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8BSTRACT: The optical techniques developed earlier for the
study of the vapor phase thermal decompcsition of nitrate
esters have besn appiied to the study of the effects of
various additives on the thermal decomposition of ethyl
nitrate.

The resulte of these studies have been interpreted in terms

¢f a revised mechanism proposed in preliminary form in an
sarlier report and in coupleted form here. These results gilve
etrong support to the revised mechanism.
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The research reported herein wasa carried out under Task
Assignment NOL-Re2d-02-1-52,53. The optical technigues
previously developed have been applied to further studies
on the thermal decomposition of ethyl nitrate. Data has

been obtained which help to support and complete the

mechanism previously developed for the thermal decomposition

of nitrate esters.
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THE THERMAL DECOMPOSITION OF ORGANIC NITRATES III.
THE AFFECT OF ADDITIVES ON THE THERMAL DECOMPOSITION
OF ETHYL NITRATE

INTRODUCTION

The organic nitrates constitute a class of compounds very
important in the field of propellants. Thua nitroglycerine

and nitroccellulose are outstanding examples of this group.

In an effort to galin information about the way in which these
compounds ignite and burn many workers have studied the thermal
deccmposition of many simple nitrate esters chiefly from the
kinetic point of view (a, b, c, 4, e).

This report 18 the third (f, g) in a seriec describing the
applicetion to this problem of the infrared spectrometer as

an analvtical tool. 1In preceding reports the development

of the analytical technique and its application to the study
of the thermal decomposition oi ethyl nitrate {vp) and n-propyl
and t-butyl nitrates (g) nave been described. The results
coserved have raised many questions about the mecinanism of
nitrate ester decomposition which previously acceptied idecs
could not answer. It had been posaible to develop a revised
mechanism (g) which is capable of explaining most of the results
cbserved 4in this laboratory and by the other wcrkers 4in the
field.

The work deacribed in this report is concerned with further
studies of ethyl nitrate. Chiefly it deals with the effect

of various additives on tne thermal decomposition of ethyl
nitrate. It 1s felt that with the experimental resuits reported
here 1t is possible to give a falirly complete picture of the
reaction and an attempt is made here to do so.

EXPERIMENTAL PART

Apparatus and Chemiecals. The infrared analyses of the gas mix-
tures were made with a Perkin-Elmer Model 12-C Infrared Speztro-
meter equipped with a rock salt prism. The measurements of
nitrogen dioxide were made on a Beckman Model DU Quartz Spectro-
photoneter. The infrared spectra shown in the 1llustrations
wore taken on a Perkin-Elmer Model 21 Double Beam Spectrometer
equipped with a 1rock salt prism.

Zthyl nitrate was Eastman Kodalk White Label Grade whlch was
redistilled. A fraction boiling at 87.5 - 87.8°C wae :sed.

1




i - —r——— & s = ™ SR S o VYT SR PTTTUYERUIIN 4 959 W0 PN ) CHIY PTEY L .

HKAVORD Heport 2897

Acetaldehyde was Eastman Kodak White Label Grade. It was used
directly from the bottle.

The nitrogen dloxide was purchased from the Matha2son Company
and was rated as better than 95% pure, the iupurities being
the nther oxides of nitrogen. It was distilled unto the
vacuum system through a tube of anhydrous calcium sulfate.

The nitric oxide used wss purchased from the Matheson Company
and was rated as 9% pure. When admitting nitric oxide to a
bulb on the vacuum system from the tube where it had been
condensed with liguid nitrogen, it was standard practice to
allow the nitric oxide to warm up cnly enough to give the
de3aired pressure. Due to the high relative volatility of
nitric oxide this effected a further purification. It was
possible to show that this gave nitric oxide entirely free of
any nitrogen dioxide, for example.

The oxygen used vas taken directly from an oxygen cylinder.

The diethyl peroxide was prapared as describad by Harris end
Egerton (h). The final distillation at gtmospheric pressure
yielded a product boiling at 62.5 - §3.5°C. It was stored in
sealed ampules in a refrigerator.

The nitromethane was Eastman White Label Grade and was used
directly from the bottle. The formaldehyde used was generated
by heating a tube containing parsformaldehyde. In the time
interval between f1lling the bulb with formaldehyde and putting
it in the bath, no depositing of the formeldehyde 1in the form
of its polymer on the sides of the bulb could be seen.

The Exgerimental Technigues. The methods of making the measure-
ments a manipulating the gas mixtures have been dzscribed ia
a previocus report (f). The experiments with oxyzen and the

analyses for nitromethane involved slightly different techniques
however and sc are described here.

The Experiments with Oxygen. In the experimentis with oxygen
it was not possible to condense the oxygen completely into the
reaction bulb, Knowing the pressure 1an the measuring bulb and
observing the residual pressure after the bulk of the oxygen had
been transferred, it was possible f.¢c calculate how much was in
the reaction bulb.

