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ABSTRACT

Competitive hydrogen transfer studies were conducted for methyl
benzoate, diisopropyl methyl phosphonate (DIMP), GB, GF and HD vs. carbon
tetrachlorido in each case employing phenylazotriphenylmethane (PAT) as a
source of phenyl radicals. '

The cooxidation of OB with benzaldehyde, and of GF with 2, 2-azobis
(1isobutyronitrile) (AIBH), indene, and with cyclooctene was investigated
at 25°C,

The kinetics of the autoxidation of GF in the presence of Co(II) catalyst
at 75-135°C wre investigated. In addition; the sutoxddation reaction was
investigated in the absence of catalyst and in the presence of varying
quantities of catalyst. The effect of 2,6-di-tert-butylphenol (DTBP as
an inhibitor wes investigated,

The sutoxidation of HD in the absence and in the presence of Co(II)
cebtalyst at 105°Z was éxamineda

The use of ferrous phthalocyanine as a heterogeneous catalyst for the
autoxidation of OF at 25°C was examined.

The results obtained here are compared with those reported for the

autoxidation of carboxylic esters,




SUMMARY

Competitive hydrogen transfer studies were initiated during this period
! to assess the relati've reactivity of C-H bonds in verious CW agents. The
co-oxidation of GB and GF with various co-oxidants at 25°C was studied to
determine the ease of initiation and degree of propagation. These results
confirm the feasibility of initiation of autoxidation of GB and OF at 25°C
and indicate the possibility of some chain propagation.

Studies on the autoxidation of GF at elsvated temperatures, 75-13500,
ware contimiad durlng this period. The results suggest ths presence of a
free radical chain mechanism. Cobaltous naphthenate markedly catalyzes
the rate of autoxidation., Its exact role is however still not clear.

Comparison of the results obtained on the elevated temperature autoxidation
of GF with those reported in the literature for certain dibasic carboxylic

esters sugpgests that chain oranching may be an imporiant factor,
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1. INTRODUCTION AND STATEMENT OF TASK

This is the Fifth Bimonthly Progress report, submitted in response
to the schedule for contract number DA 18-108-AMC-203(A). The task is to
investigate the feasibility of developing a catalyst system for multi-
purpoge decontamination of persistent CW agents.
2. OVERALL OBJECYTIVE

To develop a catalyst system for effecting the decontamination of
various CW agents under smbient conditions,
3. OBJECTIVES FOR THE REPORT PERICD

a. Bstablish the feasibility of oxidation by air of the phosphonoxy
alicyl radicals derived from agents under ambient conditions (cooxidation
studies).

b, Inveatigete the relative e‘awe of radical abstraction of hydrogen
from various CW sgents by phenyl radicals.

¢o Investigate the kinetics and mechanism of the autoxidation of GF
in the presence and absence of cobaltous naphthenate at various temperatures.

d. Investigate the autoxidation of HD at various tempsratures as
tims permits.

e. Continue ascreening different "catalysts® (as cobalt naphthenate)
and co-catalysts for ths autoxidation of GF.
L4 RESUL?S AND DISCUSSION
k.1 Hydrogen Transfer Studies

Hydrogen transfer studies were extsnded during this period to the use

of phenyl radicals. Phenyl radicals are neutral reactive species and are

considered not to be strongly influenced by polas efiects’. Relative
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reactivity data of the CW agents towards the action of this radical can

provide information on the relative ease of radical initiation of

autoxidation,.

Professor G. A. Russell, our consultant, has obtained extensive
dad;a2 on the competitive reactivity of several clssses of compounds towards
nhecyl radicals. Carbon tetrachloride serves as the common substrate to
which the reactivity »f each of over 100 compounds was compared.

We have followed his procedure so that our reszults may be compsred
with his results, The phenyl radicals were generated by the thermal
decomposition of phenylasotriphenylmethane (PAT).

L.l.1 Reaction of PAT With G-apents and With Dimcthyl Methylphosphonete

The results we obtained are given in table 1.

A duplicate run on methyl benzoate was included to check out our
procedure. The results obtained in this case agreed very well with those
reported by Rusael12,

Howsver, unpublished data presanted by Professor Russell, at the
meeting on March 25, 196k with members of the USACHDL and Melpar personnel.
contained a lover value for dimethyl methylphosphonate in reactivity toward
PAT (by a factor of ten) than the Melpar data. Experiments with dimethyl
methylphosphonate are now being repeated at two concentrations.

The reactivity of the G-agents toward hydrogen abstraction by phenyl
radicals i3 in excess of that of dimethyl methylphosphonate (by a factor
of ten to a hundred). This may reflect the differance in reactivity of 3°

hydrogen over 1° hydrogen and/or the presence of the fluorine atom which
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mey wosken the alkoxy carboa hydrogen bond. If such bond weakening by the

fluorins does occur a slmilar wsakening may occur at the methyl C-H bond.

A compardison of diisopropyl methylphosphonats vs, (D would answer this
quostion,.

Lh.1.2 Regction of PAT with HD

Table 2 prosonts the data for HD, The velue for ke -H/ke x 102 for
HD shows a twofcid increase in reactivity over that of a 2° hydrogen of a
normal alkane. The valus in Professor Russell's data for kx =H/ke x 10°
for a 20 hydrogen is 9.1. Extrapolation of data presented in Prof,
Russell's paper, where ths mercapto substituent presumebly contributes to
sadical stabilization by resonance of the type,

” ° o ©
=S «~ CH CH, C1 «»=8 «~ CH CH, C1
" 2 " 2

suggests that the increase in reactivity could be up to tenfold for a
structure Z - CHj, whore Z 12 the activating group (mercapto in this case)
anc the hydrogens are primary. Ir the case, such as we are dealing with,
whore 2 cctivates a 2° hydrogen, the enhancement of reactivity eappears to
be smaller (L.S fold in the case of z = phenyl).

No data appear available for sulfides in which the a-hydrogens are
20 hydrogens,

The recent data of W, A. Pryor and H, Guard® on the hydrogen
sbstrastion by phenyl radicals from disulfides, which show that the "
o« hydrogens are comparable in activity to benzylic hydrogena®, provide a
further comparison with our resuits for ED. Their results for diethyl

disulfide sre shown in table 2. It should be noted that if a correction
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factor (3%), duo to tho production of bengene is applied, the kéxzﬂ/ke
agreo clonsoly. {Prof. Russell's datas and cur data employ a correction
factor of 5%, tho initial concentration of PAT being 0.1M .) Since Pryor's

data is based on averages in which several lower concentrations of PAT

from 1M to 001K are used, a smaller correction factor should bs applied,

Houever, the exact correstion requirsd is uncertain.
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4o1l.3 Reaction of Acetyl Peroxids with Hexachlorobutadiene

Hexachlorobutediene was chosen as the next diluent standard for the
acotyl poroxide - HD reaction described in our Fourth Bimonthly Progress
Report. The choice was based on the report that the analogous tetrachloro-
ethyleons is uprcactive to methyl radicals. Ths low attack (20%) observed by
us on HD suggeated that the hexachlorobutadiens might not be as insrt as
provicusly censidared. A control run in which hexachlorobutadiene was
allomad to reast with acetylperoxids showed that the hexachlorobutadiene did
react,

The cxtent of reaction of HD with acety.peroxide is therefore greater
than previously reported.
k.2 Co-oxidation Studies

Studiss wore contimund on ths co-oxidntion of GF to provide fundamornial
informetion on (a) the feasihility and mods of its atwospheric oxidation,
(b) the fats of agent 0, radical, and on (c) the relative reactivity of various
Eﬂzp radicals with GF.
Le2.) Co=oxicdation of (P with Asobisiscbutyronitrile (AIBY) and Oxygen

As reported in the Fourth Bimonthly Progress Hepert, no change in GF
conocentration was observad whan AIEN was descompnsed in the presence of
axygen at 85°C. In a similar experiment, but at 65°C, it was again observed
that no dscreosse in GP concontration occurrasd. The higher expected yield of
isobutyronitriloperoxy radicals, favored by the greater solubility of oxygen
and slowsr rate of decoxposition of AIBH at ths lower temperature apparsntly
&d not ocour as evidencod by the high yield (N 50%) of tetremsthylsuccinoni-

trils,




As described in the previous report, the formation of some peroxy
radicals would be expscted. Tho absence of any attack on GF by’auch a radical
nay be due to one or more reasons such as followst (a) the isobutyronitrilo-
peraxy radical may not be powerful enough to effect a hydrogen transfer from
GF, (b) the nitrile group on the peroxy radical may cause this radical to
bacoms electroncgative and thorsby be repelled by the electronsgative fluorine
atom of QOF, and (c) the steric requirements may be excessive. Thus, the 3°
hydrogen of GF will be predominantly in the axial position with the bulkier

phosphonoxy group preferring the equitorial position.

A o G
Ch—p—o
(o

The axial hydrogens on the 3- and 5- carbon atoms of the cyclohexyl group
therefore hinder attack at the 3° hydrogen (which is agsumed to be the primary
position of attack). .

