10-Methylacridan, « A solution of 0.5 g. %l.ﬁ millimoles) of
9-chlorocarbonyl-10-methylacridinium chloride in 5 ml. of anhydrous
tertiary butyl hydroperoxide containing O.14 g. (1.71 millimoles) of
freshly distilled pyridine was allowed to stand at room temperature for
30 minutes and then was decanted from the pyridine hydrochloride which

had formed. Addition of 5.3 ml, (3.42 millimoles) of 0.65 N sodiw.

P
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methoxide in methanol produced a color change from orange to colorless.
Removal of by-product sodium echloride by filtration and evaporation of
the methanol solution gave an off-white solid which was crystallized
from hexane to give 0.21 g. (55%) of 9-methoxy - 9-methoxycarbonyl - 10-
methylacridan, m.p. 150~-151°C. A second orystallization from hexane gave
an analytical sample, m.p. 150-151°C.

Anal. Caled. for Cy7HyqNoq: €, T2.063 H, 6.033 N, h.9ka
Found: C, T1.88;. H, 6.12; N, 5.06.

The infra-red spectrum ia in agreement with the assigned
struecture. .

Hydrolyais of 9-Chlorocarbonyl-10-methylacridinium Chloride
(II1) = 1. Aliquots of a solution of 0.21 g. of III in 25 ml, of water
wvare tested for chemilisninescent activity with hydrogen peroxide and water
at intervale over a three hour period. The light emission was still bright
after 90 minutes. After 120 minutes the-eminsion was weaker. The chemi-
luminescent activity vas completely gone after 180 minutes. ’

2. The products of the hydrolysis of III were determined
by digsolving 0.4953 g. of IIT in 100 ml. of water. After twelve hours
the precipitate was collected, dried, and weighed to obtain 0.2058 g.
(5T%) of 10-methylacridone, m.p. 201-203°. Lit. m.p. 201.203°. The
infra-red spectrum was identical to that of an authentic sample.

The filtrate was evaporated to dryness, and the solid was
dissolved in ethenol. Addition of ether caused the precipitation of
0,097 g. (20%) of 9-carboxy-10-methylacridinivm chloride, identified by
comparison of its infra-red spectrum with that of an authentic sumple.

e AR e il o’ it W e L L L L g

Carbon Monoxide from Reaction of 9-Chloroscarbonmyl-9-
methylacridinium Chioride [TTI) with water. - Evolved gas from reaction
of 22 mg. of III with excess water was swept by nitrogen into a 200 ml.
syringe until reaction was complete. The contents of the syringe were
ejected into a liston Becker (as Analyzer Model 15 for carbon monoxide
analysis. The yleld of carbon monoxide was 34.8 mole 4 of the III charged.

In & second experiment 35 mg. of III was reacted with 1
N agueous sodium hydroxide. The carbon monoxide yield was 32 mole %.

In both experiments, the CO yield is probably too low.
It vas observed that some of the evolved gas was trapped in a foam at
the surface of the liquid phase.
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SECTION IT

PART B

New Chemiluminescent Compounds Bagsed on the Oxalic Acid System

An investigation of the mechaniam by which chemiluminescence
is produced in the reaction of oxalyl chloride with hydrogen peroxide in the

presence of & filuorescer {see Section I)
oxallc acid as a key intermediate. Indeed a number of peroxyoxslate
derivatives have been found to provide chemiluminescence on deoomponition2:3:h:5:6.
To further expand our understanding of thia general chemiluminescent proceas,
we are continuing to study the structural reguirements bearing on chemi-
luminescent efficlency.
Chemiluminescent systems now available have serious
defects, barring many uses for practical lighting. These defects include
short lifetimes, difficult operating procedures, and efficiencies that
appreach but fall short of the efficlency »equired for a broadly practical
system. The present study therefore ineludes an initial effort to provide
new chemiluminescent systems which will provide long-lasting light on
contact with air or water.
The short lifetime of the oxalyl chloride-hydrogen peroxide~
fluorescent .« mpound reaction stems from the rapid reaction “z4veen oxalyl
chloride and hydrogen peroxide as well as from the rapid decomposition
rate of monoperoxyoxalic acid, the key chemiluminescent intermediate.