The Nitrometithane Experimente. The nitromethane was ssparated

Trom thie ethyl nltrlte in the decomposition mixture by the use

.f traps. After the reaction bulbs had been broken in the break-
of'f apparatus in the usual way, the gases were pumped first through

a trap at -50 to -60°C and tnen through one at liquid nitrogen

2
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temperature. Examination of the spectra ol the two fractions
at the nitromethane doublet, 6.25-6.40p, shcwad quitc clicariy

that little, 1 any, nitromethane passed the flrst trap. To

analyze for the nitromethane the 6.25-6.30p peak of the doublet
was used. For this analysis the double beam spectira wWwere used.

Spectra at turee pressures were taken for the Beer's law
constant.

Table 1

The Absorpticn of Nitromethane

. at 6.3 {cell length = 52mm)
P (mn) Log Io/I{(D) D/p
5.0 0.256 0.051
7.0 0.370 0.054
9.2 0.506 3.053

The value D/p = 0.053 was used. This is certalnly good to
about 10% and this was sufficient for the purpose.

RESULTS AND DISCUS3ION

In preceding reports {g,1) the following mechanism has been
discussed: K

—1.
¢ 2H50NO, ——+CoH50.+N0, (1)
=1 =
K
CoHg0. +NO -—=2> CoH5ONO (2)
C;_;H50. -——)CH3.+CHaO (3)
CH3.*N02-——)CH3N02 (4)
NOa"'CHQO ——— NO*CO*CO2¢H20 (5 )

This wmechanism has been, 1in a sense, incomplete since 1t did
not appear that sufficilent nitric cxide could arise via (5)

to give the gthyl nitrite yields cbserved. For reasons “hat

will be discussed later in this report the following step

3
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seems capable of completing the plcture
QCHj.*TNOE———? 2C0,+3H,0+7NO (6)

If the above scheme 18 treated kinetically making the steady
state assuniptlon ifcr ethoxyl radical, the follcwing expression
results:

-dln (CQH50N02) ky
at 1+ ko1 (NO05)
152\136; + k3

(7]

It 1s 1intereating and informative to consider the various aspects
of this problem from the polnt oi view of the above mechanism and
rate expression. This will be done firat for the studies in-
volving tne additives.

The Effect of Additives on the Tiicrmal Decomposition of Ethvyl
Nitrate.

Nitrogen Dioxide. L. Phillips (e) reported that nitrogen
dicxide In amounts comparable to the ethyl nitrate present liowers
the rate of therwal decomposiiion marikediy. His results have been
coni’irmed by Pollard, Wyatt and Marshsll (j). The latter group
repor.ed chat addition of larger amounts of nitrogen dioxide
accelerated the reaction. Both of these studies involved the
use of manometric techniques. !

The results of a number of experiments on the effect of nitrogen
dloxide are shown in Table 2.
Tabie 2
The Effect of Nitro-en Dioxide on
the Rate of Decomposition of Etryl Nitrate at >51°C

Initial Pressure 8

{mm) ]
Exp. Ethyl Nitrcgen * t Percent
Nitrate Dioxide (min.) Reaction
i 22.0 0 40.0 0.0
2 15.1 2.92 20.0 73 |
3 12.2 6.72 40,0 35.4
L 12.2 13.4 40.0 26.
5 9.5 13.1 40.0 34 .4
6 16.1 30 0 40.0 26.7
1 17.5 52.8 45.0 25.7
8 1755 i18.5 48.0 28.5

™M )“u- v (8]
) Calt.llcéalflu;t?gd azfs 2’[61‘ Cthe nitrog,eﬂ dioxide were completely dissociated.

\'J'm ]
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It 18 clear tihat these resulits add further confivmeation that
nitregen dioxide does inhibit the reaction at 1810C, RBxpt. 1
where no nitrogen dloxide was added may be compared to expts.
2-8 where varying amounts were added.

The inhibitlion of the reacticn by nitrogen dioxide has been
explained by Phillips (e) as being due to a raverssal of the
first step and thia explanation is incorpoirated into the
mechanism written earlier. In the rate expression (7) it

may be seen that the rate depends not only on the nitrogen
dioxide, which lowers it, but on the nitric oxide which,
according to this scheme, would raise it. In order to examine
the inhibiting effect of nitrogen dioxide in detail it would be
necessary to know both the nitrogen dioxide and the nitric oxice
at all times. This was not done for the experiments of Table 2
and for this reason it seems worthwhile only to point out the
Qualitative feutures. It is for example clear that increasing
amc ats of nitrogen dlioxide, oxpts. 2-8 do lower the rate more
anc more although after substantial amounts have been added
further addition seeme to have no effect, expts. 5-8. The
uccelerating effect of lerge amounts of nitrogen dioxide
reported by Pollard Wyatt and Marshall (Jj) has been noted at
161°C in a previous report {f) but was not enscountered at 181°C
as Tabls 2 ghows. This point was not investigated further.

