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Lead oxide (PbO) brings about the thermal decomposition of nitroethane at
110-160°c at rates some 1O~ those that would occur with no lead oxide present.
The effect seems to be general for nitroalkanes having a carbonhydrogen 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 cata-
lysis. A variety of other metal oxides has been studied and only one, hydrated
ferric ixide FeO(OH) has been shown to exert any effect. The results are dis-
cussed and an important role assigned to the aci-nitro form of the nitroalkane.
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ABSTRACT

In this program the effects of lead oxide (PbO) on the therma l

decomposition of n-propyl nitrate have been studied as a model for

double—base propellants containing lead salts as ballistic modifiers.

Onl y a small effect. has been observed wi th n—propy l nitrate at the tempera-

ture range investigated , 157-186°C, but in the course of this study a very

powerful catalysi s by lead oxide of the thermal decomposition of nitroa l kanes

was discovered and i nvestiga ted in some detail.

Lead oxide (PbO) brings about the thermal decomposition of nitroethane
8at 110-160°C at rates some 10 those that would occur wi th 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 reacti on and hence i s assigned the role of a true catalyst. The reaction

appears to occur on the l ead oxide surface since pre-mel ted lead oxide shows

no detectable catalysis. A variety of other metal oxides has been studied

and onl y 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 combustion of double—base Drope llants

is an important one but one which , despite a number ~f studies, is not under-

stood . Var ious theories (1 ,2,3) have been ~rcposed but all are based on

indirect evidence obtained in very complicated systems . ~n the presen t research

the approach has been to study the interaction of l ead oxide with a simple ni-

trate ester chosen to model the more complex double-base propellant systems .

T.he goal of thi s program has been to l earn something about the basic

chemistry of lead oxide and compounds related to double base prooellants. In

any basic research project it is important to investigate the unexpected

resul t and in this project the unexpected result has been the substantial cata-

lytic effect tha t lead oxide shows on the pyro lytic decomposition of nitroa l kanes.

Whether thi s effect is important to double—base propellant combustion , onl y

time will tell. That it is important to learn about a powerfu l cata l ytic effect

of l ead oxide on compounds containing nitro groups seems beyond dispute. That

is the area in which the most effort in this program was devoted and which fs

described herein.

RESULTS

Experiments with n-Propy l ~4itrate

n—Propy l. -n i trate (NPNI was chosen as the model compound for study

and the first task undertaken was to establish some general Drocedure for ex-

amining the effect of solid additives . For the latter , lea d oxide (PbQ ) was

the compound ~f iriteres:. Exoeriments were first done in a 500 ~1 glass bu lb

in which the 2yro l ysis of NPN was stud i ed manometrica ly. ~l though data for

tie pyr~l ysis ra te constant for thi s species cou ld be found in this way it ~id

L~
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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 Experimenta l Part , was used in the rest of this researcn. This involved

the use of a sma l l vesse l , generall y a glass bulb of 10—20 cc capacity , whicn

could be charged with the organic compound and the solid additive , evacuated ,

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 chroma tography and infrared or mass soectrornetry . 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 cons tant

k = 10 16.3 exp - 40,200/RT sec -1 .

A few experiments were done with the above technique in which the

effect of copper surfaces and of l ead oxide on the rate oF NPN pyro lysis were

studied but only small effects were observed ( . ) .  In the course of these

experiments a new phenomenon was observed , the study of which has occupied the

rema i nder of the research effort.

Al though 1e~~ o e  snowed no substantial effect on the kinetics of

N P N p
~ 

ol ysis , it showed a striking effect on the reaction stoichiometry . ~i-

troethane , a principa l product of the pyrolysis of NP~ by itself , was absent

as a produc t when l ead oxide was present. This was soon found to be caused

by the rapid disappearanc e of nitrothane over l~ ad oxide at temperatures where

it (n i troethane ) is stable in the absence of l ead oxide . This effect was so

striking tha t the decision was made to investigat e the ~yrolysi s ~f nitroalkanes

and of ~i troethane , in par~i cu1ar , in the presence 0f l ead oxiae .

- - ~ ~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~
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Experiments with Nitroalkane -Lead Oxide Mixtures

The first experiments of this sort were carried out at the tempera-

tures where MPN pyrolysis had been studied , around 1 90CC . At this temoerature

only the reaction products could be studied , not the kinetics , since the reaction

was over in a period of seconds. In the early part ~f these studies it was

established that the reaction was of some generality for nitroalkane s . Nitro-

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

The only gaseous product identified at first for nitroethane was acetonitr ile.