A process which provides monoperoxyoxalic acid by e slow reaction would

necessarily have a slow overall rate and a long lifetime.
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A general reaction class which might provide slow and
perhaps adjustable reaction rates leading in the presence of a fluorescer

to long-lived chemiluminescence is shown in the followlng equation.

LBoox ~ a0
aon - II %\" -
I \HEO\‘ " W

Nt

Hockn
III

Thus, in formula I the groups A and B might be selected so as to provide
alow _reaetiona with hydrogen peroxide and with water, The preparation
of éhomiluminasoent sompounds correaponding to formulae II and III is
aleo a poesibility.

A preliminary search for such reactions was described in
the last raports. Recent exploratory experiments are summarized in Table I.
Several oxalic anhydrides, Lewis base complexes, eaters, tmides, and oxalic
acid itself were screened for chemilumineucence in the présenee of a
fluorescer under seven standard chemiluminescence test conditiona., As
indicated in the table, promising initial results were obtained from the
anhydrides and lLewis base complexes studied as well as from diphenyloxalate.
These results are discussed in more detail below. Aliphatic esters and
oxalic amides were poorly reactive as expected. Weak chemiluminescence

vas cbserved vwhen anhydrous oxalic acid or potassium oxalate was reacted
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TABLE T

Oxallie Acid Derivatives Tentel “or Chemiluningscance

TEYT COHPLITIONS (a)
[ N

A f J ¥ L
(a) (m) (1,0 Ha0,) (H30*H30.) (Fe40peBoCHa) (1500) (Iiayry) .
Anhydrides: N
0 Do o
(cgHs) 3c.ts..;;.t;.L‘.o-t:.c(cén.“)3 (1v) w B M V] i ¥3 v 3
£3]
2 o 8 o
Cglig-8-0-0-£-0-Eucehy (V) fone More Hano Kl v i n H
. Levis base-oxalyl ahlorido complexes: :g
- i5
+ 00 o .
1 : @-&.&—r(/ \:! 20" ® 2 va 3 R
. =~ ‘
I' + q Qe B
ln-w),-p-t.b-p.(n-nu),] 201L° ¥
- 00 g
((cgrg)y-Pot-doer | - " :
L Ratarsi
: QQ 3
- CGHQ-O-C-C-O-GG)H Hone Hone L w Nore WH ¥ .
- a4
: CGH,-S-(‘--CLB-C(‘BB None Hone None fons Hone w W i
00 i
CHy=0-0-E-0+C8y : None Hona tione  None None Mone  None
os | z
GHgCH= 0-C-CattllignCHy Hone Hone w Hane Bone Hone W §
- [ :5
: (CHty)pen-0-E-duouotifeR,) Tone tone L] Nono Nono Nore ¥ 1
; 09 !
- CghgE-E-0-Cilg-CHq Hone Hone Honu Xaone Nane Nore w 1
00 i
(ean,)ﬂcn-o-c-b-o-cn-(cﬁn.j)g Yane None Hona Fona tone Hane  lone
]
Anidos)
oo . .
R N-CaLa i tona Hone Hont Wone Hone Hone Hone
L :
Rgh-b 8- NH, None Hore Yone Tone fong None  Mome
Q0
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06
[ N fane Hone ¥one lione Rone Yone  Hone
~c”
&
3¢
ﬂ?N-ﬁ-r’f-on Tone tone Inne tione Hone “one Hone
o0
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A)

B)

c)

D)

E)

F)
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FOOTINOTES EO_R TABLE _I:

Approximately 3-5 mg. of the compound to be tested 1s added to
5 ml. of & solution of about 1 mg. 9,10-diphenylanthracenes (DPA)
in paraffin (ESSO household wax) maintained at 160-1T70°C.

