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ABSTRACT

In this program the effects of lead oxide (Pb0) on the thermal
decomposition of n-propyl nitrate have been studied as z model for
double-base propellants containing lead salts as ballistic modifiers.

Only a small effect. has been observed with n-propyl nitrate at the tempera-
ture rance investigated, 157-186°C, but in the course of this study a very
powerful catalysis by lead oxide of the thermal decomposition of nitroalkanes

was discovered and investigated in some detail.

Lead oxide (Pb0) brings about the thermal decomposition of nitroethane if
§ at 110-160°C at rates some 108 those that would occur with no lead oxide

present. The effect seems to be general for nitroalkanes having a carbon-

hydrogen bond alpha to the nitro group. Lead oxide is not transformed in
the reaction and hence is assigned the role of a true catalyst. The reaction

appears to occur on the lead oxide surface since pre-melted lead oxide shows

no detectable catalysis. A variety of other metal oxides has been studied
and only one, hydrated ferric oxide FeO(OH) has been shown to exert any effect.

The results are discussed and an important role assigned to the aci-nitro form

of the nitroalkane.
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INTRODUCTION

The effect of lead salts on the combusticn of double-base procellants
is an important one but one which, despits a number of studies, is not under-
stood. Various theories (1,2,3) have been proposed bdut 311 are based on
indirect evidence obtained in very complicated systams. In the present research
the approach has been to study the interaction of lead oxide with a simpie ni-
trate ester chosen to model the more complex double-base propellant systems.

The goal of this program has been to learn something about the basic
chemistry of lead oxide and compounds relatad to doublie base propellants. In
any basic research project it is important to investigate the unexpected
result and in this project the unexpected result has been the substantial cata-
iytic effect that lead oxide shows on the pyrolytic decomposition of nitroalkanes.
Whether this effect is important to double-base propellant combustion, only
time will tell. That it is important to learn about a powerful catalytic effect
of lead oxide on compounds containing nitro groups seems beyond dispute. That
is the area in which the most affort in this program was devoted and wnich is
described herein.

RESULTS

Experiments with n-Prooyl Nitrate
n-Propyl.-nitrate (MPN) was chosen as the model comnound for study
and the first task undertiken was to establish some general orocedurs for ax-
amining the effect of solid additives. For the latter, laad oxidé (P50) was
the compound of intarest. Ctxperiments were first done in a 500 a1 glass bdulbd

in which the oyrolysis of NPN was studied manometrically. Although data for

the pyralysis rate constant for this soecies could be found in this way it did
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not prove convenient for studies of the effect of a solid additive. A differ-
ent procedure was then adopted, which with various modifications described in
the Experimental Part, was used in the rest of this rassearch. This involved
the use of a small vessel, generaily a glass bulb of 10-20 cc capacity, which
could be charged with the organic compound and the solid additive, evacuatad,
and heated at appropriate temperatures. The vessel contents could then be re-
moved either directly or by dissolving them in a suitable solvent and analyzed
By a combination of gas chromatography and infrared or mass spectrometry. In
this way data for the pyrolysis of MPN by itself were obtained. These are
shown in Tables 1 and 2 and Fig. 1 and yield the expression for the pyrolysis

rate constant

k = 1016.3 exp - 49,200/RT sec -1.

A few experiments were done with the above technigue in wnich the
effect of copper surfaces and of lead oxide on the rate of NPN pyrolysis were
studied but only small effects were observed (4). In the course of these
experiments a new phenomenon was observed, the study of which has occupied the
reamainder of the research effort.

Although Tead 0. :de snowed no substantial effect on the kinetics of
NPN py olysis, it showed a striking effact on the reaction stoichiometry. HNi-
troethane, a principal product of the pyrolysis of NPN by itself, was absent
as a product when lead oxide was present. This was soon found to e caused
by the rapid disappearance of nitrothane over lzad oxide at tamperatures wherea
it (nitroethane) is stable in the absence of lead oxide. This effact was so
striking that the decision was made %o investigatz the oyrolysis of nitroalkanes

and of Nitroethane, in particular, in the presence of lead oxide.
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Experiments with Nitroalkane-Lead Oxide Mixtures

The first experiments of this sort were carried out at the tempera-
tures where NPN pyrolysis had been studied, arcund 150CC. At this temperature
only the reaction products could be studied, not the kinetics, since the reaction
was over in a period of seconds. In the sarly part of these studies it was |
established that the reaction was of some generality for nitroalkanes. Nitro-

methane, 1- and 2-nitropropane showed reactivity similar to that for nitroethane.