An experiment in which the oxygen is pressurized into the system with
good agitation in order to favor the cenversion of isobutyronitrilo redicals
to isobutyronitriloperoxy radicals would be of interest. The reactivity of

the isobutyronitrilcperoxy radicals would then be more rigidiy eat@hhatmd.
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L4.2.2 Benzaldehyde Co-oxidation of QB

As reported in the Fourth Bimonthly Report a fairly large attack (L0%
in 3 hours) was achieved when the simulant DIMP was co-oxidized with benzaldehyds
at ambient temperature, Howsver, when this system was tested with GF no attack
whatsoever occurred. In ordsr to ascertain whather this startling difrterence
might be due to steric factors, i.e., isopropyl (DIMP) vs. cyclohsxyl (GF)
undergoing attack by perbenzoyl radicals, an experiment was carried out with
GB, which conteirs the isopropyl group as well as fluorine, The following
results were cbtained using the same reaction conditions as had been used with
DIMP and OF. Initially, OB co-oxidized at a substantial rate, 1C percent
attack in | hours. After a L hour reaction time, howsver, the benzaldshyds
had been campletely consumsd and furthsr reaction up to 71 hours gave only an
additional 2-3 percent reduction in GB concontration., Thus, steric factors
sppoar to play a part in the originally observed difference between tha DIMP
and GF co-oxidations by banmaldahyds., Othar fastors however, are also important
here since tho rate of attack on DIMP was still substantially higher than on
GB. The possible electronic factors involved herein will be discussed under
the mschanistic considerations section of this report.
L.2.3 Cooxidation of GF with Dibensyl Ether

Since it is known that dibensyl ether autoxidizes at room temperature,
an attempt was mads to co-oxidige GF with dibensyl ether. No reaction of GF
was obasrved even after 167 hours contact with oxygen at ambient temperature.
Surprisingly, ths dibensyl ether did not oxidize in this reaction either.
This was unexpscted and most probably involved inhibition of dibenzyl ether
sutoxidation by the stabilizar or othar impurity present in the GF. In

16
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contrast to this finding, it had been observed that benzaldehyde autoxidation
in the presence of GF pmceédsd at a fairly rapid rate, under these reaction
conditions. This result alsc reflects the relative ease of abstraction of
the aldehydic hydrogen in bensaldehyds compared to ths 2° carbon-hydrogen in
dibenzyl ethsr,

he2.4 Co-oxidation of GF with Indene and with Cyclooctene

Oxygen was passed through a solution contalning GF, the internal
standard, and the co-oxidant. The results are summarized in table 3 and in
figures 1 and 2.

It was found that in each case, i.e., employing indene or cychoctens
as the co-oxidant, GF underwent appreciable oxidative attack at 25°C.
It appears reasonable to assume that oxygen initiates a reaction with

indene forming indene peroxyl and hydroperoxyl radicals as follows:

+ 20, — @ﬁ v roH ()

The radicals can then attack the GF as follows:

C.H_SN !D'/ H .OLH

o —

oR ”C OL (z)
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Figure 1. Co-Oxidation of GF with Air and Indene at 25°C
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Figure 2, Co-Oxidation of GF with Air and Indene at 50°C

A R L

b il

¢ T et

Bt L %, 1




Tho redical, II, can then react with oxygen ylelding the new peroxy radical

II. The latter can then roact with additional GF, thereby initiating a new

chain,
P _F
~ ° — ~
Z =+ o, - A3 P\ (2)
c-<°*°

It should be noted than at 25°C L molecules of GF were deatroyed per 1
moleoculs of indene, Concurrently, with the abovis mechaniam for the decom-
position of GF; scme hydrelysis may ocour sinre water 1s a product of the

autosddative process.

Z Roo# — RO, + RO- + Hz0 (4)

In either cass, this constitutes the first report of an apparent oxidsiive
chain of a CW agent at 25°C, though the chain length was low.

he3 The Autoxidation of GF at Various Temperatures in the Presence of
Cobaltous ﬂﬁmmte

he3.1 Temperature Prufile Study

In continuing the study of the "eleovated" temperature auvtoxidation
of GF as describsod in tho last Bimonthly Report we have investigated the
sutoxidation of GF in the presence of about 2 percent weight of Co(lﬂ




(II) estalyst at 75°, $0°, 105°, 120° and 135°C. 1In each case the disappearance
of OF was measured as a function of time via Y7C analyses. These results are
shoun graphically in figure 3. First order plots were than made as shown in
figure 4. As seen from figure U, the reactions appear to follow reasonably
good first order kinetics with respsct to the disappearance of GF. The rats
corgtanias calculated from these straight lines together with ths observed and
calculated half-lives ars given in table L. Autempts were made to obtain
second order fits to tho data at the variouz tsmperatures, but they were not

as good a8 tho first order fits (even as low as 25% reaction, see figure 5),

An Arrheniue plot of the apparent flrst order rate constants was then

! made. As seen from figure 6, a good straight line fit was cbtained for the
lowor four points. From ths slope of this lins &n "activation energy of
oxidetive degradation®™ of OF was calculated and found to be on the order of
1l kcal/mole. The fifth point, corresponding to the reaction at 135°c doaz
not fall on this line. This is not surprising in that at this temperature
the rate of reaction of QF is so rapid that the curve drawa (see figure 1)
is only an approximation of the actual decreass of GF with time, The only’
apparent conclusions that may be drawn at this time are as follows,

a. The kinetics appear to be simply first order or passudo first ordsr
in the disappoarance of GF at 75-135°C.

b. The roaction behaves as if there 18 no gradual or detectable change

in mechanism over the temperature range of 75-120°¢C,

22

e e e it v it o 5 PR i 5 Bt B e




23

(SHNOK) INIL

001 08 09 [ d 8]

. o~
¥,

0
Uowmy
02
§_V/
O

AN
NN

a

2001 7~ l@f/

4

P—

leWuIllll[l i

#0714 NIDAXO NIW. 1 07 - C€
(1 ©2 LN3J¥3d LA Z ¥D =NOILATOS [11) ©D %97 ILVYNIHLHAYN SNOLIVE0D TiZ

INIZNIFONOTHIIAL - ¥ "2 "L N T
(B276) 49 N T

(SISY8 33U AJIUNNI ANY LN3ATIOS NO) 49 LNIDH3d LHOIIM
Figure 3. The Autoxidation of GF - Temperature Profile Studies

ozl




R37:3

LOG CONCENTRATION GF MOLES/LITER)

+0.3

+0.4

+0.3

75° € —
(25% rx)

Y

) £ —

|

(25% rx)
%\\ 0°C
‘\

(63% rx)
105°C

AN

N

=1 i (95% rx)
135°C

5 10 15 20 2% 30
TIME (SECONDS x 107%) -

Flgure 4. The Autoxidaton of GF - Temperature Profile Studies Log Concentration
ve, Time




R3714

alo-x) A0
.08 ;

4
Z

&

04 ’4
7

O 20 40 60 80 100 120 140 160 180 200 220 240 260 280

TIME (SEC) X 103

Figure 5. Second Order Plot of the Autoxidation of GF at 75°C
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TABLE L
THE AUTOXIDATION QOF GF -- TEMPERATURE PROFILE STUDIES

Relative Rate Constants and Half-Lives for the Oxidatiwe Dggradation of QF

at Several Temperatures

Half-Life

Tem?gggttum Ra&gg ?tm Observed Gag.gz\{igd
135 CA 190 x 1070 1 1
120 30.8 x 1070 5 643
105 13.5 x 106 15 15.7
90 Le76 x 1070 2l 0.5
75 1.55 x 1070 - 12
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Lo.3.2 Catalyst Quantity Requirements

In carrying out the temperature profile studies already discussed, the
amount of catalyst utilized was standardised at the approximately two percent
level. In order to determine the amount of catalyst for maximum efficiency in
degrading CF, sevaeral experiments were carried out in vhich the amount of
catalyst was varied from run to run, This data is presented graphically in
figures 7 and 8, As can be seen therein; the amoun: of catalyst has a pro-
nounced effect on the rate of oxddative degradation of GF. Further experi-
montation will be required to fully elucidate this phenomenon., One is left
with the impresasion, however, thai lerger amounts of catalyst may be
operable at still lower temperatures, perhaps even down to ambient tempera-
ture.

L.3.3 The Mature of the Elevated Temperature Autoxidation of GF

In order to determine uhothaf tho autoxidation of GF at elevated
temperatures imvolves a free radical process the following reactions and
observations wera carrled out.

a. look for the presence of an induction period in the absence of
catalyst.

b. A&dd an inhibitor such as 2,6-di-tert-butylphenol and determine
whether the obaerved degradation of OF is retarded.

As can be seen fram figure 9 when OF vas autoxidized at 105°C, in the
absence of CO(II) catalyst, an induction period of approximatelf 35 hours was
observed. Purther reaction led to a decrease in GF concentration witn time.
Hhan,2,6—di-§2££:putylphenol was added to a reaction mixture in the presance

28
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Figure 7. The Autoxidation of GF - Co(II) Catalyst Concentration Effect at 75°C
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of CO(II) catalyst at 90°C, and induction period of about 25 hours was ob-
served which was followed by a gradual decrease in GF concentration with time.
In a similar reaction at 105°C, no induction period was observed. However,
the rate of decrease of GF with time was reduced bw a factor of about li when
compared to a run without the added phenolic inhibitor. These data are shown
graphically in figure 10, In aummary, the half-lives for the autoxidations
of CF in the absence and presence of cobaltous naphthenate and 2,6~dif§5517
butylphenol at 105°C were as follows:

Ny Cobalt, tl/z- 37 hrs, after induction period

2% Cobalt, t3/o= 15 hrs. w.th no induction period

2% Cobalt + inhibitor, tl/?' 70 hrs. with no induction period (at 105°C).