Oxvgen. In 2 previous report (g) 1t has been noted that
oxygen Iﬁﬁ!bitg the thermal decompoaition of n-propyl aitrate
strongly. Table 3 shows that the same is true for ethyl nitrate.

Table 3
The Effect of Oxygen on the Rate of Decomposition
of Ethyl Nitrate at 181°C

Initial Pressure

(mm )
Exp. Ethyl Oxygen t Percent
Nitrate (min.Jd Reaction

1 ——— 0 20.0 28
2 19.5 55.5 20.0 8.9
a 20.9 57.1 40.0 38.3
———t o} 85.0 88.3
5 19.5 52.0 85.0 46 .2

& value interpclated from reaction rate data (f)
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en can inhibit the deccmposition by removal of the nitric
ie from the scene as soon as 1t is formed.

2NO+05 ~— 2NO»

At 1810C this equilibrium would be completely to the rignt. In
effect this lowers the rate of atep (2§ and sllows the reverse
of step (1) to compete with it more effectively resulting in a
lower rate#,

Nitric Oxide. The effect of nitric oxids on the thermal
decomposition of etliyl nitrate has not yet been explored. 1In a
previous report from this laboratory (g§ it wez noted that nitric
oxide altered the product composition dbut had little effect on
the rate for the case of n-propyl nitrate.

In terms of the reaction scheme described earlier a study of the
effect of nitric oxide should be a good test for the ideas dis-
cussed here. The results of a series of experiments are shown
ir. Table 4 and fig. 1.

Table 4

The Effect of Nitric Oxide on the Rate
of Decomposition of Ethyl Nitrate at 181°C

Initial Preasure
(s )

b
Expt. Ethyl Nitric t Percent k
Nitrate Oxide (min, ) Reaction (wm,=1)
1 -——-t ) 20.0 28.0
2 19.9 2.2 20.0 32.2
3 22.0 16.6 20.0 55.9 0.0405

* At the symposium "The Chemiatry of the Oxides of Hitrogen"
sponaored by the Office of Ordnance Research at Chicago, Sepnt.
3 and 4, 1953, Professor Richard A. Ogg, Jr. of Stanford Uni-
versity, reported the reaction

2C 2350“0*“02*’02 vo— 232?150}:'\}2*“02 o

as occurring at room temperature via the specics NCOy. If this

reaction i3 also important at the temperatures involved here it
would constitute another route for the inhibition by oxygen.

The questicn arises as to whether this reaction could also serve
as an explanation for the inhibiting effect of nitrogen dioxide
1tself. Such an explanation would require ethyl nitrite to
inhibit the reaction %00. Since it has been shown (f)} that
ethyl nitrite does 7ot affect the resction rate it may be con-
cluded that the inhibiting effect of nitrogen dioxlide is best
explained by 1ts reaction with the ethoxyl radlcal as dis-
cussed earlier,

6
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Teble 4 (Cont'd.)
The kffect of Nitric Oxide on the Rate
of Decomposition of Ethyl Nitrate at 181°C

Initisl Pressure

(uwm )

,. b

Expt. Ethyl Nivric t Percent !
I1trate Oxide (min, } Reaction (mm. *)
4 21.2 5.0 20.0 65.5 0.0530
5 2l.2 .o 20.0 69.0 0.0583
6 18.5 4.8 12.0 50.7 0.0592

7 19.5 37.4 80.0 o4 .4 0.036

% Interpolated from rate date (b).
° Pirst smler constant.

In carrying out these experiments it could be observed visually
that much more nitrogen dioxide was being formed than in those
carrlied out with ethyl nitrate alone. That this 1s s0 18 clearly
shown in Fig. 1 where the production of nitrogen dioxide and
ethyl nitrite are piotted vs. percent reaction. For comparison
the results for the production of nitrogen dioxide for the de-
composition of ethyl nitrate alone are included. The addition
of nitric oxide increases the maximum yield of nitrogen dioxide
by about four fold. The production of ethyl nitrite as shown in
Pig. 1 also rises to a greater height corresponding tc about 80%
of the ethyl nitrate decomporsed. It may be noted here that since
nitric oxide boosted the irate, less time was required to get
essentially complete reacticn so that for example for 50%
reaction only about 12 minutes wes required (vs. about 40 for
ethyl nitrate alone). Thus the ethyl nitrite had less time to
Cecompose and this helped to keep 1ts yield high.