Acetone was the prin cipa l product from 2-nitropropane , propionitrile was the

pr incipal product from 1-nitroprooane and nitromethane yielded principall y

hydrogen cyanide . No reaction was observed for 2-methy l -2-nitrooropane.

Further studies were concentrated on nitroethane.

Ni troethane—Lead Oxide

The temperature range of l20_l600C was found to be convenient for

the study of the kinetics and stoichiometry of this system . The procedures

used in these experiments varied with the goa l of the particular experiment

and are described in detail in the Experimenta l Part but for purposes of

di scuss ion , w ill be described in a general way here .

The reaction vessels were spnerical Pyrex bulbs ~f about 15 ml

capacity which were fitted with Fisher-Porter Teflon valves. For product corn—

position studies the bulbs were charged with 0.1 ml of nitroalkane and 1.0 g.

of l ead oxide . They were then evacuated while chilled in liquid nitrogen , the

valve closed and the bulb then warmed to room temperature and i mmersed in a

constant-temperature salt bath for an aporopriate tirne . The reaction was

stopped by cooling the bulb and the contents examined by -gas chromatograony,

infrared or mass soectroscopy . For kinetic measurements the procedure was

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ —~~-~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -- -~— -—-~~~~~~~~
-- - — -.—~~~~~~~~~~~~ -~~ - .--—~~~
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the same except that the nitroethane was sealed in a glass ampule and <eat

separate from the solid substrate until the reaction vessel was ecuil ibra ted

thermally. The ampule was then broken using a ~agnetica1 ~y-co~troi~ ec tiunger

and the pressure -time curve plotted .

Before di scussing the raze and product compos ition ~neasuremen:s it

is useful to present some genera l observations about the reac:~on . The reaction

was invariably marked by discoloration of the l ead oxide. T~’.e ~~rmation of

grey to black areas was clearly evident. todimetric anal jses of the le4d

oxide at the end of a run showed no evidence ~f lead dioxide formation. If

the lea d oxide were melted in the reaction vessel and spread over the entire

surface as a thin film Ca procedure origina ll y des-~gned o maxim ize the surface

area ) and then cooled to reaction temperature , no reac:~ ;‘~ co< place .

Kinetic Studies of the Nitroethane-Lead Oxide System

A large number of experiments was carried out in a~ic.~ the oressure

i n the reaction vessel - was recorded con ti nuous ly as a function of time . •~ll