The only gaseous product identified at first for nitroethane was acetonitrile.
Acetone was the principal oroduct from 2-nitrooropane, propionitrile was the
principal product from 1-nitropropane and nitromethane yielded principally
nydrogen cyanide. No reaction was observed for 2-methyl-2-nitropropane.

Further studies were concentrated on nitroethane.

Nitroethane-Lead Oxide

The temperature range of 120-1609C was found to be convenient for
the study of the kinetics and stoichiometry of this system. The procedures
used in these experiments variad with the goal of the particular experiment
and are described in detail in the Experimental Part but for purposes of
discussion, will be described in a general way nhere.

The reaction vessels were spnerical Pyrex bulbs of about 15 ml

capacity which were fittad with Fisher-Porter Teflon valves. For oroduct com-
7

position studies the bulbs were charged with 0.1 ml of nitroalkane and 1.0 g.
of lead oxide. They were then svacuated while chilled in liquid nitrogen, the
valve closed and the bulb then warmed to room temperature ancd immersed in a
constant-temperature salt bath for an aporopriite time. The reaction was
stopped by cooling the bulb and the contents axamined by 2as chromatograony,

infrared or mass spectroscopy. For kinetic measurements the orocedure was




the same except that the nitroethane was sealed in a glass ampule and xept
separate from the solid substrate until the reaction vessel was squilibrated
thermally. The ampule was then oroken using 2 magnetically-controllad nlunger
and the prassure-time curve plotte

Before discussing the rate and product composition measursments it
is useful to present some general otservations apout the reaction. The reaction

was invariabiy marked by discoloration of the lesad oxide. The formation of

gy i T TN R N N SRS

grey to black areas was clearly evident. lodimetric analyses of the lead
; oxide at the end of a run showed no evidence of lead dioxide formation. If

the lead oxide were melted in the reaction vessel and soread over the antire

surface as a thin film (a procedure originally designed =5 maximize the surface

<.

area) and then cooled to reaction temperature, no reac:t®.n took place

Kinetic Studies of the Nitroethane-Lead JOxide Svstem

A large number of experiments was carried out in winich the orsssure
in the reaction vessel was recorded continuously as a function of time. All
of these conformed to one pattern, c¢f. Fig. 2. There was an initial period,
referred to hereafter as the induction period, followed by a period in which
the pressure rose until it became constant.. dhen the data were plotted as
Tn (P g0- P+) vs. time, the curve for the period following the induction
period was linear. The temperature dependence of the data was charactarizad
by the slopes of the linear portion of the curves and by the induction times.

Experiments were carried out from 1230C to 1579C. The datz are shown in Tabl

(1]

ds
Two methods were used to detarmine the length of the induction period

! [). The value detarmined by method 1, designatad I[,, was sirply the time during
7 1 g

1}
j e

which the initial prassure remained assentially constant (cf Fig. 2). The value
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determined dy method 2, designated I, was determined using the log (Pgo-?)
vs. time plots. The two linear portions--the initial fiat portion and later
steep portion--were axtanded to give a point intarsection wnich was taken as
the induction period. Only the largest induction periods (a2t the lower
reaction temperatures) show any significant differences in the two 7aiues.
Examination of the first-order rate constant values, Tapie 3, shows
that the temperature variation is small. The trend toward higner values at
the higher temperatures cannot be reliably separated from the variation within
one temperature. (In view of the fact that, although the same weight of lead
oxide was used each time, the exact configuration and surface praesent could

not be controlled, the observed scatter is understéndab]e.) The rate constants

for the range 128-1579C can be encompassed in the value k = .006=.026 sec!.

The induction periods on the other nand showed substantial tempera-
ture dependence. A plot log I vs. reciprocal absolute temperature, Fig. 3, is
roughly linear. Interpretation of the slope in terms of E/R, where £ is the
activation energy and R the gas constant yields a value of about 41 kcal.

mole -1.

Experiments on the Induction Period for the Nitroethane-Lead Qxide Reaction s

The induction period has been defined by the fact that it is a period

in which 1ittle or no pressure change is observed. We have established that

very lTittle chemical change in the gaseous substituents occurs either. Thus,

a reaction sample was ramoved from a 1409C bath after fifteen seconds. Frem

Fig. 3 the induction period at 1409C is about twenty-seven saconds. Anaiysis

of the reaction vessel gaseous contents by gas chromatography showed that less

than .01% of the nitroethane had been consumed. [t may be pointed out that
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once the reaction starts, it is largely over in a pericd of about ten seconds at
this temperaturae.

e wondered whether the induction period involved some change in the
catalyst surface that could persist from one filling with nitroethane %o
another, and devised axperiments to investigate this.