The results shown in Pig. 1 are readily explained on the basis
of the reaction picture discussed earlier. In the presence of
excess nitric oxide the effective result of the thermal decom-
position of ethyl nitrate would be

CoHgONOo+NO — CoH5ONO+NO,

If the ylelds of ethyl nitrite and of nitrogen dioxide are
plotted against percent reaction the result should be a straighec
iine of unit slope. Such a line is drawn in Fig., 1. It is
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seen that ihe ethyl nitrite points fall on this 1line fairly
well untll near the end of the reactlion where the last ethyl
nitrite point is veicw the line. In the earlier part of the
reaction the nitrogen dioxide points also are near the line
but fall away from 1t in the later stages. The tendency of
the ethyl nitrite and nitrogen dioxide points to fall away
from the line in the later part of the reaction 18 attributable
tc the intervention of the thermal decomposition of the ethyl
nitrite 1tself. Since the decomposition of one ethyl nitrite
mclecule would give products that would reduce several nitro-
gen dioxide molecules 1t is understandable trat the dropping
off of the nitrogen dioxide points should bHc the more pro-
nounced of the two.

The kinetic results of Table L also are consistent with this.
The addition of nitric oxide clearly increases the reaction
rat~, expts. 1-5., The rate dces not incrosss directly with

the amount of ritric oxide however. Experiments 2-5 are
comparable since they are for the same reaction time. The
increase in the percent reaction becomes smaller and smaller

88 more nLitric oxide 1s added. Thus the increase from 35 mm.

to 60 mm. of nitric oxide added in expts. 4 and 5 results in
only a 3.5% increase 1in ths psrcent reactior.. The last column
indicates that the reactign rate 18 apyroaching 2 limiting

value of about 0.06 min."*, This behavior is readily interpreted
in terms of rate equation (7). The addition of sufficient nitric
oxide makes the fraction in the denominator small compared to
one and the rate approaches the limiting value of k; which must
then be about 0.06 min.=l, The kinetics in the presence of
nitric oxide are complicated by the fact that as the reaction
proceeds the production of nitrogen dicxide acts to lower

the rate. Experiment 7. for example, which is a long time rumn,
gives a rate constant lowsr than would have been found for a
shorter time under the same corditions of nitric oxide addition.
Jt may be emphasized again that since addition of very large
anount3s of nitric oxide, ¢f. expt. 4 and 5, do not cause a
corresponding increase in the rate the reaction cannot involve
direct attack on nitric oxide on the ethyl nitrate molecule.

The above features do however fit in very well with the
assignment to nitric oxide of 1its role in pulling the equilibrium
of step (1) to the right. '

Acetaldehvde. The results of some experiments with acetalde-
e shcwn in Table 5.

el {16 3arkaell 008 8 1
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Table &
The Effect of Acetaldehyde on the Rate

of Decomposition of Ethyl Nitrate at

181°¢
Initial Pressure
(mm. )

Expt. Ethyl Acetaldehyde t Percent e

Nitrate (zin.) Reaction (mm.” ")
2 26 .4 0 25.0 30.4
2 22.0 o) 4o.0 50.0
B 20.9 10.0 10.0 32.0 0.038

19.5 20.0 10.0 43.6 0.057
5 20.0 30.0 10.0 45.0 0.060
6 18.5 16.7 20.0 65.0 0.832
T 19.5 20.0 40.0 85.9 C.049

Corrariscn of the results of exnte. 3-7 where acetaldehyde was
gadded to expta. 1 and 2 where none was added show that it acts
to accelerate the reaction. It 1is well known (k) that acetalde-
de and nitrogen dioxide react rapidiy at 181°C to remove the
nitrogen dioxide, and to furnish nitric oxide. In accordance
with this only traces of nitrogen dioxide could be observed
in expts. 3-T7. If the acetaldehyde were able tc keep the
nitrogen dioxide concentration very iow the observed rate, as
in the case of nitric oxide should approach kj as a limit. The
rate constants observed in expts. 4 and 5 are in falr agreement
with those found for the limiting rates with nitric oxlide.

Diet?xl Peroxide: Diethyl peroxide has been used as a source
of ethoxyl radicals in a study of the ethyl nitrite decomposition

{1). The weight of the evidence for that reaction was that
ethoxyl and ethyl nitrite 4did not react in the temperature range
(~181°C) studied. For similar reasons the reaction
H
C?Hso .*C .-Z_HsoNOQ ———p C2H50H"‘CH3C-ON02 (8 )

is not conaidered to he of lmportance for the ethyl nitrate
decomposition. A few experiments have been carried out wherein
diethyl peroxide was added to ethyl nitrate. The results are
shown in Table 6.