Since the presence of an induction period ard the retardation of reac;
tion by phenolic inhibitors are traditional diagnostic tests for a free
radical reaction their presence here 18 indicative of a free radical autoxi-
dation reaction mechanism for our systems wherein GF is oxidatively degraded
at elevated temperatures, The mechanistic significance of these results will
be discussed further in section 5,

L.L Preliminary Investigation of the HD/CO(II)/O» System

In order to extend the elevated temperature studies to other CW agents
an experiment was carried out using HD together with CO(II) catalyst at
105°C, In addition an experiment without catalyst was also carried out.

As can he seen in figure 11 the presence of CO(II) catalyst has a pronounced
effect on the oxidative degradation of HD at 105°C. The cause of the level-~
ing off at about 60% HD at about LO hours reaction time is unknown at this

time. However, one is tempted to speculate that perhaps an intermediate
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sulfoxide or sulfone might have reached a high enough concentration after 4O
hours to inhibit further reaction of the HD with oxygen.

1,5 Catalyst Screening Studies

During this period ferrous phthalocyanine was tested as a catalyst for
tho oxddative degradation of GF at 25°C and at 60°c. Since this catalyst
functions as an oxygen carrier through some sort bf aurface phenomenon, at
least in tho case of simple hydrocarbons, such as cumene, enough catalyst was
added to exceed the solubility in GF and thus insure the presence of some
wpolid catalyst® in the reactions mixture., After 150 hours at ambient tempera-
ture no reaction of OF was observed nor was reaction observed in another
experiment at 60°C after 21 hours. Thus this catalyst is not effective in

pronoting the oxidative degradation of GF at these temperatures.
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5.  MBCHANISTIC CONSIDERATIONS

Ap of the last Bimonthly Report, it had been demonstrated that initia~
tion via hydrogen abstraction is feasible with methyl and perbenzoyl radicals
at 25°C in the case of DIMP and with methyl radicals at 90°C or oxygen and
cobaltous naphthonate at 105°C ir the case of GF. Ip addition, it had been
found that CF undergoes moderately rapid autoxidation in the presence of
cobaltous napthenate at 105°C.

It has now been found fhat GF can be induced to undergo oxidation at
25°C via the use of indene as a co-oxidant, Since indene is known to antoxi~
dize fairly easily to indene peroxyl radicals it seems reasonable to assume
that initiation occurred via hydrogen abstraction from GF by the indene

peroxyl radicals. Moreover, the consumption of L moles of GF per mole of

indene is suggestive of some propagation even at 25:0.

From the campetitive hydrogen transfer studies employing phenyl radicals
it appears that the reactivity of the 3°C hydrogen in GF approximates that
of the benzylic hydrogens in ethylbenzene, A similar situation appears to
be true for HD., Further definition of the relative reactivity of éhe
hydrogens in GF, HD, and other CW agents is houéQer necessary hefore such a
comparison can be made with certainty.

As in the case of GF with indene it has now alsc been demonstrated that
GB may be induced to undergo oxidation at 25°C by the‘use of benzaldehyde at
25°C as a co-oxidant, The latter result contrasts with the unreactivity of
GF in the presence of benzaldehyde and points up an apparently greater reac- -

tivity of GF compared to GF toward Lydrogen abstraction by the perbenzoyl



radical (note apparent difforence in reactivity toward phenyl radicals,
tabls 1), Bramination of the corresponding co-oxidation of GB with indene
wenld bo of interest to determine the relative reactivity of GB to GF
toward indoneperoxy radicals, :

On the basis of these results, one ctn row say with reasonable certainty
that initiation by hydrogen abatraction at 25°C is possible in the case of
QF and GB, provided appropriate radical initiators are emp’oyed. The speci-
fic radicals which are evidently effective, viz., perbenzoyl in the case of
GB and indensperoxy in the case of GF, are also practical radicals to employ
zinco they can bo spontaneously generated at 25°C from coivenient starting
materisls, vis,, benzaldehyde and indene, respectively.

The oxtent of propagation posaible at 25°C, on the other hand, still
remnins subject to question. At elevated temperatures, i,e., 75° and up,
there does not appear to be any question now that we ars dealing with a
chain process, although it may be an ®energy chnin"sﬁ‘. The results obtained
for QP in the absonce of cqhmltoum naphthenate appear to be particularly
significant. In tho absence of cobaltous naphthenate the presence of a long
irduction period, even at 105°C, points up the urgency of effective initia-
tion at 25°C. The fact that OF undergoes autoxidation at 105°C once the
induction period i8 overcome indicates that autoxidation by a chain process
coeurs, Moreover, by analogy with the work done on the autoxidation of esterss,
it appears feasonabla to assume that the predominant chain process occurs
via a free radical mechaniam rather than through an energy chain mechanism,
The first fewv teonths of & percent reaction may howsver occur via the ensrgy

chain gcheme,
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The hydroperoxide is thereby generated leading to some free radicals. The
latter then initlate the rate controlling radical chain process, The énergy

chain-radical chain initiating scheme may be pictured as follows
y.

GH —=—> GH= (5)
3%

GH® + 0, L—GH-OJ (6)

[on0,J* + o1 —> co,H + oH™ (7)

260,H ———> GO* + GOy + HO (8)

G0g + GH 5 CGOH +@ar (9)

Ged+ O GO o (10)

2 ——> 2
In this scheme GH is the agent, eguations (5), (6), and (7) are the energy

chain reactions, and equations (8), (9) and (10) are the radical chain reactions.

It is of course possible, if not imperative in the case of the CW agents,

that the chain process 1s a result of chain branching at these temperatures
whieh in turn results in propagation. If this is true, it would be desirable
to find means for inducing such chain branching at 25°C, The possibility
exists that ketones can be produced from the G-agents which may initiate

further chains, as followa:

(] /R o }
‘CHS - ’g-— 0 - C'.\-// + P’O&‘ —_— c//3—[:>'-o-c,. > Pb&H 0,)
F R F R
R g R
C'//s_'}g-ooe_f +0, —> QHfy - F> - O-C -00. (1z)
/ \ F
F R
o o
P /‘R /] -
CHy -F-0-0T0p. —a CHy—T-00H + (13)
F R F
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Alternative modes of breakdown of the phosphonoxyperoxy radical can of course
bo envisioned instead of that indicated by equation (13).

Although the appreciably greater rate of autoxidation of GF in the
resence of cobaltous naphthenate suggests that the reaction may be occur-
ring by a mechanism different from that prevailing in the-absence of cobaltoua

naphthenote, the results can be simply interpreted on the basis that the cobaltous
naphthenate catalyzes hydroperoxide breakdown as follows:

ROoH ¢ € (IT) —————3 ROe+ OH™ + C_(III) (26)
ROH + € (III)— 3 ROy + H' + Co(II) (17)
GH ¢+ RO.or ROy———3 Go + ROH or RO,H (18)
Go.+ Op ——0G0,* (19)

-d [cm[ . [an] ® ]:oz]q [co(n)] T (20)

Alternatively, the cobalt catalyst may indeed function by another mechanism
irvolving direct or indirect attack on the 3° C-H bond as follows

GH + Cp (III)———p Go + G (II) + i (21)

or GH + C0p* —————3 G + C,0.H (22)
In this casg, the occuronce of a chain jrocess necessitates that the cobalt
catalyst behave as & regenerative initiatar, If this is» true in the case of
the eleovated temporature sutoxidation of GF and HD, search for more power-

ful rogensrative initiatars for use gt £5°C would be indiedted.

P
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To date, we have not attempted to formulate a kinetic expression for
any mechanism for the autoxidation of a CW agent. In view of the positive
results now obtained with co(II) catalyst at higher temperatures it appears
deairable to formulate kinetic expressions for various possible autoxidative
mechanisms. A comprehensive treatment of this problem will therefore be

carried out during the next work period.
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6. EXPERIMENTAL

6.1 Reagents

Methylbenzoate was prepared by standard procedures and a redistilled

fraction was used in the experiments..

Phenylazotriphenylmethane (PAT) was prepared as described in the Second

Bimonthly report.

Cyclooctene was a gift of Columbian Carbon Company, Princeton, N, J,
and was distilled from inhibitor before use.

Indene was obtained from Neville Chemical Company, Springfield, Pa.
and distilled from inhibiter before use,

1,3-bis-{Trifluoromethyl) benzene wae a gift of Hooker Chemics’. Company.

Azobisiscbutyronitrile (AIBN) was a commercial product from Xastman

Kodak,

Dimethyl Methylphosphonate was obtained from Hocker Chemical Company.

Carbon Tetrachloride, 2sker's reageht grade was usad directly,

6.2 Gas Chromatographic Analysis

An Aerograph, model A-90-P, fitted with a thermal ionization detector
was used throughout this work except for the determination of methane and
ethane, The methane and ethane were determined as described in our previous
report with the aid of a tritium detector. The cclumna which we have employed
are listed in table 5, The conditions employed during V.P.C., analysis have
been described for each experiment, Each of the columns was packed in 1/
inch 0.D. copper tubing.