1

In one experiment a reaction vessel was charged with 1.0g lead oxide,
50 microiiters of nitroethane and a fragile sealed glass bulb containing 100
microliters of nitroethane. 2Reaction was carried out at 1309C for thirty minutes
in the usual way and the flask esvacuated. The usual discoioration of the cata-
lyst (see above) was observed. The reaction vessel was then closad and the
bulb containing the additional nitroethane was broken by means of a magneticaily-
controlled bar. An induction period in the range predicted for this temoerature
was observed. A similar experiment was performed which differad only in that
the reaction products of the first charge of nitroethane were not removed.

When the pressure levelled off, the glass bulb containing the additional nitro-

ethane was broken. Again the usual induction period was observed.

Experiments with a-Deuterated Nitroethane

Nitroethane with deuterium in the alpha position was prepared.
Analysis by mass and nmr spectroscopy showed the material to be 73% dideutero
and 25% monodeutaero nitroethane. Table 3 contains data for kinetics axperiments
with this material at 153 and 1549C. The most striking diffarence is that the

induction periods are two to three times those for ordinary nitroethane.
Experiments with other Mitroalkanes

A few experiments were carried out with other nitrcalkanes but

studies in detail were not performed. An experiment with 2-nitroprooane and

R s B s AT
i s

o s 2l

o sl L ot e i L

oot o aARbL

lhaties de o o (e ol araatala




lead oxide at 140° C showed a much longer induction oeriod than for nitro-

ethane (120 sec vs 15 sec) and 3 slope for the 1In (Poo 'Pt) vs t part of
the data of 5 x 107% sec -! , about two orders of magnitude less than that far
nitroethane. Etxperiments with 2-methyl-2-nitronropane and lead oxide in the
amounts used in the nitroethane axperiments showed no reaction at ail for
twenty-four hours at TBOQC.

No kinetic experiments were done with nitromethane, 1-nitropropane and
1-nitrobutane, but in product composition experiments it was found that, for
the conditions used in the nitroethane experiments, these nitroalkanes were

completely decomposed after five minute heating periods at 130°C.

The Reaction Products of the MNitroethane-Lead Oxide Reaction.

As the reaction proceeded a brown 0ily deposit beéan to form on the
lead oxide surface. At the end of a run the lead oxide was analyzed and
1.0 g. was found to contain 17.0 mg of carbon, 0.5 mg af nydrogen and 3.6 mg
of nitrogen. All of the above carbon however could not be assigned to the
brown deposit for treatment of the catalyst with acid released carbon dioxide
(identified by mass and infrared spectromemetry). The amount of carbon dioxide
found corresponded to 46% of the above carbon.

Analysis of the gaseous products showed the presence of nitrous oxide and
acatonitrile as the only major products. Water was gualitatively identified as
a product but no quantitat{ve analyses were made. Small amounts (less than 1%

of the initial nitroethane) of nitrogen, acetaldoxime, esthylsne, methane and :

butene isomers were also identified by the combination of gas chromatography

and mass spectrometry. The anaiytical results are expressed by the following .

equation
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2
+ 1.05 C (deposit) + .26N (denosit)

CHCH HOp —===">  .15M,0 + .22CH3CN + .33C0

+.50 H (deposit) + 1.20 H50

In this equation the coefficient given for water is not based on anaiytical

E results but has bDeen assigned to give a 100% mass balance for oxygen.

; The following arguments can be cited as supoort for the coefficient
assigned above for water. If it is assumed that the carbon dioxide arose

from oxidation of the ethyl radical then one can propose that, for esach carbon

dioxide molecule formed, 2.5 molecules of water are produced. If one further
makes the reasonable assumption that one molecule of water is formed for each

molecule of nitrous oxide or acetonitrile then the total of these three sources

is 1.20. The quantitative agreement with the figurecited above is probably fortui
tous Hut: the  argument gives a logical basis for a figure of about this magnitude.

The- above expression- accounts for -about 70% of. the total. hydrogen. A. few more per- _f
qent can be assigne¢ to the trace hydrocarbon products cited. earlier.