D
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Table 6
e Effect of Diethyl Peroxide on the

Thermal Decompoeition of Ethyl Nitrate

at 181°cC
Initial Pressure
(mm.)
Expt. Ethyl Diethyl £ Percent k
Nitrate  Peroxide (min. ) Reaction  (mm.-1)
1 18.9 11.2 10 L5 0.059
4 20.2 23.0 10 236 0.04]
; 18.9 1.2 20.1 56 0.046
20.2 23.0 20.1 60 0.048

The main point of the above experiments was that sufficient
ethoxyl radicals were gensrated from the diethyl peroxide to
bring about couplete dccomposition of ethyl nitrate via (8).

In no . ase did this occur. The rate constants found are inter-
mediate between these for the resction of ethyl nitrate alone
end the limiting rate obtained with nitric oxide and acetalde-
hyde. The ethoxyl radicals produged by diethyl percxide would
be able to bring about reduction of the nitrogen dioxide to
nitric oxide either via steps {(3) - (5) of the mechanism writien
earlier or via the formation of 1ts own end products, acevalde-
hyde and formaldehyde.

An alternative explanation for the results of Table 6 might be
argued. If (8) were truly a fast reaction, the rapid decom-
position of the

H

CH3?-ONQE

radical to give uiltrogen dioxide followed by the combination of
the nitrogen dloxide with ethoxyl radical to regenerate ethyl
nltrate would mask the existence of (8). This would result in
the formaticn of large amounts of acetaldehyde. The absorption
at the acetaldehyde carbonyl region was of the same small order
of magnitude as in the decomposition of ethyl nitrate alone,
however, and hence this explanation is raled out.

The Importance of Nitromethane as Reaction Product. It ia
clear Eﬁa€ the results ol the loregoing experiments with sdditiwss

offer atrong support for tae picture of the reaction presented in

i0
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the Introduction. The discusslon of these resuits 18 relevant
chiefly to steps (1) snd (2) of the mechaalum. The obser-
vation of nitromethane and nitroethane as products of the
thermal decompoeitions of sthyl and n-propyl nitrates respec-
tiveiy fite 1n well with atepa (3) - (5). Although nitrosthane
wes one of the major products found in the n-propyl nitrate
case (g) niiromethane was a comparative minor product in the
ethyl nitrate desompozition (f) and 1ts presence wag noted
qualitatively without. any attempts &t a quantitative apprailsesl.
The chlef obstacle to the determination of the nitromethane
using its infrared absorption at 6.3 - 6”hv is the interference
of the adJjacent ethyl nitrite band. Since the ethyl nitrite

is a good deal more volatile than aitromzthane it was possible
to effect a ssparation of tacse two compounds using a system

cf cold trups and thus to get quantitative data on the for-
maticn cf nitromethane in the thermel dscomposition of ethyl
nitrate. This has been done at 181°C snd the resultrs are

shown in Table 7.

Table 7
Nitromethane Yield at 181°C

Expt. Initial Pressure Percent Yield of Nitromethane
of Ethyl Nitrate Reaction Based on Ethyl Nitrate

(mm.) Reacted

b 17.3 7.5 8.6 %

2 173 0 8

g 23 79 8.1
30.0 100 9

Thus at 181°C nitromethane represents 8 - 9% of the reaction

product.

The Hecgg%ism of the Regotion: In an earlier report (i)

e reduction of nitrogen dloxide by fo.maldehyde has been con-
sidered as a possible source for the nitric oxide required.
The stoichiometry of this reaction has been reported as (1)

5CH0+TNO, — 3C0+2C05+TNO+5H 50 (9)

If the amounts of nitromethane indicated in Table €& measure the
amounts of formaldehyde present it is clear that (2) could not

possibly account for the high yleldes of ethyl nitrite, 70 - 75%,
obtained in the thermal decomposition of ethyl nitrate by itself
(£). It 18 thus clear that some species in the reaction mixture

11
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must be reacting rapidly with nitrogen dioxlde to yleld nitric
oxide and that, in view of the high ethyl nitrite vield, ocine

-

molecules,

Examination of the syatem juggests two posaslble species that

might perform this funcilon, viz. ethoxyl radicel or methyl

radical, Of these 1t 18 possible to present evidence that

the methrl radical undergoes a reaction of the type
N02*033.—-4'N0 + oxidation products.

This evidence arines from t{wd sources.

Evidence for the Nitrogen Dioxide:§§§§yl Radical Reaction
from e L= rate es, ne plece of evidence tor
the nitrogen a¥oxiae-meEEyI reaction arises from the study of
the thermal decompositicn of ¢-butyl nitrate. It has been
found (g) that t-butyl nitrite 18 a major product of this

reaction. According to the present shceme this must arise
as follows:

t-CyHgONOp — £-CiHg0 . *NO, (10)
£-CyHg0. +NO —— t-C) H ONO (1)

The nitric oxide can be formed only by the reduction of the
nitrogen dioxide. This in turn can be reduced most plausibly
either by acetone or the methyl radical.

t-Cuﬂgo.-——)CH3.+(CH3)2CO (12)

It was possible to show that acetone does not reduce nitrogen
dioxide at this temperature {(181°C). Thus when 40 mm. of
acetone and 8.8 mm. of nitrogen dioxide were heated together
&t 181°C for 60 minutes no reaction occurred and the starting
naterials were recovered unchanged. This leaves only the
methyl radical as a plausible reactant.