of these conformed to one pattern , cf . Fig. 2. There was an initial period ,

referred to hereafter as the i nduction period , followed by a period in which

the pressure rose until it became constant. When the data were Dlotted as

In (P 
~~~~~

- Pt) vs. time , the curve for the period fol l owing the induction

peri od was linear. The temperature dependence of the data was char~c:erized

by the slopes of the linear portion of the curves and by the induction times.

Exper iments were carried Out from 1 23°C to 1570C. The data are shown in Table 3.

Two methods were used to determine the length of the induction ~eriod

(I). The value determined ~y method 1 , designated I 1 , was sirpl y the time during

which the initial pressure remained essentiall y constant ( cf Fi g . 2). The valu e

i~ .~. .A ~~~~~~~~~~
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determined ~y method 2, designated 17, was determined using the log CP~o
-2)

vs. time plots. The two linear portions——the initial fiat port~on ~nd later

steep portion--were extended to give a point intersection which was taken as

the induction period . Onl y the largest induction ~eriods (at tne l ower

reaction temperatures ) show any signi ficant differences in the two ~aiues .

Examination of the fi rst-order rate constant values , Taoi~ 3, shows

that the temperature variation is small . The trend toward higner values at

the higher temperatures cannot be reliabl y separated from the variation within

one temperature. (In view of the fact that, although the same wei ght of lead

oxide was used each time , the exact confi guration and surface present could

not be controlled , the observed scatter is understandable.) The rate constants

for the range 128-15 7°C ca n be encompassed in the value k = .006±.026 sec~~.

The induction periods on the other hand showed substantia l 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 E is the

activatio n energy and R the gas constant yields a value of about ~il kcal .

mole -I~

Experiments on the Induction Period for the Nitroethane -Lead Oxide Reaction

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

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

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

a reaction samp le was removed from a l~ O°C bath after fifteen seconds. From

Fi g. 3 the induction period at 1400C is about twenty-ièven seconds. Ana~ys i s

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

than .Ol~ of the nitroethane had been consumed . it may be pointed Out tha t

I ---- ______s ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ — .— -. Is. - --~~ “-~~~~~~~~~ -~~- --- __
___._ _ s_ ~~.—.- -. —.----- .-,
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once the ‘~ ac~~on sLa rts , i~ i~ largel y over i i  a oeriod oT aoout ‘en ~econ ds

this temperature .

We wondered whether the i nduction period involved some change in tne

catalyst surface that could persist from one f i ll i ng with ni :roethane to

another, and devised experiment s to invest igate this.

In one experiment a reaction vessel was charged with I .Og lead oxide ,

50 microliters of nitroethane and a fragile sealed glass bulb containing 100

rnicroliters of nitroethane. ~eaction was carried out at 130°C for thirty minutes

in the usual way and the flask evacuated . The usual discolorat ion of the cata-

lyst (see abo’te) was observed . The reaction vessel was then closed and the

bulb containing the additional nitroethane was broken by means of a magneticall y-

controlled bar. An induction period in the range predicted for this temoerature

was observed . A similar experiment was performed which differed only in that

the reaction products of the first charge of nitroetha ne were not removed .

When the pressure le velle d off, the glass bulb containing the additional nitro—

ethane was broken. Again the usua l induction period was observed .

Experiments with ~-Deuterated Nitroethane

Nitroethane with deuterium in the alpha position was prepared .

Anal ysis by mass and nmr spectroscopy showed the material to be 7S~ dideutero

and 25~ monodeu tero nitroethane. Table 3 contains data for kinetics experiments

with this material at 153 and 1 54°C . The most striking difference is that the

induction periods are two to three times those or ordinary nitroethane.

~~perimen ts with other ~Htroa1kanes

A few experiments were carried out with other nitroalkanes but

studies in detail were not per ormed . An experiment with 2—nitroprooane anc

~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~ — —- — - — —-
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l ead oxide at 1 40° C showed a much longer induction oeriod than for nitro-

ethane (120 Sec vs 15 sec) and a slope for the in (P
00 -P~) vs t part of

the da ta of 5 x lO~~ sec , about two orders of magni tude less than that far

nitroethane. Experiments with 2-methyl-2-nitrooropane and lead oxide th the

amounts used in the nitroethane experiment s showed no reaction at all for

twenty-four hours at 180°C.

No kinetic experiments were done with nitromethane , l-nitroprooane - and

1-ni-trobutane , but in product compositio n experiments it was found that , for

the conditions used in the nitroethane experiments , these nitroalkanes were

completely decomposed after five minute heating period s at 1 90°C.

The ~eaction Products of th~ Nitroethane- Lead Oxide Reaction.

As the reaction proceeded a brown oi1y deposit began to form on the

lead oxide surface. At the end of a run the l ead oxide was analyzed and

1. 0 g. was found to contain 17.0 mg of carbon , 0.5 mg of hydrogen 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 oxid e and

acetonitrile as the only major products . Water was qua 1~ tative iy identified as

a product but no quantitative anal yses were made. Small amounts (less than I’~

of the initial nitroethane) of nitrogen , aceta l doxime , ethy lene , methane and

butene isomers were also identified by the comb i nation of gas c h roma togra phy

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

equation

~.1 - - -~~- ~~~~~~~~~~~~ - ——— .—- -~~~~~~~ — - -— --~~ — 
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CH CH 
~
4O2 — - - — -

~~~ .l 5?~0 ~ .22CX 3CN # .33C0
— 2

~~ 

+ 1.05 C (decosit) + .26N (de pos it )

+-.50 .H ( deoos it ) ~ 1.20 H20

in this equation the coefficient given f~r water is not based on anal ytical

resul ts but has been assigned to give a 100% mass oalance for oxygen .

The following arguments can be cited as support for the coefficient

assigned above for water . If it is assumed that the carbon dioxide arose

from oxidation of the ethy l radical then one can propose that , ~or each carbon

diox id e molecule formed , 2.5 mol ecules of water are produced . If one further

makes the reasonable assum pt ion that one molec ul e of water i s formed for eac h

mo l ecule of n i trous oxide or acetonitril e then the total of these three sources

is 1.20. The quanti tative agreement with the figure cttad. above ‘
~s probabl y -fortui 

-

tou~s -but. the~ argument gives - a,: logical basis - for a- figure: Of about this ~agnitude.

The~above~expression-accounts -fo r.~ab out 70%-of, the total hydrogen . A: few more per- -

cent can be assigned to the trace hydrocarbon prod.ucts-~ ite& earl i er .