Approximately 3-5 mg. of the compound to be tested is added to

5 ml. of a solution of about 1 mg. DPA and 5 mge AIBN ln paraffin

maintained at 85-90° under argon atmosphere,

Approximately 3-5 mg. of the compound to be tested is added to
% ml. of a solution of about 1L mg. DFA in l,2-dimethoxyethene
containing 5% water st 60-65°C. About 5 mg. Nay0p 18 added
immediately.

Approximately 3~5 mg. of the compound to be tested is added to
5 mle of a solution of 1 mgs DPA and 0.2 ml, 0338033 in 1,2~
dimethoxyethane containing 5% water and maintaihed at 60-65°C,
About 0.5 ml. 30% HaOy is added immediately.

Approximately 3-5 mg. of the compound to be tested 1s added to
5 ml. of a solution of 1 mgs DPA, and 5-10 mg. AIBN in diphenyl-
methane maintained at 85-90° under an oxygen atmosphere.

Approximately 3-5 mg. of the compound to be tested is added to
5 ml. of a solution of about 1 mg. DPA and 0.2 ml. anhydrous
HnO; in anhydrous 1,2-dimethoxyethane maintained at 60-65°Ce

Approximately 3-5 mg. of the compound to be tested is added to
5 mls of a slwrry of 1 mgs DPA, ~0.2 go KOH (1 pellet) and
0.2 ml. anhydrous 3202 in anhydrous 1,2-Aimethoxyethane main-
tained at 60-65°C.

Qualitative intensities are based on the oxalyl chloride,

hydrogen peroxide reaction taken as strong (S). Other designations are
M = medium; W = weak; VW = very weak, barely visible.
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with sodium peroxide in glyme (test G). ‘This observation probably
represents the detection of the following reaction.

i 8L o8-8
KOCCO™ + Na0O™ —a [KO-C-C-00Na] —» ~ob-toona

The known oxygen exchange of oxalic acid is believed to occur by a

similar mechanismla.

Anhydrides of Oxalic Acid

The two mixed anhydrides of oxalle acid prepared and tested
so far show a large difference in chemiluminescence properties (Table I).
Compound IV undergoes weak chemiluminescent reactions on thermel decom-
position and in the preasence of oxygen and a free radical initiator.
Strong chemiluminescence is obtained in reactions with peroxides at various
conditione. Denzoic oxalic anhydride (V) alternatively produces significantly
weaker chemiluminescence and only in reactions with peroxides. The preparation

of other oxalic anhydrides is in progress.

(csﬂs)3c-g-ong-8-o-g-c(05n5)3 csnsgo-gng-ogc6ﬂs
v v

The reaction of triphenylacetic acid oxalic acid anhydride IV
with hydrogen peroxide produces a very bright chemiluminescent light for
20-30 minutes in the presence of either 9,10-d1pheﬁylanthracene or rubrene.
Quantum yleld measurements ere in progress. The presence of water appears
to be essentlal for chemiluminescence at least when traces of acid are

present. Doth ac’d and bese catalysis improve the intensity of the emitted

light.
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Organic hydroperoxides and peroxycarboxylic acids as well
as hydrogen peroxide give chemiluminescence on reaction with anhydride IVe
Peroxides tested successfully include perbenzeic acid, benzoyl peroxide,
perlauric acid and t-butylhydroperoxide. Di-t~butyl peroxide, as expected,
failed to produce chemiluminescence.

A program is cwrrently under way for the detailed study
of the above reactions of triphenylacetic-oxalic anhydride IV and the
accompanying chemiluminescence.

lewis Base-Oxalyl Chloride Complexes

Various chemiluminescent reactions of the pyridine complex
of oxalyl chloride have heen reported earlieré ineluding its thermochemi-
luminescence, oxygen promoted chemiluminescence and its chemiluminescent
reaction with several peroxides. Reaction of the pyridine complex with
hydrogen peroxide and & fluorescer provides a bright flagh. Attempts to
_measure the quantum yield in 1,2-dimethoxyethane have failed because of
the short lifetime. Other solvents like dimethylphthalate may slow down
the reaction enough to permit the measurement.