Evidence from the Nitrogen Dioxlde-Acetaldehyde Reaction.
The above evidence 18 supplemenied by the results obtalned by
Dr. Luther Browning of the Bureau of Mines in a study of thne
nitrogen dioxide-acetaldshyde reaction *, Dr. Browning's
results bear directly on some of the i1deas expressed here and

will be discussed in some detail.

Nitrogen :1ioxide and acetaldehyde react readily in the tempera-

ture range 100 - 1L0°C. Previcus workers (k) have suggested

* The author wishes to thank Dr. Browning for making the results
of hia work availlable.

12
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that the reaction may be expressed

‘H.C + 1
N02+CH39HO-———+CHJPOOH NO (13)

Dr. Browning has shown that the reaction is not so simrls
however. The maln products of the reaction at the temperatures
mentioned are actually nitric oxide, nitromethsne and methyil
nitrate with methyl nitrite appearing in the later stages.

Dr. Browning explains thesze results oa the {follioWwing basis:

CHBCHO*NOQ—m—)CH3CO+HONO (14)
NOp+CH3C0 ——3 CHg. #C0, +N0 (15)
C 5. 4N0, — CHNO, (18)
CK30 «*NO —; CH30N0 (18)
§ﬁ30.+N02 —3 CO,+H,0+NO (20)

The fact that methyl nitrite is found only in the later stages
of the reaction when nitric oxide is preasent in abundance
rulee cut thé reaction

CHy.+NO, —> CH;0NO (21)

as the source for the methyl nitrite. Thus the intereating
fact emerges that methyl radical reacts directly with nitrogen
dioxide to give nitromethane dut not to give methyl nitrite.

A plausidble explanation may be made for this. The formation

of the -0 bond in (21) results in a molecuis having an excess
enargy equal to the C-0 bond energy - about 77.5 ksal. mole (m),
For the molesuis to stabllize itself this snergy must be re-
distributed in the molecule or lost by coilision. The N-O bond
in that molecules however requires only sbout 40 ckal. for 1its
upture so that about 38 kocal. per mole would have to be dissi-
pated. The result is that each time the methyl nitrite molecule
formed vis {21) 4t would immedistsly rupturs st the 0-¥ bond
and the net result would be that of (17). In the case of
reastion {16) the excess energy 18 %4hs C-N bond energy - about
52 koal. tn). Here there is no weaker bond than that being
formed and a loss or redistribution of only a little of the
eanergy will stasbilize the mocleculs.

13
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The above plcture dces require that nitrogen dioxicde and
methyl radicals react in an oxidaltlon reduction reaction
and thus supports the mechanism for the nitrate ester de-
conposition. These arguments do not rale out a direct
reaction hetween ecthoxyl and nitrogen dioxide togive nitric
oxide but since the case for umethyl radical is 30 plausibie
discussion will be based on 1t.

The Question of Methyl Nitrat: FPormation in the
Thermal ﬁecomgoaft{BE ol ﬁEE 1 Riirafe. The nltrogen
dToxIde-acetaldetiyde results suggest that methyl nitrate
zhould be formed in the thermal decomposition of ethyl
nitrate too via step (18). In an earlier report from thie
laboratory nitromethene and methyl nitrite have besn re-
ported as products (f) but methyl nitrate has not. The
basis for the analytical metl:icd was laid down in the same
report and an effort was made to 4d-monstrate that the
infrared absorptions used for the analyses measured the
compounds that they were asaigned to. The spectrum for
ethyl nitrate 1s shown in fig. 2 and that for methyl nitrate
in fig. 3. They are very similar both having strong absorp-
tions in the regions of 6 ¥, 7.75 p and 11.75 B and weaker
absorptions in the regions of 3.% B, 7T p and 9.75 p. The
main differences are that methyl nitrace has no absorption
&t 11.0 u where ethyl nitrate has a weak one and that the
ethyl nitrate absorption at 7 B is relatively weaker than
that of methyl nitrate.

One test that was applied to the analytical method was to
compara the spectra of synthetic mixtures made up to dupli-
cate the dacomposition mixcures with the spectra ¢f tha
decomposition mixtures themselves. Figa. 4, 5, and 6 are
reproduced from the earlier report for mixtures correspond-
ing to from 33.4 to 61.5% decomposition. Due to the cell
face absorpiion in the 7 p region it seems best to examine
the 11 p regicn. Here the presence of appreciable methyl
nitrate in the descomposition mixtures should result in the
synthetic mixture spectrum showing a more intense absorption
at 11 p even if there was agreement at the 11.73 p peak.