Analyses of the Lead Oxide after a Run. The catalyst at the end of a

run was also analyzed for lead dioxide (or any tretravalent lead] by treatment
with potassium iodide, but none was ever found. Eikewise dissaliution of :the
catalyst:at theiendiof:a run’in. hvdrochlortc.acid Teft no metallic:lead residue.
8lank.expériments.:showed.thatzds littiezaszone mittigram-of lTead would have been
detectad. .

[t thus appeared that lead oxide did function as a true catalyst in that

it was neither oxidized or reduced and was chemically changed in the reaction

only oy absorption of carbon dioxide.

Experiments with Laad DJioxide.

Of the various cthings that could napcen to lead oxide, oxidation to lead

dioxide was one that could figure in a reaction mechanism. Since neither lead

}
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!
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dioxide nor lead appeared in the products it was of interest to see wnat hap-
pened with Tead dioxide-nitroethane mixtures. These studies led us to look
at the reactivity of lead dioxide with other compounds.

First a mixture containing lead oxide and lead dioxide in a 10:1 ratic
was used in a typical run with nitroethane. Only lead oxide was found at the
end. Hence the fact that lead dioxide was not found at the end of a nitroethane-:
lead oxide experiment did not rule it out as a transitory intermediate. Mext
the reaction of pure lead dioxide and nitroethane in amounts comparable to the
nitroethane-lead oxide experiment were heated at an intermediate reaction tempe-
rature, 150° C. The reaction proceeded at a rate similar to that for lead oxide-_
nitroethane mixtures but the products were different. Nitrogen, carbon dioxide
and, presumably, water were the products. MNo acetonitrile, a major product with ;
lead oxide-nitroethane mixtures, was observed. Not all the lead dioxide reacted,
but of the particles that did, lead oxide was found on the outer layer, red lead
oxide (Pb304) found inside this.and lead dioxide found in the interior. These
results prompted us to look at the reactions of lead dioxide with acetonitrile at;
150°C. No comsumption of acetonitrile over a period of two hours was observed.
This suggesté that acetonitrile was never formed in the Tead dioxide-nitroethane |
mixture and hence that there are significant differances in the way lead oxide
and lead dioxide work.

In other experiments it was found that propionaidehyde, 2cetone, acetaTdei.{
and 2, 4-pentanedione all reactad with lead dioxide at 130°C. In the case of :he'
last two of the above, the mixturas were observed to react at room tamperature and
to evolive enough heat to ignite the liquid either in air or in vacuum. 0On the
other hand 2-methyl-2-nitropropane did not react with lead dioxide at 142°C nor f

did n-propyl nitrate.
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Experiments with other Metal Oxides.

Neither ferric acid (F9203), stannous oxide, thorium dioxide (Th2,) mo?ybden:
trioxide (M003) » barium oxide, cobaltous oxide or soda lime showed any affact
over thirty minutes at 150°C on nitroethane. C(lzarly basicity and muitiple va?e;
states are not sufficient to show the erfects that lead oxide does.

The only other material found to show reactivity similar to that of lead oxf
was the iron oxide FeQ(QH) (5) prepared as described in the Experimental Part.
This showed a reactivity very like that of lead oxide both in terms of reaction:
times and in the production of acetonitrile and acstaldoxime as products. This
phenomenon was discovered at the end of this study'and it was not possible to
pursue it. The results of the experiments with lead dioxide and the other metal €

oxides are collected in Table 4.

DISCUSSION

Initially, when nitriles appeared to be a general reaction oroduct, a tenta-;
tive hypothesis was considered in which the lead oxide removed an oxygen from
the nitro group.

CoHNO, + PBO ——X  pbg  + C
g g - 2 2

H_NO
5

Isomerization of nitrosoalkanes to the corrasponding oximes followed by dehydratig
to nitriles is a well-astablished sequence. (6)..
CoHgHO ——=  CH,CH = NOH —> CH3CN + H,0