Relative peak helghts or peak areas were used depending uvpon the case
in question, In the co-oxidation experiments with indene and with cyclooctene

the reproducibility was within 1%,
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TABLE 5

V.P.C, COLUMNS IN USE#*

Liquic Phase

Solid Support (Mesh)

Length

Igepal L%

XE-60-General
Electric nitrile
silicone 12%

KE-60-General
Flectric nitrile
silicone 12%

Diethylene Glycol
Succinate 20%

Diethylene Glycol
Succinate 20%

+ 5% Hy PO,

ANAKROM (ABS), 90/100
ANAKROM (ABS), 90/100

ANAKROM (ABS), 90/100

DIATOPORT P 80/100

CHROMOSORB W

i feet

j feet

10 feet

3 feet

12 feet

#The details of preparation of the various chromatic columns will be

reported in the next report.
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6.3 Reaction of Acetyl Peroxide with Hexachlorobutadiene

To hexachlorobutadiene (6.98g., 0.0267 moles) maintained at 90°, joined
to an ascarlte tube and a gas burette, was added a }j.2 ml, solution of bis-
(trifluoromethyl) benzene and acetyl peroxide (prepared from 1.8g., 0.015
moles of acetyl peroxide and 2.5 ml. (3.46g.) of 1,3-bis-(trifluoro-methyl)
benzene), The addition was accomplished by means of a syringe over a
period of four hours., Five gas samples were taken periodically. The ascarite
tube absorbed O,Llg. (0.0091 moles) of carbon dicxide and 234 ml. of gas
(0,01 mole). Analysis of the gas samples for the methane-ethane ratios
showed that the successive samples varied in the methane-ethane ratio from
9:1 to 3:1., The methane-ethane ratio was determined by vapor phase
chromatography as described in our Fourth Bimonthly Progress Report,

The density of the final solution, which weighed 9.68g., was 1.52g/cc.
The amount of hexachlorobutadiene which remained in the reaction mixture
was determined by comparison with known solutions containing hexachlorobutadiene
and of 1,3-bis-(trifluoromethyl) benzene employing a li feet XE~60 silicone
nitrile on 90/100 mesh Anakrom (ABS) with the columr at 120°C, A 35%
decrease in the amount of hexachlorobutadiene was observed.

6.1 ggmpetitive Decomposition of Phenylazotriphenylmethane (PAT) in Carbon
Tetrachloride-Solvent Substrates

6.1i.1 Methyl Benzoate

Into the ampule containing a weighed sample of PAT(0,.33Lg., 0.00096
moles) was added 10,00ml, of a stock solution consisting of methyl benzoate
and carbon tetrachloride, The stock solution had a ratio of 0,259 moles of

carbon tetrachloride per mole of methyl benzoate.

L3
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The ampule was cooled in dry ice and sealed in a vacuum, It was placed
in a 60°C oven for L hours, and stored in dry ice until time for analysis,
Analysis was performed using a 1/} inch 0,D. 3 feet long degs. column
followed by a L foot XE-60 column (coiumn temperatures 67°, injection
temperature 1300) and run at 50 psi of He. After the carbon ‘tetrachloride

came off, the benzene came off in 3.2 mimutes, while chlorobenzene appeare:d

in 11.1 mimtes.

6.1.2 Dimethyl Methylphosphonate

The same procedure as described above was used with the solvent system,
carbon tetrachloride~dimethyl methylphesphonate, mole ratio of 0.259. The
products were analyzed using a 3 foot, 1/l inch DEGS column followed by a
L foot, 1/h inch, XE-60 column all at 50°C, and He at 50 psi. The benzene
was retained for l; mimites while the chlorobenzene came out in 20,4 mimtes.

6.4.3 Cyclohexyl Methylphosphonyl Fluoridate (GF) .

The mole ratio of the solvent s&stem, carbon tetrachloride-GF, was
0.259. The products were analyzed on a 10 foot, 1/4 inch, XE-60 golumn
mainteined at 55°C and 50 psi of He. The benzene came out in 3.5 mimtes
while the chlorobenzene was retained for 17.45 mimtes,

6.hely Isopropyl Methylphosphonyl Fluoridate (GB)

The mole ratio of carbon tetrachloride to GB was kept at 0,259,
Analysis was performed with a 1/L inch, 10 foot, XE 60 column maintained
at 50°C and 50 psi of He. The benzene was retained for L mimtes followed
by an unknown product (not acetone or isopropyl alcohol) at 6.1 mimtes,

and chlorohbenzene at 21,5 mimutes,




6.1.5 Mustard ()

The mole ratio of carbon tetrachloride to HD was 1.79. Analysis was
performed with a 1/h inch, 10 foot, XE-60 column, maintained at 50°C and 50
psi of He, The benzene was retained for L minutes, while the chlorobenzene
came off in 21,5 minutes,

6.5 Autoxidation and Co-oxidation of GF and GB with Oxygen

6.5.1 The Co-oxidation of GF in the Presence of Azobisisobutyionitrile

A stream of oxygen (20 mi./hinute) was passed through a solution of

10.0 ml. of GF (94.L4% 0,06 moles) and 5,00 ml, of 1,2,h~trichlorobenzenc
maintained at 65°C, The outlet of the flask was filled with a dry ice con-
denser to minimize loss of liguid by the =low air stream., To this solution
was added, over a period of 10 hours, 6.55g. of solid azobisisobutyronitrile
(0.0 mole)., Tha reaction was kept at 65°C two additional hours. A control
addition under identical circumstances showed that approximately l.3g of the
azo compound remained along the side of the vessel, resulting in the addition
of 5.25g. or 0.032 meles, An initial sample and three additional samples were
taken dvring the addition, while the final sample was taksn after twelve hours.

The samples were subjected to V.P,C, V,P,C. analysis was carried out
(with the 1,2,4=-trichlorobenzene (TCB) serving as the invariant internal
standard) using an XE-60 column maintained at 115, with a flow rate of 100
ml. of He/min, The TCB appeared in 2 mimites while GF appeared in 6 1/2
minmutes., The dimeric product tetramethylsuccinonitrile appeared in L 1/2
mimites, The ratio of peak heights'showed no change in GF concentration.
The amount of tetramethylsuccinontrile produced could be observed as increasing
in each successive sample, A yield of 50% dimer was calculated based on a
comparison of its peak area with the peak area of a solution of known con-
centration of dimer and on an estimate of the total volume of solution at

the end of the reaction. LS




Similar results were obtained on a L foot Igepal, 1/} inch, column
maintained at 13000 and 100 m1/min. of He., The TCB came off in 3 minutes
'1ﬂ&\9F after 5 minutes, No tetramethylsuccinonitrile was observed on this
columﬁ:,

6.5,2 The Co~oxidation of GB in the Presence of Benzaldehyde

The co-oxidation of GB with benzaldehyde was carried out by placing
2 ml. GB (0.0143 moles), 1.):4 ml, benzaldehyde (0,0143 moles), 2 ml. of
orthodichlorobenzene and 1 drop of cobalt naphthenate (6% Co) catalyst in
a reactor (as already described) and passing through oxygen at ambient
temperature., Samples were removed and analyzed periodically for both GB
and benzaldehyde via V,P,C. It was found that after L hours reaction time
the benzaldehyde had been completely consumed and a 10 percent reduction in
GB had been achieved, Further reattion up to 71 hours led to only a 2-3
percent further reduction in GB concentration,

6.5.3 The Co-oxidation of GF in the Presence of Dibenzyl Ether

Two ml GF (97.L%) (0,0111 moles) and 2.2 ml of dibenzylether (0,0111
moles) together with 2 ml, 1,2,Lh=-trichlorobenzene and 1 drop of cobalt
naphthenéte (6%, Co(II))were placed in a reactor (as already described) and
oxygenated for 167 hours, at ambient temperature, Periodic ssmpling and
analysis via VPC showed no decrease in GF nor any decrease in the co-oxidant,
dibenzyl~ ether,

6.5.i Co-oxidation of GF in the Presence of Indene

a., At 25°C. A solution containing 5.00 ml of GF (0.032 moles) 2.4
ml of redistilled indene (0,02 moles) and 2.00 ml (0.0173 m) of 1,2,h-

trichlornbenzene (TCB) was prepared, After withdrawing an initial sample,

a slow stream of dry oxygen was passed throuéh the solution, Samples were taken
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periodically from the sclution. After two days a yellow color developed in

the reacticn mixture, which slowly deepened. Toward the end of the reaction

white s0lids appeared in the solution.

The samples were analyzed by V.P.C. using a L foot Igepal column
maintained at 130°C and a flow rate of 100 ml. He/min. The indene came out
in 1 1/2 mimtes while the TCB was retained for 3 minutes, and the GF 7
minutes.

b. At 50°C. A similar experiment was carried out at this temperature
with 5,00 ml, of GF (0.032 moles), 3.7 ml (0.031 moles) of indene and 2,0
ml of TCB. Analysis was performed with a li foot, 1/} inch XE 60 column
maintained at 12°C and 100 ml He/min, flow rate. The indene appeared after
1 1/2 min., TCB after 2 1/2 min, and GF after 6 min,

6.5.5 Co-oxidation of GF in the Presence of Cyclooctene

A solution of 5,00 ml of GF, 2.L40 ml of redistilled cyclooctene, and
2,00 ml of TCB was prepared and a stream of oxygen at 20 ml/min. was passed
through the solution. Analysis was performed as described above with the
4 £t, XB 60 column, Col. Temp., 124°C, flow rate 100 ml/min. The prasénce'
of cyclooctene was shown by comparison with a known sample employing a
1/k inch, 10 foot, XE 60 column maintained at 60°C. The eyclooctene was
retained for 12 minutes.

6.6 Autoxidation of GF at Various Temperatures in the Presence of Cobaltous
Japhthenate

6.6.1 Temperature Profile Studies

All the temperature profile studies were carried out by placing 2 ml

each of GF (94,7%), 1,2,h=trichlorobenzene and cobalt naphthenate solution

(6% Co (II) ) in a cylindrical reactor containing a gas sparger tube extending
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essentially to the bottom of the reactor. The reactor was then placed in

an oil bath at the required temperature and 30-40 ml/min. of O, was passed

2
throcugh the gas sparper tube. Samples were remcved periodically through

an s,s. needle via a syringe and subsequently analyzed via VFC for the
disappearance of GF.