Examination of Pig. 4 for 33.%4% dscomposition shows exact

agreement for both peaks. The 44.0% and 61.5% decomposition

mixtures indicate the possible presence of small amounts of

methyl nitrate for here the s=ynthetic mixtures do absord more
strongly in the 11 m region. The situation 1s not quite as

simple as this unfortunately. Ethyl nitrits (f) has an

absorption at 10.75 p. At the higher percent reaction a com-
paratively large amount of ethyl nitrite is pressnt and the sthyl
nitrite absorption mskes a strong contribution to the absirption

in the 11 B region. This tends to make any contribution atiributable

14
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t¢ methyl nitrate a small difference between large guantities
and hence not very reliable. This 18 not the case for Flgs.
4 and 5 where the percent reaction is smaller and the ethyl
nitrate is present in substantially greater amount than the
ethyl nitrite., It seems falrly safe to say that very little
methyl nitrate can be present in at least the rirst S0% of
the reaction. It 1is pertinent to this that methyl nitrate
apparsnily decomposes more slowly than ethyl nitrate (b).
(Some preliminary experimgnbs in this lsboratory indicate

a2 value of ¥ = 0,005 wm.”* at 181°C. &5 compared to k =
0.02 mm.”+ for ctnyl nitrate st the same temnevature.) Thus
any methyl n‘trzte formed would accumulate in the reaction
and be most evident in the later stages.

A fairly plausible eaxplanation can be given as to why methyl
nitrate was found in substantisl amount in Dr. RBrowning's
study of the nitrogen dioxide-acetaldehyde reaczion but is
formed in only very small amounts, if at all, in the ethyl
nitrate decomposition. The ethyl nitrate work was carried
on at 161 - 201°C, while the nitrogen dioxide-acetaldehyde
reaction was studied at 100 - 1400C, The competing reactions
which are of interest are

NOA+CH~0, — CH30N02
< il 3

N02+CH30.-——+ oxidation

For the firat, since the only thing happening 1s the formation
oif a bond, the activaticon energy may be expected to be very
seall if not zerc. It is hard to say what the activation
energy for the second reaction 1ia but it is undoubtedly greater
than zero. Thus the increase in temperature in going from the
ranze 100 - 140°C. te 161 - 201°C. could easily result in the
oxidation reaction begsoming much more izuportant than the bond
formation reaction.

The entire reaction between nitrogen dioxide -.nd methyl radicals
represents only a uminor fraction cf the reaction path and if of
this fraction only a minor fraction goes to methyl nitrate the
absolute amount of methyl nitrate could easily be small enough
to eacave detection.

The exact procucts of the oxidation of methyl radicals by
nitrogen dioxide have not Veen determined. The resction of
these (wo 8species is undoubtedly complex but the stoichiometry
could be written

TNO,+2CH3 ——3 2C05+3H0+7NO

Lt
N
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If this ie incorporated into the reacticn scheme, the cverall
reaction for the thermal decowposition of ethyl nitrate may
be written

120,H50N0p — 9CoH5ONO+ACO+2NO+5H0+CHyNOo+CHR0

D" S SRRCRAMP T 3 SR R N MR 0 4 RRGED

This 18 not intended as an accurate description of ths
stoichiometry but it does show that the postulated oxidation
of methyl radicals yields sufficient nitric oxide to give
the observed reaction products in their proper amount.

The Kinetics of the Reaofion. In previous studies of
the thermal decompomitlion o nitrate (c, e. £) 1t
has been found that when the data have been plotted as 1if
the resction were first order the curves obtained have not
been simple straight lines. In genersl a fairly linear initial
section has been followed by an apparently fairly linear iater
section of higher slope. It has bean demonstrated in an earlier
report (f) that the general rate expressicn found using the
initisl slopes for reaction rates agrees well with that reported
by Bawn and Adams (o) while the expression found from the later
slopes agrees welli with the expression reported by Phillips (e).
The foregoing discussion indicates that it 18 ‘not correct to
aquate such activaticn data with any particular reaction such
a8 the initial N-O bond cleavage. The reaction 1s so compli-
cated that a c¢lear interpretation of thuse xi.ietic curves does
not seem poasibdle.

The results of the addition of nitric oxide and acetzldehyde
suggest another approsach «- to wit the simplification of the
reacticn conditions. Accordinmg to the pisture deveioped in
this discussion the addition of nitric oxide and acetaldehyde
terds to eliminate the reverse of step (1). If this reverse
step could be completely eliminated then the rate of disap-
pearance of ethyl nitrate would measure directiy tiia rate of
the initial N-0 bori cleavage. This has been accoampiished by
| carrying out the decomposition of ethyl nitrate in the presence
of nitric oxide and scetaldehyde together. The nitric oxide
serves to react with the ethoxyl radical while the aoetaldohyde
serves to destroy the nitrogen dioxide 8' it 1» forusd 8
reaction was studied in this way u? 161 ., 171°., and 181°C.
i and the rate data appear in Pigs. 7 and 9. The experimental
data for 181°C. sre shcown in Table 8 und are typical.