To broaden the scope of the chemilumlinescent reaction of
the pyridine complex, attempts were mede to prepare complexas of oxalyl
chloride with other lewis bases. Preparation of a 2:;1 complex from tri-
butylphosphine and a 1:1 complex from triphenylphosphine have been successful.
Attompts to prepare and isclate pure complexes from triethylamine, hexa-
methylphosphoramide, and heptamethylisobiguanide have not been successful.
The oxalyl chloride-phosphine complexes were found to provide chemiluminescence
on reactions with a variety of peroxides (Table II), although only reactions
with hydrogen peroxide have provided strong intensities. The reaction

lifetimes are short.
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TABLE II

Chemijuminescence of the lewis Base-
Oxalyl Chloride System

COMPLEX
A B
Order of Addition Petroleum|Glyme Glyme § Petroleum Glyme
to Solvent ether gthex
l. WVater
None None
2. Complex
1.  Antydrous 1l
2] 3} MS M3 M3
2. Complex 1.
1. 50% U.0.
S 5 M5 MS MS
2. Complex
1. Peroxybvenzoic acid
Rone
2. Complex
1. Benzoyl peroxide
No
2. Complex ne
ls Peroxylauric acid
Vi w v W Vi
2. Complex
1. t-Butyl hydroperoxide .
None i) w A Nane
2. Complex
1., di-t-Butyl peroxide
N
2. Complex None ene
i, Mez0p
Wi W None W
2. Complex
1. Complex
2. Anhydrous 4.0.. )
<~ ey > .
Complex A: / ‘\>l-?-b-l(/ \ ’ 2Cl
= — |
« +C0+ 1
Complex B: (n—Butyl)gP-C-C-P(n-Butyl)3' 201"
T 190 .
Complex C: | ﬂ_-,?-c-c-cf, 1
1

-— —

Note: Tests were carried out in the following manner. To 5 ml. of
the test solvent containing 1 mg. 2,10-diphenylanthracene was
odled approximately 15 mge reroxiie and aprroximately 3 mg. of

comblex.
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Esters of Oxalic Acid

As indicated in Table I, the chemiluminescence of the tested
oxalle esters-hydrogen peroxide reactions is substantially wesker than that
of the anhydrides or Lewls base complexes. Diphenyloxalate proved to be
more strongly chemiluminescent than primary, secondary or tertiary alkyl
oxalates. Therefore, the thiophenol ester of oxalic acld was prepafed
and wns axpented tn vield the peroxyoxaliec acid intermediate even more
readlly than diphenyloxalate. However, the chemiluminescence of the thio
compound wag proved to be inferior possibly because the produced thiophenol
may act as a radical inhibitor for the decomposition of the peroxalste
chemiluminescence intermediate.

Co-ordinated Oxalates

Although large percenteges of water may be tolerated in
certain cases, moet of the oxalic acid based chemiluminescence systems
Function best in organic solvents. A posaible way to achleve an aqueous
system might be the use of water soluble co-ordinated oxalates. These
oxalates are known Lo exchange oxygen-18 rapidly using both basic and

12

acidic condltions™ , indicating the poasibility that reaction with

hydrogen peroxide might give monopbroxyeoxalic acti and chemiluminescence.

Two co-ordinated oxalates were prepared: potassium tri-
oxalato chromium trihydrate (K3Cr(020h)3-3H20 and potassium trioxalato-

aluminun trihydrate KBAJ(CQOu)3-3H20. Both of these compounds reacted



with hydrogen peroxide in water, or aqueous glyme under acidic conditions
and Tormed gaseous products, but chemilum}nescence was not observed. The
fluorescer 1n these experiments was a mixture of sodium fluworescein and
9,10-diphenylanthracene.