The data thus obtained were used to draw the concentration~time plots
in figure 3, for the various tempe;atures investigated. In drawing the
log conc. vs time plots (figure li), however, values were picked at random
from the smooth curves up to about 60 percent degradation of GF for all
temperatures except 135°C, Values at relatively low conversions were used
since at higher conversions competing side reactions could cbscure the
initial kinetics of the interest., In the case of the 135°C reaction,
however, the slope of the curve was so steep that values considerably above
60 parcent reaction had to be used, thus possibly leading to the pocr fit
in the Arrhenius plot (figure 6),

6.6.,2 The Effect of Amount of Co(II) Catalyst on the Elevated Tamperature
Autoxidation of GF

In studying the effect of the amount of Co(II) catalyst on the
oxidative degradation of GF the general procedures as already outlined

were followed, As indicated in figures 7 and 8, the amount of cobalt

naphthenate catalyst solution was varied to give the appropriate concentrations

of Co(II) catalyst., Periodic sampling and analyses were carried out as
already described,

6.6.3 The GF/02/105°G System

In studying the non-catalyzed reattion, 2 ml each of GF (94.7 %) and

1, 2, L-trichlorobenzene were placed in a reactor as described in 6.6.1 above,
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The reactor was then placed in oil bath at 105°C and 30-L40 ml/min of O, passed
2

through the gas sparger tube., Samples were removed periodically and analyzed
via VPC for the disappearance of GF. (Figure 9).
6.6.i The GF/Co(II)/Oz/Inhibitor System

In order to determine whether a phenolic inhibitor would retard the
oxidative degradation of GF the following two experiments were carried out.
a. T™wo ml each of GF (9L.7%), cobalt naphthenate (6% Co), l,é;h-
trichlorobenzene and 0,5 gms of 2,6-di-tert-buuylphenol were nlaced in a reactor

as described above and placed in an oil bath at 105°C, Oxygenation was
carried out as already described as were the analyses for the disappearance
of GF,

b. The reaction of 90°C was carried out in the same manner except that
the oil bath was maintained at 90°C, The results obtained from these
experiments, namely the retardation at 105°C and the induction period at
90°C are shown in figure 10,

6.7 The Co(II) Catalyzed Oxidative Degradation of HD

The reactors and procedures used in this preliminary investigation of
the Co(II) catalyzed oxidative degradation of HD were the same as have
already been described, The two experiments completed to date in this
area were as follows:

a. Two ml HD (11-18-63 sample), 2 ml 1,2,4 trichlerobenzene and 2 ml
of cobalt naphthenate (6% of Co(II)) were oxygenated for about 120 hours,
The results thus obtained are deoleted in figure 11.

b, In this non-catalyzed reaction study the amounts of materials were
the ssme as used in (a) above except that the catalyst solution was omitted,

Both these reactions were conducted at 10500.

L9

S N




or

6.8 Ferrous Phthalocyanine as an Oxicdation Catalyst for GF

The reactors utilized were as already described., Two ml each of GF
(94.7%) and 1,2,h-trichlorobenzene together with 0.5 gms of ferrous
phthalocyanine were placed in a reactor and oxygenated fer 150 hours at
ambient temperature., Periodic sampling showed no decrease in GF concentration,
In another experiment using the same amounts of the components apove, but at
60°C, oxygenation was carried out for 21 hours. Periodic sampling showed
no decrease in GF concentration. In these experiments solid catalyst was
present in the reaction mixture.

7. SUMMARY OF RESULTS

a., Competitive reaction of pheryl radicals generated from PAT with
the G-agents demcstrates a reactivity of the hydrogen to be greater than
that of hydrocarbons with 2° hydrogens,

b. Competitive reaction of phenyl radicals generated from PAT with
HD demonstrate a reactivity of the hydrogen approaching that of benzylic
hydrogens,

¢c. Co-oxidation of GF with AIBN and Oxygen at 650 gave no attack on
GF, The isobutyroritriloperoxy radical is apparently too weak to effect
a hydrogen transfer from GF,

d., 0B undergoes oxidative attack at 25°C .n the presence of benzalde-
hyde as the co-oxjdant. The reaction, however, appears to stop after about
13% attack, the point at which consumption of the benzaldehyde is complete,

e. GF appears to inhibit the autoxidation of dibenzyl ether, employed

as a potontial co-oxidant, at 25°c,
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f. Co-oxidation of GF in the preasence of indene or cyclooctene results
in an appreciable decrease in GF at ambiert temperatures. In one experiment
i molecules of GF disappeared to one molecule of indene at 25°C,

g. The autoxidation of GF in the presence of cobalt naphthenate employed
in catalytic quantities exhibits good apparent firsf order kineties with
respect to GF over the tamperature range of 75 to 135°C and up to no less
than 25% reaction of the GF,

h. The apparent first order rate constants over the temperature range
of 75 to 125°C fit a good linear Arrhenius plot yielding an apparent
activation energy of 1l kcal/mole,

i. The amount of cobalt catalyst employed appears to have a pronounced
effect upon the rate up to at least 2 or 3%, depending in part upon the
temperature employed, Thus, in going from 1% cobalt naphthenate to 2% cobalt
naphthenate at 90°C, the rate of consumption of GF (for 30% consumption)
increases by a factor of four,

J. GF undergoes autoxidation at 105°C without requiring a catalyst.
However, it has about a 35 hour induction period. \

k., 2,6-di-tert-butylphenol markedly inhibits the autoxidation of GF
in the preserce of cobalt naphthenate catalyst resulting in a 25 hwour
induction period at 90°C and a siowing of the rate at 105°C,

1. The rates of autoxidation of GF differ in the sbsence and in the
presence of cobalt catalyst as well as in the presence of 2,6-61-3953-
butylphenol inhibitor plus cobalt catalyst,

m. HD undergoes autoxidative attack at 105°C in the nreserce of

_cobaltous naphthenate with about LO% attack occurring within a period of

4O hours, However, the reaction appears to level off at this £ attack,




n. Use of ferrous phthalocyanine as a catalyst sven undsr heterogensous
conditions faile to pramote the autoxidation of GF at 25°C.
8. CONCLUSIONS

a. The reaction of the CW agents with methyl radicals and phenyl
radicalsdemonstrates that autoxidative chain initiation is feasible.

b, The resultc of the competitive reactions with PAT st~ that the
reactivity of the agents is in excess of that of an alkane with 2° hydrogens.
Furthermore, the reactivity of HD approaches that of benzyl hyiirogpns,

c. Chain propagation appears possible at 25°C based un the results
obtained with GF in the presence of indene. The chain length may however
be low, as was the case here.

d. Extensive chain autoxidation appears to occur at elevated temperatures,
8.8, at 75° or higher., It seems probable that the reaction in the absence
of the cobalt catalyst at 105°C involves a free radical chain process,

e, Based on our work, taken together with work reported on the
autoxidation of esters_,S it appears reasonable to assume that chain branching
is important for the autoxddation of GF at elevated temperatures,

f. The role of the cobalt catalyst can be accounted for most simply
in terms of its enhancement of chain branching via its inducing hydroperoxide
breakdown,

g It appears that for effective catalytic multipurpose decontamination
of CW agents under ambient conditions it will be necessary to augment chain
propagation via (1) More effective G0, chain transfer, so as to diminish its
termination, (2) Production of branching via transition metal or other

catalysts which induce the breakdown of GOé to radical preducts, and/or

(3) Development of a regenerative initiator,
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9. PLANS FOR THE NEXT WORK PERICD

The next work period is the last work period under this contract.
Accordingly, every effort will be made to achieve as many of the cbjectives
initially set forth as possible., In accord with the USA CRDL Project
Officer, it has been agreed that major emphasis will be contimued in
rigorously establishing the basic prerequisities for catalytic amtoxidaiive
decontamination before moving into a developmental effort of what we have
found to date, Accordingly, the following work plan is proposed for the
next work period,

a. Attempt autoxidation of GF using di-tert-butylneroxalate as the
initiator at ambient temperature., The use of this peroxide as an autoxidation
initiator at 25°C has been described previously by T. G, Traylor, J. Am,
Chem. Soc., 85, 2413 (1963), for the autoxidation of tetralin. These
experiments will determine a kinetic chain length and thereby yield informati;n

! on the extent of propagation.

f b. Allowing AIBN to react with GF under oxygen pressures will insure

| a good yield of the isobutyloniiriloperoxy radical. Such an experiment will

; also yield information on the effect of oxygen on chain propagation and
4ermination stevs.

¢. Continue to screen various co-oxidants such as aldehydes, olefins,
ethers, anthroquinols, to obtain basic information for the design of a most
favorable catalyst system,

d. In order to establish the extent of propagation in the elevated
temperature autoxidation of GF, kinetic chain length studlies using an

i initiator such as t~butylperoxide will be carried oub.
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e. Since the main objective of this program is the "ambient temperature®

oxidative degradation of OF and other agents, increasing amounts of Co(lIl)
catalyst at lower tempecratures will be investigated,

£, Oxygen absmorption studies coupled with analysis for the disappearances
of GF will be a powerful tool in helping determine the mode of jnitlation
involved in these reactions.

go Continued transition metal catalyst screening studies particularly
with such cataiysts as Co(II), Co(III), Fe(II) and Mn(III) acetylacetonates.
In addition, the oxygen carrying Co(II) bis-salicylaldehyde-ethylene diimine
chelate will be prepared and testzd.
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APPENDIX 1

le Meeting with Dr. G. A. Russell, Melpar Consultant, and USA CROL
Personnel

On March 25, 196L, a meeting was held at Melpar with Melpar's consultant,
Dr. Glenn A, Russell and with the USA CRDL personnel Dr. David H. Rosenblatt
and Mr. John B. Jackson.