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

run was also anatyzed: for lead dioxide (or any tretravalent lead) by treatment

with potassium iodide , but none was ever found . Eikewise: dt~solution of.:the

catalyst::at thei éndlof :a run~~n. hydroch~or~c- :aci~d lef t no me~a1ttc :lea d residue.

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~ou l.d nave been

detect~d~ .. - 
~~~: - . - -

It thus appeared that l ead oxide did function as a true catalyst in that

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

onl y by absorption of carbon dioxide .

Experiments with Lead Dioxide.

Of the various things that could haocen to lead oxi ce , oxication to lead

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

Li - - ~~~~ - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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~~ di ox i d e  nor lead appeared in the products it was of interest to see what hap-

pened with l ead dioxide -nitroethan e mixtures . These studies led us to look 
-

at the reactivity of l ead dioxide with other compounds.

First a mixture containing l ead oxide and lead dioxide in a 10:1 ratio

was used in a typical run with nitroethane. Onl y lead oxide was found at the

end . hence the fact that l ead dioxide was not found at the end of a nitroethane—

lead oxide experiment did not rule it out as a transitory intermediate . Next

the reaction of pure l ead dioxide and nitroethane in amounts comparable to the

n i troethane—lead oxide experiment were heated at an intermediate reaction tempe—

ra ture , 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 , presumabl y, water were the products . No acetonitril e, a major product with .

l ead ox ide—nj troethane mixtures , was observed . ~4ot all the l ead dioxide reacted ,

but of the particles that did , lead oxide was found on the outer layer , red lead -

oxide (Pb 304) found inside this .and lead dioxide found in the interior. These

results orompted us to look at the reactions of l ead dioxide with acetonitrile at.

1 50°C. No comsumption of acetonitrila over a period of two hours was observed .

This suggests that acetor~itril .e peas never formed in the lead dioxide -n*troethane

mixture and hence that there are significant differences in the way lead oxide

and lead dioxide work .

In other experiments it was found that oropionaide hyde , acetone , acetaidoxi~r

and 2, 4—pentanedione all reacted with l ead dioxide at 150°C. in the case of the

last two of the above , the mixtures were observed to react at room temperature an

to evolve enough heat to ignit e the liquid either in air or in vacuum . On the

other hand 2-methyl-2—nitropropane did not react with l ead dioxide at 140°C nor

did n—propyl nitrate.

A -~~~-__ _ - -~~~~~~~
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Experiments w ith other Meta l Oxides.

Ne i ther fe.rric acid (Fe203
), stannous oxide , thorium dioxide (1h02) mol ybdeni

trioxide (MoO 3) ~ 
barium oxide , cobaitous oxide or soda lime showed any effect

over thirty minutes at 150°C on nitroethane. Clearl y basicity and mul ti ole valen

states are not sufficient to show the effects that l ead oxide does.

The only other material found to show reactivity similar to that of l ead oxi

was the i ron ox id e FeO(OH ) (~~~) 
prepared as described in the Experimental Part .

This showed a reactivity very like that of l ead oxide both in terms of reaction

times and in the production of acetonitrile and aceta l doxime as products . This

phenomenon was discovered at the end of this study and it was not possible to

pursue it. The results of the exoeriments wi th l ead dioxide and the other metal -

ox ides are collected in Table 4.

D ISCUSSION

Initiall y, when nitriles appeared to be a general reaction ~roduct , a tenta—

tive hypothesis was considered in which the lead oxide removed an oxygen from

the nitro group.

C H NO + PhO —
~~~ PbO + C H _ NO2~~~~2 -- 2 2~~

somerization of nitrosoalkane s to the corresponding oximes followed by dehydrati~
to nitri les is a well -established sequence. (6)..

C2H5NO ---
~~ C~3CH NOH ‘ CH3CN 

~

It was reasoned at that time that any lead dioxide formed would be reduced to the

l ead ox ide again. This appears to have been a correct assumption .
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This hypothesis does not account for the stability of the tertiary nitro-

alkane , 2-rnethyl-2-nitopropane . CIt could be argued that the oxygen transfer

itself is thermodynami cally unfavorable and requires further reaction of the

nitroso compound which cannot be shown oy a tertiary nitroso compound and this

is still a possibility but does not seem likel y), it likewise does not account

for the formation of acetone from 2-nitropropane. This product was identified ,

not only by gas chromatography , bu t also by m ass spectrometr:’ when the reaction

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

ketone by hydrolysis of the corresponding oxime on the gas chromatographic column

is thus rul ed out. Finally the substantial increase in the i nduction period for

~~ , •~-d ideutero nitroethane and for 2-nitropropane compared to nitroethane are not

consistent with this idea .