[t was reasoned at that time that any lead dioxide formed would be reduced %o the

lead oxide again. This appears to have been 2 correct assumption.
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This hypothesis does nat account For the statility of the tertiary nitro-
alkane, 2-methyl-2-nitopropane. (It could be argued that the oxygen transfer
5 { itself is thermodynamically unfavorablie and requires further reaction of the
f 'f nitroso compound which cannot be shown oy a tertiary nitroso comoound and this
é ;( is still a possibility but does not seem likely). [t likewise does not account
| for the formation of acetone from 2-nitropropane. This product was identified,
not only by gas chromatograpny, but also by mass spectrometry when the reaction

products were injected dirsctly into the mass spectrometer. Formation of the

ketone by hydrolysis of the corresponding oxime on the gas chromatograpnic column
is thus ruled out. Finally the substantial increase in the induction periocd for

a, a-dideutero nitroethane and for 2-nitropropane compared to nitroethane are not

consistent with this idea.
That the principal products of nitroethane decomposition were acetonitrile
and nitrous oxide suggests the conversion of the nitroalkanes o the corresgonding

aci-nitro isomer as the principal reaction path (7). Thus for nitroethane cne

can write
0 H OH
7 . \ -
CH,CH = N = HO s——=gn . = G N
OH
LSRR
- [ + I\ L )

CH3 C N\\\ —_— HZO OH + CH3CHO

. OH

OH

2 NOH ™ N0 + H,0

2
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+ PBO0 —CHy CH = NOH + PbOZ

"

HOR  — CH3CN * HZO

The evidence presented earlier makes it clear that lead dioxide, if formed in the
reaction, would appear in the products as lead oxide. It also seems clear that
acetaldehyde would not survive in this system but would be oxidized further.

The o0ily deposit clearly is some kind of polymerization nroduct. Such
products have been observed before in the pyrolysis of nitroalkanes.

A good deal of effort has been expended in this work on the induction period.
From the point of view of the kinetics the results observed corresoond to the

following scheme.

CZHSNO2 + surface —— A.S (1)

~

C2H5N02 + A.S. ~—— oproducts (2)

Here A.S. refers to active sites on the surface and the implication of expression
(1) is the number of such sites is a function of the lead oxide and that the gene-
ration of these sites is what is going on in the induction oeriod. The reaction
kinetics then subsequent to the inducticn period would be given by

d (CoHgN0p)/dt = Kk (CaHeNO,) (3)

This is a first order expression in wnich the rate constant is 3iven oy

k = k(z) (A.S)
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Here k(7) is the rate constant for reaction {2) above and (A.S.), the concentra-

tion of active sitas is a constant.

[t can be noted that the formation of these active sitas appears to involve
the alpha hydrogen of the nitroalkane since the induction neriod did increase
with alpha deuteration of nitroethane. The tan-fold increase in induction period
in going (from nitroethane to 2-nitropropane corresgonds quite closely to the
decrease in the rats of proton removal from these molecules by nhydroxide ion

1 (nitroethane-2-nitropropane, rate constant ratio, aporoximately 230-300 : 19) (8)

Why Does Lead.Oxide Work ?

[t seems most reasonable to attribute a dual role to lead oxide, i.e to sug-
gest that .it-assists: isomerization by proton transfer and that it reacts with
the aci form by oxidation, reduction or both. The failure of more basic oxides
and of other multivalent oxides to show perceptible catalytic effect shows that

the requirements are quite subtle.

The only other oxide to show an effect, and indeed one very similar to that

- of lead oxide, was hydrated ferric oxide FeQ(QOH). Ordinary ferric oxide, FeZO3

was ineffective. A reasonable route to isomerization can be written here
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In the present study little effect was observed with n-propyl nitrate, the
model for the double-base prupeilant , in the tamperature range studied.
[t remains a point of importance as to wnether a more substantial erfect

would be observed at higher temoeratures, e.g. 250-300°C, wnich would be

closer to the temperatures reported for the sufrace of burning propellants.




EXPERIMENTAL PART

Materials

The Nitrolkanes

The nitroalkanes wers all obtained from Zastman Qrganic Chemicals Co.
and were reagent grade. Nitromethane, 1-and 2-nitrooropane, 1-nitrobutane

and 2-methyl-2-nitropropane were all used without further treatment. Nitro-

ethane was distilled on a Nester-Faust 13" spinning band column. The fraction
] distilling between 114.5° and 115.5° was collected. Gas chromatograohic analysis
of this mataerial indicated a purity greater than 99.3%. The identifiable imouri-

ties were nitromethane and 2-nitropronane.

The Metal Oxides

Lead oxide (Pb0, yellow) was either Coleman and Bell or Mallinkrodt reagent

grade. Lead dioxide (P0,), lead tetroxide (Pb,0,), ferric oxide (Fe,0,) thorium

dioxide (ThOZ), molybdenum trioxide (MoO3), stannous oxide (SnQd), barium oxide

(Ba0) and soda 1ime were all commercial products, c.p or reagent grade and were

used without further treatment.