The results obtained by Melpar to date were presented, Dr. S. Preis
discussed feasibility experiments identifying free radical chain initiation
in the ambient temperaturs range for G-agents and for HD.

Mr. Zale Oser discussed ®*developmental"” studies in which the oxidative
decomposition of G-agents, HD and DIMP were presented, including a study
of the cobalt naphthenate catalysed autoxidation of GF.

During the discuseion that ensued, the following suggestions and
comments were made.

a. Prof. Russell presented his own data on hydrogen abstraction
and while the quantitative cita was at variance with that of Melpar's
data, the general conclusion remained the same-- that ie, initiation of
autoxidative chalns is feasible,

be The data presented by Prof. Russell suggest a lower activity of
dimethyl methylphosphate than is reported here.

c. Professor Russell also commented that the value for HD was lower
than he might have expected. A ccmparison of the value for LD may be

made with the data of Pryer and Guard, J. Am. Chem. Soc., 86, 1150 (1964),

c.f., section L.1.2).



de In response to a question on how the kinetic chsin length of the
autoxidation of GF at elevated temperatures might be agsesged, Dr, Russell
suggested comparing the rate of decomposition of GF per mole of di-tert-
butylperoxide with the rate of gzeneration of tert-butoxy radicals from
the latter at a convenient temperature., Comparison of the former result
with that obtained in the presence of cobaltous naphthenate may also
shed some light on the role of cobalt.

6. Dr. Russell 3ugéested that the cobalt probably functions via
Co (III) initiating the oxidation of GF. The cobalt may also complex
with tho Ps0 or F within an associated aggregate of species thereby
augmenting the catalysis,

f. In reference to 2 question on the effect of water on free radical
reactions, Dr. Russell stated that water is inert to most free radical
processes, and should not alter our current conclusions regarding
feasibllity.

g+ Concerning the generation of various types of Rﬂ2 radicals at 25°C,
Dr. Russell suggested the photochemical decomposition of t~BuNaN-t-Bu
(available from Merck in Canada). In this manner t-BuO, radicals wonld
be produced in the presence of air.

he In response to a question on how termination reactions may be
redused, Dr. Rugsell suggested the use of reagents which change the
radicals to ones capable of yielding longer kinetic chainc. These include

Cl, R0, and Br. Specific reagents and/or reactions for this purpose are

as followss
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RO3 + HBr —3 ROoH + Bre
RO4 + PCl4 —> ROPOCL, + Cl.
RO5 + R,S > R,S0 + RO«
ROZ' + ¢3P ps \] ¢3m + RO
ROj + 03 > 20, + RO

i, In response to a question on whether the autoxidation breakdown
products of CW agents like GF, such as cyclohexanone, may induce further
propagation, Dr. Russell stated that this sounded like a promising approach.
He pointed out that certain ketones such a8 benzophenone and acetone form
hydroperoxide addgg@s quite f;adily which in turn break down to free
radicals. The Co (IT) catalyst could then break down the hydroperoxide
yieldi;g Co(III) which seorves to promote further oxidation. Dr. Russell
also suggested that cyclohexanone might be added to the GF-cobalt
catalyst-oxygen system to check this point.

j e« In reference to hydroperoxide formation of ketones, Dr. Russell

cited the following photochemically induced autoxidations (photosensitiged

by benzophanons) . OH
o A gt :
@,CuD + 0p Fip0 ¢-r.:-oon ——> o050 + Hy0
g
v o
1 P-0H + 0y Foa CHB_‘;'OOH
CH3

ko In order to test the role of ferrous phthalocyenine as a
heterogensous autoxidation catalyst, Dr. Rosenblatt suggssted that GF be
overloaded with the Fe(II) catalyst followed by the gradusl addition of

cunshe in the presence of oxygen.
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APPLLDIX 2

[CoNtnibuTiOoN FPROM THE ClpuisTRY LADORATORIRS, TRMPLE UNIVERSITY, AND THE PrrmaAN-Duvn ‘LABOMTORIBB,
FrANKFORD ARSHNAL)

Autoxidation of the Saturated Aliphatic Diesters!

By M. WEsLEY Ri6G AND Hanry GlssSErR
Receivep SerraMeer 24, 1053

This report deseribes an Investigation of the thermal oxidation of the saturated esters of adiplc acld, The preparation and
physical properties of esters from alcohols having 5 and 0 carbon atoms are given, The esters were oxidized both by con-
tinuous passage of air through the esters and by oxidation in an apparatus which recorded rate of oxygen consumption, It
was found that the distance of a tertiary carbon atom from the ester group exerts a considerable effect on oxidation rate, the
rite decreasing as the distance is decrensed. This effect is attributed to resonance of the ester group which results in an
luductive effcct along the carbion chain lowering the availability of electrons at the car>on in whick oxidation is taking place,
In general, esters from the n-nlcohols oxidize nt a lower rate than esters from the branched-chain alcohols. Activation
encrgies for autoxidation of several esters were determined.  The values reflect the effect of alcohol structure with respect to
distance of the tertiary carbon fromn the ester group. .

Kinetics of di-(3-methylbutyl) adipate autoxidation was studied in diethyl adipate solutions. In the early stages of oxida-
tion (before appreciable hydroperoxide decomposition talkes place) the rate of oxygen consumption, calculated per mole of
ester, is proportional to the square of the ester concentration.  As oxidation proceeds the rrte of oxidation increases and be-
comes constant. At this stuge, the rate of oxygen constnption Is proportional te the square root of the ester concentration
(when extent of oxidation is still small so that the concentration of ester has changed very little from the original). 1tis
proposed that the oxidation mechanism {nvolves chain branching due to hydroperoxide decomposition and this mechanism is
fonnl to explain the observed kinctics. Data are presented to show that the concentration of peroxide is independent of ester
cencentration,

In the autoxidation of saturated hydrocarbons bond.! Secondary C~H bonds are attacked less
the preponderance of evidence indicates that oxida-  readily and primary C~H bonds are still more stable

von tiakes pl referentially at a tertiary C-14 (3) (x) A. D. Walsh, Trans, Peraday Soc., 42, 200 (1046): (b) A, D,
- takes place prele y 4 Walsh, 1did., 48, 297 (1947); (c) A. W, Burwell, Ind. Kug. UAcm,, Re,
1) Krem tha PU.D. Thesls of 1. Qloser, 204 (1934),
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[CoNTRIBUTION PROM THE CHEMISTRY LABORATORIZ?, TEMPLE UNIVERSITY, AND THE PITMAN—-DUNN LABORATORIES,
PRANKFORD ANSENAL]

Autoxidation of the Saturaied Aliphatic Diesters!

By M. WasLey R16e AND HaNrRY GisSER
REecEIVED SErrEMBER 24, 10562 '

This report describes an Investigation of the thermal oxldation of the saturated esters of adipic acid. The preparation and
physical properties of esters from alcohols having 5 and 6 carbon atoms sre given, The esters were oxidized both by con-
*‘nuous passage of air through the esters and by oxidation in an apparatus which recorded rate of oxygen consumption. It
was found that the distance of a tertiary carbon atom from the cster group exerts a considerable effect on oxidation rate, the
rate decreasing as the distance is decreased. This effect is attributed to resonance of the ester group which results in an
inuctive effect along the carbon chain lowering the availability of electrons at the carbon in which oxidation is taking place.
In general, esters fromn the s-nlcohols oxidize at a lower rate than esters from the branched-chain alcohols. Activation
encrgies for autoxidation of several esters were determined.  The values reflect the effect of alechol structure with respect to
distance of the tertiary carbon from the ester group: .

Kinetics of di-(3-methylbutyl) adipate autoxidation was studied in diethyl adipate solutions. In the early stages of oxida-
tion (before appreciable hydroperoxide decomposition takes place) the rate of oxygen consumption, calculated per mole of
ester, is proporticial to the square of the ester concentrationt, As oxidation proceeds the rate of oxidation increases and be-
comes constant, At this stage, the rate of oxygen consuinption is proportional 1o the square root of the ester concentration
(when extent of oxidatinn is still small so that the concentration of ester has chan very little from the original). 1tis
proposed that the oxidation mechanism involves chaln branching due to hydroperoxide decomposition and this mechanism ls
found to explain the observed kinctics. Dats are presented to show that the concentration of peroxide is indcpendent of ester
cuncentration.