That the principal products of nitroethane decomposition were acetonitril e

and nitrous oxide suggests the conversion of the nitroa l kanes to the corresponding

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

can write

H
CH C H = N N H O  ‘C H - C - N

OH 2 3 ‘
~~~OH

OH

H OH
CH

3 
C - N,Z~~~~ 

— H20 + NOH CH3CHO
OH

OK

4 2 NOK 
~~

‘ ÷ H20

- j I

IA. .sa... ~~,A S~~,.., ., . 4 - ~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~ ‘ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ --  - , -s. ... 



and

,O 
_ _ _CH CH = N + PbO ~ CH 3 CH = NOK # Pb023

CH3CH NOH ~~ CH 3CN + H 20

The evidence presented earlier makes it clear that l ead dioxide , if formed in the

reac tion, would appear in the products as l ead oxide. It also seems clear that

acetaldehyd e would not survive in this system but would be oxidized urther.

The oil y deposit clearl y is some kind of polymerization product. Such

products have been observed before in the pyrolysis of nitroalkanes .

A good dea l of effort has been expended in this work on the induction period .

From the point of view of the kinetics the results observed correspond to the

fo l low i ng scheme .

C2K5N0 2 + surface “ A .S Cl)

C2H5N0
2 

+ A .S. products (2)

Here A .S. refers to active sites on the surface- and the implication of expression -

Cl) is the number of such sites is a function of the l ead oxide and that the gene-

ration of these sites is what is going on in the i nduction oeriod . The reac ti on —

kinetics then subsequent to the induction period would be given by

d (C2H5M02)/dt k (C 2H5,N02) (3)

This is a first order expression in which the race constant is given by

k ~ k (2) (A .S)

I _-_~~~~~~~~~~~~ -~~ -~~~ ——-~~
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Here k (2) is the rate constant for reaction (.2) above and (A.S.), the concentra- -

tion of active sites is a constant.

-

- 

-

~~ It can be noted tha t the formation of these active sites appears to involve -

the alpha hydrogen of the nitroalkane since the induction period did increase

wi th alpha deuteration of nitroethane . The ten—fold increase in induction Deriod -

in going (from nitroethane to 2-nitropropane corresponds quite closely to the

decrease in the rate of proton removal from these mol ecules by hydroxide ion

(n i troethane—2—nitropropane , rate constant ratio, approximatel y 230—300 : 19) (8) 
-

Why Does Lead Oxide Work ?

It seems most reasonable to attribute a dual role to l ead oxide , i.e to sug-

gest that ..it as.s-ists i somerization by proton transfer and that it reacts with

the aci form by oxidation , reduction or both. The failur e of more basic oxides

and of other multivalent oxides to show perceptible catalytic effect shows that

the requirements are qu i te subtle.

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

of lead ox ide , was hydrated ferric oxide FeO (OH). Ordinary ferric oxide, Fe
2
O3

was ineffective. A reasonable route to isomeri zation can be written here

H /
— C — C N

/ ~ 
0

~~~~~~~~ 

Fe 
~~~~

-- - — - - ---— •--
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In the present study little effect was observed with n-propy i nitra te, the

model for the double—base pr opellant , in the temperature range studied .

it remains a point of importance as to wnether a ~nore substant ial effect

would be observed at higher temoeratures, c.;. 250-300°C, which would be

closer to the temperatures reported for the sufrace of burning oropeflants.
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EXPERIMENTAL PART

Materials

The Nitrp lkanes

The nitroalkanes were all obtained from Eastiia n Organic Chemicals Co.

and were reagent grade. Nitromethane , 1-an d 2-nitrooropane , 1-nitrobutane

and 2-methyl-2-nft roprooane were all used without further treatment. Nftro-

ethane was distilled on a Nester-Faust 13” sp inning band column . The fraction

dis tilling between 114.5° and 115.5° was collected . Gas chroma tographic anal ysis

of this material indicated a purity greater than 99.5%. The identifiable impuri - 
-

tie- s were nitromethane and 2-nitropropane .

Ttm Metal Oxides

Lead oxide (PbO, yellow ) was either Coleman and Bell or ~‘1a1linkrodt reagent

grade. Lead dioxide (Pb0
2
), lead tetroxide LPb3O4

), ferric oxide (Fe2Oj 
thorium

dioxide (‘rhO
2
), mol ybdenum trioxide (MoO3), stannous oxide (SnO), barium oxide

(BaO) and soda lime were all commercial products , c.p or reagent grade and were

used wi thout further treatment.

Other Organ ic Comoounds

Acetaldox.ime was the Aldrich Chemical Co. product and was recrystallized

twice from water to remove trace amounts of acetonitri le. o—Prooyi nitrate was

Eastman Organic Chemicals reagent grade and was distilled twice. A cetàn itr iie and

2,4-pen tanedione were Eastman reagent grade and were used without further treat-

ment.

Hydra ted Ferric Oxide (FeO(OH))

A solu tion of ferric chloride hexahydrate (
~FeC l 3 .6H 20) C13.5 gms in 20cc ~~~

A - - - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -
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was treated with 6 g of sodium hydroxide pellets . When the mixture had cooled,

the resulting gel was~ collec ted on filter paper in a 3uchner funnel . This gel

was suspended - in 50 ml ethanol for thirty minutes. The resulting solid was

again collected on filter paper. The ethano l treatment -wa s repeatco . ‘rhe result

ing red brown solid was washed aith 25 ~l of water and then dried in an oven at

110° .,