Qther Organic Compounds

Acetaldoxime was the Aldrich Chemical Co. product and was recrystailized
twice from water to remove trace amounts of_;ceionitrile. n-Prooyl nitrate was
Eastman QOrganic Chemicals reagent grade and was distilied twics. Acatonitrile and |
2,4-pentanedione were Eastman reagent grade and were used without further treat-

ment.

Hydratad Ferric Qxide (FeQ(OH))

f
!
i
1
1
!

A solution of ferric chloride hexahydrate (FeCT3.5H20) (13.5 gms in 2%cc H,0) f




was treated with 6 g of sodium hydroxide pellets. When the mixture had cooled,
the resulting gel was collectad on filter paper in a Buchner funnel. Tnis gei
was suspended. in 50 ml ethanol for thirty minutes. The resulting solid was

again collectad on filter paper. The ethanol treatment was repeated. The result
ing red brown solid was wasned 2ith 25 ml of water and then dried in an oven at

5 £ gf?

a,-a-Dideutaronitroethane

The alpha dideuteration of nitroethane was achieved by treating the sodium
salt with DC1. The salt, MNa (CH3CHN02) was synthesized o2y slowing adding nitro-
ethane to a solution of sodium methoxide. The salt was stored in the reaction
flask under methanol and the amount necessary was removed before use.

(Caution Na CH3CHN0 is explosive). After collecting the salt on filter paper t

2
white solid was washed with methanol but not aliowed to dry. To 20 ml 86.7% 0,0
yasiglowlv gddgd 18 g of Na(CH3CHN02). The resulting solution wis acidifisi o,
addiﬁg 24 ml of 20% DCL (in 020) dropwise. The nitroethane formed was extracted
into ether and the ether layer was stored over molecular sieves. When a total

of 54 g. of Na (CH3CH;NO,) (three batches) had been acidifiad the combined ether
Tayers were distilled to collect the product CHSCHDNOZ.. This product was then
slowly added to a solution of NaOCH3 in CH3OD. The resulting orecipgitate was
collected on filter paper and washed with CH3OD (but not allowed to dry). This
solid was treatad analogously o MNa (CH3CHN02). After workup 5 ml of nitrcetnane
resulted. An NMR of this material indicated 25% CH CHDNOZ and 75% CH3C32N0

3
This isotopic distribution was also confirmed by mass spectrometry.

>

Procedures

The procedures for axperiments designed for product anaiyses and those




designed for reaction rate measurements wers similar bSut had significant differ-

! ences.

Product Analvsis Runs

Two general procsdures were used for jroduct 2nalysis runs. A faw were
done directly in the gas chromatograph using a Yalco zero dead volume vaive that

R | allcwed the carrier gas stream to bSe divertad through a glass-stainless stael

loop. The glass-to-metal joints were ground spherical joints with a Yiton Q-ring
on the glass ball. The reaction loop was charged with lead oxide and nitroethane ;
then cooled in liquid nitrogen and evacuated. The closed ioop was placed in a

200°C oven for_ten minutes. The valve wa then attached to the column in the gas

chromatograph and the valve opened to allow the carrier gas to sweep the products

on to.the column. The analyses for condensible products were carried out using |
a small (15-20 ml) Pyrex flask equipped with a Fisher-Porter Teflon value and

a side arm.

ARMTHH M

Typical conditions were: 0.75 ml nitroalkane, 1.0 g metal oxide, 150°C, for five
minutes. The vessel was charged with the two reactants and immersed in liauid
nitrogen. After the vessel had cooled the residual air was svacuated through the

side arm. After evacuation the vessel was warmed to rcom temoerature and then

was immersed in a salt bath (53% KNO3, 7% Nal0,, and 40% NaNOZ). %




After the desired time had elapsed the vessel was treatad Sy one of the follow-

ing methods.

d. The vessel was cooled in an ice bath for five minutes, the side arm fillad

with solvent (chloroform, methanol or 2thyl 'd the valve cpened to draw

the solvent into the vessel. The vaive was the mixture shaken for

five minutes. Immediateiy prior to analysis the valve body was removed and the
1iquid decantad.

b. The end of the side arm was covered with a serum cap, the valve opened while
the vessel was warm, and the gases (products and air) allowed to equilibrate

five minutes before sampling.

c. The side arm was connected to a vacuum manifold and the products transferredi
to a small cold finger (3 ¢cm x .3 cm).

d. The side arm of the reaction flask was connected directly to the gas inlet
of a mass spectrometer the mass mass spectrum of the mixture was then recorded.
e. This procedure was developped for the analysis of carbon dioxide bound as
lead carbonate. The reaction vessel was connected to a gas train designed for
carbon dioxide absorption, described by Vogel (9). Phosphoric acid was added
slowly and the gases evolved collected in the gas train. The system was flushed
with air for five minutes and the mass gain measured. (A sample of authentic

PbCO3 showed this method was quantitative for PbCO3).