In the autoxidation of saturated hydrocarbons bond.! Secondary C-H bonds are attacked less
the preponderance of evidence indicates that oxida-  readily and primary C-H bonds are still more stable

tion takes : » ntia a tertiary C--H (%) (a) A. D. Walsh, Trans. Paradey Soc., 43, 260 (1046): (b) A. D,
on Lakes p]'\CC prmfcre t “y at Yy Walsh, (84d., 48, 397 (1047); (c) A. W. Burwall, Ind. Hug, CAcm,, A6,

1) From thu PL.D. Thesls of H, Glseer. 204 (1034),
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I’REPAZATION OF THE [USTIERS

Adipic arid,
e

Euter Moles
Dicthy! adipate 1460 10
Eia-pentyt adipate 876 6
Di-(T-methylbutyl) adipate 731 b
Di-(1-cthylpropyl) adipate 870 G
Dic(Z-methylbutyl) adipate 0S4 4
Di-(Samethylbutyl) adipate 876 (]
hies-hexyl adipate H81 4
Lu-(Z-cthylhury D) adipate 876 [
i-(13-dimethyibutyl) adipate %4 4
Ii-(2emcthylipenty!) adipate 730 5
Dicthyl azclate 600t 3.2

“ Azeluie acid,

to oxidation,  George and Robertson? showed that
the thermal oxidation of tetralin procceded via an
encrgy chain, while the peroxide-catalyzed autoxi-
dation of tetralin procecded vie a radical chain,*
In the former case the autexidation rate was pro-
portional to the square of the tetralin concentra-
tion.  Walsh®* proposed that hydroperoxides may
decompose by thermal scission yielding RO- and
ITO- radicals.  With tertinry hydroperoxides, the
RO- radical decomposes further by breaking the
veakest a C-C bond with the formation of a kctone
and R”.  The latter may then serve to initiate new

oxidation changes.

These obscrvations and ideas have been applied
to the study of the autoxidation of saturated alipha-
tic diesters, which arc currently of interest as Iubri-

cants.
Experimental

Miterials.—The nlecoliols were prepared hy fractionation
of commercial materials, except for cthyl nlcohol where the
US?P grade was used without further treatment.-

Adipic acid was obtained from Distillation Products
Company (Eastman grade) and used without further trent-
ment.  The azclaie acia was a commercinl geade obtained
from Dmery Industrics and was reerystallized once from
thiophiene-free L :nzene and twice from distilled water before
use.  The melting point of the purified material was 105°,
The esters were prepared by mixing the aleohol and adipie
acid, in the ratio of 2.5 moles of alcohol per mole of adipie
acid, with 1 g, of p-tolucnesulfonie acid monohydrate per
mole of alcohol and refluxing in an apparatus fitted with a
continmous water take-off adapter. [For aleohols having
more than five carbon atoms, 100 ml. of xylene were added
per mole of acid,  When no morz water collected, the cxe
cess aleohol and xylene (if present) were removed under re-
duced pressure using a water-puinp,  Three grams of fincly
poswdered anhydrous potassium carbonate per mole of adipie
acid were then added and the mixture distilled with an oil-
pump {1 t, 5 mm.). The distillate was mixed with 1 g. of
fincly powdered anhydrous potassium enrbonate per mole of
adipic acid and permitted to renain overnight, The mixture
avas filtered nnd the filtrate distilled, the ester being collected
over a maximiim boiling range of 0.3° (except for di-n-pentyl
adipate which was collected over a 0.5° range). All of the
distillations were conducted in a current of dry nitrogen.

Esters of cthyl aleohol were made in a similar manner ex-
cept that £0 ml. of thiophene-free benzene were added per
iaole of adipic acid and a fractionating column was interpos
vetween the reaction flask and the reflux condenser to sepa~
rate the alcoho! from the water-benzene azeotrope,  Consid-
crabiz henzene and ulcoliol remained dissolved in the col-
lzcted water and to replace these, 30 ml. each of ethyl alcohol

(3) 1. Qcorge and A, Robertoon, Prod, Rey, Jee, (Lendon), 1384, 800

(1040).
(4) I, Grorse, I8, 1004, 337 (1040).

){_cﬂux ,

Il?.\:. . Yield, % l’our‘ﬁ‘l‘pu. tqmz_‘:.«ﬂc.]

30 1652 81.8 101.4 101.1

6 1270 74.2 143.8 ER

24 1216 £4.9 143.0 14,0

24 1444 R4.1 :‘142.0 . 1432

¢ 808 78.7 142.8 143.2

8 1458 85.0 143.7 143.2

10 008 72.1 160.0 167,13

6 1520 80.5 150.5 1573

i 1025 81.4 167.5 157.3

(] 1280 81.7 167.7 157 .3

30 heo 72.4 120.7 121.2

Tanue I
Puvsicat. ConsTANTS OP THE FSTRRS
B.p. r.p.,
Uster *C. Mm. '8. #%p am,
Diethiy! adipate 20 1.4' -18.0 1.22776 100
Di-n-butyl adipate 1490.8 2.2 ~23.2 1.43020 0O.n5
Di-n-penty! andipate 1568 3 -14.0 143802  urw
Di-(1-mcthylbuty!) adipate 125 1 ~40.0 1.43350  anin
Di-(l-ethylpropyl) adipate 143.2 2.5 ~23.1 1.43463 _o1n
Di-(2-methylbutyl) adipate 143 0.7 <211 1.43797 64N
Di.(3-methylbuty!) adipste 122 0.2 ~45.0 1.43730 ,uug
Di-n-hexyl adipate 104.8 3 «13.8 1.44050 03
Di-(1,3-dimethylbutytl)

adipate 158 1.3 - 7.1 1.43487 . oisy
Di-(2-cthyibuty!) adipate 106.86 1 -25.3 1.44378 040
Di-(2-methylpentyl) adipate 1061 2.0 -27.0 1.44003 o3
Diethy! azclate 134,86 1.0 ~15.8 1.43474 007

and thiophene-free benzene were added to the reaction mix.
ture for cach moie of adipic acid initially used when the re-
action was approximately half completed.

The freshly distilled esters were colorless and had acid
numbers less than 0.01 mg. of KOH per gram of cster.
The cthyl esters had faint fruity odors, while the other cs-
ters were odorless,  These properties were retalned for at
least six months, Details of the preparations of the esters
and physical properties of esters are given in Tables Tand 11,
respectively . '

xidation Techniques.—The esters were autoxidized by
twa methods, in one of which oxygen consumption rate was
recorded aned in the other the rate of formation of peroxide
and acid during passage of a stream of air through the ester
were determined,

‘The oxygen absorption apparatis was that described by
Von Puchs and Diamond® using the gas pump of Larsen and
his co-workers.® Most of the oxygen absorption measure-
ments were made at 110°.  Tenth-mole quantities of the
esters were oxidized and oxidation was continued until 200
ml. of oxygen had been consumed.

Air oxidation was accomplished by passing dey alr (pro-
viously passed through towers of soda lmc and cotton woo!l)
at a rate of 8.0 = 0.5 liters per hour through 130 g. of ester
in a tube fitted with « reflux condenger. The cflluent gases
were passed through traps to collect peroxide or ncld escaping
from the system (in diflerent runs). At intervals, samples
of the esters were removed and peroxide’ and acid were de-
termined. (Peroxide and acid deta were corrected for
‘“volatile’’ material collected in the traps.) The air oxic
dations were run at 100°.

Results and Discussion

Effect of Structure.—The oxygen absorption
data are shown in Figs. 1 and 2. The course of

(8) Q. H. Voa Fucks aad H, Dissmond, Ind. Bxg. Cheru., 84, 937

(19432). .
(6) R. O. Larsen, R, B, Thorps sad F. A. Arm8aid, 04d., 8¢, 183
(1042).
(N C. D, Wagser, R. 2. Smith sud B, D, Petors, dnol. Chexm., 19,
974 (1047). .
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AUTOXIDATION OF SATURATED ALIPITATIC DIRSTERS

oxiclation is similar to that found @ T

in the antoxidation of tetralin.®
‘i'he oxygen consumption curve
35 linear for a shorter or longer
perind of time depending on the
material wnder study.  After
this period the oxidation rate
progressively  increases  and
eventutally becomes  constant.
This rate is referred to in the
following as the “'steady’ rate.
The steady rate was obtained
in :most instances when approxi-
mately 0.0: mole of oxygen
had been consumed p2r mole of
ester, The initial and steady
rates (calculated from the slopes

o
3

°
2

MOLES Q /MOLE ESTER,

] |

of the linear portions of the

curves in TFigs. 1 and 2) ‘are

given in Tables IIT and IV,
The oxygen absorption data

« 100 [T 10 140 180 800
HOURS,

Tig. 1.—~Oxldatlon of branched-chain dialky! adipates at 110°,

indicate that as the distance of the side
- chain from the ecster group increases,
tiie raute of oxidation also increases.

oy

The greater susceptibility to oxidation
of the tertiary C-H bond than the
sccondary C~H bond is also evident
from ‘Sables I1I and IV, when the ter-

~n,

»
3

MOLE EITER,

tiary C-H bond is sufficiently far re-
moved from the ester group. An in-
crease in the molecular weight of the

Q7

ester is expected to increase the oxida-
tion rate but it is inproper to compare
rates of oxidation per gram of ester
becauve no relative values are avail-

woLrs
3

/

g

able for tertiary and secondary C-H
bonds. In addition, the secondary

C-H bonds arc also affected by

their distance from the cster group. .‘w& S y! ne s L L =

"4

_The oxidation rates of the n-alky! adi-

tes per CH, group are given in Table

assuming that no oxidation takes
place in the end methyl group. Evidently the CH,

Tanve II1

OXIDATION RATES OF DRANCHED-CHAIN DIALXYL ADIPATRS
Initia! rate X 10'  “Stesdy’ rate X 107
'mole (-«L: 'mole

{moles
Adipate ester/sec.) ester/sec.)
1-Methylbuty! 0.143 1.38
2-Methylbutyl 0.491 2.70
3-Mcthylbutyl 1.18 8.18
1-Rthylpropyl 0.161 2.15
2-Methylpenty! .502 4.95
2.Ethylbutyl 8390 , 3.97
1,3-Dimethylbutyl 1.65 11.3
Tamre IV
OXIDATION NATES OF 8-ALXYL EsTERS
. Toitial . “Stead
rate X rate X 10*
fouoles Or/mole (mois2 Orv/mole
Ester ester/oee.) ‘ester/see.)
Diethy! adipate 0.178 1.08
Di-n-pentyl adipate 384 2.2
Di-s-hexyl adipate 348 3.07
708 4.93

Diethy! azclate .
(8 ¥, Ceerge and A. Robertsen, Trons, Poredes Ses., 48, 010
fi943), '

HOURS,

Pig. 3.—Oxidation of di-s-alkyl adipates at 110°.

groups of ethyl azelate are more susceptible to oxida-
tion than those of the adipate.