~~~~ -~ —Dide uteronitroethane

The al pha dideuteration of nitroethane was achieved by treating the sod i~n

salt with Dcl . The salt , Na (CH 3CHMO 2) was synthesized ~y slowing adding nitrc-

ethane to a solution of sodium methoxide. The salt was stored in the reaction

flas k under methanol and the amount necessary was removed before use.

cCaution Na CH3CHr4O2 
is explosive). After collecting the salt on filter paoer t~

white solid was washed with methanol but not allowed to dry . To 20 ml ~~~~~~~~~~~~

was slowly added 18 g of Na(CH
3
CHNO

2
). The resulting solution .~ s acidifi~’1 ~~ .

adding 24 ml of 20% DCL (in 0
2
0) dropwise. The nitroethane formed was extracted

into ether and the ether l ayer was stored over mo l ecular sieves. When a total

of 54 g. of Na (CH 3CH3NO2) (three batches) had been acidified the combined ether -

l ayers were distilled to collect the product CH CHDNO1 .. This product was then

slowly added to a s o l ut i o n  of r4aOCH3 i n CH300. The resulting precipita te was

collec ted on filter paper and washed with CH300 (but not allowed to dry). This

sol id was treated analog ously to Na (CH 3CH~4O2). After workup 5 ml of nitroet~ane

resul ted . An ~MR of this material indicated 25~ CH3CHDNO2 and 75~ CH3CD2NO,.

This isotopic distribution was also confirmed by mass spectrometry .

Procedures

The procedures for experiments designed for product anaiises and :~ose

E ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~ —-~~~~--~~~ 
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designed for reaction rate measurement s were simi lar but had sign i~~cant d~ffer-

ences .

Product Analysis suns

Two general procedures were used for roduc: anal ysis runs . ~ ew Mere

done d i rectl y in the gas chromatograph using a /alco zero dead /oiume ,a~ ie :ra t

allowed the carrier gas stream to be diverted through a glass-stainless steel

loop. The glass-to—meta l joints were ground spherical joints with a /iton 0—rin g

on the glass ball. The reaction loop was charged with lead oxide and nitroethane

then cooled in liquid nitrogen and evacuated . The closed loop 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—2 0 ml ) Pyrex flask equipped with a ~isher-Porter Teflon value and

a side arm .

H

Typical condition s were: 0.75 ml n it roalkane , 1.3 g metal oxide , 1 50°C , for five

4 minutes . The vessel was charged with the two reactants and immersed in liquid

ni trogen. After the vessel had cooled the residual air was evacuated through the

side arm . After evacuation the vessel was warmed to room temperature and then

was irmrersed in a salt bath (53% KNO3, 7% NaNO3, and 40% NaNO2).

A ____________ ~~~~~~~~~ —-- - - -  —~~~~~ —~~~~~ —- -——-- 
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After the desired time had elapsed the vessel was trea :ed by one of the f o l low—

ing methods.

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

with solvent (chloroform , methanol or ethyl ether) and the v a l v e  opened to draw

• the solvent into the vessel . The valve was closed and the mixt ure shaken or

five minutes . Immediately prior to analysis the valve body was removed and the

liquid decanted .