Polyoxalic Acid

To examine the possibility that polyoxalic acid might
decompose by a concentrated multiple bond cleavage mechanism and thereby
provide chemiluminescent emission in the presence of 8 fluorescer, several

reactions were carried out between oxalic scid and oxalyl chloride,
00 o o9
cicticr + Hodcow ———p HEOUCIoH
00 F M
HEOUUJOH ~————p Ho0 + COp 4 CO 4 F

Vhen {reshly sublimed anhydrous oxalic acid was reacted
with oxalyl chloride in tetrahydrofuran in the presence of rubrene, a
weak emission was observed. The use of oxalic neid dihydrate under the
same conditlons, however, produced a substantial chemiluminescent emission
accompanied by extensive gas evolution. This increase in emission,
accompanied by gas evolution, also oscurred when water was asdded one
minute after a tetrahydrofuran solution of anhydrous oxalic acld and
cxalyl echloride were mixed. This brightened emission was not obaerved
when S minutes elapsed between the initial mixing and the addition of
water. A neat mixture of the two reactants showed no sign of reaction,
even after heating t5 reflux, until tetrahydrofuran was added; vwhereon

the acid dissolved and a substantial amount of gas was evolved.
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This new chemiluminescent reaction between oxalyl chloride,
oxalic acid, and water in the presence of a fluorescer is of substantial
interest in that a peroxide is not involved. While the effect of water
is not yet understood, the results are in preliminery agreeqent with the
original concept of concentrated multiple bond cleavage decomposition of

& polyoxalic acid. Additional studies are planned.
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SEGTTON LIB
EXPERIMENTAL
Blstriphenylacetic acid oxalic acld anhydride N

Triphenylacetic acid (2.889 g., 0.0l mole), and potassium T
hydroxide (0.6 g., 0.01 mole) vere added to 300 ml. absolute ethyl
alcohol in a 500 ml. one neck flask and dissolved by boiling. The
zolution waz cnnled, and concentrated to a volume of 30 ml. in vaeuo.
A vhite precipitate appeared and was filtcred and dried in a nitrogen
atmosphere to obtain 3.0 g. white potasslum triphenylacetate. Three
gramg of the acetate vas slurried in 100 ml. Ary benzene in & 200 ml.
round bottom flask. Approximately 50 ml. benzene was distilled and the
condensate vas checked to assure the complete removal of water from the
ayntem. The remeining slurry was cooled to room temperature under an
argon atmosphere. Oxalyl chloride (1.48 ml., 0.015 mole) was added and _
the mixture vas stirred 15 minutes. The mixture was filtered to remove ]
0.9 g. 80lid, mostly potassium chloride (by IR), under an argon atmos-
phere using an oil pump. The filtrate vas evaporated to dryness with
the use of a vacuum pump. The white residue (1.9 g, 60% yield)
vas identified hy infra-red analysis as the desired anhydride and vas
subjected to microanalysis after repeated washings with anhydrous ether.
The material melted at 167-168°.

o T

Anal. Caled. for ClpH3n0g: C, T9.98; M, 4.79; 0, 15.22
Found: C, 78.55; H, 4.92; 0, 15.37.

Dibenzoie-Oxalic Anhydride

Solid sodium benzoate (7.2 g, 0.05 mole) was added to a
solution of 12.7 g. (0.1 mole) of oxalyl chloride in 100 ml. of anhydrous
ethyl acetate during 45 minutes. The reoaction was heated at 70-73°C
for 3 hours and filtered to obtain 2.9 g. (100%) of NaCl. Tvaporation
of the Tiltrate gove a white solld which appeared to be & mixture by
infra-red spectroscopy. The solid was extracted vith hoiling hexane to
give a hexane insoluble solid which had an infra-red spectrum which was
in epreement vith that for the expected product, Benzoie aeid, 2.0 g.
(225) (m.r. 110-121°; 1it. m.p. 122°) was obtalned From the hexane extract.
The hexane insoluble moterial vas crystallized from ethyl acetate-hexane
to obtain 2.2 5. (39%9) of material of m.p. 98-99°C.
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Anal. Caled. for CygHyp0g: C, 64.43; K, 3.38; 0, 32.19.
Found: C, 64,19; H, 3.35; O, 32.38.
On discolving a portion of the material in hot water gas
vas evolved and benzoic acid (m.p. 121-122°, 1lit, m.p. 122°) was deposited
from the solution on cooling.