TaoLg V
Ox1DATION RATRS OF n-ALKXVL, EsrERs

. Initia! rate "Steady’’ rate

Bster ! per CHs X per CH: X 100
Diethy! adipate 0.297 3.30
Di-n-pentyl adipate .320 1.83
Di-n-hexyl adipate .248 2.12
Diethyl asclate 887 5.13

In the air oxidations, it was found that the con-
centration of veroxide built up slowly, reached a
maximum and then slowly decreased probably a
proaching a steady or near steady state. The ob-
served concentration of peroxide is the difference
between the amount formed and the amount de-
composed and is therefore an indication of both
oxidation rate and hydroperoxide stability at the -
temperature of oxidation. As a result, the con-
centration of hydroperoxide is useful for rate com-

ison at best during the initial stages of oxidation
when relativelz“l‘ittle hydroneroxide decomposition
takes place. The concentration of acid built up
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slowly at first, and then increased quite rapidly.
Except for esters in which the side chain was on the
y-carbon from the ester group, the increase in rate
of acid formation took place when the rate of per-

-oxide formation began to decrcase. With esters

whose tertiary carbous were in the y-position to the
ester group, acid formation approximately followed
peroxide formation for approximately 200 hr., fol-
lowing which, the rate of peroxide formation began
to decrcase. The initial rates of peroxide formation
and the rates of acid formation confirmed the oxy-
gen absorption data in the effect of structure on
rate,

The cffect of structure on autoxidation rate may
he attributed to the availability of electrons at the
carbon atom in question due to the ester group.

e )4
A
T

|

[CONCENTRATION (MoLES/LiTER)!
Fig. 3.—Initlal oxidation rate of di-(3-methylbuty!) adipate,
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Fig. 4.—"8teady” oxidation rate of di{ Whr!butyl) adi-
pate.

Resonance of the ester group may be illustratc)
as

H 6: H ,6,..

.-c—-'c'::'6:'c':c— > --c-(':'-.'():é:c—- <«

1 1§
H :6:“
© —C—C:0::¢:Ce
Y
m

In IT1I, the positively cirarged oxygen results in gy
inductive effect along the carbon chain attracting
electrons to the cster group, and this effect falls off
as the distance from the ester groun increases, }f
oxidation is initinted at the tertiary carbon by for.
mation of a free radical (by reaction with another
free radical)® or by the formation of an encrgy-rich
olecule having high energy in the vibrational
mode of the C-H bond,? it would be expected that
as clectron availability decreases, the ease of oxida.
tion should decrease.

Oxidation Kinetics.—The autoxidation of di-(3.
methylbutyl) adipate was studied in diethyl adipate
solutions. The rates in the initial and steady parts
of the oxidation, calculated from the appropriate
siopes of oxygen consumption curves, (corrected for
oxidation of diethyl adipate assuming no interar-
tions) are plotted in Figs. 3 and 4, respectively. The
oxidation process may Be considered as taking the
following "course: Oxidation chains are initiated
thermally, with the formation of hydroperoxide.
The hydroperoxide decomposes resulting in free
radicals which initiate new oxidation chains. In the
initial period, the amount of hydroperoxidé which
is decomposing is small and most cf the oxidation is
initiated by thermal means and the rate of oxygen
consumption is proportional to the square of ester
concentration. As hydroperoxide formation and
decomposition continue, free radical initiation com.
petes with thermal initiation, the reaction specds
up and, after a period of time, most of the oxidation
chains ure initiated by previously formed hydro-
pefoxide, At this stage the rate 18 again constant
and is proportional to the square root of ester con-
centration. It should be noted that the oxidations
were run until no more than 5% of the ester had
been oxidized and as a result the ester concentra-
tion had changed relatively little and its effect on
rate during the run was negligible.

The dependence of the initial rate on the square
of ester concentration may be explained by the
high energy chain proposed by George and Robert-
son® for tetralin. Dependence of the steady rate
on the square root ¢ ester concentration may be
explained by assuming a chain-branching process
in which hydroperoxide decomposes by the mech-
anism proposed by Walsh.? The oxidation mech-
anism may be formulated as follows taking into ac-
count chain branching due to hydroperoxide de-
composition

Initlation:
|
RH —» X
(9) C. B. Frank, Chem. Rove.. 48, 158 (1950).
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Fiz. B.—"Steady"’ oxldation rates of dialley! adipates.

Propagation:
ky'
X+0p —> P

k [
P 4 RH —»> ROH + X
Termination:

k,
P —> products
Branching:

k
ROMH — RO. + HO

by .
RO. —4 Ry 4 carbonyl compounds
Propaguation:

b,
Ry 4+ 03 — RiOs-
k
ROy + RH —> R,OH + R-
3
R- 4+ 0; —% RO

E
ROs + RH —3 ROH 4 R- ete.
Termination:

HO —2% 2

3
RO: 4+ R- —» ROR

where RH is the ester, X is a high energy ester mole-
cule, P is a high energy complex of the ester and
oxygen, and the &'s are rate constanta.

Az a result of the oxidative degradation, radicalg
and molecules of lower carbon content than the
original ester appear, ¢.g., RiOsH. It will naw be
assume that all radicals and molecules of the same
type undergo similar reactions with approximately
«qual rate constants. Subscripts will therefore be
dropped, and the indicated concentration of an
compound will be the sum of co~centrations of all
compouns of that type. Neglecting the energy
chains, since their contribution to the oxidation rate

is small during the steady reaction, the following
stendy state equitions are obtained :
d(RO:)/d! = F(ROH) ~ K(RO:) =0 (1}

A(R-)/dt v k(RO-) — £(R-YOr) + L(ROy-XRH)

— K(P-YROy:) = 0 (2)
d(RO;}/dt = Ey(R-}O5) - ku(ROy XRH)

— k(R-XROy:) = 0 (3)
Elimination of (RO-) and {RO;) yields the follow-
ing equation for (R.) '

B(R-XROy) _ kuk{ RHXROH)

k(05— shkos "0 W

since (R-) << 1 and ky, > ks, the term in (R-) may
be neglected, and

(R —

X U
I
since .

d0s/dt = E,(R-XOy) (8
dOy/dt = HRH)Y» n
where
X ko kb (O RO:H) T
[

The steady rate is therefore proportional to the
square root of ester concentration provided (RO:H)
ie constant. (Os) is constant because the oxida-
tions were condncted at constant pressure.

Solutions of di-(3-methylbutyl) adipate and di-
ethyl adipate were oxidized by a stream of dry air
at 1060° and peroxide was determined at 24 hr. inter-
vals. The resultsare given in Table VI (where the
figures have been corrected for oxidation of diethyl
adipate assuming no interactions) from which it
arpeam that the peroxide concentration per mole
of di-(3-methylbutyl) adipate is indcpendent of
concentration of di-(3-methylbuty!) adipatcat mole
fractions of 0.367 and higher. The rate of exygen
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consumption referred to above is the rate per mole

of di-(3-methylbutyl) adipate. It has alrcady been
indicated that the peroxide concentration during
oxidation probably approaches a steady state. It
thercfore follows that coucentration of hydroper-

oxide in the above kinctic treatment may be as--

sumcd constant.

TaorLe VI
AR Oxmation or D:(3-MrTHVLBUTYL) ADIPATE IN
Digtive At e, AT 100°. LEQUIVALENTS PEROXIDR PER
»MoLe Di-(3-METHYLBUTYL) ADIPATR
Mole fraction .

di-(3-methyl.

butyl)

adipate 24 he, 48 br, 72 br. 00 br,

0.179 2.00 3.02 0.80 .
367 3.50 6.02 12.1 18.2
600 . 6.32 11.7 18.1
778 2.67 .68 12.5 17.6

1 2.8  7.00 119 23.4

The kinctic analysis above does not account for
the fate of HO- nor the formation of acid. While it
is probable that Hu- is associated with the later

stages of oxidation, further work is reqpiired to oLy
ily this point, o
Encrgy of Activation.—Energics of activation fur
steady oxidations were determined on di-(3-methyl-
butyl) adipate, di-(1-cthylpropyl) adipate and ;-
n-pentyl adipate. The log of oxidation rate
(moles oxygen consumed per mole ester per second)
are plottcd against reciprocal of absolute tempera.
ture in Fig. 6 and the calculated activation enerpics
are in Teble VII, These data provide further evi-
dence for the effect of structure on oxidation rate,

. TasLe VII
Engroy or Acrivarion (Can./Movr)

Rater Buergy of activatiog
Di-(3-methylbutyl) adipate 31,000
Di«(1-ethylpropy!) adipate 96,300
Di-n-pentyl adipate 26,100
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