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 transferred

to a small cold finger (3 cm x .3 cm).

d. The side arm of the reacti on 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 devel opped for the analysis of carbon dioxide bound as

l ead carbona te. The reaction vessel was connected to a gas train designed for

carbon dioxide absorpti on , described by Vogel (9 ) .  Phosphoric acid was added

slowl y and the gases evolved collected in the gas train. The system was fl ushed

with air for five minutes and the mass gain measured . (A sample of authentic

PbCO
3 

showed this method was quantitative for PbCO 3).

f. For anal ysis of the oil y organic material deposited on the l ead oxide , the

sol id left at the end of a run was sent to Gai bra ith Labora tori es (Kno xvi l l e,

Tennessee) for anal ysis :fär carbo n , hydrogen and nitrogen .

j~ The side arm of the reaction vessel was connected to a vacuum manifold and

the product mixture transferred to a 10 cm infrared gas cell.

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ _,  ~~~~~~~~~~~~~~~~~~
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Anal ytical Methods

The products col i ecte~ by the above methods were treated in the following

manner.

The solution from (a . )  was analyzed by gas chroma tography . A seven foo t by

one—quar ter inch column packed wt’th 8% Carbowa-x 2Dm ,. or a six foot- by one-qua-r~ter

inch column packed with 10% tri-ty l phosphate was used depending on which products

were to be determined . The gas chroma tography columns were in either 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 whil e quantitative analyses were done on the gas chromatograph

(Sigma 3), wi th methy l ene chloride as an internal standard . A maj ority of the

quantitative work was done with the solutions from (c) and were done on the

Si gma 3.

The gaseous mixtures from (b) were sampled with a Supelco gas-tight syringe

and then injected onto a gas chroma tograph column . A Porapak Q colurn was used

for separating nitrous oxide. A molecular sieve 4A column was used to separate

n i trogen , oxygen and nitri c oxide. The gases were injected onto a 0.19% picri c

acid on 80/100 mesh Carbo pak C (Sulpelco ) six foot co lumn in the Sigma 3, equipped

with f lame ionization detector.

Procedures for Sate Measurements.

A series of kinetic runs were done for these reactions. A ll kinetics runs

were done by a Continuous monitoring of the pressure . The apoaratus for measuring

the change in pressure was as foll ows : A Pyrex 25 (,or 50) ml d istill i ng flas k was

fitted ‘with a l/4U glass side arm and the meta l oxide (tyoically l..0 ;) was placed

In a p ile on the bottom . A seal ed fragile glass bu lb containing 25-SO ml -of react-

ant was added , a 7 g stir bar was placed above this and the too c the dist illin g

fl ask was sealed in a flame .
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The 1/4” tube was fit-ted to a stainless steel Swajelok Tee (using Ny lon ferrules).

One end of the tee was connected to a stainl ess steel valve tha t 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 psi). The transducer was connected to a Celesco

CD 25A transducer for di al readout. A oermanent record was orovided by attach ing - 
-

a b y  strip chart recorder. ~1aximum chart speed was 4 mm sec~nd~~).

___ ELECTROMAGNET
f TO VACUUM

STIR BAR— ~

-~--VACUUM

t NITROALKANE TRANSDUCER

• METAL OXIDE

The entire apparatus was enclosed in an oven (:i~ C). The apparatu s was evacuated

while the system reached therma l 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 additi onal one—half hour. At this time the

current to the e~ec tromagne t was reversed , the stir bar dropped shatter ing t~e bulb

and r e l e a s i ng  the volatile reactant.

- ~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ .~~~~~~~~~~~~~~ 
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The pressure in the reaction vessel ~ith no meta l oxide present leveled off

after 1 .3 seconds (for runs done below l45~ the vessel was heated to l45~C the

cooled to reaction temperature). A plot of in (?~ -P) vs time was made for all

kinetic runs.
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Table 1

Manometrj c Measurements of the First-Order

Rate Constant for n-?~ ooy1 Ni t ra t e PyTolysi s

First-Order
Ex % Pressure aa-te Constant
Identification Po (torr) Temp Increase (sec~~)

p. 2 27.44 175 44.7 5.70 x l0~~
p. 2 25.45 175 51.6 5.40 x 10~~
p. 2 34.68 177 38.2 6.75 x ~~~

Table 2

• The Temperature Dependence of the

Pyrolysis of n-Propyl Nitrate

Temp No. of experimental i0~~k , (sec )
C°C) Points

157 6• 12.1

167 6 23.1

5 58.3
136° 8 141

~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~ — —~~~ • •
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Table 3
-: Reaction Rate Measurements for th~