Diphenylmethyl oxalate

To a solution of 1.84 g. (0.0l mole) diphenyl carbinol and
0.01 male vyridine in 200 ml. freshly distilled 1l,2-dimethoxyethane in
& 300 ml. round bottom flask, 0.46 r1. (0.005 mole) oxayl chloride was
added vhile the solution vas strongly agitated. After 20 minutes the
preeipitate vas Tiltered and vashed repeatedly with water and dried to
obtain 1.7 g. (81% yield) of the product. The product was recrystallized
from bonzene o obtain material, m.p. 142-143°,

Dithiophenol ester of oxalic acid

A procedure identical to that above for diphenylmethyl
oxalate wes used to give an 80% yield of the desired product, m.p.
122-123°,

Anal. Coled. for CyyH1oSg02: C, 61.28; H, 3.68; 3, 23.38;

0, 11.66.
’ Found: C, 61.87} H, 3490; 5, 22-8‘8}

0, 11.12.

2:1 Tributylphosphine-Oxaly) chloride Complex. - A solution of 1.0 g.
[0.005 moies) of tributylphosphine in 25 ml. dry petroleum ether was
added during 10 minutes to a stirred solution of 0.3 g. (0.0025 moles)

of oxalyl chloride in 25 ml. dry petroleum ether at 0° under argon. The
reaction mixture vas stirred 1/2 hour, then the solvent was removed under
vacuum (without applying external heat) to obtain approximately 1.0 g.
(77%) of yellov, semi-solid uroduct vhose infra-red spectrum ic in agree-
ment vith thet expected Tor the desired prodect.

1:1 Trishenylohosphine-Oxolyl chloride Comrlex. - A solution of 0.3 g.
rb.0025 moles} of oxalyl chloride in 50 ml. dry petroleum cther vas

added during 15 minutes to a stirred solution of 1.3 g. (0.005 molea)

of triphenylphosphine in 100 ml. dry petroleum ether at 0° under argon.
The rcaction mixture was stirred 1 hour, then the precipitated materiel
was collected by filtration to obtain 0.7 g. (43.7%) of product, whose
infra-red spectrum is 1n agreement vith that expected for the L:1 complex
of trishenylrhos:ihine and oxalyl chloride.

b e

P



Attempted Synthesis of Oxalyl chloride Complexes. - Attempted preparations
of comjiexes of oxalyl chloride with hexamethyl-phosphoramide, triethyl-
anine, and heptamethylisobipguanide according to the general procedure above
used for the nreparation of the phosvhine complexes did not yleld products

in any a;vreciable amount,

Potassium trisoxalatochromium trihydrate- and potassium trisoxalatoaluminum
trihydrate- were prepared sccording to literature procedures. Ll

Oxalic Acid and Oxalic Chloride Reactions

1. The adiiiion of €5 wd., of o 1M sclution of owalyl
chloride in tetrahydrofuran to 25 ml. of 1M solution of anhydrous oxalic
acid {n tetrahydrofuran, in the presence of rubrene, produced a weak

light emission.

- 2, This experiment was repeated using oxalie acid_ dihydrate
inatead of the anhydrous acid. A bright emission resulted follovéd by
vigorous gas evolution. This experiment was repeated using 9,10-diphenyl-
anthracene as the fluorescer with similar results.

3. Addition of sublimed anhydrous oxalic acid to pure
oxalyl chloride produced no indication of reaction even after heating to
reflux, The addition of tetrahydrofuran to the mixed ceused the acid to
dissolve. A subgtantial amount of gas was also evolved.

k. When 2.5 ml. aliquote of the 1M tetrahydrofuran solutions

of anhydrous oxalic acid and oxalyl chlorids verc mixed in the presence

of 9,10-diphenylanthracene a veak emlssion was observed, Within one minute
of the initial mixing water was added, causing a rapid evolution of gas
and a strong blue emission. This experiment waz repeated with a 5 minute
lapse between mixing and water dilution. There was no second, brighter

emission.