£. For analysis of the oily organic material deposited on the lead oxide, the

solid left at the end of a run was sent to Galbraith Laboratories (Xnoxville,

Tennessee) for analysis for carbon, hydrogen and nitrogen.
g. The side arm of the reaction vessel was connected to a vacuum manifoid and

the product mixture transferred to a 10 c¢m infrared gas call.




Analytical Methods

The products collected by the above methods were treatad in the following
manner.

The solution from (a.) was analyzed by gas chromatography. A seven foot by
one-quarter incn column packed with 3% Carbowax 20m, or a six foot by one-quarter
inch column packed with 10% trityl phosphate was used depending on which products
were to be determined. The gas chromatography columns were in 2ither a Perkin
Elmer Model 270 mass spectrograph, a Finnigan. Model 3300 mass spectrograph or
a Perkin Elmer Sigma 3 gas chromatograph. Mass spectra were used for product
identification while quantitative analyses were done on the gas chromatograph
(Sigma 3), with methylene chloride as an internal standard. A majority of the
quantitative work was done with the ;olutions from (c) and were done on the
Sigma 3.

The gaseous mixtures from (b) were sampled with a Supelco gas-tight syringe
and then injected onto a gas chromatograph column. A Porapak Q colum was used
for separating nitrous oxide. A molecular sieve 4A column was used to separate
nitrogen, oxygen and nitric oxide. The gases were injectad onto a 0.13% picric
acid on 80/100 mesh Carbopak C (Sulpelco) six foot column in the Sigma 3, equipped

with flame ionization detector.

Procedures faor Rate Measurements.

A series of kinetic runs were done for these reactions. All kinetics runs
were done Dy a continuous monitoring of the pressure. The apoaratus for measuring
the change in pressure was as follows: A Pyrex 25 (or 50) ml distilling flask was
fitted with a 1/4" glass side arm and the metal oxide (typically 1.0 g) was placad
in a pile on the bottom. A sealed fragile glass bHulb containing 25-30 ml of peacs-
ant was added, a 7 g stir bar was placed 2bove this and the top ¢ the distiliing

flask was sealed in a flame.

-




The 1/4" tube was fitted to a stainless steel Swajelok Tee (using Mylon ferrules).
.! One end of the tee was connected t0 a stainless steel valve that went to the
vacuum system while the other end of the tee was attached to a pressure transducer
(Pace CD 25 = 15 psi or P70 = 5 osi). The transducer was connected to a Czlasco

CO 25A transducer for dial readout. A germanent record was orovided 9y attaching

a 10V strip chart recorder. {(Maximum chart speed was 4 mm secand").

«——ELECTROMAGNET

= y TO VACUUM
STIR BAR—*

~—VACUUM

NITROALKANE—/— TRANSDUCER

METAL OXIDE

The entire apparatus was enclosed in an oven (=1°C). The apparatus was evacuatad

while the system reached thermail equilibrium. After one hour the vacuum valve

was closed, the magnetic stir bar was raised to the top of the flask and the

system was allowed to equilibrate an additicnal one-nalf hour. At this time the
current to the elsctromagnet was reversed, the stir bar dropped shattaring the buib

and releasing the volatile reactant.
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The pressure in the reaction vessel with no metal oxide present leveled of

after 1.3 seconds (for runs done below 145° the vessel was heatad to 145°C the

cooled to reaction temperature). A dlot of In (P= -P) vys time was made for all

kinetic runs.

e
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Table 1
Manometric Measurements o§ the First-Order
Rate Constant for n-Propyl Nitrate Pyrolysis ?
f First-Order
Ex % Pressure Rate Constant
Identification Po (torr) Temp Increase (sec-1)
g 27.44 175 44.7 5.70 x 1074
g 25.45 175 51.6 5.40 x 107*
B2 34.68 177 38.2 6. 75 x 10 ;
4
|
: i
% Table 2 E
| The Temperature Dependence of the ?
Pyrolysis of n-Propyl Nitrate ;
1 Temp No. of experimental losk, (se¢™) 1
hy c) Points
157 6 12+l
167 6 ol
177 S 58.3