~itroethane-Lead Oxide System 
a

In~uccion Time s (sec .)
Run t (°C) I~~ 10k (sec 4)

A -ó 157 13. 16 8.16

1—10 137 9 .8 12.3 6. 43

A—S 136 11.3 16 8.~~1

1-9 156 15.2 17.2 6.04

1-4 133 17 17 4.92

1-3 - 152 10 10 6.00

1—15 132 8 8 7.27

1—2 151 13 16.2 3.21

1-1 150 11.5 11.5 5.33

A-13 149 16.1 17.9 3.87

• 3-2 148 16.5 17.5 6.66

C-2 146 23.2 23.2 9.31

3—4 143 22 .5 22 .3  6 .97

1—7 142 20.8 20.3  9.28

1-13 138 42 .3  30.5 4.33

1-8 138 42.3 47.6 4.14

1-14 123 100 138 4 .79

1-14 123 225 320 .72

110-115 7 3000

0-1 133 28.7  28 .7  3.36

D-2 153 20 23 .7  3.20

0-3 134 25 30.6 4 .11

0-4 133 4~ 51.3 3.46

LA -~~~~~~~~—- - - • - - -~~- -~~ —.-- - - - - —--- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~ 
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Table 3 Ccontinued )

a
Reaction temperatur e of air in the oven was constant to ~1’C. P~ -P was

p lotted in arbitory units from the chart , ‘out Po for .1 ml nitroethane corresponded

to 380 3 torr .

b
All runs designated A used 0.1 ml nitroethane ; runs marked 3 used .05 ml nitro-

• ethane for pre-reactj on and .05 nil ni troethane for the regular reaction thereafter .

Runs designated 0 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

Su~~ary of Reaction Products Found in
• Metal Oxide-Catalyzed Reactions with

Nitroalkanes and Related Species

Analytical Method Used
Reaction Organic Oxide Products IR GC MS GCMS
Temperature Reactant observed

130° nitromethane PbO HCN * * *

“ nitromethane N,0 * *

I, ‘_1 * *

I? * *

C02(l) a *

130-200 - nitroethane PbO CH.CN * * * *

130,190, 210 nitroethane N
2
0 * * * *

150 CO,(l)a * * * *

130 H O
2

150 N2 * * *

130-200 H_CCH=NOH * *
0

150 C,H4 (trace) *

150 CH4 (trace) *

- b-
• 

1~ p C4H~2) (trace) *

150 nitroethane FeO (OH) CH3CN *

130 CO2 (1) *

130 H3CCH -NOH

190° 1- ftitropropane PbO CH3-CH2—CN *

190’ 1- nitrobutane PbO CH 3-CH 2—C H ,— CN *

130°, 200° 2--nitropropane PbO CH_—a-CM _ (3O~) * *

(trace) C
5
K12C(3)(4-methyl° *

-2—pentene)

C6H1, (3) 
*

(trace) C3K4
d (4) *

• 

• 
N20 (20%) - * * *

-
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Table 4 (continued)
h Analytical Method ~Jsed

Reaction Organic Oxide Products iP~ CC MS GCMS
Temperature Reactant observed

Co * *

(4) C4H3 Ctrace) *

— C_ H,~~(4) trace *

H O  *

180 acetaldoxj me . PbO CH CN * *
0

180 ° 2 -nitro-2- PbO no reaction 24 hrs
methyl propane

169 acetone PbO no reaction (.5 hrs)

2,4-pen-tanedione PbO Acetone *

1 acetone/
2, 4.-pentadione

160 acetone oxime PbO acetone *

150 nitroethane Fe20.. No reaction 30 m m .
180 SnO U U

130 U ThO, “

150 “ - MoO _
0-

BaO
U CoO “

soda Lime

130° nitroethane PbO, CO2
N, *

H,0 *

Pb 304 ~
~ Visual inspection

PbO

- 
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Table 4 (cont inued)

a
CO was present as PbCO ., as indicated by IR , no free CO, was detected ,2 —

identification was provided by acidification of solid and analysing :he rcsul:-

ant gas.

b
Isomer of C

4
Hg unknown , suspect 2 butene .

H
Mass spectral data was insufficient to distinguish between the possible

C6H1, isomers however the smaller of the two g.c. peaks with ~~ 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 C_H 10, C4Hg species may arise

from impurities, see below .

______________ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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THE TH ER MAL DECO MPOSITION
-: OF NrrROETHANE OVER

LEAD OXIDE AT 151°C
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