Phenyl Oxalate

A golution of 25.4 g. (0.2 mole) of oxalyl chloride in
50 ml. of cther was added during 30 minutes to a solution of 37.6 g.
(0.4 mole) of phenol i{n 200 ml. of ether containing 60 ml. (0.L44 mole)
of triethyl amine. After standing overnight, the reaction mixture was
filtered. The collected solid was washed thoroughly with water and dried
over Pa0g under reduced pressure to obtain 25.6 g. (53%) of phenyl oxalate,
mop. 1537134° (Lit mop. 134°).
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| SECTION II
PART C

Bxploratory Teats for New Chemiluminescent Reactions

The chemiluminescence tests originally established for the
screening of oxalic acid derivatives were used to evaluate other readily
available compounds. Over sixty per cent of the compounds selected for
test have provided vieible chemiluminescence. The results are summarized
in Table I. Two new systems were found to provide high enough intensities
and long enough lifetimes to Justify further study.

Tetracyanoethylane S'I‘CHEQ Chemiluminescence

A moderately strong long lived chemiluminescence is produced
on mixing TCNE, anhydrous hydrogen peraxide and s strong base in presence
of 8 fluorescer in glyme solution, Little is known sbout this reaction
es yet. The main products inoclude cyanates, carbonates and bicarbonates,
and small uﬁounts of cyanide.

Chemlluminescent light is emitted by any order of mixing
of the reagents. Either 9,10-diphenylanthracene or rubrene may be used -
as a fluorescer. The intensity of the chemiluminescemt light increases
with time to a maximum in about 5-7 minutes and diminishes slowly
aftervard,

Trichloronacetyl Chloride Chemiluminescence

A medlum strong chemlluminescent light is produced for
5-10 minutes on mixing trichloroacetyl chloride with anhydrous hydrogen
peroxide in the presence of 9,10-diphenylanthracene in 1,2-dimethoxyethane,
The chemiluminescence is significantly improved by the addition potassium
hydroxide or potésaimn-g-butoxide. The reaction is presently being

investigated.
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Tests:

A)

B)

c)

D)
E)
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FOOTNOTES FOR TABLE I

Approximately 3-5 mg. Of the compound to be tested is added to
5 mle of a solution of about 'l mg. 9,l0-diphenylanthracene (DPA)
in paraffin (ESSO household wax) maintained at 160-1T70°C.

Approximately 3-5 mg. of the compound to be tested is added to
5 ml. of a solution of about 1 mg. DPA andrv 5 mg. AIBN in paraffin
maintained at 85-90° under argon atmosphere.

Approximately 3-5 mgs of the compound to be tested is added to
S ml. of a solution of ahout 1 mg. DFA in 1,2-dimethoxyethane -
containing 5% water at 60-65°C. About 5 mg. NapgOp 1e added
immediately.

Approximately 3-5 mg., of the compound to be tested is added to
5 ml. of & solution of L mge. DPA and 0.2 ml., CHR802K in 1,2«
dimethoxyethane containing 5% water and mainteified at 60-65°C,
About 0.5 ml. 30% Es0p 18 added immediately.

Approximately 3-5 mg. of the compound to be tested is added to
5 ml. of a solution of 1 mg. DPA, and 5-10 mg. AIBN in diphenyl-
methane maintained at 85-90" under an oxygen atmaspheras. ,

Approximately 3-5 mg. of the compound to be tested is added to
S ml. of a solution of about 1 mg. DPA and 0.2 ml, anhydrous
fy0n in anhydrous l,2-dimethoxyethane maintained at 60-65°C.

Approximately 3«5 mg. of the compound to be tested is added to

5 ml. of a slurry of 1 mg. DPA, ~0.2 g. KOH (1 pellet) and
0.&’6111].é Aanmrdrous H902 in anhydrous 1,2-dimethoxyethana maintained
at 60-65°C, -

Qualitative intensities are based on the oxalyl shloride,

hydrogen peroxide reaction taken as strong (3). Other designations
are M = medium; W = weak; VW = very, barely visible.

i
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