Table 3
Reaction Rate Measurements for the
Nitroethane-Lead Oxide Svstem n
: Runb T %TéuCtion T%?gs s lozk (sec'l)
¢ A -0 157 3. 16 8.16
A-10 157 9.8 12.8 6.43
A-5 156 11.5 16 8.71
A-9 156 1522 17.2 6.04
A-4 153 17 E7 4.92
A-3 . 152 10 10 6.00
A-15 152 8 B 7.27
Y‘ A-2 151 15 16.2 5.21
A-1 150 B L 1S 585
A-13 149 16.1 17.9 3.87
B-2 148 16.5 LZss 6.66
C-2 146 2352 23.2 9.31
8-4 LS 22.5 22.5 6.97
: A-7 142 20.8 20.8 9.28
| A-13 138 42.5 50.5 4585
l A-8 138 42.5 47.6 4.14
t A-14 128 100 138 1.79
; A-14 123 225 320 72
110-115 7 3000
; D-1 133 28.7 28.7 3.36
D-2 153 20 23T 3.20
D-3 154 25 30.6 $.11
D-4 133 47 1.3 3.46
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Table 3 (continued)

- a
] Reaction temperature of air in the oven was constant to =1°C. P= -P was

-
plotted in arbitory units from the chart, but Po for .l ml nitroethane corresponded

to 380 = 3 torr.

ot Wi A

All runs designated A used 0.1 ml nitroethane; runs marked B used .05 ml nitro- i

ethane for pre-reaction and .05 ml nitroethane for the regular reaction thereafcer.

USRI P————

Runs designated D used 0.1 ml a, a-dideuteronitroethane (see text).

c
See text for explanation of how these values were obtained.
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Table 4

Summary of Reaction Products Found in

Metal Oxide-Catalyzed Reactions with

Nitroalkanes and Related Species

Reaction Organic Oxide
Temperature Reactant
180° nitromethane Pb0
i nitromethane
n
rn
"
130-200 - nitroethane Pb0

150,190, 210 nitroethane
150

150

150

130-200

150

150 nitroethane FeQ(OH)
150

150

190° 1- nitropropane PH0
190° 1- nitrobutane Ph0

150, 200" 2--nitropropane PhO

(trace) C6H

Analytical Method Used
GC

Products IR
observed
HCN *
NZO %
N

HZO

‘a
C02(1)
CH.CN *
9

NZO *
co, (1) 2 *
H O

2
L)
H_CCH=NOH

2

C254 (trace)
CH4 (trace)

b
C4H§2) (trace)
CHSCN
€o, (1)
53CCH' = NOH
CH3—CH2-CN
CHS-CHZ-CHz-CN

CH.-C-CH. (50%)
9 9

<
Ceyy (3)

(trace) C3H4d (4)

FLETILL) S——

-

2
~J-pentene)




Table 4 (continued)
Analytical Method Used
Reaction Organic Oxide Products IR GC MS GCMS
Temperature Reactant observed

acetaldoxime. PbO CHSCN

2-nitro-2- PbO no reaction 24 hrs

methylpropane

acetone PbO no reaction (.5 hrs)

2,4-pentanedione PbO Acetone x
1 acetone/
2,4-pentadione

acetone oxime acetone

nitroethane No reaction 30 min.

(1 n

BaO
Co0

soda lime

nitroethane PbO,

*
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Table 4 (continued)

a
CO, was present as ?bCO_ as indicated by IR, no free CO, was detected,
- o) -

identification was provided by acidification o

",
w

olid and analysing the result-

ant gas.

b
Isomer of C4H° unknown, suspect 2 butene.

-]

c
Mass spectral data was insufficient to distinguish between the possible

Csﬂl, isomers however the smaller of rthe two g.c. peaks with MN 34 had an identi-
cal retention time with cis or trans 4 methyl 2 pentene (these two isomers had
identical retention times). The larger peak had a longer retention time than

4 methyl 2 pentene and is suspected to be 2, 3 dimethyl 2 butene.

d
The mass spectral data was not sufficient to ascentain with certainty

the specific isomer. It is possible that the CSHIO, C4H species may arise

g

from impurities, see below.
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FIG. 1 ARRHENIUS PLOT FOR n-PROPYL NITRATE PYROLYSIS
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