16
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Teble &
The Thermal Decouposgition of Ethyl Nitrate in the
Pre~ence of Nitric Oxide and Acetaldehyde at 181°cC

Initial Pressure

{mm. )
Expt. Ethyl Nitric Acetaldehyde t %
Nitrate Oxide (min,) Reaction
1l 20.2 20.0 20.0 2.0 1.5
2 20.5 20.0 20.0 4.0 12.8
3 20.0 23.0 23.0 6.0 21.5 |
20.0 23.0 23.0 12.0 50.0 '
5 20,0 33.0 25.0° 15.0 57.2
6 21.0 20.0 2C.v 20.0 67.4
g 21.0 20.0 20.0 20.0 82.1
20.5 20.0 20.0 G.0 88.7
9 20.9 33.0 3¢.o0 4é.b 92.4

Ulere formeldehyde was used instead of acetaldehyde.

Hoere toc it was deslirable to show that the formation of methyi

nitrate from the nitrogan dioxicde-acetaldehyde reacticn did not

introduce sny errors. This was done by carrying out cheecking

experiments .at 161°C sgnd 181°C wherein formaldehyde was used in

: place of acetaldehyde. The results are shown in Figs. 7 and ¢

5 and it can be geen that the points for formaldenyde fall on the
curves within experimental error.

T

The rates cailculated from the avove data are given in Table 9.

i Table 9
The Thermal Decompositiocn of Ethyl Nitrate in
the Presznce of Nitric Oxide and Acetaldehyde

161°¢C 171% 181°¢
Rate Constant
(min.=1) 0.00752 0.0210 ¢ 0.0611 }
0.00002 0.000?2 0.0009

17
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The general rate expressiocn calculated from these data ia

k = 1016'85 e ;5&;%393522 sec."1

his expression is calculated from the two extreme values and
he error in the activation energy 1is calculeated from the
errors in these two rate constants. The precision of the data
may be shown by the calculation or the 1719C rate using th
above exspression. The rate calculatsd 1s k = 0,0221 min.”
in excellent agreement with the measured rate:.

It may be ncted that activation snsrgy found here is higher
than the vgiues reported by others which ranged from about

36 keal.(¢) to 39.9 keal.(e), Bscause of the techniques
employed here it is felt that the value 41,290 keal. is the
correct value for this reaction and that it may with Jjusti-
fication be equated to the N-O hond energy. The value for
this bond energy has generally been taken as 34-37 keal. per
mcle cn the basis of studies on the nitrite getere. Howsver
the nitrite ester studles have met with some criticism (see
ref. (n)) and 1¢ 18 possidble taat & reexamination of their
descomposition may rex:lt in a higher activation enexrgy. Such
a study is going on in the- laboratory and will ve reported in
the near future,

The frequency factor found here 1016.85 gsc-1 1s nhigh {gr Y
& fifat order reaction. The wvalue usually found 1is 1049~ 101“

sec . In terms of the transition state theory of reastion
o8 this means that the entropy of activation has a
significanc positive value rather than being close to zero
as ie the Y case The zbove value of ithe frequenay
factor, 10+©. sec—+, requires a value for A S activation
of about 15 cal, per mcle. High {requency factors have often
been found for the thermal decomposition of nitrate estsrs,
especially polynitrates (e). Thers 18 no obvious reason why
such a high entropy of activation should be found for a
2imple glkyl nitrate but without an intimate mowledge of the
relative structures of the ethyl nitrate molecule and its
transition state there 1s little profit in speculating on
this point.

SUMMARY

The effact of the unddition of nitrogen dioxide, nitric oxide,
acetaldehyde, oxygen and dliethyl peroxide on tha thermal decom-
position of ethyl nitrate at 1810C have been studied., It has
bhean found that nitrogen dioxide and oxygen inhibit the reaction
and that nitric oxide, ascetaldehyde an! diethyl peroxide
accelerate 1t,

18
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The results of these studles give strong suppoert to a mechanls
for the thnermal decompesition of nitrate eaters which was pio-
posed in preliminary form in an earlier report and which was
completed in this one.

On the basia of the mechanicm proposed it was possible tc carry
our the thermal decompositicri of ethyl nitrate in such a way
that the kinetics were truly first order and where the acti-
vation energy could be properly interpreted in terms cof the

N-O bond energy. The rate expression so found was

k = 1016°85 e :ﬁlﬁgﬂg sec.” 